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HIGGS MEASUREMENTS PERSPECTIVE
(AND LACK THEREOF)




Rules of engagement

0 | tell you a little about 11 Contents depends on
a lot. your feedback and
interests.

o Look for slides with a
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] Menu of discussion topics
—

0 In my biased preferred order:
EFT and pseudo-observables.
What’s in a signal strength?
CMS H—yy analysis.
The maximum entropy coincidence.
What'’s inside the CMS combination?
Concrete BSM model searches.
Tensor structure: spin/CP.
More on the m, combination.
Going off-shell.
HL-LHC extrapolations.
Kappa: BSM interpretations.
Statistics primer.
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“A complete disas... a mess’

Accuracy vs. precision.

Uncertainty vs. error.

Sources of uncertainty vs. effects of uncertainties.
Scale variations vs. “scale uncertainties”.
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Two words on

@ error and uncertainty

. . NOJLONGERJUNCERTAIN
1 Error: the result of a bias or mistake.

0 Uncertainty: the degree to which some
thing is not known.

0 It’s a mistake to call errors uncertainties. BRI

0 E.g.:
Exp. correct for syst. effects (a bias).

Corrections come with added uncertainty.
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Two words on
@)

21 sources of szsf. uncertainties

0 Jet energy scale uncertainty: THISISYSTEMATIC
1 Makes ggH events move in (out) of O-jet (1-jet) selections.
o Reduces (increases) overall acceptance, etc.

0 JES has an effect, but is not a source per se. SOURCE ORTAGGREGATE2

0 Sources of systematic uncertainty are:
o Flavor-, time-, p;-, and n-dependence of JES calibration,

o Knowledge of the material in the detector, alignment precision,
pile-up subtraction, etc.

0 Be mindful to not mix
O sources (independent, can be improved, combinable) with
o effects (aggregate, cannot be improved, uncombinable).
O (Theory “uncertainties”, which is yet another story.)
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Two words on

Bl scale variations
N

-1 There’s no such thing as scale
uncertainty.

AND THEN-I CALCULATED

1 There are scale variations.

0 Calculations should not depend on SCALE UNCEHTMNTIE@ ‘,
them..

O ... and some times they don't.

m Does that mean the calculation is
done?
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- About who is between what

Cf. Fabio’s “Aneesh«—Fabio<«—André”
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&) Evolutions & revolutions of the elements

[ Plot courtesy of Jim Virdee ]
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&) Standard Model of Particle Physics

[ http://cern.ch/go/dWbz ]
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The Standard Model of Particle Physics

Weak force — star combustion Strong force — protons and neutrons

Quarks
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& How SM Higgses are born

[ http://cern.ch/go/cWH8 ][ http://cern.ch/go/Sn)8 ]
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3 + PROPHECWAF 2.0
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o(m)=6.0%0.1 GeV
x2ndf = 61.6 /68

[ http://cern.ch/go/qkhé ][ arXiv:1208.1993 ][ arXiv:1408.0827 ]
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Prc:’ro dei Miracoli

[http://goo.gl /K8Lgmu ]
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Prc:’ro det-Miraecoli scalare

[http://goo.gl/K8Lgmu ][ “Scalar meadow” ]
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& Prato dei-Miracoli scalare

n [http://goo.gl/K8Lgmu ][ “Scalar meadow” ]

Boson discovery & first measurements
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. 201 1: nothing else in the horizon

[“Lawrence of Arabia” idea from C. Grojean]

1 We first saw that we could not exclude a narrow
range.
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5] 201 1: nothing else in the horizon

[“Lawrence of Arabia” idea from C. Grojean]

1 We first saw that we could not exclude a narrow
range.
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@) 2012: a rider!

[“Lawrence of Arabia” idea from C. Grojean]

0 We discovered a peak rising from the background.
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July 4, 2012
@) Lookin= u= to a new boson
[ http:/ /cern.ch/go/q8ix ]

, J‘ 7 7 3 e |
‘ ‘ - L
someh A T ..
L L cana NN e
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= Higgsdependence day recap
38 | [hmp://cem.ch/go/q8ix]
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Who Should Be TIME's Person of the Year 20127

Eilike [1.5k| |wTweet {538] R +1 = 20 [ share

THE CANDIDATES

The nggs Bos

By Jeffrey Kluger | Mo ¢, Nov. 26, 2012

: ,/&,-;-sf |

PATRN R
.
o ‘e

-un
“.O‘ M u...

Simulation of a Higgs-Boson decaying into four muons, CERN,
1990.

‘ 18 of 40 ‘

What do you think?

Should The Higgs Boson be TIME's Person of the
Year 20127

) Definitely () No Way
VOTE

Take a moment to thank this little particle for all the
work it does, because without it, you'd be just
inchoate energy without so much as a bit of mass.
What's more, the same would be true for the entire
universe. It was in the 1960s that Scottish physicist
Peter Higgs first posited the existence of a particle
that causes energy to make the jump to matter. But it
was not until last summer that a team of researchers
at Europe's Large Hadron Collider — Rolf Heuer,
Joseph Incandela and Fabiola Gianotti — atlast
sealed the deal and in so doing finally fully
confirmed Einstein's general theory of relativity. The
Higgs — as particles do — immediately decayed to
more-fundamental particles, but the scientists
would surely be happy to collect any honors or
awards in its stead.

Photos: Step inside the Large Hadron Collider.

WHO SHOULD BE TIME'S PERSON OF THE
YEAR 20127

Poll Results

PAST PERSONS OF THE YEAR

2010: Facebook's
Mark Zuckerberg

2009: Ben Bernanke 2008: Barack Obama

Most Read Most
Emailed

1 Who Should Be TIME's Person of the Year 20127

2 LIFE Behind the Picture: The Photo That Changed
the Face of AIDS

3 Nativity-Scene Battles: Score One for the Atheists

4 The $7 Cup of Starbucks: A Logical Extension of the
Coffee Chain's Long-Term Strategy
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The Higgs Boson

By Jeffrey Kluger | Monday, Nov. 26, 2012

What do you think?

Should The Higgs Boson be TIME's Person of the .
Year 20127 2011: The Protester 2010: Facebook's

) ) Mark Zuckerberg
() Definitely () No Way

]

researchers at Europe s Large Hadron Collider —
Rolf Heuer, Joseph Incandela and Fabiola Gianotti
— at last sealed the deal and in so doing finally fully
confirmed Einstein's general theory of relativity. The

Photos: Step inside the Large Hadron Collider.



@ The LHC Run 1: a bountiful harvest

CMS Integrated Luminosity, pp

|:| LHC delivered ~3O fb-]. Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC 25

TA — 2010 7TeV 442pb !
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On the shoulders of giants
detector makers & theory calculators

“Yesterday’s discovery is today’s calibration, and tomorrow’s background.” — V. L. Telegdi [ http://cern.ch/go/If9C ][ http://cern.ch/go/KD8D ]

. o o . ~ ‘Io . .
Inelastic collisions: ~7%x10'° ,, ...c CMS Preliminary
-8_ E ¢ 7 TeV CMS measurement (L < 5.0 fb™) ;
'G' 1 05 |- ¢ 8TeV CMS measurement (L <19.6 fo™) __
= — 7 TeV Theory prediction =
- — o -
c . L gn jet(s) — 8 TeV Theory prediction —
S 10 e Z CMS 95%CL limit =
. (&) — ] -
Six orders D C z 7
9p) 3l ; s ; ; 5 ||
of ) 10 = v Top quarks 3
. b = 3 . , : 3
magnitude 3 - - | 3
= 2 ? aaht -i-'et(;)
of EWK, O 10 = ? . [;.' ) » — =
cC — . . -
top, and S - T e 4 =* = ot
Higgs 5 10 o !! 3
Physics 5 = i Z .
e 1L W and Z bosons i’f‘_—f— ]
a = | VA | Zz 1 3
s z - 1=
: — il g
107 — -
w'lz tw!lz "wwlwz!zz W0 Egl‘{ wyy bt Dy, ' w g, Py Pz ! ggH ggﬁ vH | tH
All results at: http://cern.ch/go/pN;j7 Th. Ac,,in exp. Ac
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@) 2013: a rider with a gun

[“Lawrence of Arabia” idea from C. Grojean]

0 By early 2013 a clear Higgs-like picture emerged.

measuring.higgs@cern.ch  HiggsTools School - June 2015



(self-inflicted) Mission: impossible

0 Present a coherent view of (some) present-day Higgs
coupling results from LHC (and Tevatron) experiments.

o Any mistake is the speaker’s fault (send email).
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Oversimplified big picture
-

T — Tevatron; A — ATLAS; C — CMS; combination drivers in red.
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o
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VBF *| K K Kk *x * * X * | - * *| - *| -
VH R dh {1 | K K X * Ow * x| - * k| -

m * x| X *| * * x| -

0 Still much to explore on the rarer ends.

(to the right and to the bottom) (and outside this picture =
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[ PRD 89 (2014) 012003 |
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H—>WW—>2Q2V vignettes
-
- 1 4.30 (5.80 exp.)

- 0/0g, = 072 £0.19 @ ewgmoenen

H— WW (all channels)
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= H—ZZ— 40 vignettes

N/,

a8 | [PRD 89 (2014) 092007 |
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g H—TT vignettes
o

[ JHEP 05 (2014) 104 ]

CMS, 19.7 fb™ at 8 TeV
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H—Vy vignettes

[ EPJC 74 (2014) 3076 ]

CMS H-yy 19.71b™ (8 TeV) + 5.1 fb™ (7 TeV)
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Nobel prizes...
S

The Nobel Prize in Physics 2013
Francois Englert, Peter Higgs

Share this: E1E E1Ed 1.8 ]
The Nobel Prize in Physics
2013

|

Photo: A. Mahmoud Photo: A. Mahmoud

Francois Englert Peter W. Higgs
Prize share: 1/2 Prize share: 1/2

The Nobel Prize in Physics 2013 was awarded jointly to Francgois
Englert and Peter W. Higgs "for the theoretical discovery of a
mechanism that contributes to our understanding of the origin of
mass of subatomic particles, and which recently was confirmed
through the discovery of the predicted fundamental particle, by the
ATLAS and CMS experiments at CERN's Large Hadron Collider"
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&) Standard Model of Particle Physics

m [ http://cern.ch/go/dWbz ]

—3009,0,9, = 9" 0u930,9, ~ 9,1 [ G,909u05 + 51671 6]) g + GUOGY + 9. [0, G’“G*’gﬂ
OWra,Wy — MWW, —19,2%,20 — L, M?207° — 19,A,0,A, — 18,HO,H — tm3H? — 9,6+ 8,6~ —
MG+ — 30,0°0,0° — 5 M6 — B[ 247 + L H 4+ L(H? 4 6060 +26% 67)] + 24 —igea [0, 20 (W W, —

WiW.r) = Z)(WiEo,W, =W 0,WiH) + Z0(W, oW, — W, 0,W)] —igsw|[0,A(WIW, —WFiW) -
A (WHO,W, — W, a,WH) + A (W0, W, - W, 0,W;0)] = S?WHWo Wiw, + L Wiw, Wiw, +
g2ch(Z2W:ZBW; — ZngWfWV )+ g% (A, WrHAW, — A AWIW, ) + gzswcw[AuZS(W:W; —
WIW, ) = 24, Z W, W] — ga[H? + H'¢" + 2H¢5+¢> | = s9%an[H* 4 (8°)* + 4(¢7¢7)* + 4(6°)* 0T 9~ +
H2¢+¢ +2(¢°)2H2] gGMW W, H— 595 Z)Z)H — %’ig[WJ(QSO@m‘ —¢~0,0°) =W, (¢°0,9" —¢*0,0°)] +
RV, (HOW™ = 670,H) = W, (HOW™ = 67 0,H)) + o2 (Z)(HOW" — 0°0,H) — ig EMZYW o™ -
Wu_¢+) + igstAu(W+¢_ W ¢+) - zg ZO(¢+8;A¢_ - ¢ au¢+) + 'Lgsw (¢+a}t¢_ - d)_a,u¢+) -
TSWIWH? + (¢°)% + 20797 — (0% ZOZO[H2 (¢°)2 +2(252 — 1)2¢7 6] — 1?2 2060 (Wihg™ +
Wy o) - %ig?%ZfﬂH(Ww— Wi 6') + 3650 Aud (W0~ + W, %) & Sig?su A HW 6~ — W, 6') =

gz‘z—z(chu — 1)Z2AN¢+¢_ —g's? A A,@*qﬁ — My +m))er — vryovt — ﬂ?(’y@ + mﬁ)ujA — d?(’y(? + md)d’\
igswAu[—(@"e*) + (@) uy) 3(d?7“d?)]+zc%22[(v P+ + (@M (4sh, = 1=7)ed) + (a7 (5 s, —
L=22)u}) + (3 (1 = 553, = V)@ + 25 WH T (L +97)e) + (@i (1 +9°) Coand)] + 55 W (@ (1 +

VW) + (CLA (1 + 7)) + 2522 [~ g+ (1 = 70)e) + ¢ (1 + 7)) — _QM[H< &) +
i0°(E9°N)] + g i Ol = 77)) + A Crn(L 4905+ g Imdy Cha(1+ 7)) —
(@O 3] — $5H () ~ ST @B + 0@ ) — (B ) + X0 -

MZ)X++X—(82—M2)X—+X0(82 ) MEYXO+ Y 0?Y +ige, W9, XX~ —8“X+X0)+igstj(a#YX——

O XTY) +ige,W, (9, XX = 9, XX *) +igs, W, (0, XY -0 YX"’) —|—igch0(8 X*‘X“‘ 0,X X))+
195, A0, XX — 0,X"X7) = LgM[X*X*H + X~X~H + XX H] + 152%ig M[X+ X%+ —

X-X0"] + g igM[X°X~¢* — XOX+67] + igM s, [XOX ¢+ — LOx+p] + ng[X+X+¢0 XX
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Standard Theory of Particle Physics

m [ http://cern.ch/go/dWéz ]

—5009,0u9;; — 95" 0u939,9, — 1931 959000 + 51927 q)) gy, + GG+ gof D GGly;, —
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1950 AW (0 XFXT = 0, X" X7) = LgM[X*X*H + X~ X~ H + L XOXOH] + 12%igM[X+ X%+ —
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&) Standard Theory of Particle Physics
R L

—50,980,9% — 9sf**0ug59b 95 — 1921 fYgh gt anas + 5i92(@T ") gl + GOPG + g, f“”ca,LC_r’“G”gz -
DWW, — MWW, — 10,299,20 — ;L M*Z020 — 10,A,0,A, — L0,HO,H — sm}H? — 8,6+ 0,0~ —
M2¢+(]5— . %a#(bOa#d)o . ﬁM¢O¢O —,3 [22/212 + 2MH+ (Hz +¢0¢0+2¢+¢ )] 4 2M? 2M h—zgcw[auZB(WJWJ _

WiW,) — Z0WE, W, — Wi, W)+ Z0Wio, W, — Wy 0,W5)] - zgsw[a A (WEWs —WrWy) -
AWFoW, =W 0,Wi) + A (Wo,W, — W, 0, W+)] %g"’WjW;W;W; + 5 PWIEWWIEW, +
g%ﬁ,(ZBW:ZBW; — ZgZSW;Wu ) + g°s (A W"’A W, A“A#W,;"W,,_) + gzswcw[A“ZB(W;W; —
WIW) =24, Z0W, W, ] — ga[H? + H¢°¢° + 2H¢+¢ | — §9%an[H* + (¢°)* + 4(¢+¢_)2 + 4(¢°) 2Pt~ +
H2¢>+¢ +2(¢0)2H2] gMW W, H — 29z NZVZVH — 29[W+(¢03u¢ —¢0,0°) =W (¢°0,9™ — ¢+5u¢0)]+

Widt) = Lig? e Z0H(Wr 6~ — Wio®) + Lg%, A, @ (Wb~ + Wi ot) + Ligs, A H(W o~ — Wy gt) —
9722 (2c2, = 1) Z) A" 0™ — g'sh Ay AdTom — eNyd + md)e — Py0vt — ) (v0 + my)u; — A (70 + m;})d;-\ -
igsuAul— (@) + 3@y u)) — ()] + 3L Z[( " (14+°)0) + (@ (4s, — 1= 75)6 )+(ﬁ (st
L=y ) 4 (@940 5% = PN+ W14 97)6) 4 (0 ) o) 4 200y (041 +

PIA) + (@CKAM1+ )] + 525 2[4 (A (1 = 99)e) + 6 (A1 + 7)) — 5 [H(Ee) +
@) + 3t M Onn(1 = 77)) + miEOnn(1 +7) d-]+g;%¢-[m3<d*~cin(1+75> ") -
(@O0 7)) ~ SR H () ~ SEH@D) + 56w "0) — 307 d) + X0 -

M2)X++X‘(82—M2)X‘+X°(82 ) MEYXO+Y %Y +ige,W,H(0,X X~ —8 X+X°)+zgstJ(8 YX~—

O XTY) +ige, W, (0, X X" =9, XX ") +igs, W, (0, XY —9,YX) +igch0(8 X’+X+ 9,X"X7)+
195, A,(0,X* X+ — 0,X"X7) — LgM[X*X*H + X"X~H + XX H] + 1325 igM[X+ X%+ —

X=X+ 5-igM[X°X " — XOX ¥ 7] +igM s, [XOX ¢t — X0X+¢> ]+ ng[X*‘X*‘qb0 XX ¢"

measuring.higgs@cern.ch  HiggsTools School - June 2015



c{RW
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N,

The fate/character of the Universe

[ JHEP 08 (2012) 098 ]
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0 The SM vacuum stability depends crucially on the
masses of the top quark and Higgs boson.
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&) Mass peaks: mass measurements

19.7 b (8 TeV) + 5.1 b (7 TeV)
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Mass peaks: mass measurements
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&) Combined LHC mass measurement
e ————————

Signal strength (u)
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CERN
\

Combined LHC mass measurement
N Iz

ATLAS and CMS

LHC Run 1
ATLAS H—yy
CMS H—yy ——
ATLAS H—ZZ—41 | /

CMS H—ZZ —4l

ATLAS+CMS yy

ATLAS+CMS 41

ATLAS+CMS yy+4l

Fe—Total | |Stat. 1 Syst.
Total  Stat. Syst.
F———F— 126.02 £ 0.51 (+0.43 £ 0.27) GeV

124.70 £ 0.34 (+ 0.31+ 0.15) GeV

124.51+ 0.52 (+ 0.52 + 0.04) GeV

125.59 + 0.45 (£ 0.42 + 0.17) GeV

125.07 £ 0.29 (£ 0.25 + 0.14) GeV

125.15 + 0.40 (£ 0.37 + 0.15) GeV

125.09 + 0.24 ( + 0.21 + 0.11) GeV
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@ Combined LHC mass measurement j

my = 125.09 + 0.21 (stat)
+0.11 (scale)

dominates averall, +0.02 (other)
| +0.01 (theory)
oncertanty GeV
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For the record

CERN
\

1 ~5150 authors.

1 Found that there are two:

o Archana Sharma

(both CMS)
o Andrea Bocci
o Muhammad Ahmad

o F M. Giorgi
(one CMS, one ATLAS)

nature.com Login : Register

nature

L=

Physics paper sets record with
more than 5,000 authors

Detector teams at the Large Hadron Collider
collaborated for a more precise estimate of the size of
the Higgs boson.

Davide Castelvecchi

15 May 2015

CERN

Thousands of scientists and engineers have worked on the
Large Hadron Collider at CERN.

A physics paper with 5,154 authors has — as far as anyone
knows — broken the record for the largest number of
contributors to a single research article.
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&) Standard Theory of Particle Physics
I N

—50,980,9% — 9sf**0ug59b 95 — 1921 fYgh gt anas + 5i92(@T ") gl + GOPG + g, f“”ca,LC_r’“G”gz -
DWW, — MWW, — 10,299,20 — ;L M*Z020 — 10,A,0,A, — L0,HO,H — sm}H? — 8,6+ 0,0~ —
M2¢+(]5— . %a#(bOa#d)o . ﬁM¢O¢O —,3 [22/212 + 2MH+ (Hz +¢0¢0+2¢+¢ )] 4 2M? 2M h—zgcw[auZB(WJWJ _

WiW,) — Z0WE, W, — Wi, W)+ Z0Wio, W, — Wy 0,W5)] - zgsw[a A (WEWs —WrWy) -
AWFoW, =W 0,Wi) + A (Wo,W, — W, 0, W+)] %g"’WjW;W;W; + 5 PWIEWWIEW, +
g%ﬁ,(ZBW:ZBW; — ZgZSW;Wu ) + g°s (A W"’A W, A“A#W,;"W,,_) + gzswcw[A“ZB(W;W; —
WIW) =24, Z0W, W, ] — ga[H? + H¢°¢° + 2H¢+¢ | — §9%an[H* + (¢°)* + 4(¢+¢_)2 + 4(¢°) 2Pt~ +
H2¢>+¢ +2(¢0)2H2] gMW W, H — 29z NZVZVH — 29[W+(¢03u¢ —¢0,0°) =W (¢°0,9™ — ¢+5u¢0)]+

Widt) = Lig? e Z0H(Wr 6~ — Wio®) + Lg%, A, @ (Wb~ + Wi ot) + Ligs, A H(W o~ — Wy gt) —
9722 (2c2, = 1) Z) A" 0™ — g'sh Ay AdTom — eNyd + md)e — Py0vt — ) (v0 + my)u; — A (70 + m;})d;-\ -
igsuAul— (@) + 3@y u)) — ()] + 3L Z[( " (14+°)0) + (@ (4s, — 1= 75)6 )+(ﬁ (st
L=y ) 4 (@940 5% = PN+ W14 97)6) 4 (0 ) o) 4 200y (041 +

PIA) + (@CKAM1+ )] + 525 2[4 (A (1 = 99)e) + 6 (A1 + 7)) — 5 [H(Ee) +
@) + 3t M Onn(1 = 77)) + miEOnn(1 +7) d-]+g;%¢-[m3<d*~cin(1+75> ") -
(@O0 7)) ~ SR H () ~ SEH@D) + 56w "0) — 307 d) + X0 -

M2)X++X‘(82—M2)X‘+X°(82 ) MEYXO+Y %Y +ige,W,H(0,X X~ —8 X+X°)+zgstJ(8 YX~—

O XTY) +ige, W, (0, X X" =9, XX ") +igs, W, (0, XY —9,YX) +igch0(8 X’+X+ 9,X"X7)+
195, A,(0,X* X+ — 0,X"X7) — LgM[X*X*H + X"X~H + XX H] + 1325 igM[X+ X%+ —

X=X+ 5-igM[X°X " — XOX ¥ 7] +igM s, [XOX ¢t — X0X+¢> ]+ ng[X*‘X*‘qb0 XX ¢"
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&) Standard Theory of Particle Physics

n [ http://cern.ch/go/dWbz ]
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mf (O (1 — )] — 275 H (@) — %%H(J?d?) + 19 60 (@dyPu) — %%¢°(J?75d§) + XH(0* -

M) X+ + X (0% — M?)X— + X002 = M) X0+ Y PY +ige, W, (9, XX~ = 0, X X0) +igs, W, (9,V X~ —

O XTY) +ige, W, (0, X X" =9, XX ") +igs, W, (0, XY —9,YX) +igch°(8 )_(+X+ 9,X"X7)+
1950 A0, X TXT = 9,X"X7) = JgM[X*XVTH + XX~ H + 5 XX H] + * 1260 g MX+ X 0%+ —

X~X%7] + 5-igM[X0X~¢" — XOX*¢7] +igM s, [XOX ¢ — X0X+¢ ] + ng[X+X+qb° XX ¢
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The Next Standard Model

http://cern.ch/go/dWéz ]

Standard

Theory
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The Next Standard Model

http://cern.ch/go/dWéz ]

Standard

Theory
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aemeagenarator.net
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MEASURE

<<=
@

ALL THE{OBSERVABLES

ameaganaerator.net
67
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@ Deviations of H(125)

1 Heavy New Physics

Concern of LHC HXSWG WG2
Decoupling of heavy d.o.f.

Indirect effects, loops, dim-6 operators, etc.

0 Light New Physics
Benchmarks from LHC HXSWG WG3

Other states, degenerate states, etc.
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Handles on deviations

I I —
1 Mass
0 Exp. Uncertainties
O SM consistency: (my, my,, m
0 Spin
0 Are we happy now?
0 Charge

O Zero. (That was easy.)

’rop)

0 Parity
o Amplitude decomposition — EFT

0 Scalar couplings
0 K— K(q) — f(q) — EFT
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\
N,

&) An actual measurement

D qus E E 68% and 95|% cL contoursI | : f_:f‘:]:;:i;;'i:‘bél;}c l E
-—;- 80.5 — [ fitw/o M,, and m, measurements : _— :g.;g %e;/so ‘ v —
o o - fitw/o M, m, and M, measurements —o=0 O € —
n Exp. Uncertqlniles = 80.45 = B direct M, and m, measurements ¥ ’ _
1 SM consistency: (m,, m,, m - :
Yy ( H’ W/ top? soaf

[ S pIn 80.35 [ M. - 0.305 - 0015 eV -
O Are we happy now? b E
C 5 E
0 Charge so2s [ 5 S S
C I‘”I 1 1 1 1 1 1 "’I 1 1 L”” I;g 1 1 I 1 1 1 | 1 ]

O Zero. (That was easy.) w0 150 160 170 180 190
e m, [GeV]

O Parity
O Amplitude decomposition — EFT

I Willys Motors
(ausTRALGS) 7Y ero e

0 Scalar couplings
O K— K(q)— f(q) = EFT
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= Handles on deviations

2
O Mass
O Exp. Uncertainties

CMS X —2Z + WW 19.7 b (8 TeV) + 5.1 b (7 TeV)
1‘0 p ) ’}o 120 B H T H B H H B B B B T B B

-o- Observed ---Expected : : : : : : : : : : : : :

O SM consistency: (m,, my,, m

—'100-.o*¢1c-.1"i15zzzsszzss;sss;-

/

D Spin  got 0"+ 20 W +2

L

E e0f
o Are we happy now? Y ol B
- Chqrge 23 | ;

0f

I:IZero.(Thcn-queqsy,) 60k

[ ]
D PCI rlty J=1 Spin 2 prod. via gluon fusion = Spin 2 prchuchian via qa

O Amplitude decomposition — EFT

O Scalar couplings
O K— K(q)— f(q) = EFT
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Handles on deviations

O Mass
O Exp. Uncertainties
O SM consistency: (my, my, m,_ )
O Spin
O Are we happy now?
0 Charge
0 Zero. (That was easy.)
O Parity

O Amplitude decomposition — EFT

0 Scalar couplings
O K— K(q)— f(q) = EFT
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&) Handles on deviations

I e
O Mass
O Exp. Uncertainties

O SM consistency: (my, my, m,_ ) .
O Are we happy now? @ fu g gy ) e
' e O T P P
0 Cha rge + g il prom g1 prm) f*(n),uv)
- 1C!VI$| ———— |19.7Ifb‘?(8|Te}/)7-5:1 fP”(?TeV)
O Zero. (That was easy.) 3 Toiin e
0 Parity 8 . s
o Amplitude decomposition — EFT |
° 0
O Scalar couplings ;
O K— K (q) — f(q) — EFT -o.5:
-1_

-1IIII-O.5IIIIOIIIIO!5|| ‘1
f,3 COS(d,3)
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= Handles on deviations

R
O Mass
O Exp. Uncertainties

O SM consistency: (m,, m,,, m
O Spin

O Are we happy now?
0 Charge

O Zero. (That was easy.)

’rop)

ATLAS Preliminary
Vs=7TeV,4.5-4.71b"" Vs =8TeV,20.31b"
P L4 1_ SN 19.7 b (8 TeV) + 5.1 fo" (7 TeV)
D qu y T T T T T T T T T CMS - 68% CL
: == 95% CL
o .. e Koz=1.18£0.16 - Kz = o_ggfg-l“; -
O Amplitude decomposition = EFT ... S Ao
Awz € [-1.04,-0.81] +0.36 H
e - = o
o u[0.80, 1.06] - 7"29 1'39' 0.28 B
A € [-170,-1.07) _ 4 rgt0.22] :
0 Scalar couplings ham0935|—art
Anz=0.60£027 - 7‘72 = O.QSTSZE -d-—
0o K= K(q) = f(q) = EFT S e M o
(95%CL) —— Ay =2.18705 | ; ——————
N 0 05 1 15 2 25 3 35
vz o
Parameter value
(95%CL) ————
my =1
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Oversimplified big picture
B

T — Tevatron; A — ATLAS; C — CMS; combination drivers in red.

H—cc

H—HH

o
|
o
(o

H—TT H—WW H—ZZ H—7YY H—ZY H—inv. H— U U

%
2
+
x

)

=
(")
(2]
o
o

E
1

:::
()]
(1]

'm

x

TIA|C T|A|C T|A|C T|A|C T|A[C T|A|C T|A|C T|A[C T|A|C

ggH b db ddh b (b db I g b dIEEER ‘i< - % | -
VBF *| K K Kk *x * * X * | - * *| - *| -
VH R dh {1 | K K X * Ow * x| - * k| -

m * x| X *| * * x| -

0 Still much to explore on the rarer ends.

(to the right and to the bottom) (and outside this picture =
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ATLAS Preliminary _"22;2‘;,),0, Total uncertainty
—C
m, = 125.36 GeV theory + 1o on
Tevatron Run II, L, < 10 fb™ —oltheory) l-l
2 H- vy o : T
m, =125 GeV/c 1= 147028 o : HH :
. o 026 | 506 : HH i
[ Combined (68% C.L.) T ow : =
i _ 4 4604008 : O
—il- Single channel w=1.46"""|on i e
H - H - Ww* ‘ot 5 ' I
- — I { 40,24 |03 : = :
v h=118 s s i H j
- H - bb ok
H- W'W W= 063002 : = :
-0.37 |- 007 i H i
. H- “az —
H—t't 042122 _ ——
= 1.44'042] 0%
037|615 i g
VH— Vbb | Combined i b
p=1.18%1170%0 : :
AR N N N NN B B 014 ] oo : l“ :
0 3 4 5 6 7 8 9 10
BestFit (6x BrySM ~ te-7Tevasare  —1 0 1 2 3
\s=8TeV, 203 fb" Signal strength (u)

ATLAS

m, 125 GeV 125.4 GeV

u:

+0.59 +
o/0gy, 1.44 -0.56 1.18 £0.15

Naive LHC average: 1.1 £0.1

measuring.higgs@cern.ch

19.71b" (8 TeV) + 5.1 6" (7 TeV)

Combined CMS m, =125 GeV

u=1.00+0.14
Py, = 096
H — vy tagged
n=1.12+£0.24

H — ZZ tagged
n=1.00+0.29

H— WW tagged
1 =0.83+0.21

H — 1t tagged
n=091+0.28

H — bb tagged
1=0.84+0.44

o 05 1 15
Best fit o/c

125.0 GeV

1.00 £0.14
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&) So small that you need a pipette

Particles smaller than the Higgs boson
exist?
By PTl | 23 Mar, 2014, 01.52PM IST 4 1 comments | Post a Comment

READ MORE ON » settlement option | net worth | Insurability

LONDON: There are unknown particles

floating around the universe that may be /
even smaller than the Higgs boson, the
'God particle' discovered in 2012, scientists
say.

The so-called techni-quarks can be the yet
unseen particles, smaller than the Higgs
particle that will form a natural extension of
the Standard Model which includes three

generations of quarks and |eptons_ Ryttov referred to the theories that have been put forward over
the last five years for the existence of particles in the universe

that are smaller than the Higgs particle.

These particles together with the
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The Standard Model of Particle Physics

Weak force — star combustion Strong force — protons and neutrons

Quarks

u, c,t
1 N

9

Gluons

~
1re i I2) o m
HICICIS BOSO N
A A S8 L A e AV
o)
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Scalar coupling structure

O
O
@
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Scalar coupling structure
——

Hic est electroweak
symmetry breaking

a@u
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sector
o

T H e W

Loops (y, g) are

sensitive to BSM
contributions.

Y
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Scalar coupling structure

Gauge sector
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Mixed
sector

Loops (y, g) are
sensitive to BSM
contributions.



Scalar coupling structure

Gauge sector

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

- °
0 Mixed
\\/ ¢ \\\\\~~\\\ sector

t -7 \\\\\\\\
t T~

Loops (y, g) are
sensitive to BSM
contributions.

Quark loop
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Scalar coupling structure

Yukawa
sector

a Gauge sector

Mixed
sector

o \\_/ —\

Quark loop

Loops (y, g) are
sensitive to BSM
contributions.
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Scalar coupling structure

Yukawa

sector °

Down type \/
Loops (y, g) are
sensitive to BSM

Quark loop contributions.

a Gauge sector

Mixed
sector
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N,

S Scalar coupling deviations framework

Production modes Detectable decay modes Currently undetectable decay modes
OggH Ké (kb %, mu)  Dwwe 9 L'z _ .2
O’SM - K2 FSM = Kw FSM = K
ggH g WW ) tt
OVBF 2 r r
— (*) .
M KvBE(KW, Kz, T ) 2277 _ K2 % see Section 3.1.2
VBF 'sM I'3g
OWH 2 A r
- — K rel
SM w 'z 2
OWH _bb 2 sMo— &
SM b FCE
0zZH 2 FbB
_ o K
g SM Z T FS§ 2
ZH vt 2 M = Kp
OttH sM T 5
- — K2 1:_1:+
SM t Lu—u+
o> T 2 w2
SM 2 Ty
8 %
Tz, K?ZY) (kp, K¢, Ke, KW, my)  Total width
SM 2 2
FZY K(Zy) I'g o Ki (Kia mH)
SM 2
FH Ky

0 Single state, spin 0, and CP-even.
o Narrow-width approximation: (6XBR) =c-T /T,
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= Scalar coupling deviations framework

N,

C

\

[arXiv:1307.1347]

Production modes Detectable decay modes Currently undetectable decay modes
2 —
OggH { Kg (ko keomu)  Dwwe 2 —Ftt = x

SM_ T K2 SM - W SM Tt

OggH = Fvwe L'
OVBF 2 I r
—— = K KW, K7z, m 77 g8 :

SM vBE(KW, K7, MH) — K2 — d.
T FSM( | K2 TSM see Section 3.1.2
= T

SM i~
o bb

WH I\W _= ](12)

OZH 9 bb

sSM Xz
OzH Ft—r+ 2
_ v — K
OttH o ™M,
sM K
OtH r 2
B & S { Ky2(KbaKt7K‘t)KW)mH)
SM
8 Ky
I'zy KZZY) (Kp, K¢, Ke, KW, myg)  Total width
—ar )
F%{;’I K{zy) I'n B iy (1, M)
rsM Ky

O Loops resolved at NLO QCD and LO EWK accuracy.
0 Peg the as-of-yet unmeasured to “closest of kin”.
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&) Scalar coupling deviations framework
T

Production modes Detectable decay modes Currently undetectable decay modes
2 —
OggH Kg(KbaKtamH) Iywe 2 it _ 2
oM T 2 M = Kw M T
ggH g WW (*) tt
OVBF 2 | —
s = Kver(kw,xz, mu) AN LTes see Section 3.1.2
OWH ) 7.7,(%) gg
TWH _ T Lee )
o Db T = %
SM = Kb F g
O_ZH I‘ M CcC
2 bb
sM Kz Iss
o I _ — = 2
ZH Tt K? 'SM Kp
O ™, .
SM —_ Kt T T 1‘1
oS r 9 wut 9
ttH W { Ky (Kb, Kt , Ko, KW, M0H) S
SM 2 Ty
I %
Tz, KZZY) (Kb, K¢, Ko, KW, mu)  Total width
SM
FZY K(ZY) _FH
SM
Iy

0 Total width as dependent function of all K.
0 Total width scaled as free parameter: k..
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= Weak bosons and fermions

\
7%

[ arXiv:1303.6346 ][ ATLAS-CONF-2015-007 ][ arXiv:1412.8662 ]

T T T
ATLAS Preliminary
[ —68%CL \s=7TeV, 4547 f"
1.8 “resCL 1s=8TeV, 203"

19.7 o' (8 TeV) + 5.116" (7 TeV)
T | T T T T I T T T T

e 2 0 T T T
~ L -1 N ]
B Tevatron Run I, les 10 fb MLL 4 e e 7 52_ - CMS ]
e Local maxima A SM E ATLAS Prelim. 7 1.5 _
[ Ples%c.L. [ Jo5%C.L. 3 \5=7TeV. 4547 b oo momeen = - S ]
41 E Vs=8TeV,20.3f0" 087095 1 105 11 115 12 125 13 o 1.0F :." 7 ) .
i Az =1 2 m, = 125.36 GeV R - i ( @/ -
B I e WP PP TS = - —_——T i
oL E 3 o5F 0 NGIET =
) . 3 - ]
i = 3 0.0 =
- e = 05 e -
i E ] C [+ Observed ]
E CH- 1y 3 1 0oF |— .
21 -2b CH-2Z . 1.0p gg:fgt """"""" ]
C COH->WwW 3 F|7=99% ]
- —3F «sm —68% CL - -1.5] |+99.7% CL 7
4L - _ ! [ JH-bb 3 - | SM Higgs :
I -+ Bestfit =--95 /och : | | — Colrnblned . 50 r | | ]
L | L I L I L —_ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 - . 1 1 1 1 1 1 1 1 1 1 1 1

0 0.5 1 15 5 4 04 06 08 1 1.2 1.4 1.6 1.8 0.0 05 1.0 1.5

Ky Ky Ky

ATLAS ____ams

p(SM) . 41% <10
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& Resolving SM contributions

[ ATLAS-CONF-2015-007 ][ arXiv:1412.8662 ]

ATLAS Preliminary
Vs=7TeV,45-47f"" Vs=8TeV,203 0
gg;g:: e 19.7 b (8 TeV) + 5.1 fo! (7 TeV)
BRj, = 0 CMS ¥ 68% CL
IIII|IIII|IIII|IIII|IIII IIII!IIII TTTT _950/ CL
Kw=0.91+0.14 an-— Ky = 0.95?'8‘_13 m
k7 €[-1.06,-0.82] KZ =1 .05+0.16 -
U[0.84,1.12] ] -0.16 :
Ki=0.94 +0.21 —--— K, = 0_811“8-12 —-.—:—
-0.90, -0.33 : E
Kbe[ ] - . Kb - 0.74-{-033 .
u[0.28,0.96] . -0.29 '
€ [-1.22,-0.80 5 :
K E[ ] I ](T= 0.844-019 *
u[0.80,1.22] -0.18 '
(95%CL) |ku|l< 2.28 K, < 1.87 _:_.
mH=!;125_36GeV 111111111:11111111111111
L1111 | L1111 | 1111 I 1111 | 1111 | 1111 i | . | 1111 0 0‘5 1 1'5 2 2'5
-2 -15 -1 05 O 0.5 1 1.5 2 Parameter Value

Parameter value
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Coupling deviations summaries

[ ATLAS-CONF-2015-007 ][ arXiv:1412.8662 ][ arxiv:1207.1693 ][ arxiv:1303.3570 ]

1 Assuming no BSM
particles.

IIIII| T IIIIIII| T T T TTTTIT T IIIIIII| T

e f N ]
2 1k ATLAS Preliminary t .
- - s=7TeV, 4.54.7 6" z¥ 1
° - s=8TeV,20.3 5" A
c |> i W ]
& 10" — Observed ' -
- --- SM Expected §
102 . E
- A ]
B ST ]
10 n 7 E
_L'I"I':I;‘V | 11 IIIII| | 11 IIIII| | - IIIII| | I_

10 1 10 10

Particle mass [GeV]

measuring.higgs@cern.ch

10°®

104

19.71b" (8 TeV) + 5.1 5" (7 TeV)

CMS
Ky = 0.95 ol
1.05%, s
0.81"

*,<1.87

- 68% CL
= 95% CL

a 19.7 " (8 TeV) + 5.116' (7 Tev)
w 0. T T T T

0.2~

I
0 05 1

. \
1.5 2 25
Parameter value

.03k I I I I
200 220 240 260 Eﬂso 300

(GeV)

19.7fb" (8 TeV) + 5.11b' (7 TeV

[TTT T T llllll]

- CMS

T lllllll

== 68% CL
—95% CL
---SM Higgs

LI IIIIIII

=

1 llllllll

T llllllll

1 lllllllI

T Illlllll T

11 lllllll

(M, ¢) fit
E=68% CL
—95% CL

1 llllllll 1 —

0.1 1

10

100

Particle mass (GeV)
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CERN
\

The deviations that we do not (yet) see

[ ATLAS-CONF-2015-007 ][ arXiv:1412.8662 ]

Koz =1.18+0.16

Awz € [-1.04, -0.81]
1[0.80, 1.06]

Azg = 1.0975:28

Apz=10.60%0.27
Ayz=0.902%0.15

Az = 0.997023

Ag € [-1.70,-1.07]
U[1.03,1.73]

(95%CL) A,z<2.3

(95% CL) A(ZV)Z <3.2

ATLAS Preliminary
\s=7TeV,4.5-4.70" Vs=8TeV,20.3fb"
68% CLi i 19.7 67 (8 TeV) + 5.1 fb' (7 TeV)
95% CL: _—
II|IIII|IIII|IIIIIIIII|IIIIII CMS .GBOA)CL
: o1a ' == 95% CL
: + '
_E..._ ng =0. 98 0.13 +
——— : 0.15 :
+ Myz = 087733 "."—
- by = 13908 | et
—-'-— 0.22 :
E Ayz = 0.597 55 [ e———
.._5 0.17 -'
lyZ =0.93 4, :
- Ay =0797010
' 0.54 E
T . Mg =218 048 TN T
: 0O 05 1 15 2 25 3 35
5 Parameter value
my = 125.36 GeV
II|IIII|IIII|IIII!IIII|IIII|II

-2 -1 0 1 2 3

Parameter value
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Decay Modes

Scale Factor/

. " P

T; Mode Fraction (I'; /T) E::;:dence (MeVrc)

I HY > ww* seen

I, H —» 7z* seen g

T3 H - yy seen B ]

Ty H = bb possibly seen

T H® - tt¢— possibly seen

H® SIGNAL STRENGTHS IN DIFFERENT CHANNELS

Combined Final States 1.07 £0.26 (s=14)

WW* Final State 0.88 +0.33 (s=1.1)

ZZ* Final State 0.89 £9-39

yy Final State 1.65 +0.33

bb Final State 0.5 t8j§ Decay Modes

7+7~ Final State 0.1 +£0.7 ) Scale Factor/ P
I Mode Fraction (I'; /T) (L::‘rg:dence (MeVc)
I Z—ete” 3.363 +0.004 % 45594
I, Zoptum 3.366 +0.007 % 45594
I3 Z- 1ttt 3.370 £0.008 % 45559
I Z it 3.3658 +0.0023 %
Ts Z> et (4.2 102 x106 45594
Ts Z - invisible fi%(f? +.006)
Iy Z — hadrons ifl%?} +.006)
I'g Z— (un +cc)i2 .116 +.006
Ty Z— (dd+s5+bb)/3 .156 +.004
Z—cc 5(11%(3? +.021)
I'n Z—bb 21%1_% +.005)
I Z - bbbb (3.6 £1.3) x10™*
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@ The future

0 We must examine this Higgs to the fullest extent !

It may be the only clue to leave the SM oasis and cross the desert.

A L - -~
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& Prato dei-Miracoli scalare

“ [http://goo.gl /K8Lgmu ]

Boson discovery & first measurements qr
Precision

measurements
&
Searches for
deviations

HO Ho HO Ho HO HO Ho Ho Ho HO
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& The many facets of HVV

2 (VBF) v (VH)
v (H¥)

S o T T T T e
8 "t ATLAS +-data syst. unc. -
g 0.181 Ho2z' > . [ 99-H MiNLO Husps) + X H
5 0.160 \’s=8TeVILdt=20.3fb ] ggmoH (PowrecsPS) + XH
-g 0.143— ==== XH = VBF + VH + fiH —f
2 o420 =
Decay to 4f S oib — E
008? i
0.06F i
0.04 %@I N
002? —

S itk SECECTTTT: RS

15 20 25 30 35 40 45 50 55 60
My, [GeV]
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& Differential distributions

s
(0]
9
o)
<
IQ!—
©
~
QA
S 10
1072
o
E 4
T
o
il 2
s
o
0

0 Differential picture directly touches fundamental aspects:
The loop structure where new particles may be running (p; shape).

The QCD structure of the calculations (N

|e’rs)

0 ATLAS H—yy and ZZ results and the adventure of unfolding.

lllustrates the power of having more statistics (signal-like excess).

—_

— T T T T T T T T T T T T
B HRes + XH

wess XH = VBF + VH + ttH + bbH
-$- data, tot. unc.

syst. unc.

\s=8TeV, 20.3fb"

i+ ATLAS pp—H

He—

20 40 60 80 100 120 140 160 180 200
Pl [GeV]

o [pb]

Ratio to NNLOPS

107 e

10

; g e
[ ATLAS pp—H

T T
B NNLOPS+PY8 + XH

L antik, R=04, PS> 30 Gev

r - data, tot. unc. . unc.
L # ﬂf MHoyy g Hozzoa |

==== XH = VBF + VH + ttH + bbH
\s=8TeV, 20.3fb"
syst. unc

| [fbo/rad]
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14—
I ATLAS
12F H-7yy, 's=8TeV 4
_ JLdt=20.3fb"
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& Differential distributions
N
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0 Differential picture directly touches fundamental aspects:
The loop structure where new particles may be running (p; shape).

The QCD structure of the calculations (N

ie'rs)'

0 ATLAS H—yy and ZZ results and the adventure of unfolding.

lllustrates the power of having more statistics (signal-like excess).
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& Differential distributions
oo

0 Differential picture directly touches fundamental aspects:
The loop structure where new particles may be running (p; shape).
The QCD structure of the calculations (N..,).

0 ATLAS H—yy and ZZ results and the adventure of unfolding.
lllustrates the power of having more statistics (signal-like excess).
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The loop structure where new particles may be running (p; shape).
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0 ATLAS H—yy and ZZ results and the adventure of unfolding.
lllustrates the power of having more statistics (signal-like excess).
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@ From deviations to EFTs

CMS Preliminary r 7TeV,Ls51f" \F 8TeV,L<19.6fb"

I 20—

0 Today we talk about deviations from P

the SMH. O

arXiv:1209.0040 or equivalent. O-OE-“G“ -

Draw/exclude your own theory. = ffl ¢

-1.51 .

s

1 One (single) nice feature: K =1 . SM

recovers best SMH calculations. i et B
But that’s it: we can find deviations, but

only roughly fathom their meaning.
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=y Deviations are on a diet

N/,

m [ arXiv:1306.6352 ]

2
0 SUSY (tan 8 =5): G Ghrr :1+(1 TeV)
Ghgnibb GhgyrT ma

. . 1 TeV?
1 Composite Higgs: I GV 1@ - )

Ghsmff B GhsmVV f

Ghga 1TeV)2 Ghory (1 TeV)2
o Jha9 o 1499 : T~ 1 40.8%
0 Top partners: " @( - . e
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& Kappas simplistic, EFT complex

[ NPB 268 (1986) 621 ]

0 Instead of just using experimentally-
driven parameters interpret with basis
of QFT operators that may encode the
fingerprint of BSM physics.

00 EFT allows for accurate calculations. 4
o NLO EWK effects, etc.

O More sensitive interpretation.

0 2499 dim-6 operators mapped out in
1986.

o1 Which operators to keep?
o What about dim-8?
o What about loop processes?

7 Where is the interface between
experiment and theory?

O How to quote results?
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= In 2012 some theorists speculated...

N,

m [ http://goo.gl/CVmés ]

C
\

@ After Moriond 2012, new fits disfavor the SM and

motivate for New Physics
red = no Higgs boson

green = SM
my, = 125 GeV
=
g 2 5 g v g 9 z u
$8L:828 28]

Rate/SM rate

t ZZ *
7z
T
Vi
I

P. Giardino, K. Kannike, M. Raidal, A. Strumia, 1203.4254
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In 2012 some theorists speculated...
N N

new fits disfavor the SM

new fits disfavor the SM

‘new fits disfavor the SM‘
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In 2012 some theorists speculated...

107

new fits disfavor the SM

new fits disfavor the SM

‘new fits disfavor the SM‘
ONEDOES'NOT'SIMPLYA

o Vs

DRAW'SUGH CONCLUSIONS
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& Prato dei-Miracoli scalare

m [http://goo.gl/K8Lgmu ][ “Scalar meadow” ]

Boson discovery & first measurements

HO Ho HO Ho HO HO Ho Ho Ho HO
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g Outlook

7 LHC13: last chance before ‘““direct BSM desert”.
o Tevatron: Run | = top discovery, Run Il = SM

precision.
LHC 2010: early SUSY and EXO exclusions.

. 1 Higgs, one way out of the “SM oasis”:

From O(10%,) to differential.
From “seen” to O(%) measurements.
From limits on rare things to observations.

From conjectures on weird things, to putting limits
on them.

From ad-hoc K fits to global EWK/flavour EFT fits.

7 We have a long way to go.
All it takes is one deviation.
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& Prato dei-Miracoli scalare

m [http://goo.gl/K8Lgmu ][ “Scalar meadow” ]

Boson discovery & first measurements

HO Ho HO Ho HO HO Ho Ho Ho HO
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Prato dei-Miraecoli scalare

m [http://goo.gl/K8Lgmu ][ “Scalar meadow” ]

199 years of patient
construction
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Prato dei-Miraecoli scalare

m [http://goo.gl/K8Lgmu ][ “Scalar meadow” ]

199 years of patient
construction

... and 44 years of modern stabilisation work
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= |he beeautiful bering Universe today

\

N,

m [ arXiv:1303.5062 ][ ATLAS-CONF-NOTE-2015-007 ][ arXiv:1412.8662 ]

0 Up above: “Simple six- 0 Down below: (Not-as-simple)
parameter /A CDM”. ~20-parameter Standard Model
of Particle Physics.

10 : - :
{  Planck ATLAS Preliminary
Vs=7TeV,4.5-4.7f0"' Vs=8TeV,20.3fb"'
‘F""‘ % i WMAPY Nl 19.7 16" (8 TeV) + 5.1 f5' (7 TeV)
Fy 95% CL:
A ¥*f 35 I ACT L L L B L L B CMS W 68% CL
F 57 ‘%S,‘ % ° SPT , = 95% CL
2 Koz=1.18£0.16 - Kz = 0.98_*8‘13 .
103 %ﬁ'& 1 Awz € [-1.04,-0.81]
— ———— . 0.15
1[0.80, 1.06] z=0387"0 43 ———
NK “ﬂ - Az =0.87 :
= L b= 10852 - TP I S—
> 5 Aoz =0.60£0.27 o ’ 0-22 '
Q 1%{ vz = OO0 R Az = 0.590 2 fremtliomei-
3 N L _ 0.17 H
- rfzﬁl Az=090%0.15 - A,z =0.9371] +
‘%Bg Az = 0997922 - Krz = 0.79_*8‘_157’ - o
é Ao € [-1.70,-1.07] +0.54 :
(X2 4 - — e —— =2.18 V e ———
o U[1.08,1.73] Mg A T P T T
e 0 05 1 15 2 25 3 35
. . . . . . (95%CL) Auz<2.3 —— Parameter value
2 100 500 1000 1500 2000 2500 3000
(95%CL) Azyz<3.2 —
,g my = 125.36 GeV
ca v v by Lovaad
2 1 0 1 2 3

Parameter value.

Looking forward to LHC combination and surprises at

higher energy: PeV neutrinos, LHC 13 TeV, ...
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= ...and references therein.”

N,

0 Experiments’ pages on Higgs results:

ATLAS: http://cern.ch/go/7IDT
CMS: http://cern.ch/qo/6gmZ
Tevatron: http://cern.ch/go/h9iX

m  CDF: http://cern.ch/go/q8NV
m DO: http://cern.ch/go/9Djq

0 Partial list of conferences and workshops:

Higgs Days 2013: http://cern.ch/go/6zBp

ECFA HL-LHC workshop: http://cern.ch/go/SFW6
Higgs EFT 2013: http://cern.ch/go/bR7w

Higgs Couplings 2013: hitp://cern.ch/go/THp?9
Moriond 2014: http://cern.ch/go/k8FP

Bernasque 2014: http://cern.ch/go/Pz7|

ICHEP 2014: http://cern.ch/go/8Btf

Rencontres du Vietnam 2014: http://cern.ch/go/97J)
Zuoz Summer School 2014: http://cern.ch/go/9SHw
Higgs Days 2014: http://cern.ch/go/IfPé

Higgs Couplings 2014: hitp://cern.ch/go/HMmé
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Part I
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] Menu of discussion topics

0 In my biased preferred order:
EFT and pseudo-observables.
What’s in a signal strength?
CMS H—yy analysis.
The maximum entropy coincidence.
What'’s inside the CMS combination?
Concrete BSM model searches.
Tensor structure: spin/CP.
More on the m, combination.
Going off-shell.
HL-LHC extrapolations.
Kappa: BSM interpretations.
Statistics primer.
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Big Experiments
T
#WolfAl

Imageldentify| 22

measuring.higgs@cern.ch  HiggsTools School - June 2015



Big Experiments
N
#WolfAl

Imageldentify[ '

roulette wheel

ret magetdentiy howt i | NCEETIN] TS
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Big Experiments

T I ———
#WolfAI

Imageldentify| :
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Big Experiments

I I ———
#WolfAI

Imageldentify[ E

shopping center

Tet magetdentiy howt i I IECONFTOYeeC® Wt thehecka
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= ATLAS+CMS m,, in PRL

0 First ATLAS+CMS ! !
publication.

0.2% precision.

0 PRL Viewpoint by Chris
Quigg: “With LHC Run 2
[we] can look forward to a
new round of exploration,
searches for new phenomena,
and refined measurements.
Combined analyses [...], such
as the measurement of the
Higgs boson mass discussed
here, will help make the most
of the data. We still have 80.25 | !
much to learn about the Higgs 160 170 180 190
boson, the electroweak
theory, and beyond.”

80.45 -

80.35 -

Top quark mass (GeV)

W boson mass (GeV)

measuring.higgs@cern.ch  HiggsTools School - June 2015



= ATLAS+CMS m,, in PRL

0 First ATLAS+CMS ' !
publication.

0.2% precision. 80.45 _

0 PRL Viewpoint by Chris
Quigg: “With LHC Run 2
[we] can look forward to a
new round of exploration,
searches for new phenomena,
and refined measurements.
Combined analyses [...], such
as the measurement of the
Higgs boson mass discussed
here, will help make the most
of the data. We still have 80.25 | 1
much to learn about the Higgs 160 170 180 190
boson, the electroweak
theory, and beyond.”

80.35 -

W boson mass (GeV)

Top quark mass (GeV)

measuring.higgs@cern.ch  HiggsTools School - June 2015



n Statistics interlude
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n What's in a signal strength
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EFT and pseudo-observables
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New York Post - Jun 27, 2015
Comment(required). June 27, 2015 | 11:10pm ... This “leap second”
will occur as the clock strikes 8 p.m. in New York. The last time this

¢ happened was in 2012, ...

Leap second on June 30 will be 'mini-Y2K'

USA TODAY - Jun 22, 2015

Short on time? Don't worry. This month you'll get an extra second.
"leap second" will be added on June 30 at midnight Coordinated
Universal ...

Will the leap second on June 30 break the Internet?
In-Depth - Daily Times - Jun 21, 2015

Explore in depth (11 more articles)

Leap Second 2015: Why This Tuesday Will Be Longer TI

Chinatopix - 47 minutes ago
' Leap Second 2015 — Experts recently announced that Tuesday,

A leap second will be added to time next week but watch ...
The Independent - Jun 24, 2015

Thursday 25 June 2015 ... When the last leap second kicked in, on a
Saturday night in June 2012, websites including Reddit and LinkedIn
faltered as servers got ...

What does the leap second mean for government IT?
GCN.com - Jun 25, 2015

Explore in depth (8 more articles)

Will the 'leap second' break the internet?

{ SBS - Jun 23, 2015

Leap seconds are adjustments to international time that take the
slowing of Earth's rotation into account, which changes slightly from
day to day.

Leap second: What is the extra second you will get on 30 June?
International Business Times UK - Jun 23, 2015

Explore in depth (3 more articles)

Is the Leap Second 2015 a danger like Y2K?

TWCN Tech News (blog) - Jun 14, 2015

Many IT companies are dreading over the leap second 2015. Most of
these companies are considering the leap second as another Y2K-
like ...
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@ Some things are convention

Home : : Add Story : : Archives : : About : : Create Account : : Login :

Handling Leap Seconds the OpenBSD Way
Contributed by pitrh on Sun Jun 28 20:17:50 2015 (GMT)
from the bounded leaps dept.

Christian Weisberger (naddy@) let us all know what we need to do to prepare for the
impending leap second:

As you may have heard, a leap second will be upon us at 23:59:60
UTC on June 30.

The sky will fall, civilization will end, and dinosaurs will roam
the earth again. Well, maybe not.

Neither the OpenBSD kernel nor OpenNTPD handle leap seconds in any
way. So what will happen?

After the leap second, your OpenBSD system's time will be off by,
well, one second. Gasp, shock. Let's say you synchronize your
clock with ntpd against a server that does have the correct time.

At the next poll, i.e. within about half an hour, ntpd will notice
the offset and correct it, which will take a few minutes. That's
it. (I expect ntpd will drop down to a short poll interval and the
frequency correction will fishtail a bit since it's a differentiator
reacting to a jump.)

Unless you obsessively watch your ntpd, you won't notice a thing.
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&) Some things are convention
N

How does Google handle this event?

We have a clever way of handling leap seconds that we posted about back in 2011. Instead of
repeating a second, we “smear” away the extra second. During a 20-hour “smear window” centered
on the leap second, we slightly slow all our servers’ system clocks (by approximately 14 parts per
million). At the end of the smear window, the entire leap second has been added, and we are back in
sync with civil time. (This method is a little simpler than the leap second handling we posted back in
2011. The outcome is the same: no time discontinuities.) Twenty hours later, the entire leap second
has been added and we are back in sync with non-smeared time.
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@ Some things are not convention
O

Something is going to happen on June 30th that

hasn’t happened in over 2,000 years
Sunday, June 28, 2015 14:41

(Before It's News)

Sunday, June 28, 2015

Something is going to happen on June 30th that
hasn’t happened in over 2,000 years

Closest Visible Conjunction Of Venus & Jupiter In 2000 Years On Jun... @ Q

4

The Cosmos News
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@ Some things are not convention

Conjunction between Venus and Jupiter

Wed, 01 Jul 2015 at 06:02 CEST (Tomorrow)
04:02 UTC

Dominic Ford, Editor
From the Conjunctions feed

Venus and Jupiter will make a close approach,

passing within 0°20' of each other. Click and drag to rotate

Mouse wheel to zoom in/out
From Aosta (click to change), the pair will be Touch with mouse to dismiss

difficult to observe as they will appear no higher
than 18° above the horizon. They will become
visible at around 21:45 (CEST) as the dusk sky
fades, 18° above your western horizon. They will
then sink towards the horizon, setting 2 hours and
17 minutes after the Sun at 23:37.
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Kappas galore
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e Back to the #13TeV future

CATLAS

2 EXPERIMENT

')'1, N
o' View image on Twitter

CERN

@CERN

The LHC experiments are back in business with record
energy collisions of #13TeV: cern.ch/go/D7z6
12:41 PM - 3 Jun 2015

- 23 853 % 558
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The future is luminous
T

100 ———
[ ratios of LHC pa

luminosity ratio

WJS2013

—_
o

—g9
---- zqq

. q9

rton luminosities: 13 TeV /8 Te !

T T v

MSTW2008NLO
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Back to the #13TeV future

CERN
\

E B o Sign in News Sport Weather Shop Earth Travi

NEWS

Home Video World UK | Business Tech @ Science  Magazine @ Entertainment & Arts

Science & Environment

Large Hadron Collider turns on 'data tap'

By Paul Rincon
Science editor, BBC News website

@© 3June 2015 Science & Environment

The CMS experiment team celebrated when the first collisions occurred
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“ Of pseudo-observables and EFT
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5] Lunch — Waldorf-Astoria style
N I

“Two waiters serve two
steel workers lunch, on a |
girder high above New i
York City, 1930. (Photo
by Keystone /Getty
Images)”
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4-box summary
N

cannot
describe many SM
deformations.

are a lot deeply rooted in
of bins. TH.

Need to
extend kappas
to something
between the
other two.
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&) Standard Model of Particle Physics

m [ http://cern.ch/go/dWbz ]

—3009,0,9, = 9" 0u930,9, ~ 9,1 [ G,909u05 + 51671 6]) g + GUOGY + 9. [0, G’“G*’gﬂ
OWra,Wy — MWW, —19,2%,20 — L, M?207° — 19,A,0,A, — 18,HO,H — tm3H? — 9,6+ 8,6~ —
MG+ — 30,0°0,0° — 5 M6 — B[ 247 + L H 4+ L(H? 4 6060 +26% 67)] + 24 —igea [0, 20 (W W, —

WiW.r) = Z)(WiEo,W, =W 0,WiH) + Z0(W, oW, — W, 0,W)] —igsw|[0,A(WIW, —WFiW) -
A (WHO,W, — W, a,WH) + A (W0, W, - W, 0,W;0)] = S?WHWo Wiw, + L Wiw, Wiw, +
g2ch(Z2W:ZBW; — ZngWfWV )+ g% (A, WrHAW, — A AWIW, ) + gzswcw[AuZS(W:W; —
WIW, ) = 24, Z W, W] — ga[H? + H'¢" + 2H¢5+¢> | = s9%an[H* 4 (8°)* + 4(¢7¢7)* + 4(6°)* 0T 9~ +
H2¢+¢ +2(¢°)2H2] gGMW W, H— 595 Z)Z)H — %’ig[WJ(QSO@m‘ —¢~0,0°) =W, (¢°0,9" —¢*0,0°)] +
RV, (HOW™ = 670,H) = W, (HOW™ = 67 0,H)) + o2 (Z)(HOW" — 0°0,H) — ig EMZYW o™ -
Wu_¢+) + igstAu(W+¢_ W ¢+) - zg ZO(¢+8;A¢_ - ¢ au¢+) + 'Lgsw (¢+a}t¢_ - d)_a,u¢+) -
TSWIWH? + (¢°)% + 20797 — (0% ZOZO[H2 (¢°)2 +2(252 — 1)2¢7 6] — 1?2 2060 (Wihg™ +
Wy o) - %ig?%ZfﬂH(Ww— Wi 6') + 3650 Aud (W0~ + W, %) & Sig?su A HW 6~ — W, 6') =

gz‘z—z(chu — 1)Z2AN¢+¢_ —g's? A A,@*qﬁ — My +m))er — vryovt — ﬂ?(’y@ + mﬁ)ujA — d?(’y(? + md)d’\
igswAu[—(@"e*) + (@) uy) 3(d?7“d?)]+zc%22[(v P+ + (@M (4sh, = 1=7)ed) + (a7 (5 s, —
L=22)u}) + (3 (1 = 553, = V)@ + 25 WH T (L +97)e) + (@i (1 +9°) Coand)] + 55 W (@ (1 +

VW) + (CLA (1 + 7)) + 2522 [~ g+ (1 = 70)e) + ¢ (1 + 7)) — _QM[H< &) +
i0°(E9°N)] + g i Ol = 77)) + A Crn(L 4905+ g Imdy Cha(1+ 7)) —
(@O 3] — $5H () ~ ST @B + 0@ ) — (B ) + X0 -

MZ)X++X—(82—M2)X—+X0(82 ) MEYXO+ Y 0?Y +ige, W9, XX~ —8“X+X0)+igstj(a#YX——

O XTY) +ige,W, (9, XX = 9, XX *) +igs, W, (0, XY -0 YX"’) —|—igch0(8 X*‘X“‘ 0,X X))+
195, A0, XX — 0,X"X7) = LgM[X*X*H + X~X~H + XX H] + 152%ig M[X+ X%+ —

X-X0"] + g igM[X°X~¢* — XOX+67] + igM s, [XOX ¢+ — LOx+p] + ng[X+X+¢0 XX
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Magazine @ Video ' LIFE | Person of the Year

NEWSFEED U.S. POLITICS WORLD

Person of the Year

BUSINESS TECH HEALTH SCIENCE ENTERTAINMENT STYLE SPORTS OPINION PHOTOS
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Q Search TIME e
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Who Should Be TIME's Person of the Year 2012?

Eilike [1.5k| |wTweet (538] R +1 20 ) share | 7

THE CANDIDATES

The Higgs Boson

By Jeffrey Kluger | Monday, Nov. 26, 2012

)
.“..- -y,
>

B s 1

Simulation of a Higgs-Boson decaying into four muons, CERN,
1990.

‘ 18 of 40 *

What do you think?

Should The Higgs Boson be TIME's Person of the
Year 20127

() Definitely () No Way
VOTE

Take a moment to thank this little particle for all the
work it does, because without it, you'd be just
inchoate energy without so much as a bit of mass.
What's more, the same would be true for the entire
universe. It was in the 1960s that Scottish physicist
Peter Higgs first posited the existence of a particle
that causes energy to make the jump to matter. But it
was not until last summer that a team of researchers
at Europe's Large Hadron Collider — Rolf Heuer,
Joseph Incandela and Fabiola Gianotti — atlast
sealed the deal and in so doing finally fully
confirmed Einstein's general theory of relativity. The
Higgs — as particles do — immediately decayed to
more-fundamental particles, but the scientists
would surely be happy to collect any honors or
awards in its stead.

Photos: Step inside the Large Hadron Collider.

WHO SHOULD BE TIME'S PERSON OF THE
YEAR 20127
The Candicates

Viceo

Poll Results

PAST PERSONS OF THE YEAR

2011: The Protester 2010: Facebook's
Mark Zuckerberg

2009: Ben Bernanke 2008: Barack Obama

Most Read Most
Emailed
1 Who Should Be TIME's Person of the Year 20127

2 LIFE Behind the Picture: The Photo That Changed
the Face of AIDS

3 Nativity-Scene Battles: Score One for the Atheists

4 The $7 Cup of Starbucks: A Logical Extension of the
Coffee Chain's Long-Term Strategy
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NEWSFEED US. POLITICS WORLD BUSINESS TECH HEALTH SCIENCE ENTERTAINMENT STYLE SPORTS OPINION PHOTOS

2012 2011 2010 2009 2008

WHO SHOULD BE TIME'S PERSON OF THE

Who Should Be TIME's Person of the Year 20127 YEAR 20127
A f at does e eaders should e the )’ ne Candidates
Cast ye better or worse. \ q e 59
le}
Poll Result:
EiLike 1.5k W Tweet 536 Q41 20 3] Share | 7
THE CANDIDATES € oo P PAST PERSONS OF THE YEAR
18 of 40
The nggs Boson

8 AN .. A

researchers at Europe s Large Hadron Collider —

Rolf Heuer, Joseph Incandela and Fabiola Gianotti
— at last sealed the deal and in so doing finally fully
confirmed E1nste1n s general theory of relativity. The

sealed the deal and in so doing finally fully 9  LIFE Behind the Picture: The Photo That Changed

confirmed Einstein's general theory of relativity. The the Face of AIDS
Higgs — as particles do — immediately decayed to
SSPUGETTY IMAGES  more-fundamental particles, but the scientists 3 Nativity-Scene Battles: Score One for the Atheists
Simulation of a Higgs-Boson decaying into four muons, CERN, would surely be happy to collect any honors or
1990. awards in its stead. 4 The $7 Cup of Starbucks: A Logical Extension of the

Coffee Chain's Long-Term Strategy

Photos: Step inside the Large Hadron Collider.
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Standard Theory of Particle Physics

m [ http://cern.ch/go/dWéz ]

—5009,0u9;; — 95" 0u939,9, — 1931 959000 + 51927 q)) gy, + GG+ gof D GGly;, —
OW; Wy = MWW, = 10,290,28 — 5 M*Z078 — 10,A,0,A, — 10,HO,H — Ym? H? — 0,6% 0,6 —
NP0~ 10,0°0,9— Mo — 3y [B + L1 1} (H2+¢°¢°+2¢+ i LW, -

WiW,) — Z0W o, W — W oW, +Z°(W+a W W) -
A (W oW, — W, aw+)+A (W+0,1

(Z°W+Z°W
W+W ) — 2.4 toT +

155, —1-9")e )+(u (58
(1 +9°)Coedf)] + MW# (@ 7"(1 +
—0)eN) + ¢ (B (1 + 7)) — $RE[H (@) +

, Can(1 = 7°)d5) + my (@) Crn(1 +7°)d5] + 5356~ [ma(d)CL, (1 + 7 )uf) —

MO = 77)us) = § 5 H (@) — 875 H(@d)) + 56 (@7"u)) = § 5 6"(Dr°d) + X+ (07 -
M2)X+ + X (9% — M2)X— + X0 = M) X0+ Y O +ige, W0, XX~ = 0, X+ XO) +igs, W0,V X~ -
0 XTY) +ige,W, (0, X X0 = 9,X°X*) +igs,W, (0, XY —9,YXT) +z’gch°(6 X’*X* 2,X"X7)+
1950 AW (0 XFXT = 0, X" X7) = LgM[X*X*H + X~ X~ H + L XOXOH] + 12%igM[X+ X%+ —

X~X0%] + 3-igM[X°X 6% — XOX+¢7] +igMs,[X°X 6" — KOx+g ]+ ng[X+X+¢° XX
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g The fate /character of the Universe

[ JHEP 1208 (2012) 098 |

0.10

Higgs quartic coupling A

002}

-0.04 [

0.08 |
0.06 |
004 L

002 [

30 bands in
M; = 173.1 £ 0.6 GeV (gray)
a3(Mz) =0.1184 + 0.0007(red)
M;, = 125.7 + 0.3 GeV (blue)

~

0.001

-

[ = 174.9 GeV.

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

102 10* 105 10% 10 10'2 10'4 10'6 10'® 10%

RGE scale y in GeV

Pole top mass M, in GeV

180

T 100

-+" Meta=stability. -+~

175 F =
170 |-

: Stability :

s ]

15 120 125 130 135

Higgs mass M), in GeV

0 Standard Theory seems self-consistent up to large scales.

O ...though the Universe might decay.
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&) Standard Theory of Particle Physics
T I

—50,980,9% — 9sf**0ug59b 95 — 1921 fYgh gt anas + 5i92(@T ") gl + GOPG + g, f“”ca,LC_r’“G”gz -
DWW, — MWW, — 10,299,20 — ;L M*Z020 — 10,A,0,A, — L0,HO,H — sm}H? — 8,6+ 0,0~ —
M2¢+(]5— . %a#(bOa#d)o . ﬁM¢O¢O —,3 [22/212 + 2MH+ (Hz +¢0¢0+2¢+¢ )] 4 2M? 2M h—zgcw[auZB(WJWJ _

WiW,) — Z0WE, W, — Wi, W)+ Z0Wio, W, — Wy 0,W5)] - zgsw[a A (WEWs —WrWy) -
AWFoW, =W 0,Wi) + A (Wo,W, — W, 0, W+)] %g"’WjW;W;W; + 5 PWIEWWIEW, +
g%ﬁ,(ZBW:ZBW; — ZgZSW;Wu ) + g°s (A W"’A W, A“A#W,;"W,,_) + gzswcw[A“ZB(W;W; —
WIW) =24, Z0W, W, ] — ga[H? + H¢°¢° + 2H¢+¢ | — §9%an[H* + (¢°)* + 4(¢+¢_)2 + 4(¢°) 2Pt~ +
H2¢>+¢ +2(¢0)2H2] gMW W, H — 29z NZVZVH — 29[W+(¢03u¢ —¢0,0°) =W (¢°0,9™ — ¢+5u¢0)]+

Widt) = Lig? e Z0H(Wr 6~ — Wio®) + Lg%, A, @ (Wb~ + Wi ot) + Ligs, A H(W o~ — Wy gt) —
9722 (2c2, = 1) Z) A" 0™ — g'sh Ay AdTom — eNyd + md)e — Py0vt — ) (v0 + my)u; — A (70 + m;})d;-\ -
igsuAul— (@) + 3@y u)) — ()] + 3L Z[( " (14+°)0) + (@ (4s, — 1= 75)6 )+(ﬁ (st
L=y ) 4 (@940 5% = PN+ W14 97)6) 4 (0 ) o) 4 200y (041 +

PIA) + (@CKAM1+ )] + 525 2[4 (A (1 = 99)e) + 6 (A1 + 7)) — 5 [H(Ee) +
@) + 3t M Onn(1 = 77)) + miEOnn(1 +7) d-]+g;%¢-[m3<d*~cin(1+75> ") -
(@O0 7)) ~ SR H () ~ SEH@D) + 56w "0) — 307 d) + X0 -

M2)X++X‘(82—M2)X‘+X°(82 ) MEYXO+Y %Y +ige,W,H(0,X X~ —8 X+X°)+zgstJ(8 YX~—

O XTY) +ige, W, (0, X X" =9, XX ") +igs, W, (0, XY —9,YX) +igch0(8 X’+X+ 9,X"X7)+
195, A,(0,X* X+ — 0,X"X7) — LgM[X*X*H + X"X~H + XX H] + 1325 igM[X+ X%+ —

X=X+ 5-igM[X°X " — XOX ¥ 7] +igM s, [XOX ¢t — X0X+¢> ]+ ng[X*‘X*‘qb0 XX ¢"
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&) Standard Theory of Particle Physics

[ http://cern.ch/go/dWbz ]
_% ng ng _ gsfabcaﬂgsgzgs _ %ngabcfadegzgﬁgﬁgs + %Zgz(q:ffyﬂq;)gu + GeO2Ge + g5 fabcaﬂéaGng —
OWEO,W, = MWW, = 10,200,720 — 3 M2 2020 — 10,A,0,A, — 0, HO,H — m3H* — 0,6 0,6 —
M2 6™ — 50,0°0,0° — 5 M¢®d° — By [22{" 2L 4 090 4267 67)] 4+ 2, — ige, [0, Z0WF W —
WiW,) — ZAWFa,W, — W, 0,W,) + Z°(W+8 W, — W, 9,Wh)] - zgsw[a A WEW, — Wi, —
A WFoW, =W, 9,WF) + A“(W;ayw,; - W;BVWJ)] - %g2WjW;WV+W; + 5P WIEW,WIEW, +
9 ZyW I Z)W, = ZyZ)WIW, ) + sy, (AW EA W, — AuAﬂWJW;) + gzswcw[AuZB(W:W; -
WiW, ) =24, Z,W, W] — ga[H® + H¢°¢° +2Ho o] = ggPan[H' + (%) + 4(¢+¢‘) +4(0%)%9" g™ +
AH?¢* ¢~ +2(¢°) 2 H?| = gMW W, H — 292 NZVZVH — 29[W+(¢°3u¢ — ¢~ 0,°) =W, (0°0,0" — ¢+5u</)°)]+

W, o%) +igs ) —
}ngW:W‘ +
W ¢+) zg 2% 70O (WHh— — W) 4+ La2s A O(WHh— 4+ W-ht) + Lin?s A H(W+h— — W‘(f)+)
g2s (2¢% — l)ZO . d} +
igsn A, [— (e But: dqu matter, matter-antimatter, etc. 5
1=%)u}) + (AT =555, = V7)) F W,y (T 7)) F iy (T F ) Ond; )+ 55 33"V 11 Y1+
VW) + (d5CL " (1 +7°)u A)]Jrsz[ ¢t (N1 —7)e) + ¢ (N1 + 7)) — £72 [H () +
i (%)) + ngqﬁ*[—md( @) Cow(1 = 7°)d5) + mih (@) Con(1 +7°)d5] + 532707 [ (d)CL, (1 +7)uf) —
mf (O (1 — )] — 275 H (@) — %%H(J?d?) + 19 60 (@dyPu) — %%¢°(J?75d§) + XH(0* -

M) X+ + X (0% — M?)X— + X002 = M) X0+ Y PY +ige, W, (9, XX~ = 0, X X0) +igs, W, (9,V X~ —

O XTY) +ige, W, (0, X X" =9, XX ") +igs, W, (0, XY —9,YX) +igch°(8 )_(+X+ 9,X"X7)+
1950 A0, X TXT = 9,X"X7) = JgM[X*XVTH + XX~ H + 5 XX H] + * 1260 g MX+ X 0%+ —

X~X%7] + 5-igM[X0X~¢" — XOX*¢7] +igM s, [XOX ¢ — X0X+¢ ] + ng[X+X+qb° XX ¢
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The Next Standard Model

http://cern.ch/go/dWéz ]

Standard

Theory
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The Next Standard Model

http://cern.ch/go/dWéz ]

Standard

Theory
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H(125) — looking for “something else”
-

1 Mass

0 Exp. Uncertainties

O SM consistency: (my, my,, m
0 Spin

0 J=0 ok for everyone?
0 Charge

O Zero. (That was easy.)

’rop)

0 Parity
o Amplitude decomposition — EFT

0 Scalar couplings
0 K— K(q) — f(q) — EFT
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&) Handles on deviations

D Mq ss %' - 68% and 95|% CcL contoursI | ' ."'_'I'.w‘;r_"i;;'i"‘bél;}“ l,, =
% 80.5 :— ‘M fit w/o M,, and m, measurements - gl'{ojsieev < v/ —
o Exp. Uncertainties R SOt M e
O SM consistency: (my, my, m, )t :
[ Spln 80.35 [ M. - 0.305 - 0015 eV -
O J=0 ok for everyone? Wb E
S -
D Chq rge 80.25 }@{'??"/‘ / 002 ;%:
WP 2SI v W) 11 N B R

O Zero. (That was easy.) w0 150 160 170 180 190
m, [GeV]

O Parity
O Amplitude decomposition — EFT

0 Scalar couplings
O K— K(q)— f(q) = EFT
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= Handles on deviations

N,

O Mass
O Exp. Uncertainties

O SM consistency: (my, my, m,_ )

0 Spin

o J=0 ok for everyone?

0 Charge

n Ze ro. (Th q-l- WO S ea SYO) Spin 1 Spin 2 prod. via gluon fusion S:pin72 prod‘ucﬁon via qq

O Parity
O Amplitude decomposition — EFT

O Scalar couplings
O K— K(q)— f(q) = EFT
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Handles on deviations
5

O Mass
O Exp. Uncertainties
O SM consistency: (my, my, m,_ )
O Spin
O J=0 ok for everyone?
0 Charge
0 Zero. (That was easy.)
O Parity

O Amplitude decomposition — EFT

0 Scalar couplings
O K— K(q)— f(q) = EFT

measuring.higgs@cern.ch  HiggsTools School - June 2015



&) Handles on deviations

O Mass
O Exp. Uncertainties

O SM consistency: (my, my, m,_ ) o
[ Spin A(Xj=0 > V1V2) ~ v‘l([al—e"”“lﬁ] mye; €,
O J=0 ok for everyone? + mf I s i pr
’ + af“r f;gz) f*(v),uv_;_ag?f;lgz) Frm
D Chq rge + a;’)’f;lg')’l)f*('yz),yv+ag’7f;l(/’7l)f*('yz),yv)
CMS (preliminary) 197" (8 TeV) + 5.1 (7 TeV)
O Zero. (That was easy.) S o e AN ’_w g
o a B x B%:(F:ilt- 12 z
D qulty % 0,5: . Q
o0 Amplitude decomposition — EFT w
0 Scalar couplings :
O K— K(q)— f(q) — EFT o5
.1_

—o5
faqcos(0_)
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= Handles on deviations

N,

O Mass

O Exp. Uncertainties

O SM consistency: (m,, m,,, m
O Spin

O J=0 ok for everyone?
0 Charge

O Zero. (That was easy.)

’rop)

. ATLAS Preliminary Total uncertainty 19.7 o' (8 TeV) + 5.1 f' (7 TeV)
P -I- M= 125.5 GeV +16  +26
D q r I y MOGEI: ., oy g g g 3 ) B CMS - 68% CL
W1 0297 ' Preliminary —95% CL
v27 P 014 U

O Amplitude decomposition = EFT |....| | 17| T
o Scalar couplings ~onfll s s | I e

=090 1 - LMy :.__|.
u K ’ K (q) a f(q) a E FT Pgg|=0.73'02 - I.\|./. ..... ] ‘ 7‘72 —-d-—
gl=0.0"22 - r | Az -"."-
)\, E e —
' N IS B T N S N

Il=1185 0

1 L i I 1 ! 1
0 05 1 15 2 0 05 1 15 2 25 3 35
\5=7Tevfwl=4-6-448‘fb‘ Parameter value parameter value

\s=8TeV [Ldt=203 b
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@ Kappas: scalar coupling deviations
T I

Production modes Detectable decay modes Currently undetectable decay modes
OggH Ké (kb %, mu)  Dwwe 9 L'z _ .2
O’SM - K2 FSM = Kw FSM = K
ggH g WW ) tt
OVBF 2 r r
— (*) .
M Kypr(Kw, Kz, M) 27 = 2 88 see Section 3.1.2
VBF 'SM 'SM
OWH 2 2z °
— = Kw T FCE 2
SM i~ - =
OWH _bb 2 sMo— &
SM b FCE
0zZH 2 FbB
_ o K
g SM Z T FS§ 2
ZH vt 2 M = Kp
OttH sM T 5
- — K2 1:_1:+
SM t Lu—u+
o> T 2 w2
SM 2 Ty
8 %
Tz, K?ZY) (kp, K¢, Ke, KW, my)  Total width
SM 2 2
FZY K(Zy) I'g o Ki (Kia mH)
SM 2
FH Ky

0 Single state, spin 0, and CP-even.
o Narrow-width approximation: (6XBR) =c-T /T,
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Kappas: scalar coupling deviations

Production modes Detectable decay modes Currently undetectable decay modes

2
OggH {Kg(KbaKtamH) Cyww

SM
K FVVV\/(*)

2 2

see Section 3.1.2

ttH Fyy { Kyz (KbaKtaK‘caKV\U mH) FSM = K
SM “ut

FYY KY wu

I'z, K?ZY) (Kb, Kt, Ko, kW, mp)  Total width
2
F%\(/{ K(Zy) I'n K12-1 (x5, mm)
FSM -
H

O Single state, spin 0, and CP-even.
0 Narrow-width approximation: (0XBR) =o' /T,
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Kappas do not change shapes
m [ Spannowsky et al. arXiv:1405.4295 ]

0 Scaling the SM line — (¢,%9)=(0.5, 0.5)
S g VR A (c,%)=(0.7, 0.3)
would not capture | = (c,x)=(0.9, 0.1)
3 — SM
gluon-gluon-H > 0F 45 (c,%g)=(1.1,-0.1)
g ...... (c.xg)=(1.3,-0.3)
vertex effects: 2 102 — (c,%9)=(1.5, -0.5)
, =) o
Leff = — —ttH+ g%—Ga Ga”'v-i-,CQCD %E: 10 m_
B .
M o 1
M(ct, kg) = et MR + kg Muv
107!
| | |

0 200 400 600 800
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=y Deviations are on a diet

N/,

m [ arXiv:1306.6352 ]

2
0 SUSY (tan 8 =5): G Ghrr :1+(1 TeV)
Ghgnibb GhgyrT ma

. 1 TeV)”
1 Composite scalar: I IV 1@ c )
Ihsmff JhsmVV f

Ghga 1TeV)2 Ghory (1 TeV)2
o Jha9 o 1499 : T~ 1 40.8%
0 Top partners: " @( - . e
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Effective field theory (EFT): the idea

m [ NPB 268 (1986) 621 ][ JHEP 10 (2010) 085 ]

0 Experimentally-driven set of parameters A
vs. basis of QFT operators that may be RIS
better aligned with the Next SM features. o
0 EFT allows to perform accurate calculations: o o
o NLO EWK effects, etc. Tt~ o_. S >

O More sensitive interpretation.

0 >59 dim-6 operators already mapped out
in 1986.

1 Which operators to keep ?
o What about dim-8 ?
1 What about loop processes ?

measuring.higgs@cern.ch  HiggsTools School - June 2015



Effective field theory (EFT): the idea

m [ NPB 268 (1986) 621 ][ JHEP 10 (2010) 085 ]

O Experimentally-driven set of parameters vs.
basis of QFT operators that may be better
aligned with the Next SM features.

0 EFT allows to perform accurate calculations:
o NLO EWK effects, etc.
O More sensitive interpretation.

0 >59 dim-6 operators already mapped out
in 1986.

1 Which operators to keep ?
o What about dim-8 ?
1 What about loop processes ?
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e LHC Higgs Cross Section WG
e

01 Experimentalists and theorists NoxT
joined to produce the best pieces
for a common puzzle. &
00021
. . 187
0 This talk draws heavily from Sooee

discussions in and around WG2. o:\:
Special thanks to G. Passarino, G. 5

Isidori, A. Falkowski, M. Duehrssen

4 ! ! V
M. Trott, F. Riva, F. Maltoni, and C. HEAVEN
Grojean.

Inaccuracies are still my own.
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Supplementing the Standard Theory

Concrete BSM EFT expansion

O SUSY: MSSM, NMSSM, 0 Add higher-dimensional

efc. operators.

O Possibly: O Assumes:

O Light new physics.

O Heavy new physics.
O Other states.

O Indirect effects, loops.
O Non-decoupled. O Decoupled.
0 Specific benchmarks. 0 Generic interpretation.

O LHC HXSWG WG3. O LHC HXSWG WG2.
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Supplementing the Standard Theory

Concrete BSM EFT expansion

0 SUSY: MSSM, NMSSM, 0 Add higher-dimensional

etc. operators.

O Possibly: O Assumes:

O Light new physics.

O Heavy new physics.
O Other states.

O Indirect effects, loops.
O Non-decoupled.

0 Specific benchmarks. 0 Generic interpretation.
o LHC HXSWG WG3. O LHC HXSWG WG2.

O Decoupled.
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Supplementing the Standard Theory

Concrete BSM EFT expansion

O SUSY: MSSM, NMSSM, 0 Add higher-dimensional

etc. operators.

O Possibly: O Assumes:

O Light new physics.

O Heavy new physics.
O Other states.

O Indirect effects, loops.

O Non-decoupled. O Decoupled.

0 Specific benchmarks. 0 Generic interpretation.
o LHC HXSWG WGS. o LHC HXSWG WG2.
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Not all EFT are born the same
ron ] im0 ——

Top-down EFT Bottom-up EFT

0 Full theory known: 0 Full theory unknown:
o0 Matching conditions 0 Add operators as
bridge EFT and full theory can calculate
theory. and data can discern.
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= Not all EFT are born the same

CERN
\

N,

[ http://cern.ch/go/L98Q ]

Top-down EFT

0 Full theory known: 0 Full theory unknown:
o0 Matching conditions 0 Add operators as
bridge EFT and full theory can calculate
theory. and data can discern.
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= Not all EFT are born the same

\
N,

Top-down EFT

0 Full theory known: 0 Full theory unknown:
0 Matching conditions 0 Add operators as
bridge EFT and full theory can calculate
theory. and data can discern.
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5] A taxonomy of dim-6 operators
R T

Class Nop CP-even CP-odd
Ng 1 3 Ng 1 3
1: X3 4 2 2 2 2 2 2
2: HS 1 1 1 1 0 0 0
3: H4D? 2 2 2 2 0 0 0
4: X2H? 8 4 4 4 4 4 4
5:9?H%+he 3 3n? 3 27 3n2 3 27
6:9?°XH+he. 8§ 8n? 8 72 8n?2 8 T2
7:y*H?D 8 Ing(9ng +7) 8 51 ing(9ng —7) 1 30
8 :(LL)(LL) 5 In2(Tnj +13) 5 171 In2(ng —1)(ng +1) 0 126
8 :(RR)(RR) 7 £ng(21n) + 2n? + 31ng +2) 7 255| ing(2lng+2)(ng—1)(ng+1) 0 195
8 : (LL)(RR) 8 4nZ(n2 +1) 8 360 4n2(ng — 1)(ng + 1) 0 288
8 :(LR)(RL) 1 ng 1 81 ng 1 81
8 : (LR)(LR) 4 4n; 4 324 4n 4 324
8 : All 25 ing(107nd +2n2 +89ny +2) 25 1191  Zng(107nd +2n2 —67n, —2) 5 1014
Total 59 [£(107n3 + 2n) + 213n2 + 30ng + 72) 53 1350 £(107ny + 2n) + 57n2 — 30n, + 48) 23 1149

Table 2. Number of CP-even and CP-odd coefficients in £(©) for ng flavors. The total number of
coefficients is (107ng + 2n3 + 13507 + 60)/4, which is 76 for ny = 1 and 2499 for n, = 3.
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@ EFT questions

1 From 2499 dim-6 operators to ~60 operators.

Symmetries guide the culling:
® Flavour, ~custodial, CP.
® Each assumption needs testing measurements/observables.

0 But to go down from ~60:

Guidance from experimental sensitivity.
Use complementary information:

m LEP, Tevatron, etc experimental constraints.
® aTGC/aQGC, top quark, EDM searches, etc.
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@ Working out the details

“A construction worker crouches over the end of
a girder high above the streets of New York.
(Photo by General Photographic Agency /Getty
Images). Circa 1930”




@ EFT challenges

7 |dim-4 + dim-6 + dim-8 + ... |? =
= d42 + d4Xd6 (+ d62 + d4xd8) (+ d6xd8 + d8?) + ...
Weeding of the negligible, keeping of the sizable.

1 Delicate choices because of:

Tails of large Q? values where dim-8 may not be so small.

Where there is no dim-6 tree contribution, dim-8 is leading.

0 And let’s not forget interferences.

Signals and backgrounds are physics processes all alike.
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=1 Delicate choices

\

N,

173 [ Passarino http://cern.ch/go/nT7n ]
D _

1 N2 N4 N4 N© N8

LO: g,
NLO: g,°
NNLO: g,,,°
N o If A < X TeV, should not be

neglected w.r.t.
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=1 Delicate choices

\

N/,

174 [ Passarino http://cern.ch/go/nT7n ]
D _

1 N2 N4 A4 N© N8

LO: gd4
NLO: g,,°

NNLO: g ,°
94 If A > N TeV, should not

be neglected w.r.t.
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& Delicate choices

|:I_

1 N2 N4 N4 N6 N8
LO: g,
NLO: g,,° . :
NNLO: g’ VH, VBF, Hjj can probe very large Q*,
- where d4 ~ 0.
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@ Towards a conventional basis

0 Effort in the LHC HXSWG WG2 to standardize the
dim-6 operator language.

Incorporate constraints from LEP precision data.
Link to aTGC/aQGC LHC EWWG.

Basically, any data fit using dim-6 EFT can be
“rotated in”.

1 Design choice: align tree-level dim-6 effect with
straightforward H(125) experimental observables.

Beyond tree-level, not that simple.
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NLO EFT meets kappas

[ Passarino http://cern.ch/go/nT7n ]

H— YY )4(2’ usum Delpbmz (does not mean former member of Delphi)
%

* e Nends 2
r’"\
3

is PTG

1
255
AKQ = Ax AKZY = A" +ay AK;Y)Y = A< + @y

AK'Y'Y

(a¢D — 455 a¢u)
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NLO EFT meets kappas

[ Passarino http://cern.ch/go/nT7n ]

H— YY Ad usum Delpbmz (does not mean former member of Delphi)
.

0 0 s
\

© isPTG
1 2
A = _E (a¢D—4393¢|:|)
Ay =Ax Akl = A" +ay Ak =AY + apy
4 4 MI?I
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&) NLO EFT meets kappas

[ Passarino http://cern.ch/go/nT7n ]

H— YY Ad usum Delpbzm (does not mean former member of Delphi)
%

" ep Ny <
*\
vy

is PTG

1
AV = 5 (a¢D—4S§a¢D)
6

Ak =Ax Ak’ = A +ay Ak =AY + ayg

o (H—yy) =
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NLO EFT meets kappas

m [ Passarino http://cern.ch/go/nT7n ]

H— YY Ad usum Delpbzm (does not mean former member of Delphi)
%

" ep Ny <
*\
vy

is PTG

1
AV = 5 (a¢D—4S§a¢D)
6

Ak =Ax Ak’ = A +ay Ak =AY + ayg

o (H—yy) =
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= LHC season 2 premieres next week

BB News Sport Weather [Earth Future / Shop TV Radio More... m

NEWS ScIENCE & ENVIRONMENT ;V

Home UK ' Africa Asia Australia Europe Latin America Mid-East US & Canada Business ' Health EEIHUSGWMIGHIGEGIE Tech Entertainment  Video

5 March 2015 Last updated at 00:15 GMT EEO&

LHC restart: "‘We want to break physics’

By Jonathan Webb
Science reporter, BBC News

Y-~

L - kS
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] LHC season 2 premieres next week

BB News Sport Weather [Earth Future / Shop TV Radio More... m
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Home UK ' Africa Asia Australia Europe Latin America Mid-East US & Canada Business ' Health EEIHUSGWMIGHIGEGIE Tech Entertainment  Video
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The future is in precision and accuracy

184

EFT cuts across
(ee, eh),
(multi-bosons, top),
(LFV, EDM)...

-0.
-1
} 1 1.1 12 13 1.4
K

188 0.9
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&) Looking for the middle way
BT

5 ~
mn o
= 8

unnil
L4

“The eleventh most dangerous
occupation in America is that of the
rivet tosser. Insurance companies will
not issue life or accident insurance
cover to these people. (Photo by
Evans/Three Lions/Getty Images).
Circa 1950”
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e The need for the middle way

0 EFT is all-encompassing, calculable, and evolving.

But too costly to redo all analyses if /when higher order
calculations become available.

0 Fiducial cross-section could be produced differentially
for many quantities.

But no physical interpretation of every single bin by itself.

0 The middle way: pseudo-observables (PO).

LEP-inspired scheme where theory and experiment intersect
at clearly-defined points.
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With some LEP inspiration

Theory
coefficients

Pseudo-
observables

PDF, radiative corrections,
efc.

Experimental

: Fiducial
Eitduniclding measurements

Resolution, etc.

measurements
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With some LEP inspiration

Pseudo-
observables
Discussion on TH-EXP

information exchange.

EXP unfolding Fiducicl
measurements
N /
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Discussion on EFT.

Pseudo-
observables
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Discussion on extending

Pseudo-
observables

the kappa framework.
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From kappas that fit little stuff...
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’ ff.
to kappas that fit more stu
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Kappas might have been our first POs

0 Kappas must be extended to:
o Differential quantities.
0 Remove some assumptions.

1 Cover smooth deviations from the SM.

0 With better /more POs, kappas may remain as part
of the PO framework:

POs Experiment

POs closer to TH POs closer to EXP | Fid. Xsec.
looa) (kappas) Asymmetry
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& Inspiration for building PO

0 If we assume that:
Next SM ~ | dim-4 + dim-6 + dim-8 + ... |2

1 Then POs can be motivated to parametrize:
6(PO,) ~ (Data — d42) = d4xd6 + d62 + d4xd8 +

POs

POs closer to TH POs closer to EXP
(...) (kappas)
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@ Inspiration for building PO

Vector boson fusjén

solved. —

1 Many practical issues to be /

1 Many conceptual issues to be
tackled. Py —-———-

— Vecqy to 4f

POs closer to TH POs closer to EXP
(...) (kappas)

0 Many discussions to be held.

POs
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The middle way in action

Pseudo-
observables
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The middle way in action

Theorists refine calculations and

Pseudo-
=
observables
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The middle way in action

4

measuring.higgs@cern.ch  HiggsTools School - June 2015

Pseudo-
=
observables

If SM predictions improve,
experiments may redo PO.




n Of signal strengths
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Relative signal strengths

[ arXiv:1303.6346 ][ ATLAS-CONF-2015-007 ][ arXiv:1412.8662 ]

o — o(stat. :
ATLAS Preliminary —Z((fﬁ,’s")“" Total uncertainty 19.71b" (8 TeV) + 5.1 6" (7 TeV)
my, = 125.36 GeV eory + 16 on
Tevatron Run I, L. <10 fb i — o(theory) l~l Combined CMS m,, =125 GeV
int Ho 7y oz 5 [E - ; 1w=1.00%0.14
m,=125 GeV/c? w=1.17°02 o : HH 5 P = 0.96
T "5 i HH i
[ Combined (68% C.L.) e e : e H — vy tagged
i 10.40 | 013 : H— w=1.12+0.24
—il— Single channel n=1.46" "0 | |
H H - ww* oie ar H — ZZ tagged
— i _ 1024 |aia am : ~1.0040.
Y w=1.180200 | I w=1.00+0.29
- H — bb vose H— WW tagged
H—- WW ~0.63039| 0= =S 99
H=009 oar |02 [ | 1 =0.831%0.21
.- H- 1t E% !
H—t't W= 1.447042 [ 2 == H — 1t tagged
037 et A w=091+0.28
VH— Vbb Combined B 5 -
_1.4g018] % : T ; H — bb tagged
L Lo B P i i i W=0.84+044
L L 1 I B M B
2 3 4 5 7 8 9 10
, ) e 4 0 1 P 3 0 05 15 2
it (o x Br)/SM ¥5=7TeV, 45471 Best fit o/c,,

Signal strength (u)

What'’s in o
“signal strength’?
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\s=8TeV,20.3fb"
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@ Anatomy of deviations

1 = (0 ' BR)observed
(0 ' BR)expected

01 Deviations are searched relative to SM expectation.

1 Conclusions are only as good
as the accuracy and precision
of the numerator and denominator.
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Anatomy of deviations

observed

expected

e
o
—
(9}
=)
5
o
-
(a1

01 Deviations are searched relative to SM expectation.

0 Conclusions are only as good
as the accuracy and precision
of the numerator and denominator.
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@ Anatomy of deviations

1 = (U ' BR)observed
(0 ' BR)expected

0 Deviations are searched relative to SM expectation.

1 Conclusions are only as good
as the accuracy and precision
of the numerator and denominator.
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Anatomy of deviations

1 = (0 ' BR)observed
(0 ' BR)expected

0 Deviations are searched relative to SM expectation.

0 Conclusions are only as good
as the accuracy and precision
of the numerator and denominator.

measuring.higgs@cern.ch  HiggsTools School - June 2015



&) The anatomy of deviations
N

v

L=0 W= 0
(No Higgs) (SM Higgs)
0 U = 1 means that the data match the SM.

o Uncertainty on U quantifies the compatibility with the SM:
mu=1.3 £1.2is inconclusive and “more data is needed”, but

m 1= 2.0 £0.2 could mean New Physics (or a systematic effect).
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The anatomy of deviations
R

m compatible

u=0 W= 0

(No Higgs) (SM Higgs)

v

0 U = 1 means that the data match the SM.

o Uncertainty on U quantifies the compatibility with the SM:
B = 1.3 £1.2 usually means “more data needed”, but

m 1= 2.0 £0.2 could mean New Physics (or a systematic effect).
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&) The anatomy of deviations
2

m compatible

Precise measurement incompatible with the SM!

Evidence of a deviation.

“New Physics = Deviation” but “Deviation #» New Physics”
See, e.g., http://cern.ch/go/W8wW

v

L=0 W= 0
(No Higgs) (SM Higgs)
0 U = 1 means that the data match the SM.

o Uncertainty on U quantifies the compatibility with the SM:
B 1= 3 x5 usually means “more data needed”, but
® 1= 2.0 0.2 could mean New Physics (or a systematic effect).
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&) The anatomy of deviations

or better theory

Precise measurement incompatible with the SM!

Evidence of a deviation or exp./theory bias.

> “New Physics = Deviation” but “Deviation #» New Physics”
IJ. — O l.,l. - u See, e.g., http://cern.ch/go/W8wW
(No Higgs) (SM Higgs)
N
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Precise measurement incompatible with the SM!

Evidence of a deviation or exp./theory bias.

“New Physics = Deviation” but “Deviation #» New Physics”
See, e.g., hitp://cern.ch/go/W8wW
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h ATLAS Prelim. —og;zt;gc, Total uncertainty
_ — O\theory
eo I‘)’ my =125.5 GeV oftheory) + 1o _on w
[ inti = A=
_ +0.33 [-018 : i L
ﬁ Uncertqlntles M_1-57—0.28 tg]; J | [ o o ! N "]_f', |
H— ZZ* — 4l o T
. . _ {44040 0% : R —
0 PDFs not dominating w=t4 ber | 0 L
onU. H—o>WW* > Wl [ g ; -
_ +0.32 [-0.19 :
ggH vs VBF+VH. =100 ol [# i H
.. Combined iRH :
PDFALHC prescription |-y, zze,ww o J | L
too conservative? W=135 olit & 0 e
m Changing soon! W,Z H — bb =05 f B
107 |04 — :
PDGG(aS)fOO M=0'2_o_;<0.1 |;|
ive? s o f ¥ -
aggressive? H— vt (8 TeV data only) -4 y | .
N T T
Combined o2 : — A
1 NNLO-+NNLL not H—bb, Tt 0 = 1.09'0% 0% :
enough to tame large el
QCD corrections in Combined e ; an
. _ +0.18 |-0.11 :
gluon-fusion? p=1307,; o J s
s =7 TeV [Ldt = 4.6-4.8 fb” -0.5 0 0.5 1 1.5 2
/s =8 TeV [Ldt = 20.3 fb” Signal strength (u)
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] Theory uncertainties: a tale of PDFs

0 Long-standing difference in d/u
ratio between MSTW and others.

0 Neatly resolved by CMS

W asymmetry measurements.

0 MSWT made parameterization
more flexible: case closed.

measuring.higgs@cern.ch
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@ Theory uncertainties

1 Bottom-line for Run2:
Consider measurements that constrain PDF fits.

For higher orders, more than precision, also a matter of
accuracy.

® Need to work with theorists to get these right, also
differentially.

o Or you can try to dodge them with p; ratios...

...but end up needing a lot of data.
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& Theory uncertainties: MHOU
ET

1 Scale variations are not
theory uncertainties.

0 The uncertainty is due to

missing higher orders
(MHO).

0 Take gluon-gluon fusion:
All series terms are
positive.

We can try and complete
the series instead of
always being off.

Inclusive Cross Section

UQQ(\/Ea MH) _
o5Q(V/s, Mp)

25

10

5

0

143 al(up) Ky (V5,1 = M)

n=1
8 TeV | /,L:MH/2 = My uw=2My
K3, 11.879
2 72.254
KZ, :

Kgg 168.98 +£30.87 377.20 £30.78 681.72 +29.93

Higgs Theoretical Uncertainties (Fixed NNLO PDFs)

|||||II|||III|IIIII||III|I
—_— iy
L 2
.
S S E—
>
—

.......... + 11 [

1
NLO NNLO N3LO

I_
O

measuring.higgs@cern.ch  HiggsTools School - June 2015



Up, up, and away!

m [ arXiv:1504.05833 ]

o | | _
&. i ATLAS \s=8TeV, 20.3 fb-1 pp_)H’ my = 125.4 GeV Name Og9-H [Pb
JT: S0F é H-yy lil H—ZZ*—4l X Oggr ———
XH = VBF + VH + ttH + bbH - 0 —1a (scale) - Zigp (P
& i comb. data syst. unc. QCD scal taint ADDFGHLM 20.55 *09 (scale) 1% (pdf)
© 45 - scale unce 3a|n y ABNY 19.54 *5:2% (scale) 137 (pdf) £0.78 (appr.)
B QCD scale and N°LO approx. uncert. STWZ 20.41 +1.18 (scale) *1%8 (pdf)
40 W Tot. uncert. (scale, N’LO approx. ® PDF+a) | dFMMV 21.12 339 (scale) 158 (pdf) +0.56 (appr.)

BBFMR 21.32 7532 (scale) *1%9 (pdf) £1.39 (appr.)

2 Non-ggF cross section
OXH = 3.01t8;3§ (scale) + 0.09 (pdf) pb, subtracted from the
[m] measured inclusive cross section: 33.0+ 5.3 (stat) + 1.6 (sys) pb.

Higgs Theoretical Uncertainties (Fixed NNLO PDFs)

C § [
- ‘g: L
_ 3 L
- NNLO N°LO NNLO+72  NNLO+72 approx. N°LO approx. N°LO| 4 15—
I +NNLL thr. _+NNLL thr. . Nt S F
ps N
Data LHC-XS ADDFGHLM ABNY STWZ dFMMV ~ BBFMR & o[ |
E : - Scale Variation
: } L] - C-H
5_ ........................................................................
: - C-H Scaled Parameter
: - David-Passarino
0 I

|
LO NLO NNLO N3LO
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n CMS H—vyy analysis
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The Standard Model of Particle Physics
T N

—3009,0,9, = 9" 0u930,9, ~ 9,1 [ G,909u05 + 51671 6]) g + GUOGY + 9. [0, G"‘Gbgﬂ
0,W,0,W, — MPWiW, —10,200,20 — - M2 2025 — 10,A,0,A, — $0,HO,H — m3H? — 0,67 0,6~ —
MG+ ¢~ — 10,0°0,6° — 5 M3 $0 — Bu[2L 4+ 22 F 1 1(H? 4§00 126+ 7)) + 24" cp —ige, [0, Z0(W, Wy —

WiW.r) = Z)(WiEo,W, =W 0,WiH) + Z0(W, oW, — W, 0,W)] —igsw|[0,A(WIW, —WFiW) -
AWEOW, — Wi a,WiH) + A (W0, W, — W, 0 W] = LPWEW o WHIW, + L WEW, WEW, +
GE(ZWIZIW, — Z)ZYWIW,) + g*se (AW AW, — AL AWIW) 4 g% swcw A Z)(WIEW, —
WSIW.) = 2A,Z)W, W, | — gaH? + H'¢" + 2H¢+¢> | = s9%an[H* 4 (8°)* + 4(¢7¢7)* + 4(6°)* 0T 9~ +
H2¢+¢ +2(¢°)2H2] gGMW W, H— 595 Z)Z)H — %’ig[WJW%W_ —¢~0,0°) =W, (¢°0,9" —¢*0,0°)] +
S (HOup™ — 670, H) — W, (HO,6" — GH0H) Lo (Z0(Hu0" — ¢°0,H) — ig=e MZ(W;i¢™ —
WN_¢+) + igstA (W+¢_ W ¢+) - zg ZO(¢+8;A¢_ - ¢ au¢+) + 'Lgsw (¢+au¢_ - d)_a,u¢+) -
TSWIWH? + (¢°)% + 20797 — (0% ZOZO[H2 (¢°)2 +2(252 — 1)2¢7 6] — 1?2 2060 (Wihg™ +
Woot) - %ngE?;ZSH(WW‘ Wi o™) + 565 u¢°(W+¢‘ + W, oh) + 3ig swAuH(WM‘ — W, o) -
9°2(2¢;, — 1) Z3Aud" ¢~ — g'si,A Am*qb — M0 +mp)er = Pyt — (v + my)uj — 67?(78 +mg)d; +
195w Au[— (@) + F (Wi u}) — (A3 d))| + 32 Z[ (P (147 2 + (@M (4sh, — 1 =27)e) + (a3 (557, —
L—7")u}) + (" (1 = 552, = 7°)d)] + 55 WH T (1 +7°)e) + (@ (1 +9°) Cand)] + 35 W (@ (1 +

VW) + (d5CL A (L + 7)) + 25555 [0 (7M1 = 7°)eY) + 67 (BN (1 + 7°))] — QM[H( e*) +
102N + 5its ¢t [=mig (@) Can(1 = 7°)d5) + my(a;Cre(1 +7°)d5] + szsb (M) C (1 +77)uf) —
mi(BCL (1 — )] — S5 H () — $REH (D) + L7860 () — LAy d) + XH(0% —

MZ)X++X'—(82—M2)X—+X0(82—f—;)XojtYa?Ychij(a XO0x- —8“X+X0)+igstj(a#YX——

O XTY) +ige,W, (9, XX = 9, XX *) +igs, W, (0, XY -0 YX”L) —|—igch°(8 X*‘X“‘ 0,X X))+
195, A0, XX — 0,X"X7) = LgM[X*X*H + X~X~H + XX H] + 152%ig M[X+ X%+ —

X-X0"] + g igM[X°X~¢* — XOX+67] + igM s, [XOX ¢+ — LOx+p] + ng[X+X+¢° XX
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The Standard Model of Particle Physics

—50,950,95 — 95" 0ug89b g5 — 192 F fUgh gt gias + 5192 (7" ] ) gl + GUOPG + géf“”cay@“G”gf; -
a,Wro,W; — M?WJW; ~10,290,20 — 55 M?292°0 — 19,A,0,A, la HO,H — tmZH? — 0,07 0,6 —
M26+ ¢~ — 10,6°0,0° — 5 M¢° — BLP%Z +2MH + L (H?+ @000 +20% 67)| + 2 o, — ige, [0, Z0 (Wi W, —

WHW,) — ZAW,Fo, W ~ W, 0, W+)+Z°(W+a W - Wy a wh) —zgsw[a A (W+W —~WiW,) -
AWFOW, —W, 9, W )+A (W+aW —W;d, W+)] 2W+W WiW, + 2W+W W+W +
g%ﬁ,(ZSW:ZBW,,‘ - Z2Z0W+W ) + g*so (AW AW, A A, W+W )+ g° swcw[A”ZB(W;W; -
WiW, ) =24, Z;W, W] — ga[H® + H¢>°¢° +2H g g] - 2ozh[H“ (@) + (g0 ) + Ao o +
AHP¢* ¢~ +2(0° ) H?| = gMW W H — 595 ZZ0H — zg[W+(¢°8u¢‘—</>‘6M¢°)—W,:(¢°8M¢+—¢+8,L¢°)]+
200W! (HO,0™ = 670, H) = W, (HO,6" = 60, H)] + 507 (Z)(HO0" — 6°0,H) - ige MZ) (Wi~ —
Wi o") +igsu MA (W™ — W, ¢>+) — gy Z°(¢+<9u¢’ — ¢ 3u</>+) +i98wAL (9T — ¢ 0ueT) —
TOWIWI[H? + (¢°)2 4 20707 — 19 2012“2323[112 + (%2 +2(252 — 1)2¢7 6] — LgP L2080 (W,F o™ +
Wy ot) — Sig? e ZOH(W,F 6~ — W o) + LgPs, A, 0*(W,Eo~ + W, %) + Lig swAuH(quﬁ_ W, ot) —
972 (2¢;, = 1) Z0 AT ¢ — g'sh Ay Audt o — @ (Y0 + md)er — POt — ) (v0 + my)u} — J?(va + mé)d?- +
igswAu[—(éA’y"e*)nL%(' ’Y“U )— I(JAv“dA)]Jr—i‘LZO[(D (L)) + (@ (4sh, —1=7°)e )+(ﬂ (st
1=9")u}) + (d}y"(1 = 553, = 9°)d)] + 5 W HE (1 +9°)e?) + (@ (1 +9°) Caed)] + 55 2\; W@y (1 +
L A)+(c?”01,ﬂ"(1+7) A)]+MM[ 6 (N1 —7°)eN) + ¢ (N (1 + 7)) — S22 [H (&) +
i¢’(e*°eN)] + 2Mf¢+[—md( 1y Cne (1= 7°)d5) + mi() Cne(1 4+ 7°)d5] + 57567 [my(d) O, (1 4 7 )uf) —
mi(DCL (1 — )] = $5H (@) — §7H(Dd) + 27200 (@hyu)) — 970 6% (D d)) + X+(0° —
M) X+ 4+ X (92— M?)X- + X002 = M) X0+ Y Y +ige, W, (9, XX~ = 0, X X0) +igs, W, (9,Y X~ —
DXYY) +ige, W, (0, X~ X0 — 9, X°X*) +igs, W, (0,XY -0 }7X+) +igch0(8 X+X+ 0, X" X7)+
195 A (0, XX+ = 0,X"X7) = LgM[X*X*H + X~ X~ H + £ X°XH] + 132%ig M[X*+ X ¢+ —
X=X + - igM[X°X ~¢* — XOX o] +igM s, [ XX~ ¢F — X0x+ g | + ng[X+X+¢° XX ¢
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The Standard Model of Particle Physics

e — star combustion Strong force — protons and neutrons

Gluons

nggs Boson
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= What photons do you see?

LIGHT 15 A

Whye!
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. What photons do you see?

[ http://cern.c h/go/6pjw ]

LIGHT 15 A

Wi
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Photons in High Energy Particle Physics
221 || [Particle Data Group |

1Py = 0,11~ )

Mass m < 1x 10718 eV
Charge g < 1x1073° e
Mean life 7 = Stable

0 A rather straightforward particle:
massless, neutral and stable.
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\
N,

Pixel detector

Si Tracker

Hadron calorimeter

Solenoid coil (4T)
Magnet return yoke

Muon chambers

= Partficle detectors in CMS

u

6.920 m

5.635 m

4.645m

3.850 m

2.950 m

286‘ m

- 1.84p m
1.3?0 m

Y

\4
X

Towards
T T 1 Center of LHC

CMS-TS-00078
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2007 ECAL bc:rrel installed
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| | | | | I I |
Oom m m am 4m 5m 6m im
Key:
Muon

Electron

Charged Hadron (e.g. Pion)

— — — - Neutral Hadron (e.g. Neutron)
°°°°° Photon

.....

’ ,_A = | l]{

Hadron
Calorimeter

Transverse slice
through CMS

=5 T

Superconducting
Solenoid
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Iron return yoke interspersed
with Muon chambers
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5] Detecting particles in CMS

| | | | |
im am

Key:

Muon

Electron

Charged Hadron (e.g. Pion)

—— Neutral Hadron (e.g. Neutron)

- = = = = Photon

CERM, Febvicgay 2004

D Barmaey,

-
A
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Detecting photons

and electrons and photons and electrons and photons and electrons and photons...

0 Electromagnetic showers result from electrons and photons undergoing
bremsstrahlung and pair creation in the presence of nuclei.

ABSORBER

: e
: "

[

0 Showers keep developing until all particles are absorbed.
o For high energy electrons, bremsstrahlung is the dominant mechanism.

o For high energy photons, pair creation is the dominant mechanism.
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Not all showers look the same

227

19.7 fo' (8 TeV)

3
0 Jets of other 8T s ] =
particles mimic 2 8o 1% 3
(2 i | <
pho’rons. § - —— Ho yy (m =125 GeV) | %
: o 60 12
O Overwh.elmlng @ L s paa 150 &
production of S | & MCbackground 1 o
- — =Y . S
no—yy. 401 oyt |
- —— jet-jet
—_— i |
0 Photons from H—yy _ 40
segregated using 20 - |
multivariate ' 1
technique. _ S -
9 %6 04 02 0 02 04
Photon ID BDT score
Photons in jets Prompt isolated
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& Final Run 1 H—yy analysis

[arXiv:1407.0558, submitted to EPJC]

Final calibration of the CMS ECAL for Run 1 data.

Improved simulation/understanding of:

o ECAL noise evolution with time.

0 Effect of out-of-time collisions.

2 Amount and distribution of material in front of ECAL.

0 Improved description of energy scale uncertainties.
0 25 event categories targeting all production modes.

0 New background modeling
considers multiple functional forms simultaneously.

Improved energy New event Background

resolution selection modeling arXiv:1407.0558
(subm. to EPJC)

Improvement on
expected sensitivity since ~ 9% ~ 9% — 70/0

preliminary result:
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& H— yy significance
R

0 Significance
5.70 obs.
(5.20 exp.)

Local p-value

measuring.higgs@cern.ch

CMS H-yy 19.7 fb™ (8 TeV) + 5.1 fb™ (7 TeV)

U~ Y
1o

e T B E S R 20

E

= //: 30

:E /’/ ,/,

E\\ /// ,’, 40

SRR - Pl

E ‘a” 50-

= - —— Observed 7 + 8 TeV

E —— Observed 7 TeV

- —— Observed 8 TeV

E- --- Expected7 + 8 TeV

= --- Expected 7 TeV

B - - - Expected 8 TeV
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& H— yy significance
RN

19.7 b (8 TeV) + 5.1 fb' (7 TeV)

. ofe x10°
0 Significance: > "F oMs |
5 35F S/(S+B) weighted sum
5.70 obs. > Lk ¢ Dam
5 2 'E - —— S+B fits (weighted sum)
G ex ) () o TN e B component
( ) P- S B -0
o) o N .. mmmas =20
) 2 C
- C
=) 1.5 =
o C
= 1=
@ osF
° CMS H-yy 19.7 fb™ (8 TeV) + 5.1 fb™ (7 TeV) %)) -
% N v 1o :’ O C 11 1 1 | 11 1 1 | 11 1 1 | 11 1 1 | 11 1 1 | 11 1 1 | 1 11 1 | 11 1 1
Z_ »/y/_»«__‘—"_/—xzo w T T 71 | T T 71 | T T 71 | T T 71 | T T 71 | T T 71 | T LI | T T 71
g 200 .
S so 00 | B component subtracted
100 * }
0 ++
C=gmenee | 4100 | | | | | | s
, " gt 110 115 120 125 130 135 140 145 150
10° [P BN AN BRI BRI R
0110““115 120 125 130 135 140 m:t(sGe\}fo mYY (GeV)
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H— YV mass measurement

m [arXiv:1407.0558, submitted to EPJC]

my = 124.70793% [£0.31(stat.) & 0.15(syst.)] GeV

O
=
7p
T
|

19.7 b (8 TeV) + 5.1 fb™" (7 TeV

~

.
S~ .

M, = 124.70 *)3: GeV :

Y 124.70 = 0.31 (stat) = 0.15 (syst) GeV  /

-
-

" Floating Wygg vy @nd W ggH tiH

OO N o0 ©

' —— Total uncertainty K
\ - - = Statistical only

N W B~ O

IIIIIIII|IIII|IIIIIIII|IIII|IIII|IIII|II
-
~

—

. ’,
> ‘,
3 %
O | | | | | | | | | | | | | |

124 124.5 125 125.5

m,, (GeV)
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= H— Yy mass measurement

N,

[arXiv:1407.0558, submitted to EPJC]

my = 124.707935 |-

-0.31(stat.) + 0.15(syst.)] GeV

—

Calibration
E(y) scale & resolution correction uncertainty:

m, scale, electrons

CMS H- 19.7 " (8 TeV) + 5.1 fb™ (7 TeV)
9 Y
’—:E “ - + ': .
£ gh\\ M, = 124.70 *)3: GeV e
S "E\'\ 12470 =0.31 (stat) = 0.15(syst) GeV  , [/ 1
7\ _ ')
- ' Floating wygr vy @and W g iH ]
6F —
5t " —
4 C ‘\‘ —— Total uncertainty .
3 - \ - - - Statistical only =
2 —
1E :
O - | | | | | | | | | | | | | | .
124 1245 125 125.5

m,, (GeV)
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= H— Yy mass measurement

N,

m [arXiv:1407.0558, submitted to EPJC]

my = 124.7010:2° [+0.31(stat.) £ 0.15(syst.)] GeV

9 CMS H -y 19.7 " (8 TeV) + 5.1 fb™ (7 TeV)
° . = B “‘ -~ +0.35 " 3
Calibration E ghR\" M, = 124.70 "0 GeV e
E(y) scale & resolution correction uncertainty: T "E\‘'\ 12470 =0.31 (stat) = 0.15 (syst) GeV .
7\ _ Ny
- ' Floating Wyge vy @and W ggH tiH .
, electrons 6 \* E
5t \ —
4 C ‘\‘ —— Total uncertainty .
3 f_ \“ - - - Statistical only _f
, electrons - "\ ]
2 __ ‘\‘ ]
1E :
0 - | | | | | | | | | | | | | | .
124 124.5 125 125.5

m,, (GeV)
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= H— Yy mass measurement

N,

m [arXiv:1407.0558, submitted to EPJC]

miy = 124.701_8:22 [+0.31(stat.) & 0.15(syst.)|] GeV

CMS H- 19.7 " (8 TeV) + 5.1 fb™ (7 TeV)
9 Y
° o ’—:E - “ -~ +0.. " _
Calibration E gA\" My, =124.70 "1 GeV =
E(y) scale & resolution correction uncertainty: T "E\‘'\ 12470 =0.31 (stat) = 0.15 (syst) GeV .
7\ _ YA
- ' Floating Wyge vy @and W ggH tiH .
, electrons 6 \* E
55 \ -
Large p; Z boson data - .
Non-linearity uncertainty: 4 o ‘\‘ —— Total uncertainty .
3 - K - - - Statistical only B
, electrons - "\ ]
2 — ‘\‘ ]
1 : ‘\\ l" :
O - | | | | | | | | | | | | | | .
124 124.5 125 125.5

m,, (GeV)
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= H— Yy mass measurement

N,

m [arXiv:1407.0558, submitted to EPJC]

my = 124.70793% [£0.31(stat.) & 0.15(syst.)] GeV

9 CMS H -y 19.7 6™ (8 TeV) + 5.1 b (7 TeV)
. . = B “‘ ~ +0.35 ." .
Calibration E ghR\" M, = 124.70 "0 GeV e
E(y) scale & resolution correction uncertainty: T "E\‘'\ 12470 =0.31 (stat) = 0.15 (syst) GeV .
75\ _ -
- ' Floating Wyge vy @and W ggH tiH .
, electrons 6 \* E
L Z boson dat S AN o
arge p; oson data : \ . -
Non-linearity uncertainty: 4 o ‘\‘ —— Total uncertainty .
3 - K - - - Statistical only B
2F =
1E .
O - | | | | | | | | | | | | | | .
124 124.5 125 125.5

m, (GeV
ey
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& H— YV mass measurement

miy = 124.701_8:22 [+0.31(stat.) & 0.15(syst.)|] GeV

9 CMS H -y 19.7 6™ (8 TeV) + 5.1 b (7 TeV)
L] o ’-:E A “ P +0. ,l' :
Calibration E gA\" My, =124.70 "7 GeV e
E(y) scale & resolution correction uncertainty: T "E\‘'\ 12470 =0.31 (stat) = 0.15 (syst) GeV .
7\ _ AR
- ' Floating Wyge vy @and W ggH tiH .
, electrons 6 \* E
55 \ -
Large p; Z boson data - .
Non-linearity uncertainty: 4 o ‘\‘ —— Total uncertainty .
3 f_ \“ - - - Statistical only _f
oF -
From simulation 1E /4 -
Data-MC electron-photon differences: 0 - Dol \ ' Doy .
124 124.5 125 125.5

m, (GeV
ey
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The (missing) path from H to y

Leptons

el T
V., V,, V

er Yur

HIGGS COUPLES TO

Quarks

u, c, t
d, s, b

WW- Gluons

Higgs Boson
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The path from H to y: W boson

Leptons Quarks
e, i T u, c, t
Vo, Vo V, d, s, b

"" S —

Photon Z° Gluons

WTW-

Higgs Boson
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The path from H to y: top quark
o

Leptons Quarks
e, U T u, c,t

Ves 1fl,l’ Vi I’\ ( . d,, S,,b
| o e | ¢

Photon wiw- Z°

&

Gluons

Higgs Boson
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=1 10 interfere ernotto-interfere

\
N,

Photon Photon
ANANANANANAN

t f\/\/\/\/\/f/h\Oton

0 QM: all possible paths will contribute.
0 Two dominate in the SM: T, ~ |1.26 A, -0.26 A

m Destructive interference.

| 2
top

® Decay rate is fixed from VW and top couplings.

0 New BSM particles could open up new paths...
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& H— yy signal strength
R I

o/osn = 1.1470-28 | £0.21(stat.) To oo (theo.) 70 o (syst.)

CMS H— vy 19.7 ™! (8 TeV) + 5.1 fb™! (7 TeV)
~ _ +0.26
ggH| 1.12 +8'§Z X combined — 114 Sz

[ m, = 124.7 GeV ]

1 58 +0.77
19.7 b (8 TeV) + 5.1 fo™' (7 TeV) VBF -0.68

3. 2r
- cms B
s T I combined = 1
s + 10 uncertain +1.16 +10
- L rainty -0.16 "
VH —@-
—@— per-process + 1o
+2.51
ttH| 2.69 23 .
IIII|IIIIIIII II|IIII|IIII|IIII|IIII|IIII
ool b b b b b by ‘2 '1 0 1 2 3 4 5 6 7
110 115 120 125 130 135 140 145 150 N
m,, (GeV) u
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5] Full 2011 dataset: pileup

. _llll LI l:I.IlltllllllllIlllllll]llllllllllllll_ ﬂ.12_llllllllllllllllllAIIIIIIIIIIIIIIAI.IAI_IIIIIIIIL
:0-16_- ; CMS preliminary s I CMS preliminary ]
N Vs =7 TeV Run2011A L \s =7 TeV Run2011B
0.14f - 0.1~ N
0.12F - K IMC Z—up ]
0 1T‘ -o-DataZopp - 0'08__ e DataZupu -
0.08:— _ 0.06:— :
0.04F — |
l ] 0.021-
0.02F _ - :
0 ////’ |l|||1||||1|llll: 0 vy y 4 LA - weve
0 5 10 15 20 25 30 35 40 45 50 0 5 5 40 45 50
number of vertices number of vertices
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&) The di-photon channel in CMS

 H - yy one of the most sensitive channels
in 110 < my < 150 GeV

>
. D 1600 relimina +  Data
* Clean final state: o T e 1 [ 2momety
. . ,\@ 1400 Ig" ) :];:lr:mm11fakcy
two high p; isolated photons 5 12000} 2ty
I L > B H-vv (120 GeV) x5
b ’l‘{‘-:::J ROWAIMIESS: lr‘,,ﬂ w 1000 "", MC k-factor uncertainty
* H - yy sensitivity driven by 800
mass resolution and S/B 600
* Mass resolution 400
200 ina,
* Photon energy S
* Di-photon Opening angle %0 100 110 120 130 140 150 160 170 180

m,, (GeV)
* Major Backgrounds

* pp - jet + jet, pp - y + jet with jet faking photon (mainly °)

|'i1£‘:n|‘i'j":| = VY
AL LA A

» Multivariate analysis (MVA) techniques used to improve H — yy search sensitivity
» provides more optimal event classification

 The analysis uses [ L dt = 4.76 fb-! of CMS data
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@ Analysis strategy evolution
T

0 Cut-based analysis. oL
[PLB 710 (2012) 403-425] /’—\’ - ---H

Di-jet tagged events for VBF production.

Remaining events split by resolution and S/B:
® Photon pseudorapidity (barrel / endcap).

® Photon shower shape (unconverted / converted / m9).

0 Multivariate (MVA) analysis.
[CMS-PAS-HIG-12-001]

Event-by-event boosted decision tree (BDT) ,
classifier. N A

Sensitivity improvement equivalent to | &
~ 50% more integrated luminosity. JAND T MONEV!

uckmemeron)
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&) Anatomy of the analysis

EM Cluster
(Raw Energy,
Shower
Shape,
Local/Global
Coords)

Conversion
Reco

ECal and HCal
Deposit

U Available information

Pileup Infor U Process

O Produced physical quantity
U Produced classifier

a.david@cern.ch - #CERNPhil2014  April 2014



@ Anatomy of the analysis

: _—
AW

4

“MULTIVARIATE H, .| THEROCKET CONTROLUSED/AN

ANA[YSES' - MW\AIGUBITHM"
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&) Photon identification

* Photon ID MVA discriminates prompt photon from jet faking photon using a

boosted decision tree (BDT) trained on MC simulation events Shower shape
. . (photon energy distribution)
» Signal sample: prompt photons from H - yy .
« Background sample: jets from pp - y + jet , U
* MVA trained separately for Barrel and Endcap WWWIWA-
+ Uses variables related to/shower shape| and|isolation v '
* MVA output gives a classifier variable discriminating prompt photons from fakes WWWUWY =
* Photon ID MVA output for the leading photon in preselected di-photon events  EEEE
LTI TT]
with m,, >160 GeV is compared between data and MC e
S B00F oo Barrel | S *0F =:=. § Endcap . 'Isolahon
3 g 2} B 300F = Peeeca it (activity around a photon)
5 S [ Emommomnns
- o 20f
* % 200
150; VWAWWWWV Y\ @ /
)
| :;, . 05 § 1:: / * ‘,
0.0 0.5 T. 9 0.0 0.5 7.0 —_— @
Photon ID BDT output Photon ID BDT output *
g:*: =F

.0
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] Mass resolution deconstructed

Photon Di-photon
energies opening
angle

M’ =2EE,(1-cos(a))

oM _1

M

2

(OE, (OE, o

 E, E, tan(a/2),

Photon energy resolution Angular resolution
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Anatomy of the analysis

.

e o e e e

—>
EM Cluster
(Raw Energy,

Shower
Shape,

Local/Global
Coords)
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= ECAL calibration: isolated electrons
B

' !!! pre||m| inary 2!11 —+— w/o transparency corr!ctidn '

o 1.021 S e
o - Mean 1
8 s_7 TeV L=46/fb —+— W/ transparency correction : BRMS  0.0014164}
Q_ 1-01 e chassanscanacensnnsesnnsnanasansanns . .............. 1 /transpafency Correct.lo __ - Mean 0.9772
m B ECAL Barrel : : _ RMS 0.006716
s 1 4
E H . . N N N :
() : : : : : .
m 0.99 .. .......... ................. , ................. ...._ ................. ................. ; __

0.98 ................. L SR St .............. _:

0.97 — 94E+06'é‘\'/'e'ﬁt's' ........... ................. , ................ W

- 12000 events/bin - 400 bins ;
0'96 B I 1 I 1 l 1 1 l 1 1 1 I I I

1 | — 1 | — il -] l § - I Ll 1 -
26/04 26/05 25/06 25/07 24/08 23/09 23/10 0 20 40 60
date (day/month)
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ECAL calibration: Z—ee peak
=l

51 03 A

> 15[ CMS Preliminary 2011, 7TeV | ——
9 CL=4.7fb" 1
W 10— ¥
‘E ~ ECAL Barrel 1.0 GeV resolution
S N
> 81— i
LL B \\t

6

4 k

2

O B

60 80 100 120
M, (GeV/c?)
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@ Angular resolution
N

0 Unconverted photons have no tracks.

0 CMS ECAL is homogeneous, optimized for energy
resolution, no pointing ability.
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Anatomy of the analysis
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&) Choosing the best vertex

® Validated with 7 -jet events. 0.1

° '. 55-:'
0 Main handles: L

. . e ‘,,_»:;\“ ; =——— "O4E TT I TTT I TTT I TTT I T TT | TTT I TTT | 7T | TTT I T ll_—:
o Di-photon recoil ’rracks.] CMS preliminary -
0_35;_ \'s =7 TeV Run2011B
m Good at high p;. ]
d pT 03; [ ] right vertex MC =
® Validated with Z—™ u u /A Wrong vertex MC - 2
0.25 :' —o— right vertex DATA —
events. 9 E —e— wrong vertex DATA E
0.2f =
0 Photon conversion fracks. 0.1501 E

0.05F

O e 0080000 ses el tede s as e 200

-1 -0.8-0.6-0.4-02 0 0.2 0406 0.8 1
BDT output
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& Vertex recoil variables
B

Input variable: ptbal Input variable: ptasym
R RN RSSNRBRNRESNRERS RS RESE RS
g- I Primary vertex ] §
I U7 pu vertex 12 o
4 [ ] >
o °
S z
A -

UIO-flow (5,B): (0.0, 0.0)% (1.6, 0.0)%
UIO-Tlow (5,6): (00, 0.01%1 (0.0, 0.0%

o sumpt2: Y ; |pr|?

-80 -60 -40 -20 0 20 40 60 80

® p tbal Zl(p T |"'Y')’|) Inputvariable?lt:gaslump&
0.4 fi Primary vertex || 3
o ptasym: (| X 7| — p1") / (| Zi Prl + p7’

0.35 (/) PU vertex E

0.3}
0.25}

0.2}
0.15F
04
0.05F
0 E

(1/N) dN/0.498

UIO-flow (,B): 0.0, 0.0)% (0.0, 0.0)%

2 0 2 4 6 8 10 12 14 16
logsumpt2
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Converted photon vertexing

ECAL deposit

Conversion track

Conversion vertex

4

= xmoEo
Beamline

(z axis)
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Vertex choice efficiency
BT

I I I I ! I I I I | I I I T l I I I I | I I T I

T
*Q
§
==

L ——Zoc0” Ztrue <10 mm

Fraction of events
o o
» (00}
b |
*,
| L

| -
- CMS preliminary “
02 '"'S|mu|at|on ............................................................................................... __:
- (n,)=95

| | | ! | | | | | | | | 1 t | | | | | | 1 1 |
OO 50 100 150 200 250

p_(H) (GeV/c)
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Is the best vertex the right one

for this event?
T

1 Make use of several event

quqntities: III|III|lIIIlIIIIIlIIIIlII|III|.IIII|III:
CMS preliminary -

. 0.3 AT

0 Total number of vertices. VS =7TeVL=1631"
° 025 ] right vertex —

o For each vertex: [venwnnuc
—a— right vertex DATA 7]

B MVA score. 02 —s— wrong vertex DATA _:

m Distance to best vertex. 0 15

0 Di-photon p;.
o Number of identified
conversions. 0.0

0 Validation in Z— U U events. h ‘“\’""‘“““ G

9 IVIVAevent
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Anatomy of the analysis
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Di-photon classification

ooy
» Uses BDT method on MC background and Higgs boson signal events (m,=123GeV)

» Training variables include photon ID, kinematics, right vertex probability and
estimate mass resolution

» Keep Di-photon mass factorized 2 3500
* Introduce good resolution as a desired fg 3000 %
feature by weighting signal events by - 2500
1/estimate mass resolution * 2000
* MVA output used to make|5 categories > 1500
with different S/B 1000
* | Separate di-jet tagged category 500
to select VBF Higgs production O X e
- Signal event category RN i-photon BDT output
migration systematics g M_ an ‘ 4,

- Up to 11% due to photon ID o |
» Up to 8% due to estimate mass resolution |
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Di-jet tagged event
I

M, ., =121.9 Ge
M, = 1460 GeV
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10000

T e
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==

—— Data (4.7 )

. DYJotsToLL MC

04 06 08 1
di-photon BDT output

+i
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dhinty 4 o4 Hil
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e

e
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e
2

e
3

ST

of

62 64 06 08
di-photon BDT output

10000

2000

2
g
8
L e e e S  Rmmm

—— Data (4.7 )

. DYJotsToLL MC

08 -06 04 -02 0 02 04 06 08 1
di-photon BDT output (both EB)

%
£
=]
=
P
B
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™

[4
e

[4
»

e
2

4 02 02 04 06 08
di-photon BDT output (both EB)
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—— Data (4.7 )

. DYJotsToLL MC

-06 04 02 0 02 04 06 08

di-photon BDT output (one EB, one EE)

#ﬁ*ﬁ“} 3 , ++++

L]

-0.8
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C
\

& MVA in terms of simple classification

500"

—— Al

 —— both EB, both R9>0.94

400/~  —«— both EB, lboth R9>0.94 |
_  —=— 1both EB, both R9>0.94 !

—+— 1both EB, 'both R9>0.94]]

300|

04 -0.2 0 0.2 04 06 0.8 1
di-photon MVA output
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 —— both EB, both R9>0.94
—=— both EB, lboth R9>0.94
—— thoth EB, both R9>0.94
—— Iboth EB, !both R9>0.94

W it~
. 04 06 08 1
di-photon MVA output
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 —«— Iboth EB, !both R9>0 |

06— §

0.4

0.2

0::

1 08 -06 -04 -0.2 0
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m, = 120 GeV
1T X SM

Signal and background modeling
N

» Higgs mass modeled using MC with energy scale and resolution correction from

L > ee

» Background mass spectrum modeled by polynomial fit
» Polynomial order between 3 and 5 depending on event category statistics

~ 24 ~ -~
o CMS preliminary —#— Deta CMS preliminary —4— Data ? 18 [-CMS preliminary —4— Data
% 2(2) \E=7TeVL=476 " — BKa Model L 160 (s=7TeVL=476 " Sk Mol ﬂ§ 12 \E=7TeVL=4.76 b T St
o 0 o
o o BOT >= 0.05 VBF Tag e
- 18 - 14 o 1xSM m, =120 Ge}
?ﬂ 14 2 ij
e 14 £ Dijet- TAG
8 12f g 10
W 1ok @
s
6
4 o
2 n e
D00 180 60 180
m,, (GeV/c?) m,, (GeVic?)
N CMS preliminary 4 Data %, 700F cus prefiminary 4~ Data % | oms prelimi -+
% 250 2T evL =476 1" — Bl %600 \E=7TeVL=4.76 " Bl ;01000 :-qi-;revu.n-.zmm‘ _E"""
(2 200 9 500 0,05 <= BOT<0.55 220 § soo:ucmucmu :::um,ﬂmed
£ 150 £ 40011 2 ook Combined
g 7] o °vor
w o w 300 ﬁ N
400
200 L
50
100 200~ /\
% 60 18 foo 0 180 Do 20401607180
m,, (GeV/c?) m,, (GeV/c?) m,, (GeV/c?)
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&) Results
T

¢ CMS pre S Finterpretation Requires LEE  CM®S preliminary |
= preliminary ] il on Requires = = 3
i‘ -N8=7TeV.L=4.76. T 1 \E..?I_IQV =476 fb
..... - = (] 7 ~ \
B gfmnnny MedenExpechd (O ._V \\ \ o
£ WE - -7 ' \\
3 \ 2
%— ------- 10"% I/ \U
LI o e TS N RN S TN RS b S e e
Ne MVA D N s s, i i —— Observed Asymptotic _ | 3¢
MVA Hogu 10° —4— Observed Ensemble
0.5[F ——— cat0-3 (Non-VBFTag)
- ——— cat4 (VBFTag
$ "5 120 125 130 135 140 145 150 1000615 120 125 130 135 140 45 150
m,, (GeVic?) m,, (GeVic?)
* Expected and observed exclusion limit « Largest excess observed around 125 GeV
at 95% CL with local significance 2.9 ¢ and

global significance 1.6 ¢
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@ HDECAY 4.43 + PROPHECUAF 2.0
™ 0.08

Y ® 7 — arXiv1208.18i
:‘é’ C Hey = WW.,ZZ/ 9 / bb,cc,ss,dd,uti / t'7, p'p et
ow | se€s dile
2 L <my>=124.7+ 0.1 GeV
CE/RW <
\
7

o(m)=6.0%0.1 GeV
x2ndf = 61.6 /68

[ http://cern.ch/go/qkhé ][ arXiv:1208.1993 ][ arXiv:1408.0827 ]

. imal 1BR, :
D Coupllngs qnd Near to maximal [1 ’_) 0.017““ \\ e
. . . — ! 100 110 120 130 140 r‘}']iO(Ge‘{IG)O
kinematics drive BR (bb, 1
-~ T T T | T T T | T T T T T T T |—_'n
X T—— 1
WW, Z— Z— ’ ZZ). + N bb ww :;
9] - )
O L o
0 Decays with photons S o . 77 s
(v v,Z7) through R Ay = :
loops. - ‘
mlO’Z == =
b, 7o, c,pu 55 8 3 - -
< t A o> [ ]
H .::_j_fj_'n_\‘ H -::ff_f;‘ 1t T | .
\ B, - _+_, E, u + t 'A""zrh‘c\ g 10—3 ! 5
e W,Z - VAR A ]
H . t’ A\ H ‘ij—, 4 N A [ TR BRI [
S W2 1080100 120 140 160 180 200
e v i N MH [G EV]

measuring.higgs@cern.ch  HiggsTools School - June 2015



&) The product coincidence
m

HDECAY 5.11 + PROPHECY4F 2.0

S - I p.

Hsy = WW,ZZ / gg,yy,Zy / bb,cc,ss,dd,ut/ t'1, p'ue'e’

Shqnnon

HDECAY 5.11 + PROPHECY4F 2.0
<m,>=124.9 + 0.2 GeV

6.0+ 0.1 GeV

2Indf = 163.1/ 169

1070 . . \
1 0-11 L 10 // l \\
= -1 L T R T R | L
1020 . 1080 100 120 140 160 _ 180
-13 ; | | | [ i | | [ m (GeV)
10 20 30 100 200 1000
m,, (GeV)
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g 1he information /entropy connection

[ arXiv:1208.1993 ][ arXiv:1408.0827 |

Multinomial entropy: recent asymptotic formula.

Hey = WW,ZZ / gg,yy.Zy / bb,cc,ss,dd,ut/ t'1, p'ue'e’

-:(é? 11 HDECAY 5.11 + PROPHECY4F 2.0 <mH> =124.9+ 0.2 GeV
The total entropy is now given by the sum of the multino- 3 10° 6.0+ 0.1 GeV
mial distribution of N Higgs bosons decaying to each possible % 1072 2/ndf =
- . . ndf = 163.1/169
partition of n; particles of type 1, n, of type 2, and so on until — 2
the m-th mode X 10
y T 10
_ _ s
Sy = ; P({m-) In [P((mi} )] 00
= (-In(P)) ® & 400 \
where T (0) = IV - XN () x6(N - X2, my). = 107 exp = 125.09 * 0.24\ GeV
The number of possible configurations involved in the sum ; 3_\
of Eq. (8) is huge for large N. Recently, an asymptotic formula 108 / ! \\
up to order 1/N has been derived [10] and is given right below 10 / | my” 2=426rdri=GrE-Sey— ‘r\ \
at Eq. (9) /] | b
1 0"10 1 | / | ‘ 1 I 1 L 1 l 1 | 1 | 1 | 1 \ | \l 1 1
S = 11 2 rNey] 2 80 100 120 140 160 180
v = 7In|(@nNe) ka m,, (GeV)
1 - 1
+ —|3m-2=—0—1+0|— )
=1 Pk N?
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g 1he information /entropy connection

[ arXiv:1208.1993 ][ arXiv:1408.0827 ]

m,, cannot be predicted.
Or COUId ill-? 10 Product of decay BRs for the

:_UT § ® - WW,ZZ / gg,7Y,Zy / qq (g=u,d,s,c,b) / t*1t",u*u’,e*e’

The total entropy is now given by the sum of the multino- g -

mial distribution of N Higgs bosons decaying to each possible a8 1 3

partition of n; particles of type 1, n, of type 2, and so on until ] C

the m-th mode ~ il

~ 10k

Sx = Y -PUnt) In[Pmy)] dof

) =107

= (-In(P)) @®) &

- -3 -

where S (o) = SN - ZN (@) x§(N - 27, ). = 107g

The number of possible configurations involved in the sum N

of Eq. (8) is huge for large N. Recently, an asymptotic g) ula 10%

up to order 1/N has been derived [10] and is given right below = \
- \
atEq.(g) 10'5‘11!’|III]|llll|IIII|lll IIIII[[Il_IllIlIIIlI‘
m 90 100 110 120 130 140 150 160 170 180
Sy = 2 In ((ZﬂN ™! l_[ Pk] m,, (GeV)
k=1
1 - 1
+ —|3m-2=—0—1+0|— &)
=1 Pk N?
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More on the CMS combination
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Brmgmg it all together in CMS
- [ arXiv:1412.8662 ]

g AR
e
- e "

#

%4

-

0w

‘|

re. )

%4 e o

-‘/'r'.’ﬁ‘_ ”

4 .

. - =
2

3 »

H—vyy

JHEP 01(2014) 096 PRD 89 (2014) 092007 PRD 89 (2014) 012003 JHEP 05 (2014) 104 EPJC 74 (2014) 3076

-

Also include further ttH searches:
* JHEP 05(2013)145 — #tH, H—bb (7 TeV).
* arXiv:1408.1682 (subm. to JHEP) — ttH, H—bb, H—1T, and H decaying to multiple leptons (8 TeV).
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[ PRD 89 (2014) 012003 |

0 0/0gy

VH, H—bb vignettes

0 2.10 (2.30 exp.)

= 1.0 £0.5

10" - CMS

Entries / 0.25

10°
10
10°
102
10
1
10"

U | 4 o B o B e A R e 7 b il

® Data

108 |- \s = 7TeV,L=5.0 fb" Bl v+
\s = 8TeV,L =189 fb" [ Background
pp — VH; H—- bb —— VH(bb) 125 GeV

—— Background uncert.

1
¥/ dof = 0.98

B
[TTTTLITTT TTT

0.5

PRD 89 (2014) 012003

1.5
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0.5

wdof =064

sl Ll
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(6]

X

[

1
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i
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]

1
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o
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N
n

0.2
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-t

0.4

Z(vv)H(bb)
n=10+08

Z(I1")H(bb)
W=08+10

W(lv,tv)H(bb)
w= 1.1+£09

o A BN B R m e ma
- CMS Simulation — Nominal .
" ls=8TeV ch:15.8G:§V(13.2%):
4 = — Regression N
- Z(H(bb), p7 > 100 GeV 5:12.4 GeV (10.0%).
L .|
CE T e O T W I -]
60 80 100 120 140 160 180 200

\s=7TeV,L=50fb"

m(j) [GeV]

\s=8TeV,L=18.9fb"

CMS
pp — VH; H— bb
Combined Lt = 1.0+ 0.5

m,, = 125 GeV

-2

2 4
Best fit
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g H—TT vignettes

[ JHEP 05 (2014) 104 ]

CMS, 19.7 fb™ at 8 TeV

T, T 216000 1
7 : { / c —e— Observe p
Y. 0O 3.20 (3.70 exp.) L s A

3 ’ ¢ [Ozow 32 h

; 12000 [CJz—w 11" +photons -]

i [z 1" no photons ]

- 10000 E z-u _-

D G/GS M il O ° 7 8 i O ° 2 7 8000 = ;”c'""”“k —:

[Jaco

10° CMS, 4.9 fb' at 7 TeV, 19.7 b at 8 TeV
L] L] I L] L] L]

L] L] L)
-o‘é’ o SM H(125 GeV)—tr |
SM H(125 GeV)—1t = Data - background
O 107 ( ) 20 [ Bke. uncem:n:‘y b 06 08 1.0 1.2 1.4 16 1.8 20
Lﬁ -e- Observed m:;.' [GeV]
(£
0-jet I+Lx,
10° u Wk, 10

1-jet e
B VBF tag

ee
0.05+1.60

n
-0.54+1.38

eu
0.90=1.03

CMS, 4.9 fb" at 7 TeV, 19.7 fb" at 8 TeV

- : my, =125 GeV

: P h"h
.31+0.63

eth

0.31:0.55
T

w h

1.01:0.41

H+LL" + I+Lx,
-0.33+1.02

[ ]

H—tt
0.78+0.27

0 2 4
Best fit for o/o,

-3 -2 -1

0
log(S/(S+B))
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Fermion decay combination vignette

-
0 3.80 (4.40 exp.)

0 o/og,, = 0.83 +0.24

5 CMS {s=7TeV,L=5f" ys=8TeV,L=19-20fb"

—1 20

£ E

o~ F P:

| 16 VH — bb 46
. 3.80 7 #H -7

L — Combined

12

10

\Illllllll

PRD 89 (2014) 012003 JHEP 05 (2014) 104 4
standard
model

2
Fermion decay combinafion :I 1 | | 111 | 111 1 I_L-—L 1 111 | 111 | 111
3.80 obs. (4.40 exp.) 0 02 04 06 08 1 12 14 16 1.8
Nature Physics 10 (2014) 557 i
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H—>WW—>2Q2V vignettes
-
- 1 4.30 (5.80 exp.)

- 0/0g, = 072 £0.19 @ ewgmoenen

H— WW (all channels)

clog,, = 0.72" 1%

CMS 49" (7 TeV) + 19.4 o' (8 TeV) 212v + 0/1-jet
NS T U TUR L Glog,, = 0.74" g';g
300 [ -e- data - backgrounds m,, = 125 GeV -

[ — Howw
y bkg uncertainty

2I2v + 2-jets, VBF tag

0.57
6/Gg,, =10.60" ;7

ep 0/1-jet

200 2l2v + 2-jets, VH tag

clog,, = 0.39" 117

LS
o
o

3I3v, WH tag
ols,,, = 0.56" 127

32V +2j, ZH tag (not plotted)
0/05y=6.41"74% 4

N

‘ 1“']2““3
Best fit for O'/GSM

N

S/(S+B) weighted events / bin

o

JHEP 01 (2014) 096

_100-| PRI R R R R
50 100 150 200

m,, [GeV]
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& H—ZZ— 40 vignettes

[ PRD 89 (2014) 092007 ]

O 6‘80 (6‘70 eXp.) 1OCMs Vs=7TeV,L=5.1f";{s=8TeV,L=19.7 b’
Y AR RIS N | 771 A LR
0 my= 125.63 £0.42 (stat.) £0.16 (syst.) GeV £ o ' -
(8] 52 _L%r -
0 0/og, = 0.93 £0.25 (stat.) £0.13 (syst.) ' j_ e £
—Lgy _
65 ----- L3y (stat. only) g
S5 =
cMS Ys=7TeV,L=5.1fb";Vs=8TeV,L=19.7 b’ 45_ E
> T I T T T T T T T ] E :
© 351 * Data > 16 T 4 ' T oo (881 35_ E
O [ Im=126 GeV 814 D" >0.5 4 3 2F 3
™M 30 4y 2z L2 1 - 1F
P E Bl Z+X ‘210 ’E 51..1..\/.1.1,.‘|..‘3
12 - 0 3 i a 22 124 126 128 130 132
qcJ 25:— (T ~ 1.4 m,, (GeV)
> L 4 % [ M S=7TeV,L=5.11b"; s=8TeV,L=19.7 fb"
@ oof R E . S
3 O===10 120 130 140 (EOV) 5
R m YGeV1
15E NP
R o i R el = -
PRD 89 (2014) 092007 - . B 5
Sk —
| TRITRTRE -
80 100 200 300 400 600 800
My, (GeV) 0 0.5 1 15 2 25
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5.70 (5.20 exp.)

m,= 124.70 £0.31 (stat.) £0.15 (syst.) GeV
0/og, = 1.14 £0.21 (stat.) £0.11 (theo.) £0.07 (syst.)

19.7 fo' (8 TeV) + 5.1 fb™ (7 TeV)

3

> x10 n
R e S/(S+B) weighted sum
X - ¢ Data
n 3 e
"'C" C —— S4B fits (weighted sum)
() B v agnss iy 0 S SH.... B component

25F
5 : N 14
ko) 2 :_ ------ +20
o
o 1.5 =
o -
= Ay
e, L
g)-’ E | ] | | ] | |
~ 0 o s (el Lot O e e ] L_LEi =) LEL 0 T A L Lo 11 1 1
w lllllllllIIlllllIIIIIIIIIII'IIIITIIIllI

: 28 | B component subtracted
EPJC 74 (2014) 3076 100

0

-100
110 115 120 125 130 135 140 145 150

!

v ey v by v b vy b by by Ly

m,. (GeV)
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ggH

VBF

VH

ttH

CMS H-yy 19.71b™ (8 TeV) + 5.1 fb™ (7 TeV)
®
= K N
s g\/ 7
?1042 ‘”_.\10
Q e 2. &
- I e Sm=——T 20
T 102
S E
10% 154
10
F 40
10°
10°f
- 50
107 —— Observed 7 +8 TeV
—— Observed 7 TeV
—— Observed 8 TeV
108 --- Expected7+8TeV
Expected 7 TeV
.9 - -~ Expected 8 TeV
LU A T T W N P A B LR

110 115 120

125 130 135 140 145 150
m,, (GeV)

279 [ EPJC 74 (2014) 3076 ]
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CMS H 19.7 b (8 TeV) + 5.1 b (7 TeV)
~ 0.26
" Ly =1.14 "5
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[mH =124.7 GeV ]
1,58 T
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5] Bringing it all together in CMS
m

.

> 200 channels

* "} 5 i “ ' ;
w * . ’ ‘ b .'.',41"8&

e
HWW S H—ZZ—40_ )

bbh Il H—vt! v S H—vy

JHEP 01(2014) 096 PRD 89 (2014) 092007 PRD 89 (2014) 012003 JHEP 05 (2014) 104 arXiv:1407.0558
(subm. to EPJC)

Also include further #tH searches:

* JHEP 05(2013)145 — #tH, H—bb (7 TeV).
* arXiv:1408.1682 (subm. to JHEP) - ttH, H—bb, H—1t, and H decaying to multiple leptons (8 TeV).
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Bringing it all together in CMS
m

DY W

‘A

¢
L

Oy

-
’

-mllll‘

.

> 200 channels
> 2’500 floahng parameters

! Z w
$ ke /Ml ;5 B
’;ﬁ‘.,f,,& Bl H—ZZ—49_  BEWH/H-bb ) Bl H—too 3 H—yy

13

JHEP 01(2014) 096 PRD 89 (2014) 092007 PRD 89 (2014) 012003 JHEP 05 (2014) 104 arXiv:1407.0558
(subm. to EPJC)

Also include further #tH searches:

* JHEP 05(2013)145 — #tH, H—bb (7 TeV).
* arXiv:1408.1682 (subm. to JHEP) - ttH, H—bb, H—1t, and H decaying to multiple leptons (8 TeV).
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@ The challenge of combining
TR

Luminosity (o)

Decay tag and production tag Expected signal composition Omy/my No. of categories
° ° 7TV 8TeV
0 Include five main
Untagged 76-93% ggH 08-21% 4 5
2-jet VBF 50-80% VBF 1.0-13% 2 3
Yy Leptonic VH ~95% VH (WH/ZH = 5) 1.3% 2 2
d h Emiss VH 70-80% VH (WH/ZH ~ 1) 13% 1 1
e c q y s q n S e q rc e S 2-jet VH ~65% VH (WH/ZH ~ 5) 10-13% 1 1
Leptonic ttH ~95% ttH 1% 1
Multijet ttH >90% ttH 1.1% 1
f tt H d i ® H — ZZ® — 4£[18], Section 2.2 51 197
or proaucrion. 12020 40 2t e pasaa S 2
H — WW® — vy [17], Section 2.3 49 19.4
O-jet 96-98% ggH eu: 16%F 2 2
1jet 82-84% ggH eu: 17%+4 2 2
ee ks et 2-jet VBF 78-86% VBE 2 2
2-jet VH 31-40% VH 2 2
3¢3v WH SFE-SS, SF-OS ~100% WH, up to 20% tT 2 2
20+ £'vjj ZH eee, eepl, puup, ppe  ~100% ZH 4 4
H — 77 [19], Section 2.4 4.9 19.7
0 207 channels .
° eTh, UTh et 70-80% ggH 12-16% 5 5
2-jet VBF 75-83% VBF 13-16% 2 4
W et 67-70% ggH 10-12% - 2
2-jet VBF 80% VBE 1% - 1
2 5 ] 9 t 0-jet ~98% ggH, 23-30% WW 16-20% 2 2
D p q r q m e e r s ° ep et 75-80% ggH, 31-38% WW 18-19% 2 2
2-jet VBF 79-94% VBE, 37-45% WW 14-19% 1 2
O-jet 88-98% ggH 4 4
ee, up 1jet 74-78% ggH, ~17% WW * 4 4
2 ] 9 H —_— V V 2jet CJV ~/50% VBF, ~45% ggH, 17-24% WW * 2 2
¢+ LL' ZH LL' = TyTy, £Th, ey ~15% (70%) WW for LL" = £t;, (ep) 8 8
£+ 17 WH ~96% VH, ZH/WH = 0.1 2 2
£+ 't WH ZH/WH = 5%, 9-11% WW 2 4
b q C k g ro U n d VH with H — bb [16], Section 2.5 5.1 18.9
W(£v)bb pr(V) bins ~100% VH, 96-98% WH 4 6
W(tv)bb 93% WH ~10% 1
Z(££)bb pr(V) bins ~100% ZH 4 4
para meters. Z(w)b p(V)bins  ~100% VEL 6276 23 2 s
ttH with H — hadrons [14, 28], Section 2.6 5.0 19.3
H— bb tfleptom—jets ~90% bb but ~24% WW in >6j + 2b 7 7
tt dilepton 45-85% bb, 8-35% WW, 4-14% tT 2 3
H— 51 tt lepton+jets 68-80% 17, 13-22% WW, 5-13% bb - 6
ttH with H — leptons [29], Section 2.6 - 19.6
2¢-SS WW/tT ~ 3 - 6
3¢ WW/tTt~ 3 - 2
44 WW:tT:ZZ~3:2:1 - 1
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&) Combined m_, measurement

[ arXiv:1412.8662 ]

19.7 b (8 TeV) + 5.1 b (7 TeV)

Combined
+0.26 +0.14
=125.02 ), (stat). o1 (syst)
I stat. + syst.
10. 7o (8 TeV) + 5.1 16" (7 TeV) B stat. only
= L B
bcl) i IC:MS + Combined | H Yy - Stat. + syst.
© pofH-ovy+H—ZZ | @ Homiteeed | 124.70 = stat. only
[ i» H—oZZtagged | +0.31 (stat) + 0.15 (syst)
151 ; .
1.00 6 . H-Z2Z
- - 125.59
i ] ‘o (stat) "0 (syst)
: 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
N 124 125 126
123 124 125 126 127 m Gev
my (GeV)  ( )
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@ Extra Higgs sensitivity in H—TT analysis

H—tt decaysand

H—WW decays.

In combination:
signal.

m 3.90 obs. (3.90 exp.)

In H—T1T paper:
SM background.

m 3.20 obs. (3.70 exp.)

0 H—TT analysis has
sensitivity to:

0 H=WW treatment:

CMS, 19.7 fb™' at 8 TeV

0.5 |-

dN/dm_ [1/GeV]
|

------ SM H(125 GeV)—1tt
—&— Observed

Cz-sw
3 1t
[ Electroweak

- [ Misidentified e/u

[] Bkg. uncertainty

eu
Tight VBF tag

measuring.higgs@cern.ch

| 100 200 - 300
m. [GeV]
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H—VYV results in combination

m [ JHEP 01 (2014) 096 ][ PRD 89 (2014) 092007 1 arXiv:1412.8662 ]

0 What changed?
o BR(H—VV) changes by 4 — 5%.

® H>WW and H—ZZ paper results evalvated at H—ZZ m,
result: m; = 125.6 GeV.

m Combined mass slightly lower: m; = 125.0 GeV.

o In the combination H—=WW includes the tiH, H
decaying to multi-lepton result: o/o,,, = 3.7 £1.5.

Individual publication Combination
H—ZZ 0.93 1.00
H—>WW 0.72 0.83
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’r’rH multi-leptons

[ CMS-PAS-HIG-13-020 ][ http://cern.ch/go/FKr9 ]

0 Very extensive cross-checks performed:
http: //cern.ch/go /Xv8S

CMS Preliminary, u=p= channel =8TeV,L=19.6 b - = -
Y. g V5=8Te ] ys=8TeV, L=19.6fb"

w B LIS L L e | I T T T I T T T I T T T l T 1T T I T ]
5 25 i . CMS Preliminary m,, = 125.7 GeV
] B B ttw . ] .6
[ [Buzy - combined u=3.7" "
20 [Ewz | -1.4
— |[Z] Others .
| |CJFakes 7 i
B i four-lepton | ,
— — - +4. h
- neaziy) |
i i trilepton
101~ - w=277%2
N i dielectron |
5 w=28
= dimuon B
ll. - 8.44'3.3 e —
. OF 27|
-E 3: electron-muon
Q ok w=1.92°
% E 23 Lo e beaa byl [N NS R
a 1 6 -4 -2 0 2 4 6 8 1012

e

%8 06 04 02 0 02 04 06 08
BDT output suring.higgs@cern.ch  HiggsTools School - June 2015

Best fit u = G/GSM



@ Significance of excesses

287

Significance (0)

Channel grouping Observed Expected

H — ZZ tagged 6.5 6.3

H — vy tagged 5.6 5.3

H — WW tagged 4.7 54
Grouped as in Ref. [22] 4.3 5.4

H — 77 tagged 3.8 3.9
Grouped as in Ref. [23] 3.9 3.9

H — bb tagged 2.0 2.6
Grouped as in Ref. [21] 2.1 2.5

H — uu tagged < 0.1 0.4
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Combined production measurement

Channel grouping  Best fit (yggt ttH, HVBF,VH)

H — 9+ tagged (1.07,1.24)
H — ZZ tagged (0.88,1.75)
H — WW tagged (0.87,0.66)
H — 77 tagged (0.52,1.21)
H — bb tagged (0.55,0.85)

Combined best fit pvprve/ fegr uH

Observed (expected)

12504 (1.00705

)

197fb (@TeV) + 51fb (7 TeV)

1 10prrrrreee e et e S R )
£ o CMS —_ Observed ]
< F ---Exp. for SMH |
N8 ;
7t :
6 .
ot |
& —f
3f -
oF | g
T—tx
o) “‘M.l...,1“.‘|.1..|.“.
0 05 1 15 2 25 3/3.5 4
3 u

VBF,VH © ggH,ttH

HVBF,VH

6 197fb (8TeV)+ 51fb (7TeV)
o | I c[}n H—>y’ytagged

c» H— ZZ tagged

7 H— WW tagged

H — 1t tagged

H — bbtagged |

SM Higgs

ggH,ttH
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Production mode scaling

ossumin= SM BR structure
[ arXiv:1412.8662 ]

0 gy = 0.85 005 (stat.) 008 (theo.) 7000 (syst.)

Parameter Best-fit result (68% CL) Significance (c) Pull to SM
7 TeV 8TeV | Combined | Observed Expected (0) -1 1
) Lt Tt = 2 19.7 1b™ (8 TeV) + 5.1 16" (7 TeV)
HegH Vo033 U/P 017 09_016 . . .
pypr  17710% 102103 | 1164037 37 3.3 +0.4 CMS - 68% CL
UvH 0.6870%s 0.967035 | 0.921038 27 2.9 —0.2 == 95% CL
m <219 3271120 | pgqflEs 35 12 122 €
+0.19
Hogn= 0.85 ¢ 16
5.1 o (7 TeV) 19.7 b (8 TeV)
CMS - 68% CL cMS - 65% CL i -1.1 6+0.37
Unpublished =—95% CL Unpublished =—95% CL VBF -0.34
n,= 108708 _..._ b, =079 .....
: , — 0.9p*0-38
T N A — oy = 10205 e Mok - 0.36 :
i, = 0.68°03] _...__ W, = 096703 _..._ " 5 90+1 o E ¢
H = 2. el —
, : HH - 0.94 '
lJ.m-*:()00:‘-(2)(1ng : uﬂH=327.+1(2)2 E . IIllillIllll||||||l||||||||||
IS ST I ITEPETI IEPITETN INSPAPITEE L S | P I I I I
0 1 2 3 4 5 & 0 1 2 3 4 5 8 0 1 2 3 4 5 6
Parameter value Parameter value

Parameter value
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&) Coupling deviations summaries

[ arXiv:1412.8662 ][ arXiv:1307.1347 ]

0 Visible searches can constrain BR;¢,,=BR. +Br ...

=0.

1 Combine with H(inv) searches, assuming BR
o Can then scan BR,  vs. BR

undet

undet*®

19.7 o' (8 TeV) + 5.1 165" (7 TeV) 19.7 o' (8 TeV) + 5.1 16" (7 TeV)
T T T l T T T [ T T T ] T T T T T T I T T T I T T T ] T T T

_I 10: T T L ] _I 10: T T T T
£ oF CMS — Observed 1 £ 9f CMS — Observed
g 85 Ky Kg, Ky<1, ----Exp.for SMH ] ﬁ 8_ Ky Kg, Ky<1, -~ Exp. for SM H
' F Ky Ko K BRog ; ] . Kp, Kg, Ky BR,
- . - ! 19.7fb (8TeV) + 511b (7 Tev)
7t : i Jogfows e
61 - 6 m O.SZKK KBF]:VSB;b -95%CL |
e 3 e " s S
4 = 4 ;
3 - 3 ,, -
2;_ _; 2;_ I/l' E
1: ] 1: / ofséR10
0E da o PRI I SRR SY N ST S R S E Ox I R IR P S SR S SN q
0 0.2 0.4 0.6 0.8 1 0 0.2 04 0.6 0.8 1

BRggy, BR
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CERN

Coupling

deviations

[ arXiv:1412.8662 ][ arXiv:1307.1347 ]

Table in

Best-fit result

Model parameters Parameter Comment
P Ref. [169] 68%CL  95%CL
Awz = kw/xz from ZZ and
- _ +0.22 wz = kw/Kz
Kz, /\WZ (Kf —1) /\WZ 0‘94—0.18 [0.61, 1.45] 0/1-jetWW channels.
44 +0.14 Awz = kw/xz from
Kz, sz, Ks (top) /\wz 0.92_0'12 [0.71, 1.24] full combination.
+0.07 Ky scales couplings
Ky, K¢ (:;) v 101007 [087,1.14] to W and Z bosons.
X 0871014 [063,1.15 " Scales couplings
: to all fermions.
" Adu = Ku/Kg, relates
v, Adur Ku (top) Adu 0.99+019 [0.65,1.39]  up-type and down-type
P fermions.
47 Agq = K¢/ Kg, relates
A 1.039%2 62, 1. ‘fa = Mty
s Atg g (top) ‘a 03 021 [062,1.50) leptons and quarks.
ans 0.95 F314 [0.68,1.23]
Kz 1.05 1518 [0.72,1.35]
Kw, Kz, Kt, +0.19 .
Extends Kt 0.81 7515 [0.53,1.20] Up-type quarks (via t).
I 51 Kb 0.74 7333 [0.09,1.44]  Down-type quarks (via b).
b o T Kt 0.84 i’g%g [0.50,1.24] Electron and tau lepton (via T).
Ky 0.49 1158 [0.00,2.77] %y scales the coupling to muons.
Me  Ref202] M(GeV) 245+15 [217,279] K = UM”l’ie and ky = v N’I';XZE
€ 0.01473%1  [—0.054,0.100] (Section 7.4)
o K 48 Kg 0.897013 [0.69,1.11]  Effective couplings to
&5 (top) Ky 1141012 [0.89,1.40]  gluons (g) and photons (7).
Kg, Ky, BRpsm 48 (middle) BRgpsm <0.14 [0.00,0.32] Allows for BSM decays.
with H(inv) searches — BRinv 0.03 7533 [0.00,0.32]  H(inv) use implies BRynget =0
with H(inv) and x; = 1 — BRin 0.06 T34L [0.00,0.27]  Assumes x; = 1 and uses H(inv).
Kgz 0.98 314 [0.73,1.27] Kgz = Kgkz /%y, i.e. floating xy.
ng, /\wz 0.87 fg%g [0.63, 1.19] AWZ = xw/Kz.
0 Azg 1.39 H035¢ [0.87,2.18] Ay =tz/x5.
Awz, Azg, Avz, (bottom) Abz 0.59 £322 <107 vz =K /%z7.
Az 0.93 ¥017 [067,131]  Ayz =1x,/xz.
Ayzs Aez, Mg Az 0.79 1515 [047,1.20] Az = Ke/%z
Mg 2.18 +0%% [130,3.35] A =rxi/xg
xv 0.96+014 [0.66,1.23]
B Kb 0.647928 [0.00,1.23]  Down-type quarks (via b).
VR BT imilar to Kr 0.82*_'32%3 [0.48,1.20] Charged leptons (via T).
50 (top) Kt 1.6015032 [097,2.28]  Up-type quarks (via t).
Kt, Kg, K X
vy Kg 075401 [0.52,1.07]
Koy 0.98+017 [0.67,1.33]
with xv < 1 and BRpgy — BRpsm <0.34 [0.00,0.57] Allows for BSM decays.
with xy <1 and H(inv) — BRinv 0.17£0.17 [0.00,0.49] H(inv) use implies BRyndet = 0.
with xy <1, H(inv), — BRinv 0.17 £0.17 [0.00,0.49] Separates BRiny from BR et
BRiny, and BRynget — BRundet <023 [0.00,0.52] BRpsm = BRinv + BRynget-
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Other models?
T I

Fiat Turbina &I
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@ Other models?
7R

Fiat Turbina &)
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@ Other models?
s

Fiat Turbina

Fiat Phylla at Triennale Design &)
Museum (Milan), 2009.
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ngh-mqss diphoton searches
T

197fb 8TV

All bategones Comblned
¢ Data =
vy +jet 3
v +y
Bkg Err

42/NDF:2.064 3

m Slmpllfled cut-based selection.

Events/10.00

0 Signal model: double Crystal-Ball ® Breit-Wigner.
o Signal width and mean scale appropriately with my,

o Limits on 0XBR as a function of I, and m,.

800 1000

19.7 b (8 TeV) 19.7 o™ (8 TeV)
g _I T T T T T I T T T T [ T T T T I T T T T I T T T T I T T T T I T |_ :.\5- _l TT T T 17T I TT 17T TT 17T T T 17T I TT 17T I T T 17T I TT 17T I T T 17T I T T T |_
=, . cms [AlTCategories Combined} | . . cms | : : :\II" Caftggg rlce;s\f: ombined| 7
z Preliminary’ | Width: 10% of m, [GeV] : Preliminaty | Mass: 840 [GeV]

-1 ; SO S | -1 i D] e |
=107E | — Observed 1 = 10°E Observed E
. § 5 i = u 3
1 - Expected = 1o 1 C - Expected = 1o .
x ; - 'S - : 4
= : = i | FeE=se Expected = 20
o i| Eymy—_ + - o - ; i
& Expected + 20 & ; : : .
é 1 0—2 ................................................................................................. é 1 0-2 ......

10-4 I ||i | 10'4||||IIIIiIIIIillIIilIlliIIIIiIIIIIIIIIiIIIIiIIII
200 300 400 500 600 700 800 1 2 3 4 5 6 7 8 9 10

m, [GeV] Ty (%m ) [GeV]
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H*—cs in decays of t—H +b

297 [ CMS-PAS-HIG-13-035 ]

LN L I L O B

CMS Simulation, Vs =8 Te CMS Preliminary, {5=8TeV. 197f6"

o
o
>

® Observed
M, =120 GeV o [Ipiboson
L Wz
Br(t— H'b) = 0.2 -slr:g_;ﬂm’
Ew-w

O
[ Total Unc.
e H'— cF

M,. =120 GeV

0
00,
0

Normali¥ed to Unity

1500

QQ
Q0
qQQ

IlIllIIllllllllllllllllll

AL LA NLELENL I BN B

""" I
- R

R 100 120 140 160 - 180 200

M; (GeV)

O —4656-86i00 20 40 veu Ea 500 ~ CMS Preliminary, is =8 TeV, 19.7 o

iy i M [GeV] 30.14;— e Obsarved N
. . E 0.125— [ Expected limit £ 16 jli(:;s_f:;i;:c —E

] 2 Ie'l's + 2 b—tqgged Ie'I'S + §0.1:— [ ] Expected limit £ 2.6 .
lepton and MET. =t E

0 Mass reconstructed using my,, and " ;

m. constraints and likelihood fit.

90 100 110 120 130 140 150 160
e

m, (
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&) Search for MSSM @ —1t

m [ CMS-PAS-HIG-13-021 ]

CMS Preliminary, H—1t, 4.9 fb'at 7 TeV, 19.7 fb' at 8 TeV

0 Minimal SuperSymmetric

Model predicts: T [ MssMm™ scenario My, =1TeV
p : = [ m "~ scenario Mg,sy =1Te ]
o h°, H°, A°: generically P. h 1
o H* and H-. |
1 Based on SM analysis but:
1 Using extra b-tags 10 —
— observed -
o Extended to uptom_ = 1.5 — SMH injected |
Tev: CMS Preliminary, H-1r, 18.3 fb™'at 8 Tev — expected =
S wE L. T T _
8 —e— observed Observation o expected
= 10 Cdzom * 26 expected
e 7 E%@%‘W’a" compatible with W LEP i
g 1 [222] bkg. uncertainty presence Of SM
R i Higgs boson.
102y 7 = i
107 b 100 200 300 400 1000
A — 000 1500 mA [Gev

m,, [GeV] :asuring.higgs@cern.ch
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&) Search for H—=ut

m [ CMS-PAS-HIG-14-005 |

0 T lepton flavor violation not as well constrained as pe (MEG).

0 Based on SM H—TT analysis. Different kinematics allows good SM H rejection.
0o BR(H—ut) < 1.57% at 95%CL (expected limit of 0.75%)

Events / 10 GeV

Bkg (M)

S o

o O o vo
T

Data-Bekg (fit)

ettt

150 R 200 250 300
collinear M(ute) [GeV]
CMS preliminan 19.7 o, s =8 TeV

o Datayur 1
[ Bekg Uncertainty
B sMH ]

@
3
3
T
S
3

Events / 10 GeV
S
8
T

—— LFV Higgs (8r=0.9%) —|

et :*++¢*+++§

560 300
collinear M(uz, ) [GeV]

Data-Bekg (fit)
Bekg ()
5799
@ oo
T T T

measuring.higgs@cern.ch  HiggsTools School - June 2015



Search for H—=ut
m [ CMS-PAS-HIG-14-005 ]

0 T lepton flavor violation not as well constrained as pe (MEG).

0 Based on SM H—TT analysis. Different kinematics allows good SM H rejection.
0o BR(H—ut) < 1.57% at 95%CL (expected limit of 0.75%)

19.7 o, Y5 =8 TeV

CMS preliminary 19.7 b, Ys =8 TeV

> >
(@ (3
o @ Data, it 0] @ Data,
o [C] Bekg Uncertainty o [ 8o kgll ncertainty
- B SM Higgs - [ SM Higgs
~ [ Z+tx (embedded) ~ [ Z+tx (embedded)
i) W 24T (ot 7,5, 7] 24T (not < 5,)
g [ single top quark. g. [ single top quark
> tirdets - > ti+dets
w Wy Wy w Wy /Wyt

. v . v

[ Fake leptons. [ Fake leptons

—— LFV Higgs (Br=09%) | —— LFV Higgs (Br=0.9%)

ol b b b

50 X 50 200 250 300
colllnear M(ure) [GeV] collinear M(me) [GeV]

CMS preliminar 19.7 o, ys =8 TeV CMS preliminary 19.7 b Ys=8 TeV
3 F ] 3 180 —
[0} L @ Data,uc, 0] E e Datauc ]
o 500~ + (1 Bekg Uncertainty j o 160 [T Bekg Uncertainty _]
< F - sun T F T ]
; C ] 2+t (e mbcdd-d) ; C [ zsux (e mbudd.d} 7
€ L -zu(« a £ 140 -zn(m -
g 400 — -Slgllpq k — u>) - -slgnpq k -
w C [ tivdets i w120 [ tivdets .
L v r v .
[ [ Fakes (jet 1) - [ Fakes (jet 1) 4
300f— —— LFV Higgs (Br=0.9%) —| 100[— = LFV Higgs (Br=0.9%) —|
B 80 =
200 — 60 :_ _:
b 40 4
100— - E ]
had : ¥
a o ok ran o oF :
‘gfso.S P oy Slgos Y Sooh
‘ il 3
e —— m~w-~m++++++++€
2805 £R05
a 3
100 100

colllnear M(urt : [GeV] co[llnear M(ut 3)[GeV]
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@ Search for H—=ut
o

0 T lepton flavor violation not as well constrained as pe (MEG).

0 Based on SM H—1t analysis. Different kinematics allows good SM H rejection.
BR(H—ut) < 1.57% at 95%CL (expected limit of 0.75%)

60 CMS preliminary 19.7fb" Ys=8 TeV CMS preliminary 19.7 b Ys =8 TeV. CMS preliminary 19.7fb" Ys=8TeV

> F ] > ] > ]
(o) [ [0 a
0] - @ Data,uc, - 0] @ Data,ut, - [0} @ Data, ut, n
P r [ Bckg Uncertainty i o [ Bekg Uncertainty ] = 5 [ Bckg Uncertainty -
- 50l B SM Higgs A - B SM Higgs . ~N i B sM Higgs ]
~ [ Z+1t (embedded) | ~ [ Z+1t (embedded) | ~ [ Z+tx (embedded) 3
2 W ZH°T (not <,T,) - i) . 241 (not 7,7, - 2 . 41T (ot T,,) —
5 [ [ single top quark. — 5 o [ single top quark — 5 [ single top quark .
2 _ = tivdets i 4 = tivdets ; b ) (=g ]
w N [ R ] w N [ Wy Wy ] i Wy iwy ]
F [ ] F . ] | ]
, - [ Fake leptons. 4 , L [ Fake leptons. i \ 4 [ Fake leptons. —
0 - = LFV Higgs (Br=0.9%) —{ \30 - = LFV Higgs (Br=0.9%) - = LFV Higgs (Br=0.9%) |
- ] s . « 3 =
20 - 20F + . % E
r ] F ] 2 —
uT - 10; 3 A ! j

e o O 2 0

SESE PEOUNE S IPC P S gE®

R ? E
SRosE % Y ke ST ! 3805 e
SfFosE T + 3 U
50 . 200 250 300 5 100 50 . 200 250 300 100 R 200 300
collinear M(me) [GeV] collinear M(p’re) [GeV collinear M(;.n:e) [GeV]
CMS preliminary 19.7 1", s =8 TeV CMS preliminary 19.7 b, s =8 TeV 20 —CMS preliminary 19.7fb", (s =8 TeV.

> F ] > 180 = > 200 7
K C o Datauc 3 38 = o Datn e 1 8 o o Datauc ]
o 500— + [ Bekg Uncertainty — —] S 160 1 Bekg Uncortainty ] o 8 [ Bekg Uncertainty ]
= C I sMH ] - F [ sMH ! 0 F B smH 3
; C [ 2+ (embedded) ] ; C [ +tx (embedded) 7 ; 16— [ Z+ct (embedded)  —]
€ L Iz (ot T x ) 4 £ 140~ .z ottt ) € - .z (ot T ) 4
2 400— [ Single top quark — ] F [ Single top quark 4 S 14 ; [ Single top quark .
i1} r E tTrdets i o 120 E tT+dets . i1} o E tf+dets ]
- w 4 C w ] — w -
L [ Fakes et %) ] E ] Fakes et ) ] = [ Fakes et ¢) E
— —— LFV Higgs (Bre0.9%) —| 100 — —— LFV Higgs (Bre0.9%) —] woF —— LFV Higgs Bre0.9%) ]
b ] = 3 of E
o E 6o~ = of 3
2 R 4o~ E af =
: ] 2o Hdg 0 R - 2/ =

a - - o

3 glosE | g *
- 414 2 o =
seevaret g batitis il 52 F papgtestosemsenstortint i 8° B
i gRosE | 3[*os > e —
100 ° 100 ° 100 30(

200 300 200 300 200 0
collinear M(uthad) [GeV] collinear M(u‘rhad) [GeV] collinear M(urm) [GeV]
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5] Search for H—=ut
T I

.. - P -1
CMS preliminary 19.7 fb™, /s = 8 TeV CMS preliminary 19.7 fb", \s =8 TeV
u:thad, 0 Jets I | : I I I | I I I | | I I | I | | | I | | M-Ch d, 0 Jets | | 1 | I l I
2.35% (exp.) - ® Observed 072a +1.18 % ¢
2.94% (obs.) B X Expected _ e - —
Tt ,1Jet
M aa [ Expected - 1 hT g 1 Jet ®
2.10% (exp.) 0.03 +1.07 ¢
2.11% (obs.) | I:l Expected = 20 N 112 | |
e 2 Jets ue 2 Jets
1.95% (exp.) o 1.24 +1:09 o/ ¢
3.29% (obs.) =7 -0.88
ut, 0 Jets uT, 0 Jets
1.32% (exp.) .. +0.66 o ¢
2.04% (0bs.) 087 02 %
uT, 1 Jet uT, 1 Jet
1.66% (exp.) - +0.85 o ¢
2.38% (obs.) 0.81 578 %
Ut 2 Jets ut, 2 Jets
3.84% (obs.) 005 Yo7 %
h—ut h—ut °
0.75% (eXp.) I o 0.89 +0.40 %
157%bs) [ T T I P A RN ST SR

0

2

4

6 8

10

95% CL Limit on Br(h—ut), %
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Search for H—=ut
m [ CMS-PAS-HIG-14-005 ]

0 Best limits on 1

19.7 fb™, \s =8 TeV

CMS preliminary

o=
T anomalous > °°
Yukawa 10"
couplings.
1072 fromemst e
[l S
10 -

10 1073 102 10" 1
I
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Search for H—=ut
m [ CMS-PAS-HIG-14-005 ]

0 Best limits on 1

=

T anomalous > °°

19.7 fb™, \s =8 TeV

CMS preliminary

Yukawa 10"

couplings.

o Higgs flavor _, [ — e
sector could 107 e N £

hold surpriseu\’

-3
103 o .

1 0-4 l".°\° v i
10 1073 102 10" 1
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Search for H—=ut

m [ CMS-PAS-HIG-14-005 |

CMS preliminary 19.7 fb", \s = 8 TeV

RANS

10™ 10° 102 10" 1
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& New search for ttH with H—bb

m [ CMS-PAS-HIG-14-010 ]

0 Improved performance:
o Event probability (Ps/b) based on matrix element probabilities.
o Single lepton (SL) and di-lepton (DL) topologies.

Best with identified W—jj (SL Cat-1).

0 Reduced dependency on tt+HF modeling.

0 Clearly a hot topic for Run 2.

CMS Preliminary Ys=8 TeV, L=19.5 fb™
Por |
<o.1sM>o.1s

SL Cat-1 (H)

-#-Data H (125)
1Bkg. Unc. +If
—itiH (125)x 10 EM{f+cc

Mi+o
I (i + bb
I Single top

Data/MC
T
L ¥
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New search for ttH with H—bb

307 [ CMS-PAS-HIG-14-010 ]

0 Improved performance:
o Event probability (Ps/b) based on matrix element probabilities.
o Single lepton (SL) and di-lepton (DL) topologies.

Best with identified W—jj (SL Cat-1).

0 Reduced dependency on tt+HF modeling.

CMS Preliminary Vs=8 TeV, L=19.5 fb"

0 Clearly a hot topic for Run 2.

\

CMS Preliminary Ys=8 TeV, L=19.5 fb™

o |
<015 >0.15

SL Cat-1 (H)

Events

-#-Data
1Bkg. Unc.

— {fH (125) x 10

—_
o

| = Exp. 68%
- Exp. 95%
-o-Median exp. (signal injected)
-»- Observed

95% CL upper limitonu O/GSM

Py | | |

2 I I SL Cat-1 SL Cat-2 SL Cat-3 DL All comb.
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& New search for ttH with H—bb

[ CMS-PAS-HIG-14-010 ]

0 Improved performance:
o Event probability (Ps/b) based on matrix element probabilities.
o Single lepton (SL) and di-lepton (DL) topologies.

Best with identified W—jj (SL Cat-1).

1 Reduced dependency on tt+HF modelingbﬁ1

CMS Preliminary s=8 TeV, L=19.5 fb’’

o/

1 Clearly a hot topic for Run 2.

CMS Preliminary Ys=8 TeV, L=19.5 fb™

o |
<015 >0.15

Events

-#-Data
1Bkg. Unc.

— {fH (125) x 10

Best fit of u

I i + bb

I Single top - ]
20 ]

E

o -

of -

- | | ]

-10 |
SL Cat-1 SL Cat-2 SL Cat-3 DL All comb.

- P, — Ps(bbbb)
2 S/b PS(bbbb) '|‘XPB(bbbb) +(1 _A)’PB(bb.i.i)
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n Tensor structure
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Spin zero amplitude in H—=VV
Sl

1 Parameterization in terms of cross-section fractions:

fa3z = 210 ¢a3 = arg (a_?’)
a - 3 =
|a1|2c71 + |a2|2c72 -+ |613|20'3 -+ 5’A1/ (A1)4 a1
|a2|2<72 a
fa2 — — (PaZ = arg | —
|ﬂ1|201 + |a2|202 + |a3|2f73 +0p,/ (/\1)4 a1
oa./ (A)*
far = a/ (M) IND

a1|%01 + |az|?00 + |az|?03 + Op, / (1\1)4
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Spin zero amplitude in H—ZZ—44

[ arXiv:1411.3441 ]

\
7%

0 Full final state available:

0 Kinematic discriminants reducing to 2D or 3D.

o 8D likelihood fit.

2D scans of anomalous coupling fractions (real phases).
o But also done profiling over the phases.

0 No significant deviations from SM found.

CMS 19.7 ib™ (8 TeV) + 5.1 f™! (7 TeV) ,_&/,7 1 CMS 19.7 o' (8 TeV) + 5.1 fb™! (7 TeV)
R — "S5 oL o) s —— ——— N
i _ 2Nk - —95% CL -
,0_=0or ---68% CL (3D) . .0 =0orm
L 0.»0., T oL 6D % . 16,0, 8% oL ™16 <
---68% CL (8D)} - K =
x Bestfit (;gB d 8 S < Best fit 14 ::
¢ SM,/ ~ 05— \\\ ¢+ SM 1
- | H—< : L N
i L - 12
] I 10
-------- = 0
7 B 1 =18
| i 1 16
7 -0.5_— 14
. B . 2
-1 L PRI RS T T
. 1 -1 -0.5 0 0.5 1 0
fa3 COS(0,5) f 5 COS(0,5)

measuring.higgs@cern.ch  HiggsTools School - June 2015



Spin zero amplitude in H—=VV

m [ arXiv:1411.3441 ]

0 Anomalous couplings formalism:
O a, is the SM amplitude.
o A, is a higher-term of an expansion in momentum.

O a, and a, control the CP-even and CP-odd amplitudes.

0 Parameterized using fractions of cross-sections: f_,, f ., f 3, fo;-

A(X]:() — V1V2) ~ p 1 a1 — ¢

p f;ng1)f (Z2),uv 4+ f;t (Z1) f-* Z),uv
Z’Yf*(z f*('y UV ag%’yfyv )f*('y),],w

4+ az’)’fyv’}’l f*('yz),;n/ + ag’Yf;IS’Yl)f’*(fyz),yv)

-
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Spin zero amplitude in H—=VV
Sl

0 Anomalous couplings formalism:
O a, is the SM amplitude.
o A, is a higher-term of an expansion in momentum.
O a, and a, control the CP-even and CP-odd amplitudes.

0 Parameterized using fractions of cross-sections: f_,, f ., f 3, fo;-

Zy (*(Z) Ja +u3Z"f;f§Z) Oy

-+

N
N
=
<

+ a7 e g g0 pe(m) f'*(frz),w)
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Spin zero amplitude in H—=VV
BT I

0 Anomalous couplings formalism:
O a, is the SM amplitude.
O A, is a higher-term of an expansion in momentum.

O a, and a; control the CP-even and CP-odd amplitudes.

0 Parameterized using fractions of cross-sections: f_,, f ., f 3, fo;-

+ ;521)f*(zz),yv +a3f;1SZ1)f*(ZZ)’VV

Zy *(Z)f*(r)/)/VV + a3z')’f;1gz)f*(’)’)lyv

-+

N
N
=
<

+ a7 e g g0 pe(m) f*('rz)w)
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Spin zero amplitude in H—=VV

m [ arXiv:1411.3441 |

0 Anomalous couplings formalism:
O a, is the SM amplitude.
O A, is a higher-term of an expansion in momentum.
O a, and a; control the CP-even and CP-odd amplitudes.

0 Parameterized using fractions of cross-sections: f_,, f ., f 3, fo;-

o 07, 47
A(Xj=o = V1V2) ~ o1 .—e’¢A1 1 2 m%e}lez

as frs ez

aZ7 f*(Z) Frma

) + ag’ny(’Yl)f Y2 ,;w)

a, terms
CP-even (scalar)
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Spin zero amplitude in H—=VV
BT

0 Anomalous couplings formalism:
O a, is the SM amplitude.
O A, is a higher-term of an expansion in momentum.
O a, and a; control the CP-even and CP-odd amplitudes.

0 Parameterized using fractions of cross-sections: f_,, f_,, f 3, fa;-

A(Xjzg = VW) ~ o .—e

a, terms
a, terms CP-odd
CP-even (scalar) (pseudoscalar)
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Spin zero amplitude in H—=VV

0 Anomalous couplings formalism:
O a, is the SM amplitude.
O A, is a higher-term of an expansion in momentum.
O a, and a; control the CP-even and CP-odd amplitudes.

0 Parameterized using fractions of cross-sections: f_,, f_,, f 3, fa;-

A(Xj—g > ViVa) ~ ot

*(71)
}»ll/

*
JUV e ag”)’ fwg’)’l)
a, terms
a, terms CP-odd

f*(’Yz) f’*('yz),;w

TY
+ 4,

CP-even (scalar) (pseudoscalar)
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CE/RW

\
N,

m [ arXiv:1411.3441 ]

f,, cos(0,,)

-0.5

o Full final state available:
o Kinematic discriminants reduce 8D to 2D or 3D.

“% 1 2D scans of anomalous coupling fractions.

Spin zero amplitude in H—ZZ—44

o Assuming real phases and floating the phases.

Cms

i ¢a2, ¢as =0orm

—95% CL T
-68% CL :
< Best fit

12

=

-
N

I

(&)

05
f 3 COS(d,;)

-2AInL

19.7 b (8 TeV) + 5.1 fb' (7 TeV)

Floating
phases

measuring.higgs@cern.ch

I
—95% CL
--68% CL ]
< Best fit

¢ SM

N}
-2AInL

1
fa3
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= H—ZZ—40Q — J=2 states

\
7%

m [ arXivi1411.3441 |

0 Broad range of hypothesis tests based on the
observables optimized for each case.

120 CMS H—Z2Z 19.7 fo' (8 TeV) + 5.1 fb' (7 TeV)
- —Observed ——Expected | [ [ 0 T T T 00T
100F @O + 10 [ R N S S S T S

2xIn(L,/ Ly)

roduction
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= H>WW—202v — J>0 states

\

N/,

320 | [cMs-PAS-HIG-14-012]

0 Broad range of hypothesis tests based on the
observables used for the SM measurements.

(0]
(@)

CMS X - WW 19.4 o' (8 TeV) + 4.9 fb™' (7 TeV)
-o- Observed --- Expected : : : : : : : : : :
Mo +% WS+
0" +2 S +26

03 J" *30

o)
o

-2 X In(LJP/ L,)
S

I
CMS i 19.4m"(aTeV)u.sm"(rreV) 1 0 :
P e e Esaw I AN - :
< 0.16 99—>X(2)—>WW - 0 : - f
E F— ] [ i
£ 0M4F | :
-3 K
o 0.12 N
3 W= -1 0 :
3 01 \ :
» Y . .
= 0.08F 20 P : 1
B - M | . H
E 1
0.06F H
u I
0.04

=30 20 -10 0 10 20 30
-2xIn(L  /Ly)
J

~
S~

gg proau tion
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H—>VV combination on J>0 states

[ CMS-PAS-HIG-14-012 ][ arXiv:1411.3441 ]

1 Combination of HHWW—202v and H—ZZ—44(.

EM§ Unpublished 19.7 fo' (8 TeV) + 5.1 b (7 TeV)
T T T

F T | T T T I T T T l T T T ] T T ]
0.09F ad— X(1) > ZZ+WW =

— Observed

0-082_ —o _i
0-072 :: _
0-062
0.05 ;
0.04 ;
0.03 ;
0.02 ;
0.01 z
ot LN e S
-2xIn(L  /Ly)

Pseudoexperiments

Hypothesis test for 0" vs. 1-
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H—VYV combination on J>0 states

[ CMS-PAS-HIG-14-012 ][ arXiv:1411.3441 ]

1 Combination of HHWW—202v and H—ZZ—44(.

0 All tested hypotheses excluded at more than 99.9% CL..
W Unpublished 19.7 fo' (8 TeV) + 5.1 fbl" (17 T?V)_

F T I T T T I T T T l T T T l 3
0.09F ad— X(1) > ZZ+WW =

0.08 ;_ '—.. Observed

0.07
0.06
0.05F
0.04F
0.03F
0.02F
0.01F

%0

Pseudoexperiments

60
-2 X In(LJP /L)

-20

Hypothesis test for 0" vs. 1-

h9

CMS X —ZZ + WW 19.7 b (8 TeV) + 5.1 fb™ (7 TeV)
0" £20 WS +26
° y 1 e~ | 1‘;‘: Ini e '
~ﬁww«ﬁ+wwww”¢wm

[ -e-Observed ---Expected T
F Mot WSt
ad ; gg production qq production
J=1  Spin 2 prod. via gluon fusion

-

measuring.higgs@cern.ch HiggsTools School - June 2015



I Combined m_, measurement
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c{RW
\
N,

The fate/character of the Universe

[ JHEP 08 (2012) 098 ]

s 180 T
200 g W0
> -=" Meta=itability. - -~
15 —
(é 0 £ 175 = ==
s =
2 100 4
: e [
Q- .
& g 170 L-
= ' > .-
50 H k) .
i ot ] Stability
O PSS Y S S S S S S S S S S | n ]65 o L L L L 1 L L L L 1 L L L L 1 s L L ' ]
0 50 100 150 200 115 120 125 130 135
Higgs mass M), in GeV Higgs mass M), in GeV

0 The SM vacuum stability depends crucially on the
masses of the top quark and Higgs boson.
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&) Mass peaks: mass measurements

19.7 b (8 TeV) + 5.1 b (7 TeV)

= x10°F
§ 35F I_?!")% S/(§+B)D v:/eighted sum
12] i L CMS 5.1fb"; Vs =8TeV,L=19.7fb"
N - oo | B asb | T bae
> F B s O] 35:_ -
B 2 [ TReag) T e ™ — [ zex ]
. .f ~ 30¢ ? . E
5 15 \\\?4 g 7y 2z ]
= 1F O o5 _
—~ E 0 =1.140% > - m, =126 GeV
B o5f myorporoucey EPIC74(2014)30787 W R
%) - o0 FRD 89, 092007 (2014) 1
T e e ——— N . ]
200 ¥ ]
i 151~ -
100 N i
: 10F E
-100...1In...l..||I|.||l||||I||11I||||I|||| - '
110 115 || 120 125 |[130 135 140 145 150 S [ l
m,., (GeV) ! 1 i :
\ y 0 80 100 120 0 160 180
my, (GeV)
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Mass peaks: mass measurements

St S B B L B R BN R

o o [Ldt=4.5f" Vs=7TeV ATLAS 3

e T [Ldt=20.310" \5=8 TeV 4 Dat =

5 . aia -
g 160 : :A/:sv:e::gzjrsel::;nt categories Comblned flt _: > _I | I UL | LI LI | L | LI | L LI L
N L — Signal+background n e
140:_ - -+ Background = 8 35 — ATLAS ¢ Daa ]
120;_ — Signal _; 10 E H 5 77* — 4] |:| Signal (m,, = 124.5 GeV y1 = 1.66) E
100 — — S 30 =7TeV:det=4.5fb i u
~ 1 o B - Background Z+jets, tt ]
e R 94 = \E=8TeV:det=20.3f'1 p . . .
60: . o 25 — ///% Systematic uncertainty ]
— -1 S N ]
- J L B ! 1
of- 3 20F PRD 91, 012006 (2015) -
== PRD 90, 052004 = ]
| TR I W 15 .
g z:— - 2
B KA ! 101 .
2 IR : z
g - 7
N OgE | | . | S H

110 120 130 140 150 160 |l o 7
m,, [GeV] 0
I
80 90 100110120130 140 150 160 170

m,, [GeV]
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Mass measurement

CERN
\

-2InA

my

7 _I I T TT I T TT I T TT | T TT T TT T T 1T | T 1T | T TT | T TT
- ATLAS —— Combined yy+4i ]
C \s=7TeV [Ldt=451b" —  Hoyy ]
C \s=8TeV [Ldt=20.3fb" —  Ho 77" 4 ]
5:_ ------ without systematics _:
4 :_ ........................................................................ _:
3 -
2F =
L N N A =
:I | 1111 | | | 1 | | | 1 \ I'I ] | I | | 1111 |—
0 123 123.5 124 1245 125 125. 5 126 126.5 127 127.

m,, [GeV]

ATLAS _ oms

125.36 £0.37 (stat.) £0.18 (syst.) GeV

1o

5

-2AInL

19.7 fb’ (8TeV)+ 5.1 fb" (7TeV)

10T e
of CMS —— H— ZZ tagged
: H vy +H— 77 Combined:
8f My, 1 (9gHttH), . ::g: ;nﬁySt'
e u (VBF,VH) p E
: u = 1250205 (stat)’> ¢ (syst)
6F E
5F :
4 -
3F E
2F E
1F ;
0: Lo oy L1 ,/ L
123 124 125 126 127
m, (GeV)

125.02 £0.27 (stat.) £0.15 (syst.) GeV

Naive average: 125.15 £0.25 GeV
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@ More on mass
&)
|

< T
s ¢ ATLAS
\ B m=7Tayﬂ&=45m4 1
10: \s=8TerLdt=20.3fb _:
B § 1277‘(1.’:’.745‘\/?{1‘1:4.;1{:"‘ . e
8 —_ E:r \sx = t; :::/mmt =20.3fb" 1
i [ - i
4j‘ """""""" e """""""""" ”:_22(1”/\(0)
N TSNP TRT ]
21 ~
I A NG~ (R e R :10
0050 08 1T 15 2 25 3 35 12
Am, [GeV]
0 Slight difference in ATLAS results:
n1 YvY n1 1l —

1 47 +0. 67(s'ro’r) +0.28(syst.) GeV
1.976 (p=4.9%).

Using more conservative energy
scale uncertainties: 1.80 (p=7.5%).

-2AInL

rYr.
my” 7 -my

- CMS

19.7 o' (8 TeV) + 5.1 16" (7 TeV)
| H—>yy+H—>ZZ

K (9gHttH),

it}
uw(VBF,VH), m,

IlIllllIlllllllllllllllllllll

|

| il

F ol

R | ST

1

1 1

111

O a4 NN W & 00O N 0 © O

-2

1.60.

measuring.higgs@cern.ch

HiggsTools School
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ol
-0.5

0

my} - m¥ (GeV)

- June 2015

0 In CMS, less significant and
with opposite sign:
22 = .0.9 £0.6 GeV



= ATLAS+CMS m,, in PRL

0 First ATLAS+CMS ! !
publication.

0.2% precision.

0 PRL Viewpoint by Chris
Quigg: “With LHC Run 2
[we] can look forward to a
new round of exploration,
searches for new phenomena,
and refined measurements.
Combined analyses [...], such
as the measurement of the
Higgs boson mass discussed
here, will help make the most
of the data. We still have 80.25 | !
much to learn about the Higgs 160 170 180 190
boson, the electroweak
theory, and beyond.”

80.45 -

80.35 -

Top quark mass (GeV)

W boson mass (GeV)
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= ATLAS+CMS m,, in PRL

0 First ATLAS+CMS ' !
publication.

0.2% precision. 80.45 _

0 PRL Viewpoint by Chris
Quigg: “With LHC Run 2
[we] can look forward to a
new round of exploration,
searches for new phenomena,
and refined measurements.
Combined analyses [...], such
as the measurement of the
Higgs boson mass discussed
here, will help make the most
of the data. We still have 80.25 | 1
much to learn about the Higgs 160 170 180 190
boson, the electroweak
theory, and beyond.”

80.35 -

W boson mass (GeV)

Top quark mass (GeV)
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For the record

CERN
\

1 ~5150 authors.

1 Found that there are two:

o Archana Sharma

(both CMS)
o Andrea Bocci
o Muhammad Ahmad

o F M. Giorgi
(one CMS, one ATLAS)

nature.com Login : Register

nature

L=

Physics paper sets record with
more than 5,000 authors

Detector teams at the Large Hadron Collider
collaborated for a more precise estimate of the size of
the Higgs boson.

Davide Castelvecchi

15 May 2015

CERN

Thousands of scientists and engineers have worked on the
Large Hadron Collider at CERN.

A physics paper with 5,154 authors has — as far as anyone
knows — broken the record for the largest number of
contributors to a single research article.
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&) Combined LHC mass measurement
e ————————

Signal strength (u)

N
4]

1.5

0.5

I I [ | I I I I I I I I I | I I I I I I I I I I I I | I
: - == ATLAS H—yy :
| ATLAS and CMS === ATLAS H>ZZ—4] _
- LHC Runt1 . CMS H—yy .
— CMS H—ZZ—4l —
B PPELEER —— All combined |
n . _
A X Best fit |
— —— 68% CL —
[ i
| ! S s _
B l‘ >< ‘, - . . B

. .
— A ‘, s —

s g 3 )
: “a . : X ,,,2 p :
B é_ - - _X_ "‘,_: "' |
B "------\\f“:—"' |
B | | | | | | | | I 1 1 | | | | | 1 I | | | 1 I 1 | | | | | | 1 | ]
124 1245 125 125.5 126 126.5 127

m,, [GeV]
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CERN
\

Combined LHC mass measurement
I Iz

ATLAS and CMS

LHC Run 1
ATLAS H—yy
CMS H—yy ——
ATLAS H—ZZ—41 | /

CMS H—ZZ —4l

ATLAS+CMS yy

ATLAS+CMS 41

ATLAS+CMS yy+4l

Fe—Total | |Stat. 1 Syst.
Total  Stat. Syst.
F———F— 126.02 £ 0.51 (+0.43 £ 0.27) GeV

124.70 £ 0.34 (+ 0.31+ 0.15) GeV

124.51+ 0.52 (+ 0.52 + 0.04) GeV

125.59 + 0.45 (£ 0.42 + 0.17) GeV

125.07 £ 0.29 (£ 0.25 + 0.14) GeV

125.15 + 0.40 (£ 0.37 + 0.15) GeV

125.09 + 0.24 ( + 0.21 + 0.11) GeV

123

127 128 129

m,, [GeV]
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\
N,

= Combined LHC mass measurement

m [ arXiv:1503.07589 ]

m?7—my| [GeV]

2
15
1
0.5
0
~0.5

1
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_IIII|IIII|IIII|IIII’IIII|IIII|IIII|IIIl
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=
>
(0]
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>
o
)
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/4

X Best fit

— 68% CL
--==95% CL

A
~

III|IIII|IIII|IIII|IIII|IIII|IIII|III

-15 -1 05 0 0.5 1 1.5

2
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H
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Combined LHC mass measurement

[ arXiv:1503.07589 ]

CERN
\

ATLAS H—yy

Compatibility

ATLAS H—ZZ -4l

CMS H—ZZ—4l

A number of different models to check
compatibility of the result ... ATLAS+CMS 77 »-%—u

ATLAS+CMS 4l I—=s+—  ATLAS and CMS

ATLAS+CMS yy+4l LHCIRUH

3u+d4m 124 125 126 107 128
Four masses m,, [GeV]

6u+4m
Both

Least assumptions
made

Gt

Six signal modifiers

[ Educated guess ]
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Combined LHC mass measurement

[ arXiv:1503.07589 ]

° ol ATLAS H—yy R M g = |—l—| Total
Compatibility o | v
ATLAS H—2ZZ—4] —e— 1 Syst
A number of different models to check AR I s
compatibility of the result ... ATLAS+CUS 11 =
ATLAS+CMS 4 }—=e=— ATLAS and CMS
3u+4m ATLASCMS yyoat | 1 ----------- FE}I’;HCHUM ---------------
e s o S s A

with 4 masses

The actual compatibility between the
combined value and the 4 measurements

What we “see” when looking
at the 4 measurements in the
plot.

6p+1m
Six signal modifiers

Chi2 p-values

[ Educated guess ]

Results compatible within 20!
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@ Combined LHC mass measurement

my = 125.09 £ 0.21 (stat)
Uncertainty is mostly statistical +0.11 (Scale)
+0.02 (other)
Tmesewnmosss 4001 (theory)

improve with more data!
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One model
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One model

. ‘Jﬁ |

Fiat 126
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One model

Iligli-perlormane saloon

Willys Moftors 8

(AUSTRALIA) PTY. LTD. 79 YARRABANK ROAD, SOUTH MELBOURNE. 69-7411
594 ELIZABETH STREET, MELBOURNE. Phone 34-1519

Fiat 126
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One model

Iligli-perlormane saloon

Willys Moftors 8

(AUSTRALIA) PTY. LTD. 79 YARRABANK ROAD, SOUTH MELBOURNE. 69-7411
594 ELIZABETH STREET, MELBOURNE. Phone 34-1519

Fiat 126
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oing off-shell
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— involved processes

Backgrounds
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H* — off-shell

m [PLB 736 (2014) 64 ][ JHEP 08 (2012) 116 ][ PRD 88 (2013) 054024 ][ arXiv:1311.3589 ]
—

01 Define r =Ty/ I"IS_IM > E AN .
(D 107k /N gg— ZZ — 4l, signal only
0 On-mass-shell we have O F /LN
242 e 10.35 ' h \‘\ = o
- KoK N E | \ *
Ugg_ﬁ-fi(zz :‘LZ’(‘T' B)sm F EFE /- VN .
. E 10°s | T T e
T B AT
B R ; FR
° -5 ,'_._ ! || \ -
0 Off-mass-shell there is no r: T 0T 4, ey
off—peak off —peak,SM Y : :'T e SM
do, gs2HZZ _ o2 d‘ng—>H—>zz 10° o I\ ‘
dmzz -1 dmzz A N r 'gszgHgg'
107 = + N ol ] v
+ SM _gSM gSM_
o Can make inference on r from on- ool T S, L g[8
° r ’ H
and off-shell assuming: | T [k vy
8 TeV L L 5 2
O Kyrnell = Motfoshell 2x10? 3x10 4x10
on-she oTr-she m4| (GeV)

o Only SM processes — ZZ:
= gg—H"
" gg = |gg—H" + gg—non-H|?
m |gg—H*|?+ |gg—non-H|?
= Total = gg + qq

7| pb]

d
Dz

100 2M 2M; 1000
Mzz GeV]
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& H* — going off-shell
T N e

2 2
doge sH 77 8eeH8HZZ
~ 2

2 2 :
dmz (Mm% — mip)* + miTh 1070 |

102 |

8 TeV

HTO powered by complex - pole - scheme

g t 1 /

— 1073 -
th o > z
~§§ I
g t 7 SERCRN
NS F
1075 ’

106

2myy, 2mz, and 2m,
threshold effects
100 2 Mz 2 M 1000

Myy [ GeV]
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* — goi ff-shell
@ H™ — going off-she
\
346 | [PLB 736 (2014) 64 ][ arXiv:1206.4803 ] 2MW

WWII

2 2
doge sH 77 8geH8HZZ

dm7;, (M%7 — mip)? +myTE

8 TeV

HTO powered by complex - pole - scheme

2 2
(Ton—she]l ~ gggHgHZZ
gg—H—ZZ mul'y

107 |

= L
(@}
ok
’B% 10—4 [ E
5N = 1
(AN o :
10—5 | :: : WW A
106 h ' __
2myy, 2mz, and 2m, E
threshold effects
100 2 My 2 My 1000
Myy [ GeV]
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& H* — going off-shell

2 Mw

[ PLB 736 (2014) 64 ][ arXiv:1206.4803 |

WWII

2 2
doge sH 77 8geH8HZZ

dm7;, (Mm% — mip)? +myTE

8 TeV

Oge sH—ZZ ™ (2mz)2

1076
2myy, 2mz, and 2m,

threshold effects

2 2 h
on—she]l g ggH g HZZ : : HTO powered by complex - pole - scheme
Oge sH—ZZ ™
88 111}{Iﬂ}{
2 2
off-shell 3 ggHSHZZ

Myy [ GeV]
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& H* — going off-shell

2 My
s | i 736 01y bt 206.303)
2 2 WW,
doge 1277 8eeH8HZZ g
2 2 2 !
dmz, (m%y —mi;)? + my T !
s 9 :
(Ton—she]l -~ gggHgHZZ ¥
gg—H—ZZ mul'y
2 2
goffshell 8ggHSHZZ
gg—H— (2mz)?

off-shell
gg—H—>ZZ

on-shell
gg—H—>Z7Z

o

I'n

106

2myy, 2mz, and 2m,
threshold effects

8 TeV

HTO powered by complex - pole - scheme

measuring.higgs@cern.ch
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& H* — off-shell decay to ZZ

m [ PLB 736 (2014) 64 ]

19.71b" (8 TeV) + 5.1 fb' (7 TeV)

0 Two channels exploited: € 10f— 4 observed
< IEERnEE 41 expected
D ZZ_)4Q. C\'j —— 2/2v + 4l . observed
. 3 ’_ ...... 212v + 4l . expected
[ | 2D: m4Q qnd gg Vvs. 99 CombinedZZobserved
d iscriminant. : ------- Combined ZZ expected
61—
m Jet-inclusive m; shape. A T esmoL |
ol
11 Observed limit lower than e oL
expeCTed 00 1(;?.—1—[ I210l - I3|0l - l4|0] - l510l - I610l .
y (MeV)
obs.(exp) [ I
/MM (95% CL) <8.0(10.1) < 8.1(10.6) < 5.4 (8.0)
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The Future
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@ Looking ahead
G

0 300 fb! at 14 TeV:

Vast improvement over
present datasets.

Room for theory
improvements.

measuring.higgs@cern.ch

CMS Projection

Hovyy

H— WW

H->2Z2Z

H— bb

Ho1xt

Expected uncertainties on
Higgs boson signal strength
No change in systematics

| 1 1 I I |
— 300f™at s =14 TeV Scenario 1

F— 300f™at Vs =14 TeV Scenario 2
Exp. syst. ~ l/\/lumi.
Theo. syst. / 2

)

00 1 1 L L 0.05 1

| | | 1 | L | 1
0.10 0.15
expected uncertainty
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CMS Projection

° I R R —

LO O k I n g CI h e CI d Expeé:ted uncertaintiels on — |300 o'at (s=14 TeV|Scenario1
=]
352 |

Higgs boson signal strength F— 300" at s =14 TeV Scenario 2
No change in systematics Exp. syst. ~ l/\/lumi.
Theo. syst. / 2

Hovyy

0 300 fb! at 14 TeV: oW

. H— ZzZ
Vast improvement over
H— bb
present datasets. i
Room for theory T
. 0.00 0.05 0.10 0.15
iImprovements. expected uncertainty
CMS Preliminary Standard Model H —pp
8 Rl T
£ s .
0 For (HL-LHC) 3000 fb-1. ? o E

H—uu at > 50.
Can we get to the Higgs

self-coupling?

O-""I""I P
1500

0 500 1000

Integrated Luminosity [fb™]
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&) X—>HH—>bBW and the future

[ CMS-PAS-HIG-13-032 ]

. CMS (Unpublished) L=19.7 fb" \s =8 TeV
> ign rA=
0 First step towards %l S | [
H o Q E e M, = 500 GeV x 8 I standard model Higgs
o N L --+ My =700 GeV x 17 B Z/W+g/
|'WO Iggs ® 10° E -~ My = 1000 GeV x 48 t/tt+gg/g?
h § - [ acb
measurements at the @[ X = HH = yybb
HL-LHC.

600 800 1000 1200

kin
m (GeV)
* ° ° CMS Preliminary L=19.7 ft' (s =8TeV
D o r n OW S e TT I n g I m I TS E WED: ki = 35, k/Mpl = 0.2, elementary top, no r/H mixing
| 5 § —radion (Ag=3TeV)  ...o... Observed 95% upper limit
10°E  —radion(Ag=1TeV) Expected 95% upper limit
E ---- RS1 KK-graviton I Expected limit= 10

=== Bulk KK-graviton Expected limit+ 20

on radion production

from warped extra

1;;’

101

dimensions.

o(pp — X) x BR(X = HH — yybb) (fb)

102 Cf e e e e e L L L
300 400 500 600 700 800 900 1000 1100
my (GeV)
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More on theory
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& Decompose all the kappas
B

Production Loops Interference Expression in terms of fundamental coupling strengths

o(ggF) v b—t Kz~ 106k +0.01 - —0.07 - kikp
oc(VBF) - - ~ 0.74 15 +0.26 - k5
oc(WH) - - ~ K
o(qq > ZH) - - ~ K
o(gg > ZH) V Z-t Ky~ 227-%+037 k7 - 1.64 - kzke
o(bbH) - - ~ K%
o(ttH) - - ~ %
o(gb > WtH) - W—t ~ 1.84-1ct2+ 1.57-1(%v —2.41 - xxw
o(gb — tHq’) - W —t ~ 3.4.-x?+3.56- k5 —5.96 - kkw
Partial decay width
Tob - - ~ K
FWW - - ~ K%V
Izz - - ~ K
Irr - - ~ K2
| - - ~ Kfl
L, Vv W—t K2~ 1.59-x% +0.07 - k7 — 0.66 - kwk
Iz, Wt K, ~ 1121, +0.00035 - k¢ — 0.12 - kw
Total decay width
- 0.57 - ¢ +0.22 - i, + 0.09 - i3+
Iy v Y 2~ 006k +0.03- 1 +0.03 - k+

0.0023 - 1 +0.0016 - &, +0.00022 - ;
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& MSSM (R.Contino)

m [ http://cern.ch/go/W96V ]

= Shifts to tree-level couplings due to mixing with heavier Higgs

COS sin «

cy =sin(f—a) ¢ = sin B3

T N,

if ¢t > 1then cp <1
and viceversa

cp = —
b cos 3

cy always reduced

h? _ (cosa
H° ] \sina

v
tan 3 = —
Vdq

—sina RBHE
cos & R;eHg

Yukawa Couplings: General Type—II 2HDM

30F° :
"Up—Suppressed" Shaded:
—— General
Only two regions in the (¢t ¢) plane 250w [ --- $§>;5 )
..... >
accessible in a generic Type-ll 2HDM :
2'0 e -
Cp 15F____ [ .
Down-Suppressed region almost not 10 N
accessible in the MSSM for tan 8 > 1 S
H \
1] T SRRLRPTTEOPY \\‘ "Down—Suppressed" .
\
1
1
00F, i : Y i . &
see: Azatov, Chang, Craig, Galloway PRD 86 (2012) 075033 00 05 10 L5 20 25 30
Ct

measuring.higgs@cern.ch
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& MSSM (R.Contino)

[ http://cern.ch/go/W96V ]

CMS Preliminary {s=7TeV,L<5.1fb" ys=8TeV,L<19.6fb"

L N N B

Ku 14

1.2

1.0

| Suppressed 3

L |

rrrrrrrrort T

lllllllll

0.8

0.6

0.4

0.2

0.0||||||

77

Up-Suppressed |

.
......
i .
---------

lllllllllllllllll

Illllllllllllllllllllll

0

For the impatient ones here is a theorist’s
combination of ATLAS+CMS+Tevatron:

from: Azatov, Galloway Int. J. Mod. Phys. A28 (201 3) 1330004

1 2 3
)\du = Kld/K/u

measuring.higgs@cern.ch

the current fit by CMS seems to favor the
MSSM region, though errors are large

It would be nice to see the same plot by
ATLAS and even nicer to see plot in the
plane (Ky, Kq)

sl S S R N ]
- Up—Suppressed : :
[ Typell]:
10
Cp /
68,95,99% CL
05 | LHC Down-—
[|===w/Tevatron| [i |\ - L7 | U0 S
Suppressed
Best Fits (LHC) [ TypeIl']
@ Global : :
* TypeIl
00 L i i i i i i i
0.0 02 04 0.6 0.8 10 12 14

Ct
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& MSSM (R.Contino)

[ http://cern.ch/go/W96V ]
w Shifts to loop-induced couplings due to squarks

CMS Preliminary {s=7TeV,L<5.1fb" {s=8TeV,L<19.61b"

o 200t e TR s e to =BT Le 198

=) L LA ELE e B B B B ¥ C K., K -1/3 ]

* 22:_' ATLAS Preliminary ~ +sm - 1.81 LA B
Eis=7TeV,JLdt=46-481f" x Bestfit E 16k E
2F \s=8Tev, [Ldt = 13-20.7 fo! — 68% CL - -

1.8 ---- 95% CL = 1.4F R
1.62— —; 1.2 e P2, _
1.4 - :_ ............ T T . _:
- 3 1'0:'"' // N ]
1.25— _E 08:'_ \\ +.p \\ _
1 E e SImopes b
0.8F - 06 T | W ' ]
0.6 3 0.4F E
08 1 14 12 13 14 15 16 17 18 0.2 E
K 0.0 — et P -

! 0.0 0.5 1.0 1.5 2.0
Y
Small mixing: ) I'(g9 — h) enhanced Large mixing:  w) I'(99 — h) suppressed

I'(h = 7vYy) suppressed I'(h = vy) enhanced
P1: mg = 100GeV, mz, = 300GeV, 6; =0 P3: mz =400GeV, mz,=1000GeV, 0; = /4
P2: mg = 200GeV, mg, = 500GeV, 6; =0 P4: m; = 500GeV, m;, = 1500 GeV, 0; = w/4
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& MSSM (R.Contino)

m [ http://cern.ch/go/W96V ]

" Implications on the masses of the heavier Higgses

a— f—m/2

In the decoupling limit:

ey =1 @ +0(A%)
f

starts at O(mp*)

cp most sensitive probe of
spectrum of Heavy Higgses

Notice:

masses of Heavy Higgses are not
linked to naturalness of m, anyway

measuring.higgs@cern.ch

e =1-A gz +0(A?)

1
an’f

Cb=1—|—A-|-O(A2)

0% 501 wp mu > 300400 GeV

Co

Lighter masses (up to my ~200 GeV) however
simple to obtain in explicit models (ex: NMSSM)
with mild tuning of A

Barbieri et al. arXiv:1304.3670

see for example:
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5] The case for the SMH (R.Contino)

m [ http://cern.ch/go/W96V ]

CMS preliminary Vs=7TeV,L=5.115" \s=8TeV,L=19.6 1t

.._,>' _lllllIIlI|I|I||Il|---T--|IW|TIfT!l|
If one assumes that 5 oal o
s 200
. N — CMS data
1. The new boson is part of an SU(2). doublet Z sl (CL™ = 0.6%)
§ i oy
2. There is a gap between the NP scale and my o - A
o 0.06r CMS preliminary Vs=7TeV,L=5.116" (s=8TeV, L=19.6 16"

0.04] .

yeriments
©

_|ﬁ_r_[_1'

? ]

then it must follow: i S data
CMS Preliminary {s=7TeV,L=5.11b" \s=8TeV,L=19.61b"

N 2.0 \lll\||||||||\l\||||||[|||\||||||||||||
2 g H= WOt jey )
“ hhasspin0 Vv 1'6 Mz Kz K= ]

= b is (mostly) CP=+ v ]

. . All these independent tests 1
= There exists a correlation among ‘ 5

processes with 0,1,2 Higgs bosons |mportc|.n'r to confirm the picture
but their success comes less of a

L.
20 30

Ex: custodial symmetry v surprise given the fits on couplings |1, /L)
mw Cw

— W 1 Mz =X —1

mz cos Oy - cz Ex: There’s no reason why a JP=0- boson

should have SM coupling strength

“ There are no new light states to
which the Higgs boson can decay

2 CWw -
D HI*  vs > W WHHTH
Ex: Invisible width=0 v~
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‘ To loop or not to loop
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To loop or not to loop
B

Generic coupling fit

0 Assume custodial 0 Keep W and Z
symmetry ( Ky=Kw= separate.
K ). 0 Loops assuming SM
structure:

11 Loops treated

. o K _ (K., K.).
effectively (K, K ). o (Ko K1)

O Ky (Kw Ky Ko
K ).
0 Only SM-like decays.

0 Option to allow BSM
decays, forcing K, < 1.
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19.710" (8 TeV) + 5.1 6" (7 TeV)
CMS 68% CL

Preliminary = 95% CL

el e b b
p 0 05 1 15 2 25
O parameter value
b 19.7 fb' (8 TeV) + 5.1 fis' (7 TeV)
O CMS - 68% CL
e Freliminary Q5% CL
e
O
-
| -
o A e ——
O .
O b
o |
O M 1 1 1 1 _ ] 1 ] 1 1 1 1 1 _ ] 1 1 1 _ 1 1 1 1
= [ 0.5 1.5 2 2.5
= parameter value

HiggsTools School - June 2015
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l More on scalar couplings
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Signal strength
T T

1.00 + 0.09 (stat.) TS (theo.) + 0.07 (syst.)

19.71b" (8 TeV) + 5.1 fb' (7 TeV)

M ombine m, = 125 GeV
o Grouped by dominant Comtined o14| CMS :
P, = 0.96
deCCIy: H — vy tagged
n=1.12+0.24
2 —
= X /dOf — ]'0/5 H — ZZ tagged
n=1.00+0.29
o p-value = 0.96
. H— WW tagged
(asymp’ro’rlc) W =0.83%0.21
H — 1t tagged
n=0.91+0.28
H — bb tagged
n=0.84+0.44
T Cly
0 0.5 1 2

1.5
Best fit O'/O'SM
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Signal strength
aee ] Lonkmi4125662]
1.00 + 0.09 (stat.) TS (theo.) + 0.07 (syst.)

19.71b7 (8 TeV) + 5.1 fb' (7 TeV)

H : m, =125 GeV
0 Grouped by production contined | CMS
tqg: Untagged
m| X2/d0f — 5.5/4 uw=0.87+0.16
A p-valve = 0.24 e 8
asymptotic
( ymp ) VH tagged
[] "'H-'l'agged 2.00' qbo\,e n=083+0.35
SM. o

0 1 4

2 3
Best fit O'/O'SM
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@ Signal strength

k174

1.00 + 0.09 (stat.) TS (theo.) + 0.07 (syst.)

19.7 16" (8 TeV) + 5.1 fb' (7 TeV)
Combined

u=100:0.14 | IS m, =125 GeV

1 H — vy (untagged)
0 Grouped by production e s

tag and dominant decay: - (VHtag)
H— vy (ttH tag) n
_ H— ZZ (0/1-jet)
X2/d0f =] 0.5/] 6 H—s ZZ (2-jet)
H = WW (0/1-jet)
p-value = 0.84 H— WW (VBF tag)
. H — WW (VH tag)
(CIS)'m p‘l’OhC) H— WW (ttH tag) S E—
H— 1t (0/1-jet)
H — tt (VBF tag)

0 ttH-tagged 2.00 above v

H — 1t (ttH tag) [ |
SM- H— bb (VH tag)
[ ) H%bb (ttH tag) 1 1 1 I 1 1 I [l I 1 I 1 1 1
Driven by one channel. 4 2 0 6

2 4
Best fit G/GSM
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N,

] Scalar coupling deviations framework
S o

Production modes Detectable decay modes Currently undetectable decay modes
OggH Ké (kb %, mu)  Dwwe 9 L'z _ .2
O’SM - K2 FSM = Kw FSM = K
ggH g WW ) tt
OVBF 2 r r
— (*) .
M Kypr(Kw, Kz, M) 27 = 2 88 see Section 3.1.2
VBF 'SM 'SM
OWH 2 2z °
— = Kw T FCE 2
SM i~ - =
OWH _bb 2 sMo— &
SM b FCE
0zZH 2 FbB
_ o K
g SM Z T FS§ 2
ZH vt 2 M = Kp
OttH sM T 5
- — K2 1:_1:+
SM t Lu—u+
o> T 2 w2
SM 2 Ty
8 %
Tz, K?ZY) (kp, K¢, Ke, KW, my)  Total width
SM 2 2
FZY K(Zy) I'g o Ki (Kia mH)
SM 2
FH Ky

0 Single state, spin 0, and CP-even.
o Narrow-width approximation: (6XBR) =c-T /T,
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= Scalar coupling deviations framework

N,

C

\

[ arXiv:1307.1347 ]

t
t ---H

Production modes t Detectable decay modes Currently undetectable decay modes
2 —_—

SM - ](2 SM \%% SM t

TggH 8 I vwe IS}
OVBF 2 T r
— = Kypplkw,xz,m 72(*) ug .

SM vBE (KW, Kz, M) _ 2 : 1
OVBF I‘SM( ) K7 SM see Section 3.1.2
OWH K2, zIz‘

SM_ _

o bb
M 'SM  — K
OZH . 2 bb
sM Kz
97H Lo .
s 2 FS¥+ - H o t w
= K TT b
g t 2 o
ttH FYY _ { Ky (KbaKtaK‘t)KW)mH) "
SM 2
F‘YY KY
Uzy KZZY) (kp, K¢, Ko, Kw, mp1)  Total width
- 2
F%l;d K(zy) I'm iy (i, M)
= 2
i Ku

O Loops resolved at NLO QCD and LO EWK accuracy.
0 Peg the as-of-yet unmeasured to “closest of kin”.
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N/,

[ arXiv:1307.1347 |

) Scalar coupling deviations framework

Production modes Detectable decay modes Currently undetectable decay modes
2 _
OggH kg (kb ke, mu)  Dwwe _ 2 Uit _ 2
oM T K2 SM = Kw M T
ggH g WW (%) tt
OVBF 2 r r
—— = K Kw, Kz, m 77 88 .
SM VBF( W, KZ, H) _ 2 _ 55
oo M = Kz TsM see Section 3.1.2
OWH 9 77 g8
— = Kw T. - FCE 2
oW bb 2 SRR
a7 2 bb
sM . Kz I'ss
o r._ — 2
ZH Tt 2 'SM = Kp
OtH 9 'sM = K sS
— -t
sMm K v r
TtH r 2 LT 2
tt VY _ { Ky (Kba Kt, K¢, KW mH) FSM = K
SM 2 Tty
I Y
I'z, B Kzzy ) (Kb, K¢, Ko, KW, mu)  Total width
SM 2
FZY K(zy) 'y o Ky (15, mp)
SM 2
FH Ky

0 Total width as dependent function of all K.

0 Total width scaled as free parameter: k. (invisible decays)
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\
N,

= Weak bosons and fermions

[ arXiv:1307.1347 |

Boson and fermion scaling assuming no invisible or undetectable widths
Free parameters: xy (= xw = Kz ), X¢(= K: = Kp = K.).

H—2ZZ®  HoWW® H-obb |H—-
ttH 7 (<) \ KB (<) KB (x:)
YVBI'P; ST RS TIRR /¢ 5‘-".':}" K%’ 'K%’ K%’ 'K?
7H ki (ki) 7 K (x:) i (xi)
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&) Probing custodial symmetry

Probing custodial symmetry assuming no invisible or undetectable widths

[Free parameters: kz, Awz(= kw /xz), k(= ke =k, = K:).]

H— vy ‘ H— Z2zZ™ H—- WWH H—-bb | Horth
ggH k2 (xe,xp,Ke Kz Az ) xZxZ x2-(xzhwz)? xFx?
ttH x; (xi) %2 (i) 2 (%i) T AC))
VBF Kypr(%z%zhwz ) (% ,%6,Ks Kz Awz) %y pr (Xz,%zAwz ) X7 k2 (X2 Kz hwz)- (xzhwz)? svpr(%z,XzAwz) xf
Kf{ (xi) "%{ (xi) KE{ (xi) K,%] (x:)
WH (xzsz)z-xggm XKf,51 Kz Awz ) (xzhwz)* x5 (Kzlwz):'(\(zlwz)z (kzhwz )2 X2
xig (xi) xip (xi) wig (i) Kz (%i)
ZH X% Xy (K¢ Kr X5 XzAwz) Xy Xy xz-(xzhwz)? KK
x%{ (xi) KQH (xi) KH! (i) K§H (i)
Probing custodial symmetry without assumptions on the total width
\ [Free parameters: kzz(= xz - kz/xu), Awz (= xw /xz), Arz(= xr /xz). _
H— vy 1 22% H—-> WWH Hobb | Hotth
H
gt%H X5zMpz - %5 (Apz, Mrz, Pz, Mwz) X570z %Gz - Myz Koz hiz Moy
VBF | x5, %0pr(L Myz) - 5 (Arz, Az, Mz Awz) | x55%0p(1 Myz) | %22%0mr(1 Myz) - Myz | X22%0sr (1 Myz) - Mg
WH K7z Mvz - & (M2, Apz, AFz, Awz) K7 Myz K7z Mz - Myz KzzMvz Mg
ZH 77 - & (Arz, Apz, Apz, Awz) K77 77 - Myz K57 " Mg
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. Probing custodial symmetry

[ arXiv:1303.6346 ][ ATLAS-CONF-2015-007 ][ arXiv:1412.8662 ]

19.7 b (8 TeV) + 5.1 16" (7 TeV)

_I 10: T T T T T T T T T I T T T T T T T T T :

€S 9 - CMS — Observed E

~ SO 1 i E

& C ATLAS Preliminary  ix,i,iel 1< _f S Xphy ----Exp.for SMH [

> | . <SS C Vs=7TeV,4547f" «uee SM expected 1 N 8 = H T &
D IREREES Best Fit Tevatron Run Il, L <10 fb E 251 ys=8TeV, 203 10" — Observed I I : B
g 1.5 es%C.L. o c . g ' ]
> - [ 95%C.L. K; floating 20~ - 61 ' ; E
= | — SM=n/4 5 : =
g 1 15 g : / ]
[¢) - i 4 | =
e I E g ; / ]
S i 10~ 3F : ; E
o 05F - of ‘ ! =
3 : 5 \ ]
o - . 1k : 3
[ L L L L L l _| L i E PRI S N 5 I PR T 3

% 0.5 1 15 % 0 2 % 05 1 15 2

tan' (K 5/ K ) = 6,

Tevatron

[KW' KZ' Kf] [AWZ'AFZ' KZZ] [AWZ' KZ' Kf]
A Wz 1.24 +2.34_o.42 1.00 +0.15_°.” 0.92 +0.14_0.12
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Looking for new particles

[ arXiv:1307.1347 |

1.2

Probing loop structure @assuming no invisible|or undetectable widths
Free parameters: xg, X, .

H — yy H—ZZ% |H->WW® |H-bb | Ho vt
H *3"‘3 Kg
gg xZ (k:) K7 (ki)
ttH
VBF K2 1
WH Kit (x:) LT (i)
ZH

Probing loop structure allowing for invisible or undetectable widths
Free parameters: xg, ,, BRinv. undet.-

H — yy H—-2ZZ® H->WW® Hobb | Ho
ggH K'!21 (Ki)/(l_BRinv.,undet.) K'fl (Ki)/(l_BRinv.,undet.)
ttH
VBF K2 , 1
WH K?[ (Ki)/(l_BRinv.,undet.) xlzl (Ki)/(l_BRinv.,undet.)
ZH

2 SM
x; =T/
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5] Looking for new particles in loops

[ ATLAS-CONF-2015-007 ][ arXiv:1412.8662 ]

375

19.7fb" (8 TeV) + 5.11b' (7 TeV)
T T T I T T T T T T

1.8_ LA T ]
()] 1 .8:I T T l T 17T I T T T T T T T T T T T 7T I T T T T I T T T I T 17T l: g’ : CMS :
* 176 :Ei’;‘ijw Mode! ATLAS Preliminary 3 1.6 .
" E —esw%oL \s=7TeV, 4547 b = - .
1.6 ...o50 0L \s=8TeV,20.3fb" = 1.4F |
1.5 = g e -~ i
1 45_ _E 1.2: /__\\-...'.. ]
E - L o N ]
1.35 = 1.0 : :' ( N :
125 = 0.8)- AN ‘R
1 ‘IE— E - |4 Observed | ™. S~—_ ]
o 3 0.6 [—68%CL | "t R =
1= - [ |--.95%cCL | T ]
= . 3 0.4} |+99.7% CL .
0'95_ M= 12536 GoV T e = [ | 0 SM Higgs ]
C 111 | 11 1 1 I 1 1 1 1 | 11 1 | I 1 1 1 1 I 1 1 1 | I L1 1 1 I L1117 i 1 1 I 1 1 1 1 I 1 1 1 1 I Il 1 1

08607 08 098 1 11 12 13 14 %2 o5 1.0 15
K, Ky

ATLAS . ams
+0.12
K. 1.00 0.12 1.14 *012
+0.11
K, 1.12 £0.12 0.89 ¥ o
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&) Looking for new particles

[ ATLAS-CONF-2015-007 ][ arXiv:1412.8662 ]

30

25

2In A(BR )

20

15

10

5

ATLAS _ams

BRBSM

ATLAS Preliminary
Vs=7TeV, 454.7 fo
Vs=8TeV, 20.3 b

IIIk'IIIlIIIIlIIIIlIIII

T T T I T T T I T T T I T T T I T T T | T T T | T T T T T T

[K71K91KZY! BRi.,u.]
----- SM expected
—— Observed

T T T
0
Q
Q
»
0
0
»
Q
Q
Q
Q
Q
Q
Q
g

.
.
.
.
.
)
.
.

9% 06 04 -0

19.7 ' (8 TeV) + 5.11b" (7 TeV)
_l 10 F T T T T T T T T T T T ]
c 9 - CMS — Observed g
1 : BR :
1 << - Ky Ky BSM ----Exp.for SMH |
1 o~ 8p =
p— 1 - /' :
: U3 7
7 6 S
: 5 S
14 -
_: 3;_ ’ ’ _;
. 2| 3
- 1 :
O s 4-¢"|—‘ : | | 1 1 | ] 1 ] :

0.8 0 0.2 0.4 0.6
i.u. BRgsm

< 0.27 (95% CL, BRy,>0) < 0.32 (95% CL)
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|
A further take on loops

377 [ ATLAS-CONF-2015-007 ]

Effective H— 7Y 7,
H—Z7, and ggH

ATLAS Preliminary

|OOpS. \Vs=7TeV,45-47f" /s=8TeV,20.3fb"
68:/oCLE i
0 Woaiting for more L
e
data. ;
Ky=1.002%0.12 -
Kg=1.12£0.12 e

(95%CL) Kz, < 3.3
Y

%:1.0310.02 -

Parameter value
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Probing the fermion sector

u-type | d-type lepton
I COS & COS & COS &

SM-like

COS &

2HDM

Probing(up-type and down-type fermion symmetry|assuming no invisible or undetectable widths
CMS free parameters: kv (= xz = xw), Aau(= Ka/%u), xu(— Kt).
‘ Probing up-type and down-type fermion symmetry w1thout assumptlons on the total width

ee parameters: Kuu (= Ku * Ku /KH ), Adu (= Kd /%u)s AZu (= ¥v /Ku).-
H—>W H—2z® [H->WW® [Hobb | Hovh
s H K121 g(;"dua 1) Ky O"dua 1 xduy)"Vu) KﬁuKéo\vdu, 1) '7\%/11 K%uKé()\-du, ].) . 7\.(2111
VB tH uu Ky (}"du, 1, Mus 7‘-Vu) Kﬁu . 7\-%/11 K121u . Kﬁu
w1l VBF
7] V;g KMy K7 (s 1 Adus Mva) 23 W K202 A2

[ Probing(quark and lepton fermion symmefry)assuming no invisible or undetectable widths

CMS I’ree parameters: Ky (= xz = kw ), Ag(= ¥1/xq), Kq(= Ke = Kb).

‘ Probing quark and lepton fermion symmetry without assumptlons on the total width
ee parameters: Kqq (= Kq * Kq/KH), Mq (= K1/Kq), Avq (= kv /Kq)- _
H — yy H—27zZ® [H—> WW® [ H— bb H—ovt
gH 2 2 2
7 EH K<2:1q : K?(l, 1, Mg, 7"VQ) K?}q : )"%/q Kqq Kqq - )"lq
—| VBF
WH | K20 - €2(1,1,Mq, Avg) KeaMrq - Mrq Kaq Mg | KaaMrg - My
ZH
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&) Probing the fermion sector

[ arXiv:1412.8662 ]

19.7 ' (8 TeV) + 5.1 16" (7 TeV) 19.7 ' (8 TeV) + 5.11b' (7 TeV)
— 1 0 L LN L N L L N — 1 0 L LN N L L
£ 9o CMS — Observed B £ 9o CMS — Observed B
< E Ay Ku Ky ----Exp. for SMH | < : }‘Iq’ Kg Ky ----Exp. for SM H |[]
o 8F ' = N 8f ' : =
A\ £\
o\ o\
5 . E 5 : E
o =T . T
o o
2 . 2 .
1 ; s ;
: 1 1 1 1 I 1 1 \ 1 1 1 I 1 1 1 1 : : 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 :
00 0.5 1 1.5 2 00 0.5 1 1.5 2

;\‘du )\’

o

CMS 0.99 *019 1.03 *0-28 |

measuring.higgs@cern.ch  HiggsTools School - June 2015



&) Probing the fermion sector
| s cormorezmsoor R S

Floating total width

2InAQ)

301

20

15

10

5

L Vs=7TeV,454.7f"

25—

|||||||||||||||||

ATLAS Prellmlnary [Kughyy )

----- SM expected

Vs=8TeV, 20.3 b —— Observed

II|IIII|IIII|IIII‘+’|II

N
.
5
- .
. D
. .
. .
. .
0 g
. o
g
‘ .
K

L1 f ‘.I-/ L1 L1 1 \J

%5

1 Ll
—2 —15—1 05 0 05 1 1.5 2

n
o

du

2In A(k,)

30_IIIIIIIIIIIIIJI:II'II%{IIIIIIIIIIIIIIIII ]
- ATLAS Preliminary Mg .

C Vs=7TeV,4547f" «ees SM expected ]
25— \s=8TeV, 203" —— Observed -
201\,

15

10

5

., G
K
I\_.JA I T

%5

—2 —15 -1 —05 0

.
s
e J N

ATLAS

[-1.08,-0.81] U [0.75, 1.04 ]

(68% CL)
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& Resolving SM contributions

[ arXiv:1412.8662 ][ arxiv:1303.3570 ]

0 Individual coupling
scaling factors:
O Ky Kz K, Ky Ko
o All loops resolved:
= KKy K)
m Ky(Ky Kp)
0 SMH width scaled.

0 “Reduced” couplings
as function of “mass’:
o A = K, (m,/vev)
o (gy/2vev)'/2 = '/
(my,/vev)
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19.7 o' (8 TeV) + 5.1 16" (7 TeV)

- CMS

I Illlllll

LI lllllll

=== 68% CL
—95% CL
---SM Higgs

L1l

1| lllllll

LI lllllll

L0383 [ [ -
200 220 240 260 280 300

L1 rire

__” (M, ¢) fit _
E =68%CL |
—095%CL | A
1 1 IIIIIII | 1 IIIIII| | | IIIIIII |

0.1 1 10 100

Particle mass (GeV)
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&) Mass power parametrization

[ arXiv:1412.8662 ][ arxiv:1207.1693 ]

0 Vev modifier and power 19.7 o' (8 TeV) + 5.1 15" (7 TeV
of Coupling 1-0 quS: g :III 1 LI lllIII I 1 :9.7:b‘:T:VI+ISIHb‘7TevI L lllI I :
o Gauge bosons: = - CMS T i
Ky = vev X m2& /M1*28 (N 1E o ‘
1 Fermions: o)> - w7433 — e .
K¢ = vev X m® /M = [ [|=es%cL | 1
107 E |—95% CL e E
0 For SMH, < .. sV Higgs o T
M = vev = 246.22 GeV - s
and € = 0. 10-2 - 01\@ b -
107 K M.e)fit | |
s =68%CL | ]
—95%CL | A
10-4 1 1 IIIIIII | 11 |I||I| | | IIIIIII | ——
0.1 1 10 100

Particle mass (GeV)

measuring.higgs@cern.ch  HiggsTools School - June 2015



Weak bosons and fermions

[ ATLAS-CONF-2015-007 ][ arXiv:1412.8662 ]

5 CMS 197 o' (8 TeV) + 5.1 fo! (7 TeV)
ML|_ 4:' 1 T T17 '.' T qprrTrrrr T T Tt [T '_ ;Z_ —-l-Observedé
- ATLAS Prelim. . -l o SM Higgs§
3 Vs=7TeV, 4547 fb" — -
E Vs-8TeV,2031b" . i
2:— m,, = 125.36 GeV E 1 I
1__’ S E I
o = -
O — 0
- — — L
A = i
P Sier 4 4L
- CJH->WW 3 L
—3; * SM —68% CL * %::SE —; -
4:. b Bestfit e98%wOL | 1. | E=3Copbined 3 L :
7 04 06 08 1 12 14 16 18 -2 | |
0 0.5 1 1.5
Ky Ky
ATLAS . ams
P(SM) 10% <10
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& The deviations that we do not (yet) see

[ ATLAS-CONF-2015-007 ][ arXiv:1412.8662 ]

ATLAS Preliminar
Vs=7TeV,45-471" y Vs=8TeV,20.37b™ 19.71b" (8 TeV) + 5.1 6" (7 TeV)
68% CL: i
95% CL: Ky<1 Kon = Koff BR,‘_ u.=0 CMS . 68% CL
|||||||||||||§||||||’||||| . = Q5% CL
K - Ky, = 0.96%0 14 -
4‘:% '
Kz — +0.28 :
—Ge—— = l*
Kp =_—E— E
¥ ' _ +0.18 1
. : K, =0.827 ¢ —-l-:—
K S _ +0.15 '
I — Kq=0.7577 2 --—
Ky - .
——mh— +0.17 -'
Ky = E = 0-98. 016 1 ] | 1
) : o 05 1 15 2 25
z L
' : Parameter value
BR; .. B i
R RIRKLLS S R
———— My = 125.36 GeV
i v b b P
-2 —1 0 1 2 3

Parameter value
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Dark matter: invisible Higgs decay search

385 | [EPC7A@0Ig2980)
7 VBF and ZH topologies combined; Z—22 and Z—bb.
o BR(H—inv.) < 0.58 (0.44 exp.) at 95% CL

oy 25

0.5

150 200 250 300 350 400 450 500

8 CMS VBF H— invisible 959, CL limits

oms D S [ Vs=8TeV,L=1951" Observed limit

S=8TeV,L=19.5fb" — hormasion ? £ Expected limit

VBF H(inv) =:":fwmw T r I Expected limit (10)
T 15 Expected limit (20)
°© r %#% O\yge (SM)

ET® [GeV]

o ey b by b by |

N — ; oo 150 200 250 300 350 400
% CMS —e— Observed ; cms my [GeV]
9] s=8TeV,L=19.7fp" __ ZH(mz=1256eV), g Us=8TeV. L =189 fb" =18 —
2! Z(1l) H(inv) m 2$:,;;:;’=1°°% % Z(bb) H(inv) highp, e CMS i 95% CL limits
S Ly O o < 18- Combination of Z(bb)H Observed limit
if f e it £ | ,E and Z(INH, H— invisible E d limi
= 1 "*E (5= 8ToV (Both ZH channels) s xpocted i
T S= e O channels, .
w2 T 2 L-189.197 10" [ Expected I!m!t (1o)
x Vs = 7 TeV (Z(I)H only) Expected limit (20)
© L=491" %44 o4, (SM)
0.8

-y
II|IIIIIIII||I|I|III|III|III|III

2 0.4
© P
] flo S :
. &2 1*”“”“*‘““"‘*@-‘%‘* i3 : 0.2
0 100 200 300 400 ~ 500 0 P ol N A AR AN AU B UFE BRI |
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Invisible Higgs search combination

m [ EPJC 74 (2014) 2980 |

1 Combination of VBF, Z(22)H, and Z(bb)H searches:
BR(H—inv) < 0.58 (0.44 exp.) at 95% CL.
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@ Invisible Higgs search combination

71 Combination of VBF, Z(22)H, and Z(bb)H searches:
BR(H—inv) < 0.58 (0.44 exp.) at 95% CL.

on ® [ ] o o “ o ”
0 Competitive limits for low mass DM in “Higgs portal” models.
L | 1 0-1 ,:_ " I LI I I | | | I LI I I I I | LI
0 X Combination of VBF and
2 102E > ZH, H— invisible CMS
z Py / Vs=8.0TeV, L = 18.9-19.7 fbo" (VBF+ZH)
»x 107 | Vs=7.0TeV,L=4.9 1" (ZH) B(H inv) <0.51 @ 90% CL
O -4 [ ///, m,, = 125 GeV
st 10 \\\ Q !
O _5 \u 6\\
S 10 \
3] 6 \ \“
- m ® 10°E \\\‘“ """""""" '
n -
7)) 10 ’ \ ~ ,f .
(D -8 \ ‘\o‘ . —
O 1 O .:ﬁ ______ S = =T ¢ 3 R -";.:/——"' -
Femsmismi=- \ S~~~ * —_— ":_;’_’-‘ -
o 1 0'9 —  — — = [JCRESST®0
=-o---m-----="T2 < [ CRESST 2o
c -10 fermion  _.--- -~ —— - XENON100(2012)
o 1 O ‘‘‘‘‘ - see XENON10(2011)
9 -------- . C—"] DAMA/LIBRA
o 1 0_11 LT vector === Min @ CoGeNT(2013)/90%CL
S ~-" —— Lattice [ CoGeNT(2013)/99%CL
c 4o BT [ CDMS(2013)/95%CL
1 10 === Max ZZ7] COUPP(2012)
—— - LUX(90%CL)
2 '13 1 | 1 1 1 I 1 Il 1 1 | 11 1 | 1 | 1 1 1 11 1
A 10 3
10

10 10
DM Mass M, [GeV]
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@ Rare decays: full Dalitz

0 Y Y and ZY loops
sensitive to different

physics because of V-A

structure for Z.

1071

analysis

1072 ¢

= 10
R . 8 s
0 More information from <
& 10
full my, spectrum. I
: s |
Need to clearly define 10 |
the phase-space used in .
o 106 & Mgy > 0.1 Mg
analysis. = Mey>01Mg
011‘.25‘.“50“.l75ll11100“l‘125
Myse- [ GeV]
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(E/RW
\

N,

H— Y Yy —Y

m [CMS-PAS-HIG-14-003]

om,, < 20 GeV.

o Vetoout J/¢ and Y.

Requirement

Observed event

Expected number

Events/2.0 GeV

yield of signal events

for my = 125 GeV
Trigger, photon selection, pj. > 25 GeV 0.6M 6.2
Muon selection, p4' > 23 GeV and p > 4 GeV 55836 4.7
110 GeV < my,,, <170 GeV 7800 4.7
My, < 20 GeV 1142 3.9
AR(vy,p) > 1 1138 3.9
Removal of resonances 1020 3.7
p1/ My > 0.3 and pi*/my,,., > 0.3 665 3.3
122 GeV < m,,,, < 128 GeV 99 2.9

Obs. (exp.)
U at 125 GeV (95% CL)
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CMS Preliminaryis = 8 TeV, L = 19.7 fb™' Hoy*y—uny
D e B LM I
—— Background Model
50
—— Expected signal x1
40— =
30f -
201 -
10 +
:- L ..‘I.\.\I.\..\.\..:
?10 120 130 140 150 160 170
m,,., (GeV)
CMS Preliminary
30 — T T T
(s =8 Tev;L,, =19.7 fb”
— Observed Hoy* Y-y
25 |- Expected
[ Expected t 16
20 [ ] Expected + 20|

15

95% CL limit on G/GSM

10

L TR R L
135 140 145 150
m,, (GeV)

<11 (8)
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&) Statistics interlude
e T e

Test statistic Profiled? | Test statistic sampling
LEP no Bayesian-frequentist hybrid
Tevatron yes Bayesian-frequentist hybrid
LHC gy = —2In L(datalp6 frequentist

o LEP: nuisances parameters (8) kept at nominal values (~).

o Tevatron: maximise likelihood against nuisances (1).
o Denominator considers background-only hypothesis (u=0).

0 LHC: frequentist profiled likelihood.
2 Denominator considers global best-fit likelihood with
o Nice asymptotic properties, savings in computational power.
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@ On the shoulders of giants
R

The overall statistical methodology used in this combination was developed by the ATLAS and
CMS Collaborations in the context of the LHC Higgs Combination Group and is described in
Refs. [15, 180, 181]. The chosen test statistic, g, is based on the profile likelihood ratio and is
used to determine how signal-like or background-like the data are. Systematic uncertainties
are incorporated in the analysis via nuisance parameters that are treated according to the fre-
quentist paradigm. Below we give concise definitions of statistical quantities that we use for
characterizing the outcome of the measurements. Results presented herein are obtained using
asymptotic formulae [182], including routines available in the ROOSTATS package [183].

Signal model parameters a, such as the signal strength modifier y, are evaluated from scans of
the profile likelihood ratio q(a):

L(data|s(a) +b, 8,)
L(data|s(a)+b, 6)

g(a) = —2AInL = —2In 4)

The parameter values 4 and 8 correspond to the global maximum likelihood and are called
the best-fit set. The post-fit model, obtained using the best-fit set, is used when deriving ex-
pected quantities. The post-fit model corresponds to the parametric bootstrap described in
the statistics literature and includes information gained in the fit regarding the values of all
parameters [184, 185].

The 68% and 95% confidence level (CL) confidence intervals for a given parameter of inter-
est, a;, are evaluated from g(a;) = 1.00 and q(a;) = 3.84, respectively, with all other uncon-
strained model parameters treated in the same way as the nuisance parameters. The two-
dimensional (2D) 68% and 95% CL confidence regions for pairs of parameters are derived from
q(a;i,a;) = 2.30 and q(a;, a;) = 5.99, respectively. This implies that boundaries of 2D confidence
regions projected on either parameter axis are not identical to the one-dimensional (1D) confi-
dence interval for that parameter. All results are given using the chosen test statistic, leading to
approximate CL confidence intervals when there are no large non-Gaussian uncertainties [186—
188], as is the case here. If the best-fit value is on a physical boundary, the theoretical basis for
computing intervals in this manner is lacking. However, we have found that for the results in
this paper, the intervals in those conditions are numerically similar to those obtained by the
method of Ref. [189].
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[ ]
= Post-fit
\
== |

ATLAS  \s=7TeV, |Ldt=4.7 fb”; \s=8 TeV, [Ldt=20.3 fb

T I T TT | T 1T TT T TT I T T TT I T T TT | T TT | T 1T TT | T 1T I T
— — tot. N
stat tot (stat syst)
+0.88 +0.72 +0.50
+0.66 [ +0.50 +0.43
1 lepton — F—eo—+ 1'17—0.60 (_0,48 —0.37) N
B - +0.55 +0.49 +0.26\ _|
0 lepton |~  p=—@=1 0.35" 0.52 (_0_44 _0_27)
. +040 [+0.31 +0.25y _|
Combination 1-o1 0.51 037 (_0_30 _0_22)
11 I | | I 1111 1111 I | I | I | T | | 1111 | 1111 I L1

-1 0 1 2 383 4 5 6 7
best fit u=6/cSM for m =125 GeV
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@ Post-fit
394 |

2 lepton

1 lepton

0 lepton

Combination

ATLAS  \s=7TeV, [Ldt=4.7 tb"; \s=8 TeV, [Ldt=20.3 fb™
|||Il|||llllIIIIIIIIIIIIIIIIIII|lll||llll|l|
— — tot. —
stat. tot (stat syst)
+0.88 +0.72 +0.50
— v—e—a 094770 (555 T0a1)
+0.66 [ +050 +0.43
~ k—e—d 1177 700 (To4s T037) -
| - +055 (+0.49 +0.26y _|
b=e=i 0.357 025 (Zo42 ~027)
| +0.40 +0.31 +0.25\ _|
=e=4 0.517 057 (To30 Do22)
IIIIlIIlIIlIIIIIIIIIIIIIII|IIII|IIII|IIII|II
-1 0 1 2 3 4 5 6 7

best fit u=c/c_ for m =125 GeV
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W-+bb, W-+cE m; shape
(p¥ > 120 GeV)

W-bl to W+bb normalisation
(p¥ > 120 GeV)

W+bb normalisation

W+HF p¥ shape (3-jet)

Signal acceptance (parton shower)
Z+bl to Z+bb normalisation (2-jet)
b-jet energy resolution

Z+bb, Z+cT m; shape

Jet energy resolution

Dilepton tt normalisation

W+HF p¥ shape (2-jet)

Z+bb normalisation

Jet energy scale 1

b-jet tagging efficiency 4

ttbar high p¥ normalisation
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' And with the
The Higgs was found! }| tpials factor

2.9 sigma
significance!

Some

theorists...
7

And you say
it was found ?

a.david@cern.ch - #CERNPhil2014  April 2014



n About significance...
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Significant — xkcd.com /882
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Significant — xkcd.com /882
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WE. FOUND NO WE FOUNDNO | | WE FOUNDNO WE FOUNDNO WE FOUNDNO
LINK BETWEEN LINK BEIWEEN | | LINK BETWEEN LINK BETWEEN LINK BETWEEN
PURPLE JELLY BROWN JELLY PINK. JELLY BWE Jeuy TEAL JELLY
BEANS AND ANE BEANS ANDANNE. | | BEANS ANDANE | | BEANSANDANE | | BEANS AND ACNE
(P>0.05) (P>0.05) (P>0.05) (P>0.05) (P>0.05),

oa | o8 |9 | o8 | @
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BEANS ANDANE | | BEANS ANDANE | | BEANSANDANE | | BEANS ANDANE | | BEANS AND ANE
(P>0.05) (P>0.05), (P>0.05) (P>0.05) (P>0.05)
/ / / / /
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@ Breaking down uncertainties

0 Nuisances grouped into stat, theo, other.
stat includes H—yy background parameters.

theo includes QCD scales, PDF+a,, UEPS, and BR.
syst = theo U other.

1 Procedures:

For (stat)+(syst): For (stat)+(theo)+(other)
. ® o, from scan floating all
m 0, from scan floating ;
) nuisances.
all nuisances. m o, from scan floating

m g, fromscan stat group only.
floating stat group B Ogiqt+other TrOm scan
floating stat and other.
only.
“Ne) =0 o o) - c)-’rheo = OG” © cyst0|’r+other'
syst — “all stat® O =—0.90..90

other all stat theo®
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E A 2012 hit
403 |

All Scienc

FEEDBACK | HELP | LIBRARIANS

SC ienc AAAS.ORG

[, \FVVXY NEWS SCIENCEJOURNALS CAREERS BLOGS & COMM

Subject Collections Online Extras  Science Special Collections  Archived Collections

Runners-Up

Home > Collections > Online Extras > Special Issues 2012 > Breakthrough of the Year, 2012

This year's runners-up for Breakthrough of the Year underscore feats in
engineering, genetics, and other fields that promise to change the course of

Breakthrough of the Year, 2012 science.

Every year, crowning one scientific achievement as Breakthrough of the Year is no
easy task, and 2012 was no exception. The year saw leaps and bounds in physics,
along with significant advances in genetics, engineering, and many other areas. In
keeping with tradition, Science’s editors and staff have selected a winner and nine
runners-up, as well as highlighting the year’s top news stories and areas to watch
in 2013.

FREE ACCESS

The Discovery of the Higgs

Boson
A. Cho

Exotic particles made headlines again and again in
2012, making it no surprise that the breakthrough of
the year is a big physics finding: confirmation of the
existence of the Higgs boson. Hypothesized more

X-ray Laser Advances

than 40 years ago, the elusive particle completes the
standard model of physics, and is arguably the key to
the explanation of how other fundamental particles
obtain mass. The only mystery that remains is
whether its discovery marks a new dawn for particle
physics or the final stretch of a field that has run its

course.

s boson from the research teams at CERN. Controlling Bionics Majorana Fermions Eggs from Stem Cells
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@ Oct 201 3: boson becomes Nobel
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& From the other side of the pond
m

— — o |||||||||||||||||||||||||||||||||||||||| ]
> | 1+2b-Tagged Jets' < CIUR, 250 ]
(5 600— o 15 --- LLR, -
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C\l - Wz = === Rs .
Z i 1zz o 10 — LLR -
~ 400 X obs ]
%) i mm Higgs Signal =
% B m =125 eV/c2 ?DI 5 LLR expected fzoE
> B o m,=125 GeV/c"]
L 200 _— — ]

i 0 TN, e

0 .- .'..':':"- -----
B + _+_'+' S aaeemnT
200/ | |

| — L1 1 11 1 I\Illl\l\‘l\ll‘l\l\ll\ll '10
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1 Combination of Tevatron VH—bb searches, in July 201 2:

0 2.8 0 local significance at m;=125 GeV.
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@) A Rosetta stone for Higgs EFT

406

Tool A Tool B Tool C

59-dim
representations

Model Model
A B

Simplified models
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g First stepsin YR3

Table 52: Dimension-6 operators involving Higgs doublet fields or gauge-boson fields. For all 1)2®3, 12X ®
operators and for Ogyq the hermitian conjugates must be included as well.

o5 and ®*D?

1/)24)3

XS

Op = (10)3
Ogn = (2T0)0(21P)
Ogp = (®1D#3)* (31D, ®)

Ot = (B1®)(ITce®)
Oug = (®1®)(qT,ud)
Oqp = (270)(qTqd®)

Oc = fABCGZluGEPGEH
05 = fABCéﬁ”GEpGEH
Ow = el TEWrw]rwhkn

—~1Iv
KW W Iew K
Oy =¢ w Wy

X232

P2XD

282D

Osc = (210)GL, G4

Opi = (BT0)GAL, GAR
Osw = (21@)W], Wi
Oy = (@1 R)W,, Wik

Ogp = (21®)B,, B*
Osws = (@ir/@)W] BH

~I
Ogiip = (@I @)W, B*

Ouc = (@025 Tud) G2,
O4c = (A0 4 TadD)GL,
Oew = (10#Teer! <I>)WlIW

Oww = (QU””FuuTI:IS)W!Iw
Oaw = (qo"Tadr @)W,

O = (10" Tce®)B,,
Ouw = ((io””Fuu(1~>)BW
Og = (qouurddq))B;w

o4 = (e IDM<I>>(W‘1)
OEI;? = (@ DI L) (Iy+711)

= (ot 1D 1 ®)(Evte)
0(1) (qm ®)(q7"q)
051?3 = (éflg,’@)(qﬂwr a)
Ogpy = (®11D,®)(Ty u)
Opa = (@1iD,®)(dr"d)
Opua = i(®1D,®) (17 T ad)

Table 53: Alternative basis of dimension-6 operators involving Higgs doublet fields or gauge-boson fields.

@6 and @*D?

1/}2 3

X3

0 = (a'0)?

O = 8,(21®)0"(219)
> x4

O = (#'D,®) (27D d)

Olp = (®10)(1Tce®)
Olp = (212)(qlyud)
Olip = (21®)(qT4d?)

/- fABCGﬁVGEPGE“

/- fABCGﬁVGEPGEH

/. TTKwIviwJow K
Oy = el WL/ WP W

¢ TIKW Y wlewK e
O = VKW ,"'W]rwh

X292

P?XP

2 ®2D
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Oby = (efr!iDhe) (W, )!
Ol = (@HW@) (9B,
Opaw = i(DH@)Ir (D @)W},
0!~ =i(D )7 (D B)W,,
Opep =i(D*®)!(D*®)B,,,

0! 5 =i(DH) (D ®)B,,
Opp = (212)BuB"

0= = (@'o)B,, B

O = @10GH G4

0 - = dteGh,GAw

= (qo™ % T,ud)G2,
odG (Go™ % T4d®)G,
ng (o#Teer! &)W,

(qa“”FuuTI‘s)wa
Odw (@*Tqdr @)W,

OQB = (lo‘“’l“eeCD)B,,,,
OLp = (@ Twud)B,,
Olip = (@0 T4d®)B,,

0l = (1D, ®)(1y)
’(3) (<I>T1DI @) Iy r11)
Ohe = (911D, ®)(e7%e)
oY = (@'1D,%)(@r"q)
;E? = <<1>fgz<1>>(wf a)
Ok, = (81D, ®)(Tv"u)
Oy = (@11D,,8)(d*d)
Olpyq = (21D, @) (07" Tuad)
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= Other models?

Fiat 505

SRR N0
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@ Other models?
o
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@ Other models?
TR

Fiat 850
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@ Other models?
EIN

Fiat 2300

Fiat 850

Rt

Fiat 505
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@ Other models?

Fiat 2300

Fiat 850

Fiat 1400/1 900

.,i': lz;ﬂ:RG {‘b .
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The experimental method

o)l falsifying theories since the dawn of reason
I B
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Delayed unitarization: until when?

m [ http://cern.ch/go/q8Gq ]

1 Assume that WW
scattering is O *1/2
that of SM.

01 Things can look like
the SM for a long

10°
° %\_ __.—'/
fime. = 025
5 i i .
ime ~ T 05
o Time ~ Energy. 3 -
? 0.75
o
(@)
10" | 0.9
100 1 1 1 | 1
200 400 600 1000 2000 3000 5000
Vsyw (GeV)
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Higgs in CMS — ca. 2008

Higgs boson — the field’s massive radial excitation, tacit to Brout and Englert, massless
via approximations in Guralnik et al., and explicitly mentioned by Higgs (1964).
Viability — photons and massive weak bosons can coexist was shown by Kibble (1967).
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Production Cross Section, o,
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LHC Higgs Cross Section WG

417 [ http://xked.com/888/ ]

0 Experimentalists and theorists.
o Together since 2010.

0 Produce the best pieces for a
common Higgs puzzle. &
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Simulation of a Higgs-Boson decaying into four muons, CERN,
1990.
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What do you think?

Should The Higgs Boson be TIME's Person of the
Year 20127

) Definitely () No Way
VOTE

Take a moment to thank this little particle for all the
work it does, because without it, you'd be just
inchoate energy without so much as a bit of mass.
What's more, the same would be true for the entire
universe. It was in the 1960s that Scottish physicist
Peter Higgs first posited the existence of a particle
that causes energy to make the jump to matter. But it
was not until last summer that a team of researchers
at Europe's Large Hadron Collider — Rolf Heuer,
Joseph Incandela and Fabiola Gianotti — atlast
sealed the deal and in so doing finally fully
confirmed Einstein's general theory of relativity. The
Higgs — as particles do — immediately decayed to
more-fundamental particles, but the scientists
would surely be happy to collect any honors or
awards in its stead.

Photos: Step inside the Large Hadron Collider.

WHO SHOULD BE TIME'S PERSON OF THE
YEAR 20127

Poll Results

PAST PERSONS OF THE YEAR

2010: Facebook's
Mark Zuckerberg

2009: Ben Bernanke 2008: Barack Obama

Most Read Most
Emailed

1 Who Should Be TIME's Person of the Year 20127

2 LIFE Behind the Picture: The Photo That Changed
the Face of AIDS

3 Nativity-Scene Battles: Score One for the Atheists

4 The $7 Cup of Starbucks: A Logical Extension of the
Coffee Chain's Long-Term Strategy
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What's more, the same would be true for the entire
universe. It was in the 1960s that Scottish physicist
Peter Higgs first posited the existence of a particle
that causes energy to make the jump to matter. But it
was not until last summer that a team of researchers
at Europe's Large Hadron Collider — Rolf Heuer,
Joseph Incandela and Fabiola Gianotti — at last
sealed the deal and in so doing finally fully
confirmed Einstein's general theory of relativity. The
Higgs — as particles do — immediately decayed to
more-fundamental particles, but the scientists
would surely be happy to collect any honors or
awards in its stead.
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CERN Courier May 2013

LHC discovery

Birth of a Higgs boson

Results from ATLAS and CMS now provide
enough evidence to identify the new particle
of 2012 as ‘a Higgs boson’.

In the history of particle physics, July 2012 will feature promi-
nently as the date when the ATLAS and CMS collaborations
announced that they had discovered a new particle with a mass
near 125 GeV in studies of proton—proton collisions at the LHC.
The discovery followed just over a year of dedicated searches for
the Higgs boson, the particle linked to the Brout-Englert-Higgs
mechanism that endows elementary particles with mass. At this
early stage, the phrase “Higgs-like boson” was the recognized
shorthand for a boson whose properties were yet to be fully investi-
gated (CERN Courier September 2012 p43 and p49). The outstand-
ing performance of the LHC in the second half of 2012 delivered
four times as much data at 8 TeV in the centre of mass as were used
in the “discovery” analyses. Thus equipped, the experiments were
able to present new results at the 2013 Rencontres de Moriond in

March oivino the narticle-nhveice commnnitv enanoch evidence tn

March, giving the particle-physics community enough evidence to
name this new boson “a Higgs boson”.

results that tfurther elucidate the nature ot the particle discovered
just eight months earlier. The collaborations find that the new par-
ticle is looking more and more like a Higgs boson. However, it
remains an open question whether this is the Higgs boson of the
Standard Model of particle physics, or one of several such bosons
predicted in theories that go beyond the Standard Model. Finding
the answer to this question will require more time and data.

This brief summary provides an update of the measurements

Observed CL, [0(g9) |(2;,(99) |2:(qq) [1-(qa) [1+*(aQ)
compared with | pseudo- | minimal | minimal |exotic |exotic
JP=0+* scalar | couplings | couplings | vector | pseudo-vector

770 ATLAS |2.2% |6.8% 16.8% [6.0% [0.2%
CMS |0.16% |1.5% <01% [<0.1% |<0.1%
ATLAS |- 51% 1.1% = =

)
ww CMS |- 14% = = =
Yy |ATLAS |- 0.7% 124% |- =

Table 1. Summary of preliminary results of the hypothesis tests
compared with the Standard Model hypothesis of no spin, positive
parity (J°=0"). All alternatives are disfavoured using the CL ratio
of probabilities that takes into account how the observation
relates to both the Standard Model and the alternative hypotheses.

CMS preliminary L=5.1 and 19.6fb~1 at Vs=7Tev and 8Tev
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= Entry in the PDG

N/,

H° (Higgs Boson)

The observed signal is called a Higgs Boson in the following, although its detailed properties and in particular the role
that the new particle plays in the context of electroweak symmetry breaking need to be further clarified. The signal was
discovered in searches for a Standard Model (SM)-like Higgs. See the following section for mass limits obtained from
those searches.

HO MASS INSPIRE search

Value (GeV) Document ID TECN Comment

125.9 +0.4 OUR AVERAGE

125.8 +0.4 +0.4 CHATRCHYAN ' 2013J cMs pp . 7and 8 TeV |
126.0 +0.4 0.4 AAD 2 2012Al ATLS pp . 7and 8 TeV |
*** We do not use the following data for averages, fits, limits, etc ***

126.2 0.6 0.2 CHATRCHYAN 8 2013J CMS pp . 7and 8 TeV

125.3 £0.4 £0.5 CHATRCHYAN 4 2012N CMS pp . 7and 8 TeV

' Combined value from ZZ and yy final states.

2 AAD 2012Al obtain results based on 4.6 — 4.8 fb™! of pp collisions at E.,, =7 TeV and 5.8 — 5.9 fo~! at E.;, = 8 TeV. An
excess of events over background with a local significance of 5.9 ¢ is observed at myo = 126 GeV. See also AAD 2012DA.

3 Result based on final states in 5.1 fb=! of pp collisions at E., =7 TeV and 122 fb™! at E¢y, = 8 TeV.

4 CHATRCHYAN 2012N obtain results based on 4.9 — 5.1 fb~! of pp collisions at E,, =7 TeVand5.1 —53 7! atE.;, =8
TeV. An excess of events over background with a local significance of 5.0 ¢ is observed at about myo = 125 GeV. See also
CHATRCHYAN 2012BY.

References
Document Id Journal Name
CHATRCHYAN ~ 2013)  PRL 110081803 NB: the mass measurement alone “cleared up”
AAD 2012AI  PLB716 1
CHATRCHYAN  2012N  PLB71630 a huge chunk of BSM space.
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@) 201 3: “killer” news

N,

[“Lawrence of Arabia” idea from C. Grojean]

0 SM-like: the Swedish academy shot the prize at
Englert and Higgs.
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Nobel prizes...
I

The Nobel Prize in Physics 2013
Francois Englert, Peter Higgs

Share this: E1E E1Ed 1.8 ]
The Nobel Prize in Physics
2013

|

Photo: A. Mahmoud Photo: A. Mahmoud

Francois Englert Peter W. Higgs
Prize share: 1/2 Prize share: 1/2

The Nobel Prize in Physics 2013 was awarded jointly to Francgois
Englert and Peter W. Higgs "for the theoretical discovery of a
mechanism that contributes to our understanding of the origin of
mass of subatomic particles, and which recently was confirmed
through the discovery of the predicted fundamental particle, by the
ATLAS and CMS experiments at CERN's Large Hadron Collider"
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...and knighthoods.

Eminent physicists receive royal honours

by Deborah Evanson, Colin Smith, Gail Wilson
16 June 2014

‘4 Be the first to comment

Two of Imperial's physicists, best known for predictingand = Printthis story
finding the Higgs boson, have been knighted in this year's
Queen's Birthday honours list.
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= In 2012 some theorists speculated...

N,

m [ http://goo.gl/CVmés ]

C
\

@ After Moriond 2012, new fits disfavor the SM and

motivate for New Physics
red = no Higgs boson
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P. Giardino, K. Kannike, M. Raidal, A. Strumia, 1203.4254
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In 2012 some theorists speculated...

new fits disfavor the SM

new fits disfavor the SM

‘new fits disfavor the SM‘
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In 2012 some theorists speculated...
ETR

new fits disfavor the SM

new fits disfavor the SM

‘new fits disfavor the SM‘
ONEDOES'NOT'SIMPLYA

o Vs

DRAW'SUGH CONCLUSIONS
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Things you can’t “unsee”

TOBLERONE

measuring.higgs@cern.ch  HiggsTools School - June 2015



. Thlngs you can’t “unsee”

TOBLERONE
1C
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. Thlngs you can’t “unsee”

TOBLERONE
TC
PN L
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