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Why do we need the Higgs?

U Fermions7 ﬁ;auge Symmetries7 :> U Bosons, Interactions

t e TN e
families, D Uy (x)—exp iLy, wx)|wx))| | + y:QED
with leptons 2
Z, W:: Weak
AY > &
L » VR, €R SU(2),: w.(x)—exp ig(f._é(x) Yo (x e g'
%L 2 tand,, ==—
and quarks g
u | : QCD
St d SUGI y, (x) exp| 1 220, 0°(x) | (1) | TS0
A L y, 1 J 1 Y,
& > A mass term couples L & R

and would violate SU(2),

solution: The Higgs Mechanism

. W.Murray STEC/RAL 2 |
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What is Higgs' mechanism?

A= 2
-Doublet of SU(2),, ®=(D,, D) V(D)= _[ DD -2 /2]
Potential respects SU(2), 3!
But Vacuum does not! V(o)
Fermions:
Interact with Higgs field -
slows them down -
generates mass "
Bosons: 3 c_legrees of freedom
. | In Boson masses
SU(2), interact, gain 4" becomes fundamental
mass scalar
U(1), and SU(3).do not,
massless
. W.Muiray STEC/RAL 3 |
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Norman - In typical pose
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The W mass prediction

— Green band
1 —!Z properties Is SM
e ok
80.51 - W and top mass prediction
o direct Red and blue
> O = measured
s D
s < O, 80.4- N
S % - It all fits - if
QG = M, <144GeV
@)
=
- 80.3- This assumes
: no other
150 175 200 UnKnowns

m, [GeV]

vv.lviulldy o1l ru/ nNAL o |
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Hunting the Higgs Boson

. W.Murray STFEC/RAL 6 |
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Search at LEP I: E=91GeV

210 3 ; ; :
Great effort - which | o \ Events 1
have no time to describe PRI N -
2 N :
‘Many modes: ) AN £> 03
10 - ™ .
Stable,yy,ee, U, TULTT,bb | \\ ]
-Clean Z decays (II, w) 0 |
used | \\x
6| N 10
*Prior to LEP only some P00 0 a0 a0 s0 e 7o

my, (GeV/c?)

patchy constraints

The mass range from 0 to
~65 excluded, no holes.

. W.Murray STEC/RAL 7 |
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LEP Il - high energy

¢ LEP at CERN ran until 2000

¢ collided electron—positrons at up to 207GeV
¢ |t found a few possible Higgs candidates

¢ What is this?
¢ Four 'jets'
¢ From 4 quarks

¢ Could be ZH
¢ OrZZ

¢ No one knows

Hint at 115GeV
¢ Lower limit;
m > 114.4GeV

. W.Murray STFEC/RAL 8 |
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The Tevatron

¢ 6km round SR
¢ Collided protons

and antiprotons

¢ Hard to get
enough
antiprotons

¢ Closed end of
September

¢ ~10fb*?
delivered to

experiments

¢ Not all analysed
yet

¢ Results overleaf
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Tevatron Higgs Combination |}

Tevatron Run Il Preliminary, L < 8.6 fb™

LEP Exclu3|on| ~ Tevatron

wx./ .......................................... . ol Exclusmn

-l
o

§...........-.....+1csExpected ..... - L A :
.1 +2cExpected . . IE—— A _

95% CL Limit/SM

Lo scmT_leva_tr_qn_l_Ex_c_l_us_IlQn _________ R S *u,,w 2?11

100 110 120 130 140 150 160 170 180 190 200
m(GeV/c?)



Science & Technology Facilities Council

W@ Rutherford Appleton Laboratory

¢ Total cross-section 10'pb

¢ Higgs cross-section 10pb

Every event at a lepton collider
IS physics; every event at a
hadron collider is background

162620, Event Number: 16060241
P010-08-24 19:45:23 CEST

Sam Ting

g (nh)

[
=]
o

e ;
Tevatron LHC
o,
e ol — {
Gi'-!"ET =~ 'EIIEG’I S Pl b
Oz ':’-;P |
.'E jel 1(}[:] GH-. Iy : \H""-\.‘ ___,.-'%'-J.
ﬁj-:-_". T - cv) _.-"':M.\"'-\.i
L o
: . - ’-.-..-__d' ; -
y E -'-'.___.-_-'.- J-;z.- :
o/ g A
ou&rswsmy ~ S
™ v '\_\\;‘. ff.-" ?
O M, =150 GEV) N/
Py sl M, =500 GeV)
il 1 Lol :I Lo
0.1 1 10

. 1_1 ":
eventsisec for L=10"¢cm™ s
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Higgs production

https://twiki.cern. ch/tW|klopin/view/LHCPhysics/CrossSections

g HO a SO A U I I I I =

m— % - \'s=7 TeV 1

. T 1

a q fusion T 10 -

Q -

Qo ]

= ]

L E

; W,Z W.Z "

100 1 50 éﬂtl 2%{} 300 BSG 400 450 SDD 55':} 600

M, [GeV]

¢ Fusion process much highest

rate
¢ Others give extra 'tags'

t t fusion

- W.Murrav STFC/RAL 12 |
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Lum|n05|ty this ‘year

¢ 2010 was commissioning year
¢ 2011 devoted to physics
¢ We ran pp until the 29" of

October
¢ 5.6fb* delivered
¢ Finally ~0.4fb* per week

¢ 1fb* gave major Higgs 202"
sensitivity by summer

¢ Luminosity in 2011 rising
smoothly

- [ LHC Delivered

— ATLAS Onllne Luminosity ~s=7TeV —
- [_]ATLAS Recorded I

- Total Delivered: 5.55 fb”'
-  Total Recorded: 5.19 fb™

Total Integrated Luminosity [fo |
- N w S a ()] ‘\I

700 - ATLAS Online Luminosity per Week =

600 :_ l:l LHC Delivered Js =7 TeV _:
- [ ] ATLAS Recorded =
500

Integrated Luminosity [pb “week]

¢ Expect 10fb in 2012 o
¢ Great effort by LHC team! ook
100%—

| W.Murray STFC. .. ... .o Date in 2011
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Pileup: 13 vertices

;| CMS Experiment gt L CERN
2| Data recorded: Mgn Mar 6:44:17-2041 CEST
i| Run/Event: 1604324212419
¢| Lumi section: 4

rbit/Crossing: 7 5/1886

0 L e =

; ' servabl
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2011: 7 TeV or 8TeV?

5E_ v ¥ v T 7T vrrr] v ¥ v T v vrr]
E ratios of gluon-gluon luminosities:
8TeV/7TeVand9 TeV /7 TeV

(i.e. increase Iin
production rate)

WJS2010

N

w

luminosity ratio
(W)

10 100 100 |
Higgs M, (GeV) —  gysy z,wW
¢ 8TeV: 10% to factor 4 increases in o
¢ Higgs increased by 30% V@
I

¢« Emittance shrinks by 8/7 as

¢ Luminosity may be slightly easier
- W.Murray STFC/RAL 15 |
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Higgs branching ratios

¢ H-ZZ

¢« ZZ~lll: Golden mode 8 1;4\b5

¢ ZZ~-llvv: Good High mass 5 Z

¢« ZZ - llbb: Also high-mass §1O_1 i
¢ H-WW 5 '

¢« WW - Ivlv: Most sensitive

¢ WW - IvgqQ: highest rate .
“ H-vyy

¢« Best for low mass
¢ H-TT 10° 300 200 300 500 1000

¢« Decent s/b in VBF, low mass M, [GeV]
¢« H-Dbb

¢ ttH, WH, ZH useful but hard

- W.Murrav STFC/RAL 16 |
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Higgs cross-sections

¢ H->Z77 g F so7mev. M
¢ ZZ - lll: Golden mode R -
¢ ZZ - llvv: Good High mass o
¢« ZZ - llbb: Also high-mass 1o1|+v.v .

¢ H-WW 7N RN
¢« WW - |vlv: Most sensitive  10%¢ ‘\ ZZ - TN
« WW - lvgq: highest rate | 22 i

¢ H-vy 107 \N\VBF H > v =& n v_
st kb Al e, 10T‘oozmwIOB 200 - 300 q4?5:%58(%g_

SN BT | M, [GeV]
¢ Decent s/b in VBF, low mass

¢« H-bb

¢ ttH, WH, ZH useful but hard

- W.Murravy STFC/RAL 17 |
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Impact by channel

= — 1]
bU) — Exp. Obs. Exp. Obs. _
-~ Y H—yy (1.08tb")  ==== H— ZZ— Il (1.96-2.281b™") _
@] B -—--- Ho WW= Iviv (1.70fb7) rreveeen H— ZZ—s llgq (1.041b™)
cC 1 ¥ & ———— W/ZH,H—-bb (1.04fb") - -+ ——— H-ZZ-llvv (1.04b")
o - H—stt (1.06 Tb™) =
=
= 10k A
— - -
o : "% :
0 | ) ]
o> .
3 B _
(0)
*
&,
F
-I "l- ......................

_ATLAS Preliminary j L dt ~ 1.0-2.3 fb",\'s=7 TeV CLs limits _

100 200 300 400 500 600
my [GeV]

. W.Murravy STFC/RAL 18 |
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Low mass searches

E __ 1 L] L] L] T 1 L] L] L] L] 1 T LI T LI 1 L] L] L] L] L
bU) = Exp. Obs. Exp. Obs. _
A I T Hoyy (1.08tb")  ==-=- H— ZZ— Il (1.96-2.28 tb") _
@] B ---- Hos WW=s Ivly (170 fb™) +oooeee HoZZ-liqq (1.04167) |
c bR S ~———— W/ZH,H—bb (1.041b") - - - H— ZZ— llvy (1.04 fb”)

o - H—stt (1.06 Tb™) =
=

£ 2N %
= 10 -
- [
o : R

" c .
N
m _—
(o))

L ATLAS Preliminary jL dt ~ 1.0-2.3 fb ,\'s=7 TeV CLs limits _

100 200 300 400 500 600

vy region, (plus tt, bb) my, [GeV]

- W.Murravy STFC/RAL 19 |
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e
WH & ZH, H- bb
]

¢ Very different optimisations in ATLAS & CMS
¢ Sensitivity Is ~ 15xSM in ATLAS l
¢ 6XxSM in CM

¢ Difference iIs due to inclusive/boosted

S — +including vwbb by CMS
6120 —o— Observed (CLs) 1.
B I Expected (CLs) Ldt=1.04 tb y \s=7 TeV
§ [ M+
= annl VH, H- bb
E100_ |: -l_-zc _) . . % 40_| | T 1 1 I !.I -I 1 1 | 1 ] 1 1 I I 1 1 1 I 1 1 1 1 I 1 I_
= L ATLAS Preliminary & [ CMS Preliminary | -
- B g 35 \§=7TeV,L=11’I’b1 """" =
© 8o S £ VH(bb), combined ]
°\° : g 30 o CLS Observed ....... —
3 i - I CL Expected : : I
60— 6' 25 <
[ X s
| B 20
a0 15
. xS o
20 [ s
........ 5
i | 1 1 | 1 | 1 1 | 1 | 1 1 | 1 | 1 | | 1 | R 0 1 1 i 1 1 1 1 i 1 1 1 1 i 1 1 1 1 i 1 1 1 1 i 1 1 1 1 i 1
110 115 120 125 130 110 115 120 125 130 135

Higgs Mass [GeV]

Higgs mass [GeV] ¢ oV STFC/RAL 20 |
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SM
H

a5% CL. limitono /o

: o4oo§
¢ Also use ll+jet Z 350
¢ Sensitive to 500
VBF process "2
¢ Jet boosts 11 fzg
¢ Collinear mass o
grJirrrryrrrrrpr T T T T T T T T 50;
- Hom
F —— Observed CLs
g_ ------ Expected ClLs
- + 25 .
;— N +1s —;
= m-7Tev _I Ldt=1.06 fo” E
é_ ATLAS F’reliminalj.r _é
R RSV REEN
my, [GeV]

100
90
80
f0
60
20
40
30
20
10

Inclusive H- 11~

ATLAS H- 1T

-lhg

0 50 100 150 200 250 300 350 400

9]

_|||||||||||||||||||I||||||||||||||||_ >45_LIII TTTT |||||||||||||||||||||||| T T 1]
] Q C 4 —@ Dan .

€Tpqq + UT,_ channels ERNO) 40F L=1.061b hosan E
—— Data 2011 ] g E -singlatop E

--------- A(120)/H/h—s71, tanB=20 . ™ - P 3

I omemb05Ss) | o OOF Wl

w L -Z—>aa_uu+19ts ]

L 2 Others(0S-SS) ] 2 = . ]
=y W-ets (0S-SS) S 30 e -

Same Sign . > - — - 20xH(12D) sl Ga T

C 7 stat. - e 25_— ----- 30¢ H{120) 71l VBF]
- 2 N = fakslapmns ]
F 4 _: 20__ Y7 MG statsfake uncert, —|
 \s=7TeV,|L=1.06fb" 1 C ]

ATLAS Preliminary ] 10: ]

ER :

0:

AN

o

LAIIIl!IIIJJ

0 50 100 150 200 250 300 350 400

m.. [GeV]

MMC m., [GeV]

¢ Combined result shown to left
« Two sigma deficit at low m

¢ Sensitivity 15xSM, obs 10x

W.Murray STFC/RAL 21 |
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CMSH -1t

¢ CMS have SM results

¢ Including VBF search
¢ With a beautiful picture
© U-tT candidate

© Two forward jets
- Mass 580GeV

© Little central activity
¢ Looks just as advertised

¢ e-|, Y-y, -1, e-t channels
studied
¢ Detalls are here:

CM3 Experiment at LHC, CERN
Data recorded: Fri May 20 01:10:36 2011 CEST

https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig1 1009 TWiKki Run/Event: 165364 / 356120525

Lumi section: 285
- W.Murray



https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig11009TWiki

Events
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25

H — Tt results

20

15}

CMS Preliminary

16 fb'\/s=7 TeV
T, Th

------- (10x) H—>1t m, =120 _:
—e— QObserved -
17—t ]
i i
I Electroweak -
CJQcD ]
200 300
mvis [GEV]

¢ Sensitivity around 6xSM

¢ At 115-125 (where we need this
MOost)

¢ CMS' p-h VBF channel (left)

IS among best
¢ e-u, e-h VBF and all inclusive
channels contribute

345 l T T l T T l T T
& 4poE  CMSPreliminary
~ ; 1.6 fb;‘ Ns=7TeV .
g 35 _________________________ 95%.._¢L..Limits ................... _________________ _
o : —+— Observed .
d 30 ................................................................... E}(pectedi‘lﬁ ................ _:
5 . Expected + 2¢
S= .1 ) S S SN S -
L
(@)

N
=]

L L 1 1 I 1 L L L I L L L 1 I L I:
?10 120 130 140

- W.Murray STFC. . __ __
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400

350
300
250
200
150

Events / 2.0 GeV

100
50

450

I T T T T T 1 T
ATLAS Preliminary

Data 2011 \'s = 7 TeV, I Ldt=1.08 fb'

Inclusive diphoton sample

® [Data 2011
Exponential fit

foo

110

Il I1 20I L L

130

140

150 160
m,., [GeV]

Events / (2 GeV/c?)

800
700
600
500
400
300
200

100

CMS preliminary
\Vs=7TeVL=1.661b"

Data

.
- 2 prompt y

[ 1 prompty 1fakey
|:| 2 fake y
[_] prei-van

%0 90 100 110 120 130 140 150 160 170 180
m,, (GeVic?)

¢ Invariant mass spectra similar

¢ Real yy events dominant for both experiments

¢ Fit to this spectrum, looking for sharp peak

¢ Both divide events into quality categories

. W.Murravy STFC/RAL 24 |
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H-vyy limits

10:—

_| S LR s e s e B L . % | CMSPrivate,Ns=7TeV |- Observed
L: 10°F - Dbseme'd GLs Ilmlt = -Q L H—-vyy, L =17 b’ |88 Expected + 1o |
& E . Expected CL_limit . g : " : : | Expected + 2g
E‘ - I tio ATLAS Preliminary . o

- s = ) = 10
E + 2g Data 2011, \s =7 TeV | E
= ILdt -1.08b" 1
o= O
& o>
6

110 115 120 125 130 135 140 145 150
My, [GeV] Higgs boson mass (GeV/c?)

¢« ATLAS (left) and CMS (right) sensitivity similar per fb
¢ CMS have used more luminosity

¢ Expected limits 2.5-4 x SM strength
¢ Observed fluctuates down tol.5

110 115 120 125 130 135 140 145 150

- W.Murrav STFC/RAL 25 |
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Intermediate searches

E - T T T T T T T T L N
bm — Exp. Obs. ]
-~ - H—yy (1.08tb") ====: H— ZZ— Il (1.96-2.28 ") _|
o) - H— WW— Ivlv (1.70th™) rreeveen H— ZZ— ligq (1.04 1b") _|
- /ZH,H—bb (1.04tb™) - = H— ZZ— llvv (1.04fb™)

E — H—tt (1.06 fb7) —

E

= 10

— —

O _

3“? -

m -

m e
1 :_ ................................. _:

_ATL I L dt ~ 1.0-2.3 fb " ,\'s=7 TeV CLs limits _

100 200 300 400 500 600

WW - lulu region (Plus ZZ - llll) my, [GeV]
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H- WW—>Iv_Iv :

AT |_ A S WW - evuv Candidate
14 EXPERIMENT  Run 167576 Event 120642801

Time 2010-10-24 13:06:00 EDT

. W.Murravy STFC/RAL 27 |
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WW selection

¢« WW - |vlv many nice features
¢ High branching ratio
¢ Dilepton give clear separation from multijet
¢ Good trigger
¢ Missing energy makes events more distnctive

¢ Large non-resonant WW background
¢ 2 neutrinos means mass not fully reconstructable
¢ How do we distinguish it?

¢ RAL theory dept. to the rescue!

¢ M. Dittmar and H. Dreiner, Phys. Rev. D55 (1997) 167.

¢ Spin 0 Higgs means Ws aligned, so leptons aligned

- W.Murray STFC/RAL 28 |
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CMS WW sample

®
o
T
|

¢ The separation £
In A® is clear

¢ Correlated to
mass though o

+
¢ Some excess In mﬁﬂﬁﬁf#
regions where T \ﬂ.—

entries / 5 degree
s
o
;.
o
entries / 5 degre
W
o

I
O
St —
—
+
+
+
Ho—
:z:
N
o

—

o
=] ' ' T ] 1T ]
4‘?

ol 1 ] e | ol 1 T e -
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ATLAS WW m_

¢ 1fb?! (EPS) looked very: scmsrmm wo=mmm 5 SEwbermm To T
-  70E 4 Eww [ wzzzwy 3 O 40E- L W ww [ WZZZWy =
2 s © g \’5:”""”[ Ldt=1.700" Fy  [sngeTp ] 9 ENS=7TeV, | Ldt=1.70®0" 55 [ singe Top 3
S BOE H-WW—lvly +0 jets I Z+iets [ Wieets 3 I 35E Howwiviv +0jets [ Z+iets [] Wets (data criven)—]
eXCI I n » F [ Hs0 ] @ E ] H0s0) 3
2 50F . i 305— . E
1 E b + 0-] et 3 F 250 + O-JEt 3
¢ 1.7fb* excess much L 4
E 3 15 =
less pronounced :
E 5E- E
0 E T T LI | T T T T (_) 2j T T | LS. LU 0 T |‘ T T T =
g 15 T RS S I Ry 3
] 4E - © = 1 .
¢ But maybe a lower S I e S
0.5_11||I|||||||||I||||I||||I||||I|_ 0.5__-'--""-"---|--|...|...|..'|..|......‘.__
m ass’) 0 0.5 1 1.5 2 25 3 10 10 100 120 140 160 180 200 2é0 2&-0
% Ao(ll) [rad] M; [GeV]
=] R R L L L B 9 > 18_'I TTTTTTTTT ' T I rrrrrrrrrrrrrrrr T T T4
© 30 ATLASPreliminary ~ » pata # Migsosa) 3 8 F ATLAS Preliminary = e Dam mfv'\;tgxmn 3
b E\!éz?TeV,[Ldt:L?Ofb" E‘:w E;V.:;f::; 1o 165_\.‘5:?Tev, Ldt=1.70f" E";w Esmgleﬁ,g E
o 25F Howwosiviv + 1 jet 0 Z+ets [0 Weists - = 14 HWW—hviv + 1 jet [ Z+iets [ Wsts (data driven)—]|
® E [ HI150] ] g 12:_ ] H[50] 3
2 20 4 = = 3
5 = . 15 10F E
SRES 1-jet 1% e =
| - 6 =
E a- E
__________ 2 E
% 2E . . . T T L L % 2: T T T T | L | I T I ]
5 15E L3 = S ! E
% 45 1 l d I *g 15§ [ . E
[mn] IE T I I p [ 3 ] 1: [ J E
0'50' II0'5""-||I 1|5 2"'2|5'"':73_ 0.5:_|'||qulu.l..l..l..|..|...|...|._:
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95% CL Limit on csfcsSM
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 ATLAS Preliminary  CLs Limits

_ — Observed HWW iy _
- . E’:D;Cted J Ldt=17f" -
20 (§=7TeV

I IIIIIIIl
1 IIIIIIIT

1l 1 | L 1 | | 1 1 | | L 1 | | 1 1 1| | L 1 | | 1 1 1| | L 1 | | 1 1 1| | L 1 | |
120 140 160 180 200 220 240 260 280 300
m,, [GeV]

-t
o

| H— WW, L =151

| —=— Observed
{555 Expected + 1o
---- Expected £+ 2

CMS Private, Vs =7 TeV

I I A RN T
200 300 400 500
Higgs boson mass (GeV/c?)

o ATLAS (left) exclude m, 154-186 (exp: 135-196)
« CMS (right) exclude: m, 147-194 (exp: 136-200)
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High mass searches

T T T T T T L2 T T T T T L

= - pu
n — Exp. Obs. -
E Y e —— B @08 - H—s ZZ— Il (1.96-2.28 fb™) _
o - ---- ) e H— ZZ— llqq (1.041b™) N
e N R R KRk H—ZZ— vy (1.04b™)
O - -
£
= 10 A
— — e
@) C ALV o AN ERDEEREEE N
R - L ANAATY £ Bl e §
Ty L 0 vt VAV AR I VIR o T |
o i B
1 SqRUUUUREERS ST e N LA R =
_ATLAS Preliminary 3fb",Vs=7 TeV CLs limits 1
100 200 300 400 500 600

ZZ - 1lll, ZZ — llvv (plus ZZ - ligg, WW - luqq) m, [GeV]
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WW - lvqaq

¢ Large Higgs BR for high mass

¢ Presence of charged lepton
gives good QCD rejection

¢ But, like In tt, semileptonic

(43.8 %)
vjj

(45.7 %)

mode allows mass I

reconstruction

> - T T T
¢ Suffers from LARGE Sro00- Dswmaweion ]
background from W+jets S 1400 " :

¢ But smooth background g 12000 m = o

' 4 L 1000 :_ - I Dibosons _:

¢ Signal is a bump : n b s e g e
ot ; — — +0or1je

¢ Analysis is relatively o0 R
straightforward 222 T, e

- - Ns =7 TeV 1

200 g s

D0 200 300 400 500 600 700
" W.Murray STFC/E M(lv jj) [GeV]
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¢ Sensitive to five to

ten times SM 5
cross-section E
¢ Limits 'lucky’ E
around 400GeV 2 | aTLAS Prefiminary
AR e S TSI et
¢ No significant excess =~ | Vs7Tev M=o
anyWhere 107 JL dt=1.04 fb’ E JEF)E:erve g
350500 350 400 480 500 550 600

My[GeV]
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The H to llvv search

WATLAS

A EXPERIMENT 5771

Run 167776, Event 129360643
Time 2010-10-28 10:41:18 CET
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Events / 50 GeV

Events / 0.3 rad
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¢« ATLAS (left) and CMS (right)
« Harder E.™* and 0@ cuts at

high mass
¢ Each of these excludes the
mass shown
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= = [T o UL ‘. T I. [rrrr[rrrr[rrrr [ rrr g |: E """" T _' """"" _'-_' """"
§ o TATiAS Preimnay | omsenea | & | Mepmaeyei el [eomner ]
© - A i, . (o) * Sint - +
c  7F ILdt=2.05fb " \s=7TeV Expected - b S S R Expected + 26
2 - - + 1o . o CMS ;
€ 6 - =
% - H—ZZ—llvv <20 ] E
O 5 — .
2 - . O
5 % 1
3 = 3
2 =

500" 350300350 400 450" 500" 550" 600
, m,, [GeV] 250 300 350 400 450 500 550 600
,,,,‘,; New Higgs boson mass (GeV/c®)
ATLAS (left) and CMS (right)
¢ ATLAS search excludes 150GeV wide region
¢ This result is not in ATLAS combination (1fb only)
¢ Both searches best sensitivity ~1xSM

¢ Both got lucky

-
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¢ Highest rate for a ZZ process
¢ Good for Higgs boson mass over 200GeV I
¢ Use 2 or 3 subchannels:
¢ Z to light quarks (inclusively)
© CMS use quark/gluon tagging to enhance signal
¢ Zto b quarks

¢« CMS use decay angles explicitly

4

E ;ﬁggf_ ATLAS F’relimindry I . IdataJ'ILdH_U; e (% 3 5:_ ATLAS Prellmlnary i data | L di=1.04 o' 3
= ignal TE Signal (m, =400 GeV) ]
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% 1400F . t 2sf tagged — o E
E 1200;_ Diboson Ll:j 25_ 1 Dibeson _:
i 1000F : :
800F M, =200, 1.55— E
600;_ 1:— 4 -» > _:
4001 untagged eb i 3
200F -SE | - !. :

0_' 0:l A —||_I_I._._L f_‘_l_'-l 5= 1

v b b (L 0 rart B8 [ N | e = ] 1
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¢ CMS sensitivity 2xSM, ATLAS 3xSM at 350-400
¢ Fluctuations never up to 20
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CMS Preliminary 2011 Ns=7TeV L=1661"
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¢ Both experiments have local excesses
¢ But all 6 candidates below 150GeV were in first fb
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candidate

Run Number: 183081, Event Number: 10108572
Date: 2011-06-05 17:08:03 CEST
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Both experiments have small exclusions

¢ Soon this channel will have large ones
¢ Some small differences in detailed comparison
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ATLAS | CMS combinations

¢« The SM Higgs is a very well-defined thing |
¢ Tell us the mass and we know the rest

¢ So we know what to expect in all these channels
¢ We put them together for optimal sensitivity.

¢ Needs precise understanding of the theory
¢ LHC cross-section working group did a great job
¢ We have an agreed set of rates to work with
© There iIs .... discussion about systematics

¢ So what do the combinations look like?
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The Combined Results
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The Standard Model
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¢ ATLAS and CMS exclude 145 to 460GeV together
¢ |slands (e.g. 300) not formally excluded, but are close

¢ Focus on 114-145GeV
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How well excluded?

ClLs
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¢ All m_, 140-500 disfavoured by both experiments
¢ Need a combination to know how strongly — HCP meeting
¢ But the 'islands' seem to be in trouble

¢ Much is excluded at 99% or better
¢ Soon, | guess, this will apply to a very wide region
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High mass Higgs?

¢ Exclusion goes up to 460GeV | l
¢ There is in fact an excess beyond this in ATLAS

¢ This could be where the Higgs boson lies

¢ Somewhat easier to get to 600GeV than to 114GeV

¢ Doable with 5fb*, combining two experiments probably needed
¢ But theory Is becoming tricky

¢ Lineshape become badly predicted

¢ Four-fermion interference is not properly treated
¢ The electroweak fits of course raise problems
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Low Mass

¢ The focus is now on the region below 145GeV
¢ i.e. 114-145GeV

¢ The lower the mass the harder it is at LHC
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Where might it be?

¢ Small excesses everywhere o s preimndy A
¢ 114 to 144 both | z
107 E
ATLAS+CMS = NV 126
® & 10-25_ ‘.‘ . —
¢« With more data any point ; , ;
. . . I [T ‘4",."_: 30
might look interesting 107
¢ But... 1045 .
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Where is Higgs hiding?

CMS Preliminary, \'s = 7 TeV, Combined, LInt - 1.1-1.7 b’

Interpretation requires look-elsewhere effect correction

|:| +1c from fit
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Where is Higgs hiding?

¢ ATLAS has a
deficit c/f SM
Higgs for almost
all masses

¢ Not a lot, but
'unlucky"

| ATAS Py s
10‘1;— \,_;
B
T
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- ---- Expected Lat=1.0-23fb
10°F \s=7TeV E
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m, [GeV
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Where might it be?

¢ What about % 55
the Tevatron? ~
¢ Also less
signal than :
e e B LN — | -
expected atall 5 S : -
masses 0

 [ELLR, tlo
R - [JLLR, 20

i S ; i ; @ : b
586ﬂ3  SNNE S S M5} _—
By Wy
_‘. ................ : ................ .‘-‘. ................ : ............................ 'LLROGS .............

b
-
illlllllll;ll

—
..........
- - : el k. :
.....
- =~
-

10(')| 110 120 130 140 150 160 170 180 190 200
July 17,2011 my, (GeV/c?)

- W.Murray STFC/RAL 52 |




ccccccccccccccccccccccccccccccccccc

o Rutherford Appleton Laboratory

So where Is the boson?

¢ The first fb* showed big excess over background
¢« The second fb* had little sign of anything
¢ The 3 4™ and 5™ are keenly awaited

¢« We have a lot of possiblilities, and we should take
nothing for granted.
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How do we progress?

— Observed — Observed @ 7 TeV
---- Expected ---- Expected CL, Limits
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Signal significancee

¢ 5fb? has large
sensitivity In

o

CMSPrellmmary Oct 2010 — @7 TeV

each eXperlment _ ......... ....... ....... ..... ...... ..... ..... ............................................. e : 2:: g:::x .......... _
o T s T SR 1 £ A S S S S—— 2 @8Tev ]

¢ Projections

slightly optimistic

at 115

¢ Need yy
resolution!

¢ Or SM cover
needs
combination

..... 5 fb‘1 @8 Tgy

Significance of Observation (o)
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Signal significancee

¢ 5fb? has large
sensitivity In
each experiment

¢ Projections
slightly optimistic
at 115

¢ Need yy
resolution!

¢ Or SM cover
needs
combination
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¢ Only small
stable region
left
¢ Are we
heading Into
region where
Higgs
demands
new
physics?
Know very
soon!

Higgs Stability
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What happens if we find it?

¢« Many channels contribute to low mass discovery l
© H-vyy
© Gluon fusion, VBF, vector boson associated
¢ H-ZZ
o Gluon fusion
¢ H-WW
© Gluon fusion, VBF
¢ H-11
© VBF
¢ H-bb
@ Vector boson/top associated
¢ Measurements studies follow discovery fast
¢ Checking the Higgs properties will be possible
spin, parity, Br....
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Summary

¢ In 2011 LHC has produced 5.5fb™
¢ bx the amount promised
¢« Record luminosity 3.6x10°°cms!
¢« The SM Higgs range has been massively reduced
¢« 145 GeV to 460GeV has only small islands
> 90% of the region explored already
¢« Thanks to the LHC people who made it possible
¢ bfb! at 7TeV should give ATLAS/CMS over 20
Higgs evidence COMBINED for any mass

¢ 30 forall bar 115
¢« The CERN DG has requested updates for December

council
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Summary 2012

¢ Running in 2012...
¢ Assumed order of 15fb!

¢« LHC combination will offer 50 sensitivity to

many SM Higgs
¢ Unless m_=115; then maybe only 3.50+

¢« Convincing evidence for absence?

¢ In which case we have many exciting avenues to
explore
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P-values at low mass
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¢ The lighter MSSM scalar o

IS below m, 14]
¢ Before radiative corrections ol
¢ from M, E |
s and |\/ISUSY (:mSTOP) E 10-_
¢ Implications for M., from T g
measuring m, are shown Ea

¢ Grey band is search limit

¢ M =130GeV or above does 4} 1111 j
not exclude SUSY — but it { ‘“dﬁm_e_—
makes it experimentally 2 4 & 8 10
Inaccessible tan B
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High mass Higgs?

Exclusion goes up to 460GeV
¢ There is in fact an excess beyond this in ATLAS

This could be where the Higgs boson lies
¢ Somewhat easier to get to 600GeV than to 114GeV

But theory is becoming tricky
¢ Four-fermion interference is not treated
© This gets messy...advice here?

¢ Doable with 4fb*, combining two experiments probably needed i

¢ The electroweak fits of course raise problems
Will briefly discuss this option
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¢ For 150GeV ATLAS find Z with MET is minor
¢ But ATLAS take this from simulation

¢ CMS have larger Z with MET component
¢ Taken from gamma plus MET studies
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Low Mass

¢ The focus is now on the region below 145GeV
¢ i.e. 114-145GeV

¢ The lower the mass the harder it is at LHC
¢ Will look at 114 as example

- W.Murravy STFC/RAL 66 |




ccccccccccccccccccccccccccccccccccc

o Rutherford Appleton Laboratory

So where Is the boson?

¢ The first fb* showed big excess over background
¢« The second fb* had little sign of anything
¢ The 3 and 4™ are an undiscovered country

¢« We have a lot of possiblilities, and we should take
nothing for granted.
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Accuracy of projections
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¢ Predictions very close — maybe 10% optimistic

¢ H-Dbb here used non-boosted analysis
¢ No VBF H- 1t from ATLAS yet

¢« CMS predictions similarly close
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H to gamma gamma fits
¢ 14TeV ATLAS study 3 l
Fit Variables Categories Significance
: 2.31

Yy
m 1 2.52

A%
m,, n, conversions 2.58
m,, n, conversions, Jets 3.46
m,., Cc0oSsO* n, conversions, Jets 3.83
m ,P n, conversions, Jets 3.75

1A% T,H
m, . PT’H’ coSsO* n, conversions, Jets 4.12
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¥ ¢« CMS has lower p_

3 threshold

2 ¢ benefits 115GeV

1 ¢ ATLAS optimisation possible

1 1 | L1 1 | 1 1 I‘| -I
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Charged Higgs bosons

¢ Attention mostly on

¢ m<m,

¢ H'->T1U
¢ The first allows a large production rate via top decay
¢ The second Is expected in high tan-8 SUSY

¢ Both of these should be relaxed
¢ ATLAS has studied H* - cs — but only with 35pb™
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Neutral MSSM Higgs

¢ Exclusions
starting to get
very interesting

¢ Meeting the LEP
bounds for low

L

¢ Starting to
exclude two light

Higgs doublets
¢ Push to higher
mass now

CMS Preliminary 2011 1.6 fb™

60

40

30 et g 95% CL excluded regions
C " [[_] CMS observed

201k 200 LT T e +1c theory
BT e CMS ex FECtEd
C ez I Do 7.3 fb!

10f=:- W LEP

MSSM m™ scenario, M_ _ =1TeV
SUsY

150

100

200 450

400

250 300 350

m, [GeV]

200
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nNMSSM a,

¢ MSSM plus on scalar Higgs
¢ Allows lightest Higgs to be very light.
¢ 'Ideal' Higgs near upsilon mass
¢ ATLAS analysis misses difficult upsilon region

¢ If SM Higgs missing, such models will gain attention...

> LT T T I L] I LI .I I : LI I LI I L ] LI I\’LI LI I L I LI E :l T T T | T T Il T lI T T T T T I T T T | I:
0] ATLAS Preliminary 3 -1 2 1600l ATLAS Preliminary J _ A
8104__\&:7.@\/ L dt = 39 pb _ T% (5= 7TeV L dt=39 pb :
S wdof:17 3§ 1400 E
FE 1 &1200F =
-"E : : bm - —— Observed limit _E
L - _ gE===  Expected limit n

10°E E ]

§ L ] L

L A
10 10.5 11
m,, [GeV]

1
9.5

(o2}
»
(&)}
-.4
~f
[4;18
(0¢]
(00}
(6)]
(o]
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4" Generation model
¢ Why? . l

¢ Heavy particles enhance gluon fusion loop
¢ Kinematics like 1/mass

¢ Coupling to H like mass

¢ Total is mass independent!

¢ Factor 4-9 enhancement from 4" generation
¢ Allowed if m >47GeV

¢« We require m >>m,, - this removes H - vv decay

¢ But photon decay Is suppressed...
o Interference and competition with gluons
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4" Generatin» Datae

" ) fg : * | my=",NLO(HIGLY)
¢ Production rates enhance 1 . —imelo
" N 2 S e O :.My=400GeV, NLO (HIGLU)
x ngh mass -=> minimum % 13 L SRR P ) c VAo
L g R
; 7 B RBR
% v
< 1 5
T
= | *
Eg 0.8 http://arxiv.org/abs/1105.1634 http:?/arxiv.Prg/abis/llOS% 1634
Q‘P \ 100I - l200I N I300I - lﬂ-UUI - I500l - I600
T 06 m,, (GeV)
E = .
@ ¢ High-mass decay rates
0.4 — v (M=M= )
i === yy (my,=m,=400GeV) Stab I e
. —  WW.ZZ(mem,= ) ¢ Low mass colourless
: WW.ZZ (mq,=m;,=400GeV) decay suppressed
-II.I.IIIIIJIIIlIIJIIII.IJJIIlIIIIIIIIIIIIJ]IIllIJIII

0
100 150 200 250 300 350 400 450 500 550 600
my (GeV)
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& [ ATLASPrelminary  ClsLimits | 3  CMSPrelmnay\e=7TeV = [ CL Obeenca
B i 41h Generation Model 7 E Combined, Lint =116 | CL, Expected = 1o
= i — Observed 1 8 10 Standard model with 4 | e L Expectedt 26 |
— 10 ---- Expected FERS - generations of fermions eoee Bayes) 3
= : P J. Ldt = 1.0-23 b 1E E - .- Bayegan Observed ]
d I:Ii 26 'lfg =7 TeV 1 3
L 'E
0 = -
@t N

10-1 g_ —§ 101 -

10'2 | | | | | | | | | | | | | | | | | | | | | | | | | _100 I I I I I — IEE]OI — = IBIiDOIIIII 460 I 560 600

200 300 400 500 600 .
m,, [GeV] SM4 Higgs boson mass (GeV/c?)

¢ CMS and ATLAS exclude ~120GeV to 600GeV
¢ ATLAS/CMS expected 116/112 to 600

¢ A combination would exclude ~all
¢ But47<m <80 Is a wi
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Fermiophobic

.....

—

¢ Higgs produced in VBF or £ 'L :

VH >

¢ No gluon fusion . “ 1

¢ Higgs decay enhanceyy & f_

[ |

107 3

=10 T T T 1 -
c% - s =7TeV Fermiophobic 1 £
= L

- : 10° 400"~ 450 200 250

M, [GeV]

¢ Higgs product cross-

o sections
¢ Exceed SM < 120
¢ Reduced above

a1 . L e L
107 100 150 200 250
M, [GeV]
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CMS FP search

Observed CLs Limit

“2. mmmm: Observed Bayesian Limht
""""""::: lllllll M'Edlﬁn Exmd CLB lelt
.. || +1oExpectedcLs

[ s peicie

FrnnnnIom 1><O'FF

110 115 120 125 130 135 140 145 150

m,, (GeV/c?)
¢ Expected CMS I|limit 116.5
¢ actual CMS limit 112 due to excess

¢ CDF/Do expect 111/110.5
¢ Actual CDF/DO 114/112.9GeV
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ATLAS H-T1t

Good for SM Higgs in the mass range mH=110-140 GeV
Three classes of final states, depending on the t-decay:
lepton-lepton, /I
lepton-hadron, /h
hadron-hadron, hh
ATLAS has studied the I/l and /h final states
Most important backgrounds:
Z/y* - Il + jets (-1 is largely irreducible); W-1lv +
jets; dibosons, ttbar and single top, QCD jets
Selection for Il;
2e, or 2p or lelp with pTe > 15 GeV |ne|<2.47; pTu >
10 GeV |nu|<2.5; opposite charge required
At least 1 jet with pTj > 40 GeV |nj|<4.5;
ETmiss > 30 GeV for 2e and 2, > 20 for 1lelpu
Il finale state: reconstruct the tau momentum in the x,, =
collinear approximation = (Puis1 2 + Pmis1,2)
Apply dilepton invariant mass and topological cuts My
- Study the tau-tau invariant mass Mer =

Puis1,2

Collinear approximation
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MSSM Higgs
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Charged Higgs bosons

¢ Attention mostly on

¢ m<m,

¢ H'->T1U
¢ The first allows a large production rate via top decay
¢ The second Is expected in high tan-8 SUSY

¢ Both of these should be relaxed
¢ ATLAS has studied H* - cs — but only with 35pb™

- W.Murravy STFC/RAL 82 |




Science & Technology Facilities Council

W@ Rutherford Appleton Laboratory

H* (at 14TeV)

6 discovery sensitivity 95% C.L exclusion sensitivity

& T &
F CDF Run I 4 CDF Run Il
550 Excluded / 551 Excluded
sof 95% CL co} 95% CL
i ¢
a5t a5t =
40 : 0k ._.-/ .
: v
sk sk 4
a2 3 =1
& 30 1 s 30
2 ATLAS = -
2 Bt elitral ~a” -
15 I 10 b~ prra=m " o™
o Bl sefsitivity | 7 v
: \ Scenario B ] : { ¢ o ]
— ATLAS ] \ Scenario B ATLAS
90 440 4130 150 170 200 250 400 600 g0 440 430 415D 170 200 250 400 G600

m, . [GeV] m, . [GeV]

¢« ATLAS study @ 14TeV
¢ Good for m, <m,__

¢ Lags behind H/A -1t in MSSM for m>m,

o Pair production is relatively weak
o ATLAS sensitivity from 1fb* to H/A is added
¢ But experimentally charged Higgs very conclusive
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¢ CMS search for top to © Lok o T
. = ] =
H*b, H* to tv for 1fb! 3 .o mwies
. —— "'le_:s E
¢« Background is mostly & T Bovoe: ]
Il Diboson =
t Ly W+ b ..g ] 03 +++—./,-// MC stat. unc. _i
(4b) T =
= o,
0.3 \s=7TeV 1.1fb"' CMS Preliminary 10 TR
— - TTT | T TTT | TTTT | T TTT | TTTT | TTTT | TTTT | TTTT | TTTT | T T n
-EE - t—H'b, H' -1y . —@— Observed N 1 0 =
0 - Hadr.-m*:h-l-ep final states . - 3
T 1
g 0 2 E_ I:I Expected median +2 o _E 1 0_1 _;
S g 10%50 100 150 200 250 300 350 400
20.15 . p;'® (GeV/c)
= B i !
O 01 E ¢ No evidence so far
o L _ 5 =
s b 1 ¢ Limits BR(t-H+b) ~4%
B: ] ¢ Far surpassing previous
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Just out: More H+, ATLAS

Https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-138/
¢ H+ is fully hadronic

d %25_—""|""|""|""|""|""—_
Moae : G [ ATLAS Preliminary _® 220" )
¢ Only 1 neutrino & Lof eowmisid -
¢ Find m, distribution & *| W ermsa
¢ QCD from data T 15 ST Emes
: 3 i - --= H(130), B=0.1 -
¢ Normalised by fit to PO N A
MET N T S E
¢ T distributions from : + Jraoan
embedding method IS .
¢ Normalised m_<40 o 4 :

¢ Fit m_>40 for signal % B0 100 150 200 250 300
my [GeV]
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H+ limits

’.\0 22 __l ‘ |A|T‘LIA‘S| IP‘ Illl ‘. P | L L L rrT T _— Q i\ T L | L | T T | L | L ‘ T T | L I T 4
TTC reliminar N - - ax . ]
1 0.2 J’ ' . 4 £ 60; mﬂ1 expecieaLimit ATEAS Preliminary ]
u - ] B I Expected+ 1o i
gotgr Daw20M JLd=103f- . E Epeced: 1o 4 E
BOABE s Expected Linit - et / :
3‘0. 14 - Expected £ 10 — 40 theor. uncertainties / -
Ji 0.12 f— Expected £ 20 _f ; ;
:]: 0.1 - == Observed Limit ] 30 ; *:
D A nak DO Observed . - ]
? 0.08 - 0 Observe E 20 } {
@] - ] L _
3 0.06E E ' :
3 0.04F E 10 Data 2011 j Ldt=1.03fb"
o) - ] : :
g 0.02:_ _: 0_\ 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 ‘ L1 1 1 | L1 1 | I | I_
O_| i IR A A AN NS AN A A AN AN BN A A AN SN EN AN B NN AN AN NN AN B 90 100 110 120 130 140 150 160
90 100 110 120 130 140 150 160
m.. [GeV] my. [GeV]
H+

¢ Most sensitive result for m . > 120GeV
¢ Further progress will benefit form similar techniques
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ATLAS H - tt by mode

¢ |h generally

60I""I""I"""I""I""IIIII I 40

i am B o
Most sensitive = All channels 3 MM, 1150 LA

¢ |l mode best 50| R £
when ’ !/ -
degenerate with 20" -
Z : \ ::w ...’.»‘ . . : :
¢ Mass resolution 30k ..o -
doesn't help /AN e ]
¢ hh importance S0RG o Coeaned thony
: . E - g —@=— Observed (emu only) _|
rises with mass e CteorvedCle -
i; mrl T o0 aeas Expected (hh only) :
1 0 \s=7TeV, j Ldt=1.06 fb" Eiiiiii E!]nfungr)'nly)__
f// ATLAS Preliminary g Eézeded o _
.// fCﬁ%ﬂﬁ?%@%%ﬁ@%ﬁW?%%%?%%V

100 150 200 250 300 350 400 450
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CMS H/IA - 1T

CMS Preliminary 2011 1.6 fb” 30

60

20
10

¢ ®-112011 CMS 2 70F  CMSPreliminary -
¢ ey, U1, €T, mBDN o
¢ Inclusive, b-tag, VBF - T e anke0
" I =N .

¢ Very nice results 20 — E
B Electroweak .

[C1QcCD 3

0 L1 1 — L 3
iy ",r".‘ 95% CL excluded regions D 100 200 300 400 500
. T (] CMS observed m,;s [GEV]

------ +1c theory

Y CMS xpocted ¢ Exclusion meeting LEP
. L E;;.a fb bOU nd

MSSM m™" scenario,M_  =1TeV
5uUsY

O T P P T P BT T ¢ As re-interpreted
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