Higgs physics at the LHC: an

experimental perspective
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Overview

e Motivation

* SM Higgs boson measurements
— Mass, width, spin, CP

— Couplings to fermions and bosons

 BSM Higgs boson probes

— EFT coefhicients
— Non-SM couplings
- Additional Higgs bosons

13 January 2015 C. Hays, Oxford University



Motivation

* The Higgs boson is the only fundamental scalar in the SM

— Introduces ad-hoc terms in the Lagrangian

* Not the result of an underlying symmetry in the SM

Y/
e RSO, 5% 2
A |
/ Fermion matter and gauge symmetry

Destroys symmetry with non-zero scalar v.e.v.

e Half the SM Lagrangian can now be studied directly!
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SM Higgs boson measurements

* Steps in the SM Higgs boson measurement program

Discover \v/
Measure mass, spin and CP &/
Measure width X

Confirm mass-coupling correlation
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Higgs boson production

* Dominated by gluon fusion g TECTEO0)
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Higgs boson decay

BR(H)
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bb suffers from large QCD-induced
background (e.g. g—bb)

Largest statistical precision from
WW-lvilv

Approximate mass reconstruction
possible in Tt

_&Fully reconstruct final state in

ZZ—IIll and vy

] Rare decays to uu, Zy. need lots of
" data to observe



Higgs boson decays to ZZ—llll and 7Yy

» Key contributors to discovery
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Higgs boson mass

 Fully reconstructed final states allow precise mass measurement

(Mass an important
parameter in
supersymmetry)

ATLAS and CMS Uncertainty in ATLAS

LHC Run 1 combined result
T

ATLAS ECAL nonlinearity /
CMS photon nonlinearity

Material in front of ECAL
ECAL longitudinal response
ECAL lateral shower shape

Photon energy resolution

ATLAS H — yy vertex and conversion
reconstruction

Z — ee calibration

CMS electron energy scale and resolution
Muon momentum scale and resolution
ATLAS H — yy background modeling

Integrated luminosity

Additional experimental
systematic uncertainties

Theory uncertainties

combined result
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Statistical uncertainty dominates; leading
systematic uncertainty is photon energy
calibration

Run 2 should reduce uncertainty by a
factor of two

Will need some improvement in Y calibration



Higgs boson width

* Direct width measurements limited by experimental resolution

Channel ATLAS CMS
(Width sensitive to
non-SM decays) H—ZZ I'<2.6 GeV I'<3.4 GeV
H—yy I'<5.0GeV I'<2.4 GeV

Standard Model prediction I' ~ 4 MeV
Run 2 combined direct limit could achieve I' <1 GeV

Interference between Higgs production and background shifts the mass in the yy channel
Shift is dependent on the width of the Higgs boson: SM predicts ~60 MeV shift

Difference in masses between Yy and ZZ channels sensitive to Higgs width
ATLAS+CMS combination: m -m, = -0.1£ 0.5 GeV

Run 2 combined mass difference could have precision of ~200 MeV
Could translate into I' <15 MeV? Sensitive to higher order corrections

13 January 2015 C. Hays, Oxford University 9
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r; Higgs boson width .

| s Off-shell production indirectly sensitive to width I}
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Higgs boson spin and CP

e Must be a scalar to be called a Higgs boson

ot
&

o

— Study angular distributions of ZZ, Yy, and WW decays

e Use multivariate analysis in each channel

— Spin-0 CP-even state preferred to spin-2 or CP-odd state

~99% C.L.
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SM Higgs boson measurements

* Steps in the SM Higgs boson measurement program

Discover \v/
Measure mass, spin and CP &/
Measure width X

Confirm mass-coupling correlation
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Higgs boson production

* Run 1 coupling results use “kappa” framework

— Multiplicative factors for Higgs terms in the Lagrangian

For a given production
process or decay channel:

2 SM 2 J ]
Kj=0;]0; K =17 /Ty

Connect to measurements via
“W” factors (notation: i—H—{)

(L

u; = ——— and —
(T )sm (BR/ VL

f o, Bl%"."Ir
p; = -
(T )sm {BRJ )sm

:a“fxﬂf

ATLAS-CONF-2015-044,
13 January 2015 CMS-PAS-HIG-15-002

Production Interference  Multiplicative factor
o(ggF) b—1 Ky ~ 106 & +0.01- k5 — 0.07 &k,
o (VBF) - e 074k +0.26- k3
a(WH) - ~ Ky
o(gq/qg = ZH) - ~ K
olgg — ZH) Z-1 ~ 22745 + 037 k] - 1.64 - k54,
a(itH) - ~ K
o(gh — WiH) Wt ~ 184k + 157 - Ky — 241 - KKy
o(gh — rHg) Wt ~ 34k +3.56 Ky —5.96 - K, Ky,
a(bbhH) _ - K]:"
Partial decay width
I-K/. _ N Kj,_
rvw N ~ &
r W—1 Ky~ 1.59 - kyy +0.07 - & = 0.66 - ky K,
[ B .2
I-bh _ - K]:J,
I'}!.ﬂ _ - K;
Total width for BRggy, =0

0.57 - &, +0.22 - k5 +0.09 - &7 +
[y - kG~ 006 K2 +0.03 k2 +0.03 k4

+0.0023 - k5 + 0.0016 - x5, +
+0.0001 - & +0.00022 -




Higgs boson coupling to EW bosons

13 January 2015 C. Hays, Oxford University
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Higgs boson decay to ZZ

e Uncertainty statistics dominated

ATLAS

4] selection

l

High mass two jets

VBF

l

Low mass two jets
W(- j)H, Z(— jhH

i

Additional lepton
W(— Iv)H, Z(— IHH

l

ggF

Ho 72 - 4l

VH enriched

ggF enriched

— Loosely split by production mode
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Expect ~20% uncertainty in Run 2 C. Hays, Oxford University

Events /3 GeV

35

30

25

20

15

10

CMS
T

E>|> [P e m—
L¥>> 1L ATLAS and CMS t',;:
; LHC Run 1 Preliminary Zi 3

5 [ =
oo [ AW
£ |> 10-' — Observed -
- E ---- SM Higgs boson - E
102 4

0 L
T
10°% u =
104 =
Bl v vl il 03
107 1 10 10

Particle mass [GeV]

Reconstruction of Z—41
an important validation

\s=7TeV,L=5.1fb";1s=8TeV,L=19.7 fo"'

J.‘J_IﬁITITIIIIIIIIITIIIITI{IIII‘IIII‘I

l T T T | T T T | T T T | T T T | T T T

* Data

] zx
[(Jzv. 2z

[ |my =126 Gev

IIII}IIII}

I|II\I|II1I|IIJI

| |

. .

Ll
100

®
o

120 140 160 18

my, (GeV)
15



Higgs boson decay to WW

e f '
o
XS Eooe SM Higgs boson g 3
* Most complicated of the measured channels |
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Higgs boson decay to WW

 Fit mass-based discriminant in multiple measurement bins

| |
" I ATLAS H —}W*_
mr =4/ {Ef +p¥ ) - pT + 7P 800 — ¥5=8TeV, 20.3f" —
V8=7TeV, 4.5 :
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@ 400 —
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3 I .
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] B -
g Sﬂ —
Uncertainty statistics-dominated: L% - .
Ly :
~25% PreCiSion per experiment [ I 11 1 I.--I 1 11 1 I 11 1 1 I 11 1 1 I 11 1 I_
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VBF production ~50% precision possible for VH in Run 2 17
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Higgs boson decay to Yy

Loose split by production mode

tTH leptonic
{tH hadronic
VH dilepton
VH one lepton
VH Emiss

T
VH hadronic
VBF tight

VBF loose

Forward - high P,

Forward - low Py,
Central - high Py
Central - low P

MogF VBF  BWH ZH [ fiH bbH tH
ATLAS Simulation

H-yy V\s=8TeV

0O 01 02 03 04 05 06 0.7 08 09 1
Fraction of each signal process per category

ATLAS

Hger = 1.32 £ 0.32(stat) 103 (syst) 1217 (theory)

pver = 0.8 £ 0.7(stat) £ (syst) 153 (theory)

Expect <20% uncertainty in ggF,

<35% in VBF, in Run 2

C. Hays, Oxford University
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Formation of a Higgs boson, induced by proton-proton collision,
and its possible decay into two gamma ray photons in the LHC.

p+ Top quark loop

Higgs Boson

Gluon Fusion Top Quark/W Boson loop

P .,
'YO -:I
19.7 b7 (8 TeV) + 5.1 o™ (7 TeV)
> x'lll]’_
8 L ::_':'3 Sum over all classes
-~ 10pF w § Daia
g i — 5+ fits (sum)
g B_— ...... B component
w L B :e
E'_ ...... 20
o
2:_ i =114°00
[ = 124.70 £ 0.34 GeV
IIJ"""'
= R R D D D D
& 200
£ o
2
W 0o
-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII-
100 110 120 130 140 180 160 170 180
m., (GeV) .
Expected Observed
A +0.34 +037 |
M ggH iiH L00Z 39 113753, |
- 57 63
/L VBE, VH L00%g3] 1162055
ST LT T




Differential Higgs boson production

* Sufficient number of events in ZZ, vy, and WW for single-
differential cross section measurements

— Z7+yy combined; WW separate (not fully reconstructed)

; T T T I T T T I T T T I T T T I T T T I T T T I T T T
[is) - ATLAS pp—H ® STWZ+ XH
Q B JelvHel + XH
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PRL 115, 091801
13 January 2015
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CMS Preliminary 19.4 fb’' (8 TeV)

¢ 4gH (PowhegV2+JHUGen) + XH
Lt ggH (HRes) + XH

I:I XH = VBF + VH

o
»

04

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

Fiducial task force in LHC
Higgs working group to
define standard binning,

allowing ATLAS+CMS

combination in Run 2 1°



Higgs boson decay to Zy

W b4
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Higgs boson coupling to fermions

13 January 2015 C. Hays, Oxford University
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Higgs boson decay to 17

> L S e L e A A R

N an s Py 25
S s N

. Challenge to reconstruct invariant mass |
102 31 -
- ATLAS o
- ® Data If the tau pair does not fall along a Ty f
80— H— 1t VBF+Boosted — H(125) (u=1.4) i h b Ived ol ;
6= 7TeV. 451" —F ine, the mass can be resolve Bl s s 3
60F \s=8Tev, 203107 Fobes (neutrinos from the tau decay are Parile mass [GeV]

7, Uncert.

approximately collinear)
40

In(1+S/B) w. Events / 10 GeV

Gluon fusion measured by requiring

20
the &icact Mto be large (“boosted”)

IIIIIII|IIIIIII|II1

0
;%; 20; 1 Dominant Z—7T background modelled
o% 10 41 byreplacing muons in Z—Uu data with
- | ] taus from simulaiton
£ Or % S J &
€ 50 f00 150 200
MMC [GeV]
ATLAS: CMS: combined u=0.78 £ 0.27
Hogr = 2.0 £ 0.8(stat.) *12(syst.) + 0.3(theory syst.)
Wi v = 124 *04%stat) 03 (eyst) £008(theory syst)  Run 2: Expect ~60% ggF and
p=1.43 "0 (stat.) T0-32(syst.) + 0.09(theory syst.) ~30% VBF uncertainty
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Higgs boson decay to bb

e Use VH production to suppress QCD b-Jet productlon

Need careful
understanding
of Vtjets
backgrounds

5/(S+B) weighted entries

Data/MC

Multivariate
analyses to
squeeze out
small signal

Observation of
dibosons an
important
validation

13 January 201¢
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mj) [GeV] Hays, Oxford University
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SM



ttH production with decay to b quarks

ATLAS Preliminary Simulation
(s=8TeV,|Ldt=203fb"
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Flavour composition of jets

C. Hays, Oxford University

— One/two leptons; categorize by number of jets and b-jets

ATLAS

Preliminary
Simulation

m, = 125 GeV
Vs =8 TeV

1 ti+light
C ttecT
KA
—
] Wsjets
[ I+jets
[ Diboson
I Single top
I Nultjet

Single lepton

ZA1HT



Events / bin

Data / Pred

Events / bin

Data/ Pred

e Fit multivariate distribution in each final state

10°

10°

ATLAS Preliminary
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Events 7.1

Diata / Prad

Events /0.2
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Lepton+jets
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e 0.7
ANM output
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Run 2:
Expect

ttH production with decay to b quarks

evidence of
ttH production

{5=8 TeV, [L dt=20.3 fb
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| — 10l —
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ttH production with decay to photons

e ATLAS and CMS limits are ~7x SM cross section

Hadronic

Leptonic

Combined

— Expect to be within a factor of ~2 in Run 2

ATLAS
2011-2012

Vs=7 TeV, [L dt=4.5 fb”'

Vs=8 TeV, [L dt=20.3 b |

Expected (¢'™=0) + 15 —|

Expected (¢'™=0) + 25
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SM signal injected

10 15

95% CL limit on 6™/ cl,
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25 30
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(b}
M
—
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~H
t
(d)

35
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1
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:_ —————— nw=14

L B B L B
ATLAS

{s=6TeV [Ldt=20.3 "
ftH. H — yy. m, = 125.4 GeV

8 TeV leptonic category

Events / 5 GeV
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L B B T B A B
[ —4— Data ATLAS i
E =7 I = -1 ]
r Background fit 'S =7 TeV |Ldt =45 ]
r fiH. H — yy, m, = 125.4 GeV |
F =1.4 B
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— - P MU .'."'l"'.".'"."._:
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(b}
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[ —t Data ATLAS .
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ATLAS search also sensitive to tH production
Probes the sign of the ttH coupling

C. Hays, Oxford University

26



ttH production with leptons in decay

* Combine Higgs boson decays to WW, 1T and ZZ

— Categorize by leptonic combinations in the event

Category Higgs boson decay mode
W TT i Other

2607 80k 15% 3% 2%

3f T4% 15% 7= 4%

261 Ty 35% 62% 2% 1%

4f G9% 14% 14% 4

1£2 T30 4% 93k 14 3%

oo e Lo 3¢ 40

ttH, H — WW 1.0+ 0.1 3.2+04| 24403 34405 0.29 £+ 0.04
ttH, H — ZZ 0.1+00| 0.1 +00 0.2+ 0.0 0.09 £+ 0.02
ttH, H — 77 0.3+00]| 1.04+01( 0.74+0.1 1.14+0.2 0.15 £ 0.02
tt W 43+06|165+23(1044+1.5 10.3+1.9
tt ZA* 184+ 04 40+09| 294+05 84417 1.12 &+ 0.62
tE WW 0.1 +00] 04401 0.34+0.0 0.4+0.1 0.04 £ 0.02
tty 1.3403] 1.9+0.5 2.6 = 0.6
WZ 06+061 1.5+1.7| 1.0£1.1 39+ 0.7
ZZ 0.1+01] 0.1 +00 0.3+01 0.47 £0.10
Rare SM bkg. 044+011 1.6£04]| 1.1 +0.3 0.8 +0.3 0.01 £ 0.00
Non-prompt THE25(200 441110442 333475 0.43 4+ 0.22
Charge misidentified 1.R+05] 23407
All signals 14402 43206 3.1+04 4.7+ 0.7 0.54 £ 0.08
All backgrounds 1IR.0EL2.7|1493 4L 54|127.7 4+ 4.7 A0.8 £+ 8.0 2.07 £ 0.67
Data 19 51 41 65 1

Events

22- T T T T T T T m
2L ATLAS ew -+ Data 2012 ] ATLAS and CMS
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Higgs boson decay to U

* Directly test Higgs couplings to second generation fermions

Events/1.0 GeV

Data-Fit

1000

800

600

400

200

e fama Lo apa O

— ATLAS & CMS limits ~7x SM prediction

CMS also constrains decay to ee

e 37000x SM prediction

Hmu

19.7 ib1 (8 TeV)

0,1 Jet Tlght BB — Dma

O
= -
w

1

Background model

--- 3M Higgs bosan = 20

— y%INDF = 45 7/48 = 0.953; p-value: 0.588

120 130 140
m,, [GeV]

0

150

160

ATLAS splits into seven
categories based on
dimuon momentum and
rapidity, and on
production mechanism

Combined ATLAS & CMS
could get to 2x SM
prediction in Run 2

C. Hays, Oxford University
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Higgs boson decay to J/v v

* Sensitive to Hcc coupling

— Predicted branching ratio 2.8

95% C.L. upper limits

Ty Y(18) Y(28) Y(3§) 3, Y(nS)
B(Z — Qy) [107]
Expected 20709 49133 6217 5470 88tH
Observed 26 34 6.5 54 79
B(H — Q) [107]
Expected  12790§ 1857 21 184 2505
Observed 1.5 1.3 1.9 1.3 20
o(pp — H) x B(H — Qy) [fb]
- 12 14 +24 1] 7
Expected  261)*  38%} 454 387 54177
Observed 33 29 41 28 44

ATLAS searches for decays

both to J/yy and Yy

Events / 4 GeV

24
22
20
18
16
14
12
10

B8

B
4
2
0

x 107°

ATLAS
fE=B TeV [Ldi=18.2 (i
{ Duai
— 5B PR
[ Background
[ H =10
] Z =]

B H 320 360

200
m,. [GeV]

Expect Run 2 limits to reach 5 x 10* (~180x SM)

Could also probe Hcc coupling using charm tagging in VH production

13 January 2015

C. Hays, Oxford University
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Higgs boson self-coupling

C. Hays, Oxford University
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Higgs boson pair production

* Destructively interfering diagrams leads to very low rates

— Many channels to study

(a) gg double-Higgs fusion: gg — HH

e ATLAS analysis combines four promisin

_H
“H
9 Tooo0) > ____H
i @ 1
g Tooeo! -—---H
I T T T T
=
‘: 0.1
SEN
= 001 |
N
0.001 | mp, = 125 GeV ﬂﬂ—":
0 100 200 RILI] 100 500

prn [GeV

g channels

= 10p . T s
<  ATLAS Signal Region n
hh Monresonant search R " y Y -
) _ ; e < — [Ldt=20 ", V5 = 8 Tev Data -
Final state Categories Discriminant = B Fitted Signal + Bkds f
— g P Single Higgs Boson + Bkd ]|
:ﬁrb!—') l m.. = r Continuum Background 7
rrWWw* 1 event yields a— —
bbrr 4 M F B
bbbb 1 event yields L \ ]
ol il 1 T T =
> 100 =
230 LA B L B UL R 9: T T T T T ] 4 <2bATagCOntrolRegioné
- ATLAS (s=8TeV,2031b"] af ATLAS is=8TeV,20315" 3 E
[TE A = A 3 £ 3 =
180 P 3 E —+— Data 4 — : : =
i bb"c"c 3 ?; Confiuum background ] 120 130 140 150 [Ge\%’o
E 160 — Data E sE _ SMHiggs contrbutien "
140 w 1
4 i 5F E
3] F ]
< 1= Pl WWryy Should get to
2 100 5 4F E
g o & af i better than 30x
m E - L] o
2 — -
% ; :  SM prediction
] 1F - 1 .
2 E obb L .-li--l-.r. P I PO Sl  r e = 1nRun2
0 3 . 4 . .
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M, [GeV]
Analysis yybh rrWw= bbrr bbbb Combined
Upper limit on the cross section [pb]
Expected 1.0 6.7 1.3 0.62 047
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Upper limit on the cross section relative to the SM prediction
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Combined Run 1 results

* ATLAS+CMS K« and U constraints

ATLAS and CMS Preliminary
LHC Run 1

K, <1
BRgg,=0

—* 1o

—*2c

—+E

—*I—

ATLAS-CONF-2015-044,

Ll l..§. FASHIG5:002

12 14 16 1.8 2

Parameter value
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Higgs boson beyond the SM

* Concurrent effort along various tracks

— Parameterize deviations in SM measurements
— Search for BSM decays
— Search for additional Higgs bosons

2HOM Type | ATLAS 2HDM Type 11 ATLAS
Obs, 85% CL , —— Obs. 95% CL
o [ i ; j " j [ ] fa="7TeV, 4.54.7 b ] i5=7 TaV, 4.5-4.7 fo’
8] - PP —= H-—vyvy,fs=8TeV,20.3fb" ATLAS X Bestfit PRI AN ¥ Bestlil B=8TeV. 205"
0.001— Fal o — == == Exp. 85% CL - === Exp. 35% CL
- / A (\\ ] — - 5M LI IS
— F N — = - - - |= e
0.0005 7 1 LN 4 = 10mm | : = 10 '
C y L \§ ] o P J 1 T i
C /'{’I/ o/ \ \\‘\L\ 7] il i ] | ! [~ .
= el N A 4k, 4 | i, 4k,
C o == — == | i
C ] 3| ) | F 3 &
_ = o — —_—— T - ) - g
-0.0005 —~ug —ggr=— ] | F 2h SN S '
= "--ﬁ\.:\ \\-\\‘ ////:/ - 2. | ; . <, .
- A\ ;’/,.f 7 ] | I ; SN S S '
-0001:_ \l“«\ \'.l\l {’II; Ij// * Standard MDdeI_: | | R N Y
0.001 = \IJ lv 00 95%CL E 4 | V9. 0.0.0, e
-0.0015¢ \/ ' g ss%cL . 045 AR | RSN P 004 v &l [
T N N R 1:','3. | o KA
-0.002 0 0.002 0.004 0.006 02}" S £55 x 0.2 XK KK
¥ Y Wi Py o T AT T | At Pt P e I W 4'|...'f..-..f.-..|'|. KWW LTt P Y L,
10 08 060402 0 02040808 1 'O 1 08060402 0 02 040608 1
cos{fi-a) cos(B-c)
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Parametrizing deviations

* Run 2 to probe more terms in the Lagrangian

— Current tools include <6 dimensional operators to LO

* For example, single-Higgs couplings to the SM:

AL, — ’[;m W WAW S+ sem’ 2,2, LHCHXSWG-INT-2015-001
F ‘f_n+nw K FWaWo + cung® (W 0WE + he)
+f-,f_,,ff;';‘,,,ﬁ;’,,,+f-~_ﬂ_T--1¢,,,.--1g,,,.+ - “*f“'%”z A, 7 J_:‘*’uzw,.zg,,,
+e.00° 2,0, 2, + 099’ Z,0,A,,,
+Egg _"l e G+ {T-h-lg + & @z,a, ced J: 9

e Derive from measurements of exclusive cross sections

— e.g. 0(0-jet), G(high—pTH)

13 January 2015 C. Hays, Oxford University
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Parametrizing deviations

* Run 2 experimental focus will be on binned cross sections

— Effectively production-level fiducial cross sections

» Extrapolate back to decay vertex

- Post-decay fiducial cross sections
measured in Run 1
¢ Type n =10 np=1

[=odet ] > et S ojeVBF ous|  Prstecion o
pit =10
—[ pF 10,00 |

opposite-charge &
Mige = 10

> py =20
= 3 n; dependent "':""?!"f:-"w = I-le
|, P =30
ATLAS mz > 50

: e < 66
] HOWW  poes 5

Ay < LB Agher < LB E
. . . . . . . F — ) }
Ongoing discussion in LHC Higgs WG about binning Mo =139 2027 g Toh
uss_F =1.14 +042 +037 4042
Liep " —0.41 —0.26 =17
Likely several stages for measurements to choose from (stat) ~ (syst) (sig)
. H . . gF ! 1 :
Use the finest binning feasible for the measurement ohag; =276 553 133=276 L fb
=1 oy, =83 3l =83 1

140413 January 2015 C. Hays, Oxford University
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Ratio to SM

Parametrizing deviations

* Run I results with effective Lagrangian from ATLAS H—Yyy

— Consider only terms relevant for ggF and VBF production

L=250,+¢,04 +uwOnw +upOup
+ E'}ny + E;;O_f,r + EHWOHW + EIIBOIIB- arXiV150802507
L | | T | | T | | | | | | | | | | | | | | I ] E .I 02 T T T T T T T T T T T T T T T T T T T T T T T _]
31 Impact on gluon fusion H— vy, {s=8TeV :'1; Cpp— H— vy, {s=8TeV, 20310 ¢ data ]
[ T, =0.0001 --c,=0.0002 ATLAS Simulation 6 | ATLAS — Standard Model
r . r ¢_=0.0001
- Impact on VBF+VH g

~ i - J --T,, =0.05 1
280 .5, =005 - G, =01 ! - ] . Hw “» ]
3PS PR S St % RO I 10 :_ﬁ_ + E

[ J 3 T Y T T S O T Y Y T S B Ll v 0o
Ma g G % N ] T 5 e .

2 e B % % e b > 2% T %Y T S B o N N N - N N B S N N M R
2 @ _rja 8 & %, qi’oz o = P 1300 792 5'.53 )gzo 2, e&‘})&ﬁz Szl i;:, 2, 0o G o8 & ’Z?;, QDQS [ B I %o vzz @jg )";, 2, e%d‘% -5? 3 .j'g qg .fz;’
! ¥ j
P, [GeV] Nigs ' my [Gev) Ag; p; [GeV] pT'“ [GeV] Nigs | m; [GeV) Ag; | Py [GeV]
Impact of effective couplings Measured results
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* Run I results with effective Lagrangian from ATLAS H—Yyy

— Obtain constraints in 1- & 2-dimensional coupling planes

Parametrizing deviations
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nggs boson decays to BSM partlcles

* Decays to a low-mass scalar (*a”) or invisible/dark matter (") .

— Dark matter needs to be produced with objects (VBF, VH)

SR1 SR1
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Higgs boson decays to BSM particles

* Decays to a low-mass scalar (“a”) or invisible/dark matter (“x”)

— Low-mass scalar: many possible decays, broad mass range
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Additional Higgs bosons

* Probe additional EW singlets, doublets, triplets

- Type II two-Higgs doublet model appears in supersymmetry

— Contribution of second Higgs to particle masses small
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Additional Higgs bosons

* New bosons are charged and neutral (CP-even and CP-odd)
- High tanf3: preferentially decay to bb, tt, up

CMS (unpublished), 19.7 b (8 TeV)
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Additional Higgs bosons
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Additional Higgs bosons

» Additional CP-even Higgs boson can decay to SM Higgs pairs
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Additional Higgs bosons
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Events / 40 GeV

Data - fitted background

Additional Higgs bosons

Possible to have enhanced production and decay in loops

— Interesting Run 2 excesses in Yy mass distribution
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Summary

* Run 1 saw the discovery of the Higgs boson and a
comprehensive program to measure its properties

* Run 2 will probe new processes, search for small deviations in
old processes, and expand the reach for additional scalars

* There is a parallel joint experimental and theoretical effort in
the context of the LHC Higgs working group: a new yellow
report to be released in the summer
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Higgs boson production

e Leading-order effective Lagrangian has limitations

— Parameters have no sensitivity to e.g. pTH

* Ongoing work to extend to NLO and to add dimension-8
operators

— already 59 operators at dimension-6

* Yellow report will also have prescription for connecting
experimental constraints on EFT parameters to specific models

13 January 2015 C. Hays, Oxford University 47



Higgs boson production

» At the LHC Higgs bosons are produced via the same kind of
radiative corrections that affect the Higgs mass

g 70000000

A ->—- H°

g 00000,

'Two additional gluon vertices, one fewer Higgs vertex:
sensitive to new strongly charged particles contributing to the Higgs mass
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Higgs boson mass

* Supersymmetry possible solution to hierarchy problem

7 N\
! Y
H H
————————\M/— ———————

Am ?= -2ly //(167) [A* + ..]

The quadratic divergence cancels, leaving:

A2y S o2 2 oy (9
A(mpo) = 7.2 Cos o yymy In (m;{m;ﬁ; m.I)

This adds to the tree-level expression mH2 = mZ2 cos’2

13 January 2015 C. Hays, Oxford University
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