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@4\ CMS
iClisEigas physics withi photons? DI ]

» Several important channels for Higgs physics contain photons in the
final state.
~ H - yydecay
P One of the most senstive channels at the LHC.

P Loop-mediated decay: measurement of Hyy coupling sensitive to BSM
physics.

~ H - llydecay

P Loop-mediated H-Zy decay: small branching fraction but sensistive to BSM
effects.

P Charm-mediated H-J/y vy : extremely challenging experimentally, but may
give information on Hcc couplings.

.~ Double Higgs production through HH —= bb vy
P Sensitive to Higgs self-coupling.
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Higgsereduction and decays
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o @4 CMS
JE"Rm -1 dataset DI |

» Excellent performance of the LHC | cms ntesrated uminesiy e
machine throughout the Run 1. B v P
Hp. (il
» Also excellent performance of the =
CMS and ATLAS detectors £
~ ~90% of the delivered data available g o
for offline analysis. £, s
\,‘,‘g‘ RIS RSN o N ‘\0\\‘ &oec‘ 0
» Available dataset: Pate (UTO
~ ~5fb1Vs=7TeV + ~20fb* Vs=8TeV S 1% ATLAS Online Luminosity E
Q 160¢ [ Vs=8TeV, [Ldt=2081b", su>=207
> 140;_ [ Vs=7TeV, [Ldt=52b", qu>= 9.1 ;
& 120} s
» Challenging pile-up conditions. 5 100 E
3 80F =
-~ Up to 30 average interactions per % 60; E
bunch-crossing. © 4o E
20 —
~ Ingenious ideas needed to keep B ]

detector performances.

Mean Number of Interactions per Crossing
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Excellent mass resolution.
Large QCD background.
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DI

> Narrow peak on large smoothly

background. 1000

- .
falling background. §50001 ATLAS
@ - [ Ldt=2031b", {s=8 TeV
~ QCD production of yy, but alsoyj € ...k
and jj, with jet misindetified as i
photon. 3000/
» Particle identification very 2000F-
Important to reject reducible -

3

» Mass resolution crucial to 0
minimize effective QCD
background.

CMS 4 1 —6*37 Simulation
50\~ Unpublished

~ Energy resolution.

8TeV Combined m —— Parametric model

—— O, = 1.87 GeV

~ Primary vertex identification (angular
resolution).

FWHM = 3.10 GeV

Events /(0.5 GeV)

» Signal modelling through nearby
standard candles.

1o 20 a0 40

~ZL-ee, Z-uu, Z-lly m,, (GeV)
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1alVSIS Strateqy,

P Both CMS and ALTAS analysis employ » CMS:
event categories to enhTance sensitivity.

@4\ CMS
Dri

 Event classification based on
_ Classify events according to BDT combining kinematics and
kinematics and mass resolution. mass resolution.

 “Exclusive categories” defined in o 17 s R— (STGV% ¢ _
terms of additional object in event S ol | oot ?;Wé

(jets, leptons missing E.) to enhance % =Y | E?%:?ZH E 0
sensitivity to VBF and associated s 10 i =p 30 S
production. 8oL i S

B ATLAS: 3 >

~ Cut-based categorization based on
photon candidated rapidity and di-
photon p.. Use BDT classifier for VBF
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VSIS

Stirateqgy,

» Photon identification:

(See also S.Zenz presentation yesterday)

~ Categorized cut-based for ATLAS.

~ Using BDT classifier for CMS (also cross check with categorized cut-base ID).
No explicit cut: fed-forward into event-classification BDT.

» Modelling in data using Z - ee and Z - lly
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AnaIVsis Strategy (3

P Vertex identification crucial to achieve good mass resolution.

_~ Angular term negligible if 6z < 1cm.

_~ Also important to compute isolation sums in high multiplicity
environments.

P Intrinsic difference between ATLAS and CMS:
pointing capability.

P Both collaborations use BDT classifier to indentify
primary vertex. Z Y

_~ Vertex tracks X p.?, recoil information,p ointing information (@CMS only for converted photons).

P CMS also uses a second BDT to esétTir\pate probability of correct assignements.
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SIVSISISErateqy.

[ Background modelling very important for

accurate estimation of signal strenght. S x10°
m -
_~ Both colllaborations use m_ sidebands 5‘? 10 All classes summed
to constrain background. *”E’ -
> Choice of background functional b N e B fit component
form is arbitrary. B Wt
6 N0 e +26
_~ Make sure that potential biases are small -
(namely <15-20% of the statistical uncertainty). 4
_~ Dedicated model for each event category. Z
2 =
P CMS [
. o . D_IIIIIIIII|IIII|IIIIIIIIIIIIIIIIIIIIIIII
_~ Discrete profiling method: choice of > LU L e e
background model as a disctrete @
nuisance parameter (difference between 9 200~ B-component subtracted -
models included in uncertainties). £ —A |
[ —
_~ Ensure that the resulting model is ;ﬂa-" - .
equivalent to other possible choices L 200 + -
allowedbythedata. _IIIIIIIII|IIII|IIIIIIIIIIIIIIIIIIIIIIII_

100 110 120 130 140 150 160 170 180
P ATLAS
m,., (GeV)

_~ Pick background model from a pool of possible parametrizations, ensuring that chose parametrization
reproduces well the background shape in MC simulation.

_~ Difference between background shape in MC and background model (allowed to be as large as 10% of the
expected signal) included in uncertainties.
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» Signal strength and couplings.

» Fiducial cross sections.

19/05/2015
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@@ CMS
Diyin |
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Biggsdmess measurement

» Higgs boson mass is a fundamental
parameter for the determination

of its properties.

~ SM predictions fully specified, once

it's determined.

» H - yy channel provides the best

measurement of m,..

~ ALTAS:

P Dedicated analysis for m, avoiding
use of exclusive categories.

—~ CMS:

P Consistent analysis for mass and

couplings.

P Minimize model dependence allowing
production modes signal strengs to
float independently.

19/05/2015
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Jelisskenght:

» Properties of the Higgs boson can be inferred
correlating the event rates measured in different chanels.

» Being able to probe several production mechanisms, H = yy
provides very important informations

“Signal strength” _
Measured Estimated

I I
Y y

I
D,.al(e ,A%)““ - of,M-TBRgM-LI + Bkg"

|
Ncat —

I
Predicted

Inference Statistical model

L(datalu ; éu)

= —In | <
alw L(datalji;0)
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@¢ CMS
Diyin |

Oyerallisignal strength
» Well in agreement with SM predictions.

(s (My=124.7 GeV)=1.140.24|£0.21 (stat ) 5% (theo ) "5 (syst )

(Liroas (M =125.4GeV )=1.17£0.27|£0.23 (stat ) * 543 (theo ) %12 (syst )
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aNeRIc™ Vs “Bosonic modes”

N = Zp,d [Mpd
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~ Worsening in precision.

Predtiction mechanism

» Finest possible breakdown.

~ Well in agreement with SM predictions

@4\ CMS
Dryi

— Total

[Ldt=4.5" {s=7TeV
[Ldt =20.31b™, Vs =8 TeV -

H — yy,m,=125.4 GeV

v
-k T T T 1

19/05/2015

5 6

Signal strength
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CMS H - vy 19.7 16 (8 TeV) + 5.1 1o (7 TeV)
~ +0.26
0.37 -0.23
112705,
[m, =124.7 GeV]
0.77
1.58 +068
1.16 combined + 1o
~0.16 +O7g I
L
—@— per-processt 16
2.51
2.69 Ty
IIII|IIIIIIII II|IIII|IIII|IIII|IIII|IIII
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Fiemsigngli strength to couplings: “k-framework’| DI ¥

» Simplest parametrization of Higgs-couplings deviations from SM
values.

~ Strengths modifications from SM amplitudes (LO EWK, NLO QCD).
~ Assume kinematics unmodified.

~ Motivated for small deviations from SM.

o, BR; = o, Toe k2 Op M
© H tot
» Parametrise p's in terms of k's e
— _p d
.~ Can test different assumptions on Wpa — >
relation between k's. kH

» Kk, paramatrises change in total width:
~ As an independent parameter or as a function of the other k's
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A CMS

induced coupling |

Combining also other
H decay modes

H — yy channel alone (CMS)

-1 -1

2CMS H—>W 197167 (8TeV) 5.1 16" (7TeV) s A IR | :
& Q - ]
8 ~ C ]
~ 1.41 -
6 1.2 =
1.0 .
4 0.8F ]
- ¥ CMS (m, = 125GeV) o
1, 0.6/~ 4 ATLAS (m, = 125Gev) =
- ¢ SM Higgs i
0.4 .
—J C | ‘ | | | | | | | | | | ]

% 02 04 06 08 1 12 14 16 18 ° 0.2 05 10 15
S Ky

Expect to asses deviations on ky
at 3-5% level in Run 2.
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UICal.cross-sections

» Analysis presented so far use the most advance techniques for
event selection and classification.

~ Maximal amount of information extracted.

~ Assumption: signal kinematics is SM one.

» Complementary approach is to measure fiducial cross section.

~ Simple definition of fiducial region.
~ Assumptions on signal kinematics much reduced.

~ Reduced precision.

Detector level observable Particle level observable

| e

AN(O,) = ¥ [AO(Oi*) [eqef L] + ABkg(O))

V A

Fiducial cross-section Detector response matrix
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s (AT
» Fiducial phase-space.
~ pT(gl) > pT(g2) > |h|< I1SO 0.3 <

LAS)

@4\ CMS
Diyin |

P Differential cross-section measured as a function of several

observables.

~ Overall good agreement with SM predictions.

» CMS measurement on the way to publication.

= L L L L
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JUEBlLcross sections: grand
SUrnrnary

ATLAS L

Diphoton baseline o —e—
. H-oyy,ls=8TeV * |
4
=20. [

N > 1 L dt=20.31fb "

| —e— data syst. unc. * |
Njets =2 v *_.._
N]ets =3 [ -

B XH = VBF + VH + ttH |
W LHC-XS + XH

VBF-enhanced m—— B HRes 2.2 + XH
B #* STWZ + XH T
N ieptons =1 - | & JetVHeto + XH
L * BLPTW + XH 4
miss | @ MINLO HJ+PY8 + XH
ET™ >80 GeV —§ | B MINLO HJJ+PY8 + XH
N I Lol l Lol I Lo ol ]
10" 2x10™ 1 2 345 10 2030 102
Csqy [fb]
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@¢ CMS
Diyin |

» Higgs decay channels with 2 ‘@’ Dalitz decay H— Zy
leptons and a photon not
as sensitive 0.001
as H - yy channel. 05|

-7
107" ¢ Plot from

JHEP05(2013)061
N

1077 | \
» Important to study. 1071 b o7 V@ Gev]
~ Loop mediated HZy coupling.
~ H-)lyy
) 5_

1/

Plot from PRD
D88,053003 (2013)

. i
-

Fy
R
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Rz —— Pr¥

» Similar strategy to H - vy.

~ Events categorized according to
resolution.

P CMS also uses VBF selection.
_ Limist from simultaneous fit to m,

» Exclusion sensitivity ~10 x SM for
each experiment.

—~ Will probe branching ratios close to SM
by the end of LHC Run 2.

CMS (s= 7TeVL 501‘b1 \F 8TeV,L= 1961‘b1

— Observed

S8 Expected + 16
-- Expected + 2 &

T lIII|IIII|III

95% CL limit on o/ay,,
&
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» CMS:
~ Search for H -» g*g - llg (no the road to H = },Y Q).
» ATLAS:
~ SearchforH—-J,Ygand Z-],Y g.

P Decays with quarkonia final states extremely challenging

even for HL-LHC

CMS Preliminary

= 0 ]
o ~ Ys=8Tev; L, =19.7fb" ]
b - —
o [ — Observed H—y*y—upy -
c 25 -- Expected ]
_E B [ Expected + 1o ]
E 20 :_ [ ] Expected + 25 7
—' s
O 15f
‘a-._ B
Ln -
10
5
1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
?2{} 125 130 135 140 145
m,, (GeV)
19/05/2015

150

95% CL upper limit on Branching Fraction

102

s

107° 2

106 2

[ 19.2fb!

107 -

20.3 fot

20,3 i1 20.3 fo! ATLAS Vs =8TeV

20.3 fb*

H/Z - Qy
o Observed E

E=  Expected (+1,20) ]

20.3 bt
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PelBlIEHggs production

g
» Long term goal is to constrain Higgs field self-coupling.

~ HH — bb yyis the most promising channel.

g
~ Expect 1-2¢ sensitivity for 3ab.
: .9
» For LHC Run 1 (and 2) focus is on resonant production. 0
.~ First step towards non-resonant production. |
g < — |

~ Set limit on exotic physics and extended Higgs sector.

Vs=14 TeV, PU=140
L L

—
N
o

~ CMS Phase Il Simulation

~ Preliminary

S

—
(=]
(=]

[09)
o

ATLAS Simulation Preliminary
\'s = 14 TeV: 3000 fb”

I
o

if

Nominal Luminosity

Relative Uncertainty on Fitted Signal Yield [%]

—y
o
IIII|IIII|IIII|III

Projected limit on the total HH yield (events)

20 ---- Exp. 95% CLs
5 [ N
[ 1*20c
1 1 | 1 1 | 1 1 | 1 1 1 | 1 | 1 1 | 1 | |
0 1 2 3 4 5 3 6 0 1 -|2 1 1 1 é 1 1 1 é 1 1 1 4|. 1 1 1 é 1 1 1 8| 1 1 1 1|0
Integrated Luminosity [10° fo] MK,
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@4 CMS
SS0lEs: - Dy

P Results interpreted in terms of 2HDM or extradimensional models.

~ Comparable sensitivities for CMS and ATLAS.

~ Moderate excess in ATLAS search, not seed in CMS one.

g 4.5 1 1 1 T T T T T 1 1 T I T T T T T 1 1 T CMS Preliminary L = 19-7 fb.‘] E = 8 Tev
— 4 ATLAS C WED: ki = 35, k/Mpl = 0.2, elementary top, no r/H mixing
r= fl_dt =20fb"at \s=8TeV i Al — radion (Ag = 3 TeV) ---@--- Observed 95% upper limit
;E 35 —a— Observed 95% CL Limit 10 = —radion (A =1TeV) s Expected 95% upper limit
el == Expected Limit +1o C ---- RS1 KK-graviton [ Expected limit+ 16
m 3 - - - = Expected Limit £2¢ B ---- Bulk KK-graviton Expected limit+ 2 ¢
x £ Ml e Type | 2HDM: 10

x tanp=1, cos(p-a)=-0.05 -
O 25 p (B-ov) -

II|IIII|IIII|IIII|IIII|IIII|IIII|IIII

6(pp — X) x BR(X —» HH — yybb) (fb)

IIII||III|I T"ol,"lll I|IIII|II|I|IIII|I|II

2 e
1.5 :
1077
1 T
0.5 — L 10'2_"':'|||||i|||||.|..|..|.'|~.|||||||||||||||||||||||||||
300 350 400 450 500 300 400 500 600 700 800 900 1000 1100

my [GeV] my (GeV)
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» Final states with photons are a very important part of the LHC
Higgs program.

» H - yy channel is one of the most sensitive ones and allows precise
determination of the Higgs sectors parameters.

- Best determination of m, comes from H - yy channel.

~ Measurment of signal stenght(s) is among the most precise ones.
Perspectives for LHC Run 2 is to constrain Hyy couplings at a few % level.

~ Best measurement of differential fiducial cross section also from H - vy.
Higher statistics in LHC Run 2 will considerably improve precision.

P Search for rare decays of H - lly allow to constrain BSM
contributions to Higgs decay loops.

» In the long run HH - bbyy expected to provide information on the
Higgs field self-coupling.
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eiglAscale data/ME corrections: @I |
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PlIGtORienergy. scale uncertainties

» Photon energy scale and resolution corrections derived from

/ — ee events.

_ Extrapolation to higher p-

through MC simulation

Z — ee

¢

through boosted Z production.

(Z = lly low-E cross-check)

~ Extrapolation from electrons to photons

@4\ CMS
Diyin |

19.7 b (8 TeV)

Relative response

_004; Barrel high Rg

.0021- - =
1 —t= —
0.998

T Barrel low R9 CMS |

1.01}- Endcap high Rg

- Endcap low Ry

19.7 fb™ (8 TeV)

X
s
o

L CMS

[ Barrel-Barrel ¢ Data

[]Z - ee (MC)

Events / 0.5 GeV
S

—
a1

10f

19/05/2015

Events / (0.5 GeV)

1; s 1 S|
I T & My, data/MC
0.991 7 + E/p data/MC
20 60 80 100 ~40 60 80 100 |
E.or H./2 (GeV)
|
E
21.57\ T T T . .19"7Tb71‘(8‘1‘e,v7)
X - CMS
><§1.4E_ ¢ Electron track + L B
13 } i Hadron track B
50 Unpublished simaten 1 2 r l B
it
11— $ g ]
: fﬁ oo §009
FHARTUF
Prs 7 0'QOHHO.SHH{IH‘1[5HH.‘2|HI2.5
m,, (GeV) ml

Higgs measurements with photons - P. Musella (ETH) 32



=

» Contributions to systematic uncertainties on m,, in GeV.

~ Observed (expected) uncertainties are quoted.

ATLAS
Non-linearity 0.14 (0.16)
Material in front of ECAL 0.15 (0.13)
ECAL longitudinal 0.12 (0.13)

response

ECAL lateral shower 0.09 (0.08)

shape

Photon energy 0.03 (0.01)
resolution

Z — ee calibration 0.05 (0.04)
Total 0.27 (0.27)

PLONFERErgY. Scale Uncertalnties

CMS
0.10 (0.13)
0.07 (0.07)
0.02 (0.01)

0.06 (0.06)

0.01 (<0.01)

0.05 (0.05)
0.15 (0.17)
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@4\ CMS
Diyin |

IRterierometry - di-photon

» Can also exploit destructive interference between
gg = yyand gg = H - vyy.

.~ Generate effective mass shift, which magnitude varies as a function of the
boson p..

~~ Constraint of the width from measurement of m, vs p_,..

~ Projected sensitivity for 3ab* I < 30 I, (95% CL).
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