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CMS

@Standard Model of particle physics is the most
successful theory

gAlmost all the particles predicted by SM were
discovered during the last century except one,
the Higgs boson

EIn 2012 ATLAS and CMS discovered a new

scalar particle with mass ~125 GeV 19710 (@ TeV)+ 5.1 10" 7 o)
. cMs Ref
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|t seems to be compatible with the standard
model (SM) Higgs boson

T Now the emphasis is on properties
measurement and couplings to other particles

Events / GeV

Nt

10-0 110 120 130 140 150 160 170 1-80
m,. (GeV)
Eur.Phys.J. C74 (2014) no.10, 3076



http://theconversation.com/the-standard-model-of-particle-physics-the-absolutely-amazing-theory-of-almost-everything-94700

Higgs production mechanisms and

decay channels

Higs production mechanisms:
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Why H = yy decay?

¢ Clean final state: two highly energetic photons, low branching
fraction BH — yy) ~ 0.2 %

e An invariant mass narrow peak can be reconstructed with high
resolution over a falling background in mass distribution

e Higgs to di-photon signal M

 Backgrounds:
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ELHC is the largest (27-km ring) and
most expensive scientific machine

@ The beams (p-p, p-Pb, Pb-Pb) travel
in opposite directions in separate
beam pipes at ultrahigh vacuum
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CMS Detector

[Electromagnetic
Calorimeter

Hadromn
Calorimeter Superconducting
Solenoid
Muon Electron

- = =. Neutral hadron (e.g. neutron)

[ron return yoke interspersed
with muen chamlbers

Charged hadron (e.g. pion)

----- Photon




Trigger System

Trigger system allows us to record only interesting events for further analysis

YFor LHC designed luminosity of 1034 cm™2 571 with a bunch crossing space
of 25 ns pp collision rate is 40 MHz

@ Only a fraction of all the events is important for CMS physics program

& CMS uses a two level trigger system for recording events with interesting
physics with great efficiency

@Levell trigger (L1): Hardware level trigger
@ Reduces event rate to ~ 100 kHz

@ High Level Trigger (HLT): Uses partially reconstructed object information
@ Reduces event rate to ~1 kHz



@ Objects are reconstructed using information from various CMS sub-detectors
with the particle flow (PF) algorithm  JinsT 12 (2017) no.10, P10003

Muons are reconstructed by combining information from the tracker and
muon detector

™ Electrons are identified by matching energy deposits in the electro-magnetic
calorimeter with tracks in the tracker

™Jets are reconstructed based on PF candidates using the anti-kralgorithm with
a radius parameter of 0.5  Her 0804 (2008) 063

g Missing transverse momentum (pmisst) is calculated as the negative vector sum
of the transverse momenta of all PF objects
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Photon Reconstruction

Shower in Electromagnetic |

Calorimeter

—— No associated charged
particle track

—

Photons are reconstructed in three steps

@ Local maxima in energy are found among the ECAL

crystals above a threshold

& A cluster topology is built

around the seeded crystal

& Adding crystals which satisfy:

-> At least one immediate neighbour clustered crystal

->Have energy above a threshold

@ The aggregated clusters -> “Super Cluster”

@ Photon energy = sum of calibrated energy for the

super cluster in the ECAL

10

The shower correspond
to a photon object

Seed Crystal

Super Cluster
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| Trigger (HLT) + Preselection |

| &

| Diphoton Vertex Identification |

Diphoton Identification |

' Event Categorization based on |
| Production mechanism
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HLT for this analysis:

@ Two photon candidates with transverse momentum (pr) > 30 and 18 GeV

@ Other selection applied on:
e Transverse energy of the photons

e Diphoton invariant mass

e Shower shape and isolation variables of the photons

e Hadronic energy over electromagnetic energy

e Electron veto

ECAL Coverage
Transverse momentum (pr)

Invariant mass of diphoton pair (mW)

EB (|n| < 1.4442), EE (1.566 < |n| <2.5)

Lead (Sublead) photon > 40 (30) GeV

> 90 GeV
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Data: 35.9 fb-1 of 13 TeV data

Signal:
gluon gluon fusion (ggH), vector boson fusion (VBF),
W/Z associated production (WH/ZH), top quark fusion (ttH)

Backgrounds:
Diphotons , Gamma+ jets, QCD and DY->|l+jets

RO = E (3x3 crystals)

Preselection e
Ro H/E Ty Lon (GeV) Iy (GeV)
Barrel 0.5,0.85] <0.08 <0.015 <4.0 <6.0
e >0.85 <0.08 — — —
0.8,090] <0.08 <0.035  <4.0 <6.0
Endcaps

>0.90 <0.08 —_ —_ —_
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Compact Muon Solenoid
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(No — of — passing — probe)

B (No — of — passing + failing — probe)

@ Scale factors are measured
using Z -> ee events by
“Tag n Probe” method

R
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@ SF measured in four categories S T T;g?PmbGev,cl)m
(EB, high R9), (EB, low R9), ,
. (EB, high R9)
(EE, high R9) and (EE, low R9)
Data Simulation Ratio
Eff. Stat Eff. Stat. Scale | Stat. Unc. | Syst. Unc
Barrel; Rg >0.85 0.9488 | 0.0001 | 0.9499 | 0.0001 | 0.9988 0.0001 0.0009
Barrel; Rg <0.85 0.8471 | 0.0001 | 0.8423 | 0.0002 | 1.0057 0.0002 0.0010
Endcap; Rg >0.90 | 0.9207 | 0.0004 | 0.9256 | 0.0002 | 0.9947 0.0004 0.0051
Endcap; Rg <0.90 | 0.5309 | 0.0001 | 0.5622 | 0.0003 | 0.9443 0.0005 0.0071
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Two different kind of background components for this analysis considered

* Irreducible: Diphoton production

CMS 35.9fb" (13 TeV)

. ﬂ- E | I I I I | I I I I | I I I I | I I I I | E

% Reducible: Jets reconstructed as photons S +  Data s
~ Both photon + jet & jet + jet events may mis-identified a *%107 = S 195 GeVIXG" =

H S vv event Lﬁ - h [ Total bacﬁground + stat. uncert. .

oL _

~ Proper identification of photons is crucial 10

— Y
i — ol ﬁ’ﬂ
© To identify photons from jets, a multivariate |
discriminator is used .
% Photon ID BDT: Input Variables 104

~ Shower shape variables

~ |Isolation variables

© Super cluster variables AT B B B
_ . , 1 0.5 0 0.5 1
© Median energy density per unit area of ECAL per event Photon identification BDT score
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CMS Preliminary  35.9 fo (13 TeV)

,CMS Preliminary _ 35.9 fb (13 TeV)
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Photon ID BDT score Photon ID BDT score

Photon identification BDT score for Z—>ete- events in data and simulation
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Diphoton Selection

% Vertex assignment is important for myy resolution H ---===- a
| Zchoosen-Ztrue| < 1 ¢cm => angular contribution

negligible w.r.t. energy resolution Eve

My = My, = \/2E71 E»(1—-cosa)

N2
N}

Vertex ID uses Multivariate approach (BDT):

exploits tracks recoiling from myy system and CMS 35.9 o™ (13 TeV)
conversion tracks. Estimate of vertex probability s E! T S | || D ;M'H' 1S

. . o . ) B imulation —>VY i

extracted for use in diphoton classification. 31072 P background m=125GeV 3

S F [ jet jet Bl goH -

F10°E [ v jet [ VBF =

- vy ] VH ]

st Used a Boosted Decision tree (BDT) classifier to 10° N\ MC stat. une. - EJttH =
identify a signal like diphoton pair 1043_ 7

% BDT input variables: 10°L B
~ Kinematic variables of the diphotons 102; _

© Multivariate scores for each photons 10k -

- Diphoton mass resolution 1— : —

1 | 1 [ | 1

0.6 0.8 1
Diphoton BDT score
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% ttH Leptonic:
~ At least one lepton

~ Atleast 2 jets (1 b tagged jet)

* ttH Hadronic:

<~ No lepton

© Atleast 3 jets (1 b tagged jet)
% VBF:

~ Two jets along with two photons

~ Separate MVA based analysis done

for the dijets

~ Final MVA = dijet MVA + diphoton
MVA

21




* VH Tags:
~ leptonic Z decays (ZH Leptonic)

~ leptonic W decays (WH Leptonic)

~ W or Z leptonic decays, relaxed selection
(VH LeptonicLoose)

-1

© W or Z leptonic decays, with at least one ~ ClM.S. —————— |C.”5.'9.fb| (.1§T.e\|/)
o
. . : SM H—
missing lepton (VH MET) S 47 tData  Simulation e

_ 5 B oo

© hadronic decays of W and Z LI>_,1o6 . [ VBF

[ VH

(VH Hadronic) JttH

5

Untagged 0
Untagged |
% Untagged (ggH): Untagged 2

i
i
Untagged 3 i

~ Remaining events are from ggH

© Further classified into subcategories

. o4 06 o8 1
Diphoton BDT score
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All categories

e Tagged categories: ttH, VH and VBF processes (10 in total)
e Untagged categories: ggH process (4 in total depending to different S/B)

. Events passed though tagged |
categories sequentially, then |

untad

e ——

t 1‘

— = —

v
|
|-
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A parametric model is used to describe the shape of the H->yy signal in each

category

% Diphoton mass shapes in each 14 categories separately using analytic function

% Parameters are determined by fitting simulated events for each category and
each of three Higgs mass points

% Full signal model is constructed by taking linear interpolation of each fit parameter

between individual mass points

CMS Simulation Preliminary 13 TeV
; : LI | L | LI | L | LI | L | LI : %
D E Hoyy Untagged 0 { 9
O] 7 4 9
0 - N i 5
o N Simulation \ 2
~— - - g L
~ C S 9
5 - . :w
o 5 ___ Parametric 4 %
o model ] ¢
> -
L 4= — 4
[ o, =132GeV
3 - 3
o FWHM = 2.92 GeV B )
1 - 1
;ri—rl—rl—rlih—h—i—rﬁ—rll_lu l'-- L1 Nk‘ - Dl—ﬁ—'—l—rhl—rl—ri—';

0
105 110 115

120

125

130

135 14C
m,, (GeV)

UntaggedTag_0

(=3
ofTT

~
I|III

»
I|III

Mo 120 130 140 150 160
m,, (GeV)

a.u.

500

400

300

200

100

C M S Simulation

4%* Simulation

Parametric
model

o, =1.69 GeV

FWHM = 3.38 GeV

All categories
S/(S+B) weighted

Il | 11
905 110 115 120

125 130 135 140
m,, (GeV)



T\:’ g —@— Data- UntaggedTag_0
‘GC'J' 60 H\ m—— env_pdf_0_13TeV_bern2 |
B a c k g ro u n d M O d e I : Lﬁ A\ = env_pdf_0_13TeV_bern3 (Best Fit Pdf)
50 ;5\ ——————— env_pdf_0_13TeV_exp1
— \ . @NV_pdf_0_13TeV_pow1
#* Background model is built from data sideband 0 olly T e

(180 > mass > 135 GeV) and 305_

(100 < mass < 115 GeV) oo

\5\\
LN
LR o S ]
II|IIII|IIII|IIII|IIII|IIIIII ",

* Four families of analytic functions considered 210:_0" 110 120 180 _ 140 _ 150 _ 160 170 180

(sum of exponentials, sum of Bernstein’s . ﬁ[ H“

polynomials, Laurent series, sum of power laws) }

Untagged O
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Different systematic uncertainties are treated separately depending on their effect on
the diphoton mass distribution

o All possible source of uncertainties are considered. Some of them are listed below

Theoretical Uncertainties:

e Statistical uncertainty ~10%
e QCD scale uncertainty (<5%)
e PDF uncertainty (<1%)

e H->yy branching ratio (~2%)

Experimental Uncertainties:

e Jet energy scale and smearing (at max 20%)

Measurement of integrated luminosity (~2.5%)
Photon energy scale and resolution (~2.5%)

Photon ID BDT (<="~1%)

Modeling of material budget in front of ECAL (< 1%)

20



L = L(data|s(p, M) + f(m.))

p -> parameters of the signal (signal strength or mH )

Prediction with Higgs
(or new physics) s(p, myy) -> parametric signal model

S
~~
~

f(myy) -> background fit function

rate of events

Expected backg
Results for combined categories

CMS 35.9 fb' (13 TeV)
> :H_)‘IY‘YIIIIII
some parameter (2 25000|- . =125.4 GeV, fi=1.18 All categories
Figure B i) R ¢ Data
c — S+B fit
G>JZOOOO
L

% Signal region: 115 < mass < 135 GeV

15000

% Overall diphoton mass region: 10000
100 < mass < 180 GeV 5000

_LLIIIIIIlIIlllIIllllIllllIll

600 " B component subtracted
400

200

-200

lllll. l]llllll]

—40006 110 120 130 140 1850 160 170 180

57 m,, (GeV)



Compact Muon Solenoid

CMS Simulation

Untagged 0
Untagged 1
Untagged 2
Untagged 3
VBF 0

VBF 1

VBF 2

ttH Hadronic
ttH Leptonic
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WH Leptonic
VH LeptonicLoose
VH Hadronic

VH MET

H—yy

B oo+ B veF ttH
. WH leptonic . ZH leptonic

B ooH B tHg B tHw

WH hadronic - ZH hadronic

. 0-eff

L Ohim

35.9 fb" (13 TeV)

Bl S/(S+B)

32.5 expected events
469.3 expected events
678.3 expected events
624.3 expected events
9.3 expected events
8.0 expected events
25.2 expected events

5.6

0.5 expected events

expected events

7.9 expected events
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Width (GeV)
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S/(S+B) in = o

ggH

VBF

CMS

35.9fb" (13 TeV)
T T | T T T I T

T T T T I
H—yy - Combined 68% CL
- —— Per process 68% CL
1.10 202 === WU,
— -~ _ +0.17 _
Mcombined = 1.18 -0.14
+0.6
08 .05 m,, profiled
22709
2477 —a—
1 1 1 1 1 1 I I I
-2 4 6 8

=)

Signal strength modifiers measured for each process (black points), with the SM Higgs
boson mass profiled, compared to the overall signal strength modifier (green band) and

to the SM expectation (dashed red line)

7 =1.18

Best fit mass =125.4 + 0.3 GeV =125.4 £ 0.2 (stat) + 0.2 (syst) GeV.

+0.17 _
—0.14 —

1.187012(stat)£9-92
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Higgs Coupling to fermion and

vector boson

o Kr, Ky, Kgand k, measure strength of Higgs coupling to particles relative to SM

@ Two-dimensional likelihood scans of kfversus kv (left) and k, versus k, (right)

CMS 35.9 fb™' (13 TeV) CMS 35.9 fb™ (13 TeV)
— 3 : 10—~ o 10—,
m,, profiled | % m,, profiled %
25 X RS
4 Best Fit + Best Fit
est Fi 8 O 16 est Fi 8 O
2 - 68% CL - 68% CL
-;- 95% CL 1 . 4 -;- 95% CL
SM SM
15 5 5
1.2
’
1
0.5 4 4
0.8
0
P 0.6 —2
-0.5
0.4
-1 0 —o
02 04 06 08 1 12 14 16 1.8 04 06 08 1 12 14 16 18 2
Ky K,

Results are consistent with SM expectation
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Fiducial Cross-section

measurement

CMS 35.9 fb' (13 TeV) JHEP 1901 (2019) 183
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- i p™s® > 200 GeV #o 03" fo
L T % "-0.09
_ _ 7 .
0.5 B | I\Ilepton=1 é; 0'5:1.: b
D —] L .
o . Nieptor™1 _%_.A 0.207 b
L _ B % e
i \ l N =1 Z—.—‘Z 238 1
O i ] Ik\\\ lx\ | | ] | | [ I | [ I | ’ — % é 7
70 75 80 85 90 95 100 N, >1 %—Hm;‘_: b
- Z
Oﬁd (fb) 1-| miss % +1.4
-lepton, low-p? o—é 0.3 b
o« M f fiducial ion using di S
easurement o uclal cross section using different 1-lepton, high-p™s® _;%._10_22"'0'371:[)
. . T B 7 -0.20
categorlzatlon scheme >1-lepton, =1-b-jet —Z -0.04*%2 fh
gl IIIII-I(I)[16I IIIIIII| | IIIIIII| | IIIIIII|

 Results consistent with SM expectation o0 1 10 1R 10

o, (fb)
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Summary

g'We presented the measurement of production cross-section of the Higgs
boson using diphoton decay

@ Results corresponds to 35.9 fb-1 at 13 TeV at pp collisions

@ Consistency with SM when splitting signal strength into production modes

M Higgs physics: moving from discovery to precision measurement era.

CMS has already finished its data taking for the Run-Il in pp collision

Stay tuned!
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Number of events

Expected SM 125 GeV Higgs boson signal Bkg
Total ggH VBF ttH bbH tHq tHW  WHlep ZHlep WHhad ZHhad o o (GeVY)
(GeV) (GeV)
Untagged 0 32.5 720%  166%  26%  0.6% 0.7 % 0.3 % 0.6 % 0.3 % 4.2 % 2.2 % 1.32 1.26 21.8
Untagged1 469.3  86.5 % 7.9 % 0.6 % 1.2% 01% <0.05% 05% 0.3 % 1.9 % 1.1% 146 132 925.1
Untagged2 6783 899 % 5.4 % 0.4 % 1.2 % 01% <0.05% 05% 0.3 % 1.4 % 0.8 % 193 167 23917
Untagged3 6243 913 % 4.4 % 0.5 % 1.0 % 01% <0.05% 05% 0.3 % 1.2% 0.7 % 261 227 48551
VBFO 93 155%  832% 04%  04% 03% <0.05% <005% <005% 02%  <005% 152 131 1.6
VBF1 8.0 284%  697% 04%  0.6% 04% <005% 01% <005% 03% 0.1 % 1.66  1.38 3.3
VBF2 252 451% 512% 09%  08% 0.6 % 0.1 % 0.2 % 0.1 % 0.8 % 0.3 % 1.64  1.37 18.9
ttH Hadronic 5.6 7.0 % 0.7%  811% 21% 4.3 % 21 % 0.1 % 0.1 % 0.7 % 1.9 % 148  1.30 24
ttH Leptonic 3.8 1.5% <005% 878%  0.1% 4.7 % 3.1 % 1.5 % 12%  <0.05% <005% 160 135 1.5
ZH Leptonic 05 <0.05% <005% 26% <005% <005% 01% <005% 973% <0.05% <0.05% 1.65 143 0.1
WH Leptonic 3.6 1.3 % 0.6 % 52%  02% 3.0 % 0.7 % 84.5 % 4.3 % 0.1 % 0.1 % 1.64 143 2.1
VH LeptonicLoose 2.7 8.1 % 2.7 % 24% 0.6 % 1.8 % 0.1 % 64.4% 191 % 0.6 % 0.2 % 1.67  1.56 3.5
VH Hadronic 7.9 47.6 % 45%  44%  04% 1.7 % 0.3 % 0.2 % 0.5 % 252%  151% 138  1.30 7.2
VHMET 4.0 18.7 % 26% 154% 04 % 2.1 % 1.2 % 26.8%  30.4 % 1.4 % 0.9 % 1.56  1.39 3.5
Total 1875.0 86.9 % 7.1 % 1.0 % 1.1 % 02% <0.05% 08% 0.4 % 1.6 % 0.9 % 196  1.62 82378

Event categories

Process i Uncertainties p-value Estimated sign.ifi.cance
tot stat syst theo (standard deviations)
ggH 110 "0 01 oo o 31x107 69
VBF 08 p2 07 i3 i 42x107 1.7
ttH 22 0% 09 02 +02 7410 3.2
VH 24 30 0 fhE 0 47%107 2.6
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Effect of Uncertainty on Signal

ompact Muon Solenoid

strength

CMS H—yy 35.9fb™ (13 TeV)

Uncertainty on overall u Uncertainty on - Uncertainty on u -
tt
0 0.05 0.1 0 0.1 0.2 0.3 0 0.05 0.1 0.15

Photon identification

Photon energy scale and smearing

= U4y

Per photon energy resolution estimate

Jet energy scale and resolution

Integrated luminosity
Other experimental uncertainties
Branching ratio

ggH QCD scale

ggH P, modelling

ggH jet multiplicity

Other processes QCD scale yield

i UU“HU\_HUHH

Other processes QCD scale migrations
M Observed

D Expected

Observed Observed
|| Expected ] " | Expected

PDF and a yield

IR

Underlying event and parton shower

llllll llllllllllllll llllllllllllll

0 0.05 0.1
0 0.1 0.2 0.3 0 0.05 0.1 0.15
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CMS 35.9 fb' (13TeV)

_I 6 _I LI I IIIIIIIIII /I\ I | I | ()I 1I7I I | I LI I |
= - H—yy w=1.18 " -
< - ~0.14 -
N 5:_ —— stat+syst y
' B —— stat only i
B m,, profiled |
4=— 95% CL ]
3 — —
ol ]
1_ 68% CL ]
_I 1 1 1 | | I I | | | I I | | | 1 1 | | 1 1 1 | 1 101 1 | | | I—

8.7 0.8 0.9 1 1.1 1.2 1.3 1.4 15 1.6
W

CMS Run-I results i = 1.14 = 0.21(stat)*)82(syst) T J3(theo)
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Untagged O
Untagged 1
Untagged 2
Untagged 3
VBF Tag 0
VBF Tag 1
VBF Tag 2
ttH Hadronic
ttH Leptonic
WH Leptonic
ZH Leptonic
VH Lep Loose
VH Hadronic
VH MET

35.9 b

Signal strength modifiers measured for each category (black points), with the SM Higgs boson mass profiled

CMS

(1.3 'II'eIV)

Supplementary
T

—l— Per category 68% CL —

C M=MSM

~

w

combined

+0.17
= 118 .,

m,, profiled

Combined 68% CL 7




Legacy paper

Decay mode Branching fraction [%]

H — bb
H— WW
H—gg
H— Tt
H — cc
H— ZZ
H — vy
H — Zvy
H — pp

575 =19
21.6 =09
8.56 = 0.86
6.30 &= 0.36
2.90 =0.35
2.67 =0.11
0.228 £ 0.011
0.155 =0.014
0.022 4 0.001

JHEP 1608 (2016) 045
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Quantile method

The correction of the discrepant shower shape observables is made with a morphing based on the
cdf of the two histograms.

How correction works

i i Quantile 0.0to 0.999 ati
* Produce quantile-quantile extrapolation

plot of the variable.

s4 in Data

* It's a correction that changes

the values of the variable to s

the same percentile in the °-7§
data distribution. 05
- Alinear interpolation 05
between the two points ok

close to x is computed. If X
IS outside the graph range, a :

linear extrapolation is e
computed. ik

03F

Interpolation
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5.1 fb" (7 TeV) + 19.7 b (8 TeV) + 35.9 fb™" (13 TeV)

iv:1 42

1 I 1 1

ATLAS

Vs=13TeV, 36.1 - 79.8 fb"

ttH (bb)

ttH (multilepton)

ttH (vy)
ttH (22)

Combined

| | | 1

I 1 I I 1 I 1 1 I I I 1 I 1 1 I I I 1 1 I I I

|- Total Stat. [ Syst. —— SM

Total Stat. Syst.
———— Ii 0.79+ o5 (+ g% ,+0.53)

0.42 0.30 0.30
p—e—- 156 = 40 (= 029 +% 027 )

_CMS _ S1b: fgaidca syst)
ttH(WW*) * : :;_(:; ((Ss)t/:':)&) syst)
ttH(ZZ*) -
ttH(yy) -
() | e
ttH(bb) i ——‘-—
7+8 TeV °
1aTev | —*—— 1.14“:8";’;
Combined l_l'°‘_11261_83é,.

1 0 1 2 3 4 5 6 7

Phys. Rev. Lett. 120 (2018) 231801 ttH

Observation of ttH production!

—t———| 139+ 043 (= 0% .= 057)
fe <1.77 at 68% CL
H==H 132+ 0% (+0.18,= 23)
l 1 1 1 L I 1 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1
0 1 2 3 4
SM
O/ OH

CMS
Run-1+Run-2:5.20 (4.20 exp.)

ATLAS (up to 80 fb-!)
Run-2:5.80 (4.90 exp.)
Run-1+Run-2:6.30 (5.10 exp.)



http://dx.doi.org/10.1103/PhysRevLett.120.231801

_— Compacl Muon Solenoid

2017 data H->gamma gamma

ttH Hadronic O

ttH Hadronic 1

ttH Hadronic 2

ttH Leptonic O

ttH Leptonic 1

CMS Ppreliminary 415" (13TeV)

H—yy - Combined 68% CL
—l— Per category 68% CL
B + === U=U M. B
1447 S
I -~ +0.7 ]
2.0 :1"14 Mcombined - 3 0.5
0.1%%
+1.0
107 CMS Preliminary 35.9 + 41.5fb" (13TeV)
- N ] ] 6 I A \ UL A |A T 1 T +| 0 |6 R L L
o R |1 £ rC ey = 1.7 “os ttH ]
< - H — i
| | | | | | N S -
-2 0 2 4 6 8 10 B N
a 4 :— 95% CL :
CMS-PAS-HIG-18-018 3 u
o u
1 B 68% CL N
O B | | | | | | | | | | | | | | | | | | | | | | | | | |
0 0.5 1 1.5 2 2.5 u 3
ttH
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2012 CDF+DZero
Evidence [Phys. Rev. Lett. 109 (2012) 071804]

2.80 (1.50 exp.)
[3.10 global]

Discovered

In addition to probing coupling to b-quarks:

H — bb drives the uncertainty on
the total decay width, and thus on
measurement of absolute couplings

it also drives the indirect limit on
“undetected/invisible” decays

2017
[JHEP 12 (2017) 024]

Evidence b)’ both [Phys. Lett. B 780 (2018) 501]
ATLAS and CMS

400 (3.60 exp.)| | 3.80 (3.80 exp.)
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Compact Muon Solenoid
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= Compact Muon Solenoid

95% CL upper limit on o/0,,

95% CL upper limit on o/0,,

S =N W A U N R
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S N A &N X

CMS

35.9fb" (13 Te

H—Zy—lly, Lepton tag

CMS 35.9 fb' (13 TeV)
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Compact Muon Solenoid

The H - y y decay mode is sensitive to the spin of the Higgs boson S T as R T . o Evpertod ]
. . . n ~ - e JP_— _
through the measurement of the polar angular distribution of the £ 200 Vs =8 TeV JL dt=20.7 fb :kg s?stl?jtt:eartainty_—
photons in the resonance rest frame. For this channel, the SM spin & 5 s E
hypothesis is compared only to the J P = 2+ hypothesis. Spin
information can be extracted from the distribution of the ab- solute 100 ¢ E
value of the cosine of the polar angle ©8* of the photons with respect 50 ‘ =
to the z-axis of the Collins—Soper frame ok | ‘L‘j;
V1 y2 0010203 04 05 06 07 08 09 1
|51nh(AnVV)| sz Pt Icos 61

cos6™*| = 5 (a)

m

\/1+(p¥y/m)/)/)2 4 T 250-””'“”'””"”"“”"”"””L """"""
N - ATLAS Hoy —J -2" Expected:
L2 590 Vs=8TeV det=20.7 o' ¢ JS=2"Data 1
‘__2500_""I""I'"'I'"'I'"'I'"'I""I""I""l""_ L% E Bkg.syst.uncertamty;
5 [ =arev Hoyr 150 - (0% =
= 2000[- [ Background f ] N ]
:3) C ' - 100 |- —
15007 =2 l - 50 £ | &
1000} - 0p ‘ ]
500: QuEas ) 004 0203 04 05 06 07 08 08 1
:_\(§=8Tev JL dt=20.7 fo” _: Icos 67

T T T '—-— IIII (b)

0 0.1 02 03 04 05 06 07 08 09 1

lcos 6%l

Phys.Lett. B726 (2013) 120-144
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b-quarks significantly differ from light flavour quarks by:

@ mass: m=4.2GeV
@ lifetime:t = 1.5 ps — -1.8mm (at 20 GeV) before decay

» decay: weak, mostly into c-quarks (— 3™ decay) — 20% into leptons

» tracks: high decay multiplicity, significant displacement

» Secondary vertices (SV): tracks intersecting at a common vertex

jet direc&n
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Jet Algorithm

- Introduce angular radius R (NB: dimensionless!)

AR?
- 2 2 2
djj = m'”(Pti:Pg)R—QU: dig = Py
1. Find smallest of dj;, dig
2. if ij, recombine them
3. if iB, call i a jet and remove from list of particles
4. repeat from step 1 until no particles left.
Anti kT:

collinear and Infrared safe, hard object clustered first
Computationally takes less time
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