Measurements of Higgs boson properties with
H—yy at CMS

\)u /

~~~~~

on behalf of the CMS collaboration e o
5t China LHC Physics workshop (CLHCP2019) YRHERD RO U fi

Institute of High Energy Physics
23-27 October 2019, Dalian University of Technology Chivese 7 cademy of Sciences




» At the LHC, H-> yy channel plays a key role first in the discovery w-

of the Higgs boson, and then in the measurements of Higgs i/ ST
boson properties and also in searches for new physics oo g P
t/b e
» Loop-induced decay R
4 IntSe“;IferencT helps probe sign of couplings o - T CMS 35.9 0" (13 TeV)
to SM particles N ; 1 ey T T
v" New physics could contribute to the loop ‘g E o " _g 5; 14000 QL'(gitgf El?ghted =
e ol
» Small branching fraction (0.2%) w2 i T = N — 8 component
v" Clean final state with two highly energetic . ; E; 80001 EE% E
and isolated photons T : 12 eoooe E
v" Final state can be fully reconstructed with : i o 4000 -
. _"0 rouw : + :_ _:
excellent mass resolution (1-2%) ikt et b S F JHEP 11 (2018) 185 .
mH = 125 Gev "h[GeV] 0 e e b L
» Large backgrounds Search for a narrow peak on a larger

v Continuum vy (irreducible)

v Fakes from 7j and jj (reducible) falling background in mass distribution
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> Signal mass reconstruction ™5, =By, By,(1 —cosa) 3t
v’ select/reconstruct two photons with precise § -
photon energy (MVA regression) § 7

v' Find the primary vertex of the Higgs decay 50
(MVA BDT)

» Background suppression: photon identification 200
BDT, inputs of diphoton BDT after looser cut (>-0.9)

» Diphoton BDT based on kinematics including mass

resolution, to separate signal from background 2.,
» Event categorization according to production

models, diphoton BDT or mass resolution and
different S/B, to improve the analysis sensitivity 10/
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Analysis strategy (cont.)

» Signal modeling : full parametric signal . CMS Simuaton __ 13TeV CMS simuaion  13Tev
. . > C ] 2 C categories
model from MC simulation g T Untagged0 § @ soof FY © SSB weighted-
T} L
. . . o L Simulation L ﬂ%ﬁ Simulation ]
v" All the corrections (reweighting, Sas T ] 400[- E
. % F __ Parametric [ Parametric
data/MC SFs, ...) applied g [ mod ool o ;
L L L
v Sum of n-Guassian functions (n<=5) [ oy 132GeV [ oy=169GeV
. . 2 200 ]
v’ Physical nuisances allowed to float C FWHM - 205 Gov ] C FWHM - 338 Gev
1 - 100f- b
» Bkg modeling ST AL N : 7
. Q08 T0 115 120 125 130 136 140 fo5 11‘0 125 " 155 140
v’ For each event category, use different m,, (GeV) m,, (GeV)
: i JHEP 11 (2018) 185
functional forms (sums of expon-entlals, sums Coems o wemimnw L G~ sowuamey
of power Ia“; terms, ;-aurent series and ;‘B * FHn;125.4 GeV, fi=1.18 U”;aggec:o E {3132252325.4 GeV, fi=1.18 ‘;‘,‘(gitg?&r;?gsmed :
B M - 42 70 aa_ _E % ata ]
ernstein polynomia s) 2 o —sen 3 Sl 3 Dala 7
v’ Background functional forms treated as “ s 1o 1 gE B componert
. . - b [#20 ] £ s00o- o =
discrete nuisance parameter in final i § oo Em20 ]
minimization: “envelope” method or discrete 20 @ 00
ope 10 O, 20001
profiling method [2015 JINST 10 P04015] e R AT Db
e 600 " B component subtrécted_f
» Signal are extracted by a simultaneous o0,
maximum-likelihood fit to the diphoton mass : ik -y

in all event classes m,, (GeV) my, (GeV)


http://iopscience.iop.org/article/10.1088/1748-0221/10/04/P04015/pdf
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> With 2016 legacy data, events categorized:
into 3 VBF and 4 Untagged (mainly ggH
and all other events) categories

» Special efforts made to correct the energy

scale more precisely than before
v Improved detector calibration -> good
agreement of the input variables to the
energy regression correction
v More precise (granular Run-n-R9-pT
dependent) scale correction

» Photon energy scale systematics

» Additional uncertainties assigned to deal
with e-y differences : radiation damage
induced non-uniformity of light collection

1. Higgs mass
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my = 125.78 £ 0.26 (0.18 (stat) + 0.18 (syst)) GeV |
0.21% precision

Source Contribution [ GeV |
Electron energy scale and resolution corrections 0.10
Residual py dependence of the photon energy scale 0.11
Modelling of the material budget 0.03
Non-uniformity of the light collection 0.11
Statistical uncertainty 0.18
Total uncertainty 0.26 ’




» Combination with the H—>72z2* — 4|
mass measurement with the 2016
data set, then with the Run 1 data set

» Between both channels, luminosity
uncertainty is fully correlated

» Uncertainties in the e/y energy scale
between both channels are treated as

uncorrelated

v Pseudo-experiments show that, treating them
as uncorrelated would not bias the best-fit mu
value, but would lead to an underestimation
of the total uncertainty on mu by at most 5%.

v" To be conservative, increase the total
uncertainty by 5% for 2016 combination and
Run 1 + 2016 combination.

1. Higgs mass (cont.)

CMS Preliminary CMS-PAS-HIG-19-004

Run 1 5.1 fo (7 TeV) + 19.7 b’ (8 TeV) — Total Stat. Only
2016:35.9 b (13 TeV)

Total (Stat. Only)

Run 1 H—yy 124.70 £ 0.34 ( £ 0.31) GeV

Run 1 H— 2Z2*— 4l 12559+ 0.46 ( £ 0.42) GeV

Run 1 Combined 125.06 £ 0.29 ( £ 0.27) GeV

2016 H—=yy 125.78 £ 0.26 ( £ 0.18) GeV

2016 H— 22" — 4| 125.26 £ 0.21 ( £ 0.19) GeV

0.14%

2016 Combined 125.46 £ 0.17 (£ 0.13) GeV

|
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Best result up to now



2. Slgnal
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> Signal strength modifier (n) = .. “_stat+syst f
. . . ' = —— stat only a
is defined as the ratio e m, profiled £
between the measured J: overall ]
signal cross section and - signal i ]
. T strengt =
the SM expectation | - ’ :
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CMS H-yy

» Overall signal strength ~14% precision
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Photon energy scale and smearing
Per photon energy resolution estimate
Jet energy scale and resolution

Integrated luminosity

theoretical uncertainties and photon
identification BDT score

Other experimental uncertainties
Branching ratio
ggH QCD scale

ggH P, modelling
ggH Jet multipliciy

Other processes QCD scale yleld

» Production mechanism signal
strengths are SM-consistent

Other processes QCD scale migrations
PDF and «, yleld

Underlying event and parton shower
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2. Signal strength (cont.)

i ys CMS 35.9 fb' (13TeV
» Signal strength modifier . (13Te )mﬁ
l'lggH,ttH VS l'I'VBF,VH : 1o ié"i o Best Fit
separates fermionic . ¢sm

= 58% CL

production modes (ggH+ttH)
from vector boson
production modes (VBF+VH)

==x95% CL

oo

(#)]

> A two-dimensional
likelihood scan

> Result consistent with the m,, profiled O
SM expectation o es ez e
ggH, ttH
m 0.22 ~ 0.58
HggH ttH — 1197473 fAverve = 1.217027

JHEP 11 (2018) 185 8
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2. Signal strength of ttH
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» ttH measurements

v'  Largest coupling to the top quark

v Very challenging : complicated
experimental signature; low cross
section : o, =507 fb (NLOQCD + NLO  °
EW, 13TeV), compare with SM cross 2
section : o, = 831,800 fb (NNLO QCD)

v'  First direct ttH observation with

various decay channels combined o5 1 s 2 25 B R I R -
(2016 + Run1 data sets) CMS-PAS-HIG-18-018 i

CMS Preliminary 35_9+41.|5 Ifb"*(137TTaV‘) > Combined (2016+2017)
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» Measured ttH—yy with 2017 datasets = .- e Hory /- significance: 4.1c obs.
. . " — stat only ]
and combined with 2016 datasets  wa \ ~30% precision : (2.7q exp.) o
- 1 » Dominant uncertainties
» 2017 analysis use BDT to reject most T E v Theoretical: QCD scale
non-ttH and non-resonant background 2~ - uncertainties, PDF, a,
- . Br(H->
v’ 2 leptonic event classes : lepton e . ( .yy) _
- . - . v Experimental: photon ID,
multiplicity and leptonic BDT score NS N § Al JES/JER, b-discriminant
v" 3 hadronic event classes : hadronic ' ' T M 9

BDT score



3. Couplings

“k framework” : measurements of coupling modifiers to vector bosons and fermions (k,, ;)
and to photons and gluons (k, «,)

KZFSM ‘ [ ] [ ]
rli o H o f) = oI oo vocerw | COMpatible with SM
K Ly
CMS 35.9 b (13 TeV) CMS 35.9 b (13TeV)
e 3 10— 10—

my, profiled m,, profiled
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4. Fiducial cross-sections

> Fiducial cross section : Fiducial volume: »> Differential fiducial cross sectlons
v1(y2)
v" Fiducial volume to minimize model T;Vl(yz)/lr:y; el){fléz{:; v" Single differential XS with p;(yy), N(jets),
. dependency | 1_4442<|n'y1(yz>|<1_566 ly""|,|cosO],... compared to different
in“giige%fgde;’qe;stscﬁées%cl’ﬂﬁz rl?ased 150gen1 < 10 GeV (AR=0.3) simulation programs (histograms)
__ Cms 35.9fb™ (13 TeV)
CMS 35.9 b (13 TeV) > cEHom
| 2.5_| T N &I I I I O B B ) HX = VBF + VH + fiH aMC@NLO
c i \ H—yy, profiling m &5 10° g+ Daa sm_ syt une: W ggH aMc@NLO, NNLOPS + HX
4 B = 10° Systematic uncertainty H ™
i _ + _ : 7 (Vs ; ggH aMC@NLO +
NI Ioﬂd 84 +13 be 84411 (stat) £ 7 (syst)fb £ e
A %TS@EJ%SGN&LOPS i Slg 10 G, (H-m) from cvnm..w-ooz
- Ggy(H— vr) from CYRM-2017-002 | g T 4 p;" : most precise measurement
151 ] 10" and the largest number of bins
: theory 75+ T4 be 1072 | g G, (P>350 GeV)/150
i Utiducial — 1072 =
1 i § | 107 L Ly
— . 0 50 100 150 200 250 300 350 400 450 500
i ] s 25j“““”““”““‘ D S
051 — B2 lg
i - 2 1B Z L
i ] 2 D.g ]
i | I\ | - | | | 1 1 | | L1 11 | [ .| ] % —05 E______I_____I____I_____II___
T = T JHEPO1 (2019)183 £ o 100 500 300 400 500

S, (fb) P (GeV)



4. Fiducial cross-sections (cont.)

[ ] [ ] [ ] [ ] [ ] —1
» Differential fiducial cross sections Fiducial volume: CMS 3591 (13TeV)
pTYl(YZ)/m >1 {3 (1 ,4] Ogyy(H—vy) from CYRM-2017-002
Y
12| <2.5 excluding aMC@NLO, NNLOPS
1.4442<|n1tr2)|<1.566
\/ H H H : —®— Data, stat  syst unc.
Double differential XS with pT(yy) and N(jets) 150,0n1 < 10 GeV (AR=0.3)
v" Differential cross section for different regions Sysiematic uncarainy
of phase sgace ) On top of these, other cuts —— -
. CMS 35.9fb (13 TeV) are imposed depending on N B
% 100 | H— vy HX _ VBF + VH + fiH amo@nLo the observable under study 100<p™ <200 GeV | — s 038 0
S = —4— Data, stat @ syst unc. SN goH aMC@NLO, NNLOPS + HX ) .
Z 2 _E Systematic uncertainty ° ggH @NLO, Hx * Jet: P? %% > 200 GeV m—m.oaj:‘;: fb
cﬁ = P> 30Gev. <25 ggr aMC@NLO + PT>3QGeV
5 - 2 ggH PowHEG + HX AR(y, jet)>0.4 Nbptcn:1 - D_5’_":;]'b
Zz 10 = O g(H—m) from CYRM-17-002 In|< 4.7 when two jets L
;;Q“_,_ - z o (45 GeV)/30 In|< 2.5 when 1 hadronic Nipton™ 1H———#—0.205% 1
4 BT 2 — . jet -
~ - — In|< 2.4 for b-tagged jets N =1 228
o 10 _ '
< = Leptons: JHEPO]' (2019) 183 N >1 1870
104;...|....|....|....|....|....|....|....|.. PT>20GeV, |n|< 2.4 and -
0 10 20 30 40 50 60 70 80 not in the gap for electrons 1-lepton, low-p"™* =037
= AR(y, 1)>0.35 =
3 sb. 1 ) ) 1-lepton, high-pT™** ——s—0.2277 o
- ! Measurements are found -
o Ity " g . ) >1-lepton, >1-b-jet |—0.04"Z
.% 05:—.---..".........-.---...........--..........-.--...... 1] agreement W|th the RTITT. NIRRRITT AR ARRATTT MR TNt
© 0 10 20 30 40 50 60 70 80 . o« g 1 3
theoretical predictions "1 o 1 10

Y —
p", N_ =0 (GeV) o, (fo)



5. Simplified template cross sections

> Higgs Simplified Template Cross Section (STXS) : CMS  359Mb'(18TeY)
v' Maximize the measurement precision and the H-yy _m— Per process 68% CL
sen5|t|V|tY to BSIYI contrlbutlo.ns agH |10z . S Proiction
v’ Cross section split by production mode _ |
v’ Cross section divided in exclusive regions of kinematic VBF | o083: m, profiled
phase space (bins) fiH | 20 | |
WH leptonic | 3077 | = :
» Stage 0 STXS : compatible with SM ZH leptonic | 00  m—
/ . . . — —
nggs boson rapidity to be less than 2.5 VH hadronic | 1 | . :
v’ Ratios are measured for the ggH, VBF, ttH, and VH I B B B B B

production processes Sprod Ctheo
v" VH split into WH leptonic, ZH leptonic, and VH hadronic JHEP 11 (2018) 185
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5. Stage 1 STXS

> With 2016 + 2017 data sets Inclusive o/oy,

CMS-PAS-HIG-18-029
ggH=115"012 VvBF=08)3
» Target ggH & VBF production modes CMS peimnay 774107 (18TeV)
Jet multiplicity - Heyy _ _
. —&— Observation
i ! ggH 1J low | 15 - N
> VBF and ggH CategOrles _ | —ye ggH 1J med :0_5_'&45 .SM Prediction :
1 H ggH 1J high | 20 N , B
= split to match stagel bins L | mties
. . ggH 2J low | o3 |
= split to improve S/B ke -
) H2J high| o6 |
>350M?MS Proliminary .I....I....7.7.-‘.‘.TP.1.(.‘?1T?.VP__ I%WBSM TE —— | i
3 : H—>T‘Y All categories ] ggH \VBF-like | 00 €8 ] h
%30000— S!(§8+I;}a\:':lghted _E qu 2J-like e a5 Ha— i
2 25000 — _ S.Bfit E qqH 3J-like | 00# |
%20000— - B component 1 _ qqH other | oo .i_._l_.h A T B R
£ Eﬂz E — (EW qgH incl.V H — qqH) 2 0 2 4 5 8
greoor * E Ooroc/ Tineo
Emom;— : L BSM
3 a0l EXLX 2‘\:|‘“1 Better than earlier results of 35.9 fb! data:
&  F.
° [smiron] (s | 9gR=1 10 B0z, YBF=0.5" 00
d ) 10 ggH + 3 VBF parameters
ﬂﬂ pTHi and leading jet pT 86 P
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» Some signal bins are
merged to reduce
statistical uncertainty

> Combined fit with seven
parameters of interest

» Having the most
granular possible set
whilst maintaining an
uncertainty of less than
100% of the SM
prediction

» qqgH: same as stage 0

| | |
ﬁ [ = et [+ > 2t REES A

5. Stage 1 STXS (cont.)

CMS-PAS-HIG-18-029

77.4 17" (13TeV)

CMS Preliminary

T T | T T T | T T | T T T | T T T ‘ T T T | T T
H->
o ] B 1t —&— QObservation |
+)
el ggH 0J |1.18%%
+ ) - — . SM Prediction ]
o l20.20] ' ggH 1J low | 1379
f BSM [ Bsm | -
B m, profiled T
- gH1Jmed | o073 "
. (ENM ggH,1J high | 17
o [E57] [ — N
[0, 200] ggH GE2 08 ?:
_+)i - H ggH BSM|| 2233 F—=—
ﬂ) H| 08
-H qq | | -Dla | | | | | | | | | | | | | | ‘ | | | | | |
i) 0 2 4 6 8
Fproc! Fineo

6 ggH + 1 VBF parameters
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Summary

» Higgs boson properties, measured in diphoton final states (H->yy ) at CMS, have been
presented
v’ Measured mass with 2016 legacy data and gave the best precision result (0.12%) of Higgs boson mass
when combined with 2016 H—>ZZ* — 4] and Run-1 results
v' Precision of measured overall signal strength is about 14% with 2016 data set
v"  Improved precision in Higgs measurements with 77.4fb-1 instead of 35.9fb! :
=>» ttH signal strength improved from ~40% precision to ~30% with 4.1c observed
=» VBF signal strength improved from ~60% precision to ~40%
=>» Results of STXS stagel

» All results are compatible with the Standard Model

» All results are being updated with full Run-2 dataset - Stay Tuned !!

v ttH + CP measurements with full Run-2 : will release the results soon
v' Updated STXS analysis : aim to release a PAS for Moriond
v'  Signal strength, differential cross sections, mass, ...

16



Thanks for your attention!
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Higgs production

» Significant increase in
production cross section
from 8 TeV (Runl 2012)

¢ VH~4% “wyz to 13 TeV (Run2)

| Y' 031/ Ogrey OF Higgs:

M(H)= 125 GeV -

w HIGGS XS WG 2016

1
' W)
h H(N'LO acD +NOE
W
'
1

ggH ~2.3, VBF ~2.4, VH

t/b ~2.0 and ttH ~3.9
2 E v’ background increased
i ] H by a factor of ~2

£/b » H->yy gives access to all
the production modes

III|IIIIEIIII|IIII|IIII|IIII|IIIIEIIII|IIII
6 7 8 9 10 11 12 13_14 1

VBF ~7%

| ¢

s [TeV]
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ECAL response changes ovfer Run 1 and Run 2

~Run 1, Run 2 cwseemnay Barrel (13%)

S ;
] RN %ﬁm: TN N T ]
S 08¢ \d : _ M\.w,_ Wooow W "'\‘ v \-%wfﬁ Endcap region covered
EE’ 0.6 h\ﬁf i \\‘d y ““‘*\:“’v 1\ 71| by CMS tracker (62%)
v @ - \ ‘ WV \W .
.-I% r_u 0-4 - Y\* — wi“‘ -'
o= : 11 End ion relevant
[ 0.2 ndcap regl?}n relevan

1| for forward jets: low
—— OF ¥ response (max: 96% loss)
] - ]
@ n 20 due to ageing induces
c™ 16 ¢ . : .
£E 121 amplification of the noise:
3. gk Noise mitigation is
m™m -

Lj:J E 4 performed with optimized
— — L

0

_ energy clustering

9.0

A \ o> S \ \’.“’i\' g}\.{g&f* Q@,\%{\”\? Q{,,\q;i"{* Q@\ Q*'\

Date (month/year)
Significant response changes (crystal+photodetector) due to LHC irradiation
Monitoring of each channel via a dedicated laser system, is performed every 40
minutes and corrections are provided within 48 hours.

. . . . . 20
These are crucial to maintain stable ECAL energy scale and resolution over time



Some detailed Analysis strategy

N ceeeeeeeenee N 1 Photon Energy CMS 35.9 fb" (13 TeV) 1CMS Simuiation ________13TeV
[ | > gL T T T E T ' ‘ _') m:' o) ]
Analysis flow [ Data & MC ] | scaleand AL RN E | S oo sondio 3511
: : resolution :g i DSimuIalion stat. @ syst. unc. ] ig E
! [ Trigger ] ! ) L8 1 Tjoer
! &8 I validated with “ | Pl
- . . . I 7> oo N70.8|-
:[ Photon reconstruction and energy calibration ] ! ee i s ,
I I 40_ 6 07} rue vertex efficienc {
: 1 I i L'Ei 7 :; | nﬁ byb'l‘t :
- verage vertex probability
i Preselection ! BDT for vertex =/ 06 -
: . .c : T : : : identification : of ; 0.8 85" o5 T80 200 250
| Vertex identification and probability estimation |; validated on DB B0 08 %0 B s e o Gen,
I I o0 T
! | .
I . e L. I Z—>upand y+ JHEP 11 (2018) 185
: [ Photon identification ] : HH ]
: 1 - QMS S ‘?S;Q‘fb"‘(‘ml'l"e}{) QM.S. e ‘gs‘.glfb"‘(jclaT‘eY)
I S | ata 3 g B ) ) . E
: [ Di p h Oto n B DT ] : PhOI.ton .I D. B DT §1 o ; ‘ gin:ulation: ) ; -‘%—'1 0 $Data E;nc‘;lll(‘l;gﬁgd i‘?AFTZS‘geV -
b e e e e e e s todiscriminate s . ionmomsne S s =IO A
- i i t/fak I — i it = ]
[ Selections of event categories : exclusive-/untagged ]promp ake o ﬁﬂ 10°F S MosaL e I

photons

10°E

[ Signal/bkg modeling ]

104k

Diphoton BDT :
[ Statistical analysis with “combine” ] to discriminate '"'F

signal and bkg - 05 ,“) N ,°ﬁ5 ! 0 oz 04 o6 08 1
Photon identification BDT score Diphoton BDT score
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I Common tools for different H->yy measurements
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H—yy categorization by productions

VH leptonic

® (sub-)lead-photon pT/m,, >1/2(1/4), at least one lepton = W= tvorz= &

(£=p,e) away from Z peak
@ atleast two jets with pT>25GeV, |n|<2.5
@ atleast one of the jet is b-tag

‘@ (sub-)lead-photon
v pT/my, >1/2(1/4)
E@ at least one lepton (/=y,e) away

@ Atleast 3 jets + 1 b-jet
@ Train an MVA on MC ttH vs MC diphoton using the input
variables : Njes, lead b-tag , sub-lead b-tag, lead pr

‘® AR(y,p(e))>0.5(0.2)
'© diphoton MVA > 0.5
‘@ MET > 45 GEV (WH leptonic)

VBF

@ Require at least 2 jets with pr1 > 30GeV, pr2 >20 GeV, |n| < 4.7, mj; >250 GeV
® Adiphoton pair with (sub)lead pr/m,, > 1/2(1/4)
@ Construct a BDT to identify VBF dijet-like events using:
® pt/myy of both photons, pr of both jets, mj;, Anj, centrality variable, AQjj,yy, ARyj, ADjj
@ Final VBF classification combines dijet BDT with BDT estimating diphoton quality
(see next slide)
@ 3 VBF categories are then defined by sensitivity ( VBF tag 0-1-2 )

Remaining events fall into the untagged category : 4 untagged events in 2016

o W= jjorW —jj
®

@ atleasttwo jets

. from Z peak E ©
) 60<mjj <120 GeV

VH Hadronic

(sub-)lead-photon
pT/my, >1/2(1/4)

pr > 40 GeV, |n|<2.4,
lcosB”| < 0.5

T Illllllln
=
w

10

108

ol

0.2

JHEP 11 (2018) 185

VH MET

@ W= L2vorW — v

® MET > 85 GeV

® AD(yy,MET)> 2.4

@ diphoton MVA > 0.79

T
4 Data
.2 — e*e simulation

35.9fb™" (13 TeV
T T T I T T T —

|:|Slmulat|on stat @ syst. unc. _|

0.4 06 08

1

VBF combined BDT score
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Efficiency x Acceptance (%)

= e
$ [4))

B
w

39

38

37

Signal efficiency and fraction with 2016 data set

CMS Simulation 13 TeV

H—yy

— Signal model & x A

*+ 1 ¢ syst. uncertainty

121 122 123 124 125 126 127 128 129
my (GeV)

CMS Simulation

B ooH B ver tTH
- 'WH leptonic - ZH leptonic

Untagged 0
Untagged 1
Untagged 2
Untagged 3
VBF 0

VBF 1

VBF 2

ttH Hadronic
ttH Leptonic
ZH Leptonic
WH Leptonic
VH LeptonicLoose
VH Hadronic
VH MET

JHEP 11 (2018) 185

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

H—yy

B vbH Btg EHw

WH hadronic Bl ZH hadronic

50

60 70 80 920

Signal fraction (%)

100 o

. Gefl

0.5

L Sum

Width (GeV)

0

35.9 fb" (13 TeV)

0.1

Bl S/(S+B)

02 03 04 05

S/(S+B)in* o,

23


http://dx.doi.org/10.1007/JHEP11(2018)185

m, : Photon energy

CMS 3527 (13 TeY) OMS e 35107 (13 TeV)
T — '\/QE]_ E2 ( 1 — COS 0) E x10 Barrel-Barrel 4 Data 1 E 1T Not Barrel-Barrel 4 Data ]
(Tf}lr I IQ100—7R9> 0.94 |:|Z e’e” simulation 7 0 :Rg>0'94 |:|Z e’e” simulation ]
> Photons energy iS Computed from the :_2 80__ DSimulationslat.@sysl.unc._: :2 20; DSimuIationstal.ﬂBsysl.unc.?
sum of the energy of the ECAL g ) S 15 .
reconstructed hits, calibrated and o ;
40 -
corrected for several detector effects _ :
e correction for response changes in time, 5,(t) 20 5;_ B
e single-channel intercalibration (C)) - i e *anase,
e absolute scale adjustment 2013 JINST 8 P09009 B 82 84 86 88 90 92 94 96 98 100 B0 82 84 86 88 90 92 94 96 98 100
m.. (GeV) Mee (GeV)
» Energy and its uncertainty corrected for local and
global shower containment with a multivariate JHEP 11 (2018) 185

regression technique targeting E,,,./E, ..,

R, and n dependent scaling

: : : : and MC smearin
» For energy scale vs time and resolution calibration, J

Z->ee peak used as reference

24

» Corrected energies and resolutions used in analysis
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m,. : primary vertex identification

My = \/2E1E2(1 — COS 9)|

» Vertex assignment correct within 1 cm = has
negligible impact on mass resolution

» Multivariate approach (BDT) for vertex identification
Vertex ID BDT: kinematic correlations and track distribution imbalance
= . YT . .
I W %ﬂq) and (| ¥ 75| — p1") /(| 5 5+ p77)

if conversions are present conversion information
¢ the number of conversions,

e the pull |zy — ze| /0 between the longitudinal position of the reconstructed vertex,
Zytx, and the longitudinal position of the vertex estimated using conversion track(s),
Ze, where the variable ¢ denotes the uncertainty on ze.

» A second MVA estimates probability of correct vertex
choice, used for di-photon classification using BDT

» Method validated on Z->uu events where vertex found
after removing muon tracks and y+j for converted y

CMS simulation
7\||\|||\\|\\|\

—_
—

13 TeV

-Z,,l <10mm
—
T T

selected
o e
co [{e]
T T T

Fraction of |z

| TTT1T | TTTT | TTTT | TTTT | ‘7
H— yy (mH= 125 GeV)
Data pileup scenario (35.9 fb™")

?':}""éb'rﬁ parison of the true vertex id eff and the
IR A

average estimated vertex probahility as a

—+— True vertex efficiency .].

Average vertex probability

_\ll\lll\\l\\l\lll\\l\\lll\ll\lll\ll\lll‘_
0% ™"5""70 15 20 25 30 35 40

JHEP 11 (2018) 185 Number of vertices

cMs

35.9 b (13 TeV)
T T T T ‘ T T T T ‘

-Z,.] < 10 mm
selected H“‘

e

[e2]

T T T

o
[o2]
T

&
I
T T

Lt —— Data

Fraction of |z

o
o

== Validation of vertex id algorithn
on Z->uu events omitting p tragks

>

Z o uw

—— Simulation

(=)
O

1 Il Il 1 1 Il 1 1 1 1 ‘ Il Il 1 1 ‘_
50 100 150 200
P (GeV)

L + ﬂfunction of the number of primaly vertices
C gz, i

Averaged

efficiency is
about 81%
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Photon identification

JHEP 11 (2018) 185
» MVA based photon ID classifier cms 35.9 b (13 TeV) CMS 35.9 fb” (13 TeV)

. . . g §| T T T T | T T T T | T T T T | T T T T |§ g.x;gsillllllllllll T |||||||||||||||||||__L
(BDT) to discriminate between S 4 Daa =Rl 1
21 07 L Simulation: . B _.g L + Data i
prompt and fake photons g nmemen 2 8 [zoets smlaior j
- | — 7 - Simulation syst. unc. -
* Shower shape variables: 10°E i, T ’rrr—[_ - ]
i A . jet-jet J_,--"'I 3 8_— ]
oinin .covini, E2x2/E5x5, RI, n-width, 105 e, B | Photon identification BDT score i
d)—WIdth, Preshower oRR ? % 6/~ validation : Z->ee data and MC i
* Isolation variables: Pk Photon 15O, PF 104k _ 4:_
Charged ISO - wrt selected vertex - - i
and to the worst (largest isolation 10° |  Photon identification BDT score of the E 2:—
Sum) vertex - | lower-scoring photon of diphoton pairs ] L
I | | | | | | | | | | | | | | | | | | | | - 1 | 1 1 1 1 11 | 111 | 1 1 1 | 1 11 | 1 1 1 | 111 i
* p,nSC, Eraw 1 —0.5 0 05 1 0708060402 0 02 04 06 08 1

Photon identification BDT score Photon identification BDT score

» Inputs and output of the MVA are validated on data and MC in Z->ee and Z- ppy events

»Two photon BDT scores are used as inputs of diphoton BDT after a looser direct cut at > -0.9
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Diphoton BDT

» Multivariate discriminator (BDT) used to separate
diphoton pairs with signal-like kinematics, high photon ID
scores and good mass resolution from background

* pl/Myy, n, cos(Ad), Photon ID MVA score
of the two photons

* Per event relative mass resolutions (under
correct and incorrect vertex hypothesis),
vertex probability estimate

Events/0.02

[ »
150
100[-

50[-

079

CMS

35.9 b (13 TeV)
T T T ‘ T T T |

T | T T T |
¢ Data

.Z — e'e simulation

D Simulation stat. @ syst. unc. ]

0.2 0.4 0.6 0.8 1

JHEP 11 (2018) 185 Diphoton BDT score

» Validation of Diphoton MVA is done on Z->ee events,
with the electrons taken as photons

» Diphoton BDT used for the untagged event (ggH rejected

dominant) categorization, one of the inputs of VBF
combined BDT, and direct cut on diphoton BDT score for
ttH/VH tagged events

Higher BDT score gives better mass-resolution diphoton events

CMS
; ‘ T T

Eve ntsL0.02
=3

—

0% =
10°
~

10°
102%—

10E

IS

35.9 b7 (13 TeV)
T | T T T | T T T ‘ T T T | T T T ‘ E
Data Simulation SM Hoyy
tData background m,=125 GeV
[ jet jet B ggH ]
[ v jet [ VBF =

ry IVH
MC stat. unc.  [_]ttH

| 1 | : | 1 1 ‘ | 1 Il | 1
0.2 0.4 0.6 0.8 1
Diphoton BDT score
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Objects

e Jets:

A ak4PFCHS; pT>25 GeV; |n|
<24

e Bjets:
a PF CSV v2 (medium WP)
e Muons:

A pr>20 GeV; |n|<2.4; “tight
muon”; minilso<0.06

e Electrons:

A pr>20 GeV,; |n|<2.5; 1.442<|n|
<1.566; loose EGM |ID

CMS

2016 H->yy : ttH

leptonic

tt — blybgq tt — blubl vy

e Selection

A (sub)leading photon
pr/M,,>0.5(.25)

A Atleast 2 jets with
AR(j,yorl)>04

A Atleast one b-tagged

jet

A Atleast 1 lepton
AR(l,y)>0.35

A For electron:
Mg, -Mz|>5 GeV

A diphoton mva > 0.107

Events / GeV

sl

6_—

na

12 T
[ Hoyy
r M=125.4 GeV, [i=1.18

359 1fb" (13 TeV)
e R e
ftH Leptonic ]
¢ Data E
— S4B fit ]
...... B component ]
o ]
[ l+2c 7

I

-

JHEP 11 (2018) 185

] o
U]

"B component subtracted 3

Events / GeV

hadronic

e Preselection:
A atleast 3 jets

A atleast 1 loose b-jet

e 2-d optimization of

tt — bqq’qu" |

Cut-based strategy
replaced with mva
to improve pyy
sensitivity

diphoton MVA and ttH

MVA

A diphoton MVA > 0.577
Ao ttHMVA>0.75

CMS 35.91b" (13 TeV)

L L B L L B LA B LN
14 —-H— ) —

E r’f1H=1PY2q{5‘4 GeV, fi=1.18 ItH Hadronic ]
12 ¢ Data i

B — S4Bit ]
L e B component

r [ ARy

=1}

20

o,

] 1y
o o) o e 0 o o R 0

bl :

"B component su blr'acted_:
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Events/0.0
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I ttH simulation (m =125 GeV)
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T ‘ T T T T | T T
t Data sidebands
—— Control sample
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ttH Hadronic BDT score
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CMS 3591 (13 TeV)
T T T

VH Leptonic Loose W_ >jj O r Z—>jj

¢+ Data

2016 H->yy : VH

e VH leptonic loose:
i B component
one lepton: |

Events / GeV

3 VH leptonic categories w—ivor Z—1i 4 one =¥ hadronic category
A P <40 GeV e Photons
e Muons e WH leptonic: a AR(y,1)>1.0 s (sub)leading
s p>20 GeV; |n|<2.4; A one lepton: a diphoton mva>0.28 pr/m,,>0.5(0.25)
anton B (loose 4 pyme> 45 GeV 4 <T2jets 4 prtim,,>1.0
WP) A AR(Y, |) >1 .0 100 110 120 130 140 150 160 170 170 . Jets
o Electrons A diphOtOI’l mva>0.28 N oMs 3591 (13TeV) LCMS 59 (13Tev) (GeV) A Atleast two jets
. T " 2 Loptonic E g FHom T iepene -
A pT>2O GeV’ ||']|<:25, A <=2 Jets :‘z 3_537mH=172Y5.4GeV fi=1.18 ; pa E z w;mHzigt'iAGeV fi-1.18 i Doin 7 A pT> 40 GeV
. :zj 3? :;Jrci:n‘t“onent E jzj 8 :gz?):nnponent : A |r]| < 24
1442<|n|<1 .566; | : 2:: E;Z : i -1;; ] s 60<m. < 120 GeV
loose EGM ID o ZH leptonic: i E ) E )
WO leptons: . ] ] ] A |cosB|<0.5
e Photons A two leptons: . I o 3 i
. Ao 70<m,<110 GeV e or ML AL LML Diphoton MVA > 9'906
A (sub)leading s+ AR(y, u(e)) >0.5(1.0) 5 z : f A l(:)g?)re flattening
prm >0 375(0 25) A diphoton mva=0.107 . \'HHM\HLLIMIHHHIHHHHHHHIHHHIHHIIHIHHHH7 § i
YY . . 117; 110 120 130 140 150 160 170 T ?g 110 120 130 140 150 160 170 180
_ " JHEP 11 (2018) 185 -
Diphoton MVA cuts were tuned oows  sewlgrey B S——L
& erton - VHMET G Hoyy VH Hadronic
j@ 1 m=125.4 GeV, ji=1.18 ¢ Data jﬂ mH 1254G9V pn=1.18 ¢ Data
n:) M _ g*.c%rﬂltponent é “ — g;?)rfnitponent
i 12 e n

MET category : =5
e W — [v (lepton out of acceptance) or Z — vv i
A p;mse > 85 GeV

s L@y, prm=) >2.4 LINEIne 3 i
A diphOton MVA>0.790 (06 before ﬂattening) IR R R P - I T VT 106 THo e M0 G 1801010180

my, (GeV) my, (GeV)
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2016 Hew VBF Tag

» Preselection: Two jets with pT;;>40GeV,
pT;, >30GeV, [n|<4.7, m;>250GeV

» Main Structure: two parts, the Dijet BDT
& Combined BDT

» Dijet BDT: separates VBF dijet from BG
(incl. gluon fusion) using dijet kinematics

» Combined BDT: separates signal/BG
diphotons using diphoton BDT, dijet BDT
and scaled diphoton pT

» 3 VBF-tagged categories using the
combined MVA with boundary
optimisation: cuts on combined score are
simultaneously optimized for max
significance across all categories

Events / GeV
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Y BDT Score
Duet BD

Comblned BDT
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ttH observation

Top Pair Branching Fractions

» Largest coupling to the top quark

"alljets" 46%

T+ets 15%

» Very challenging

+1 1%

Complicated experimental signature

TR 2%
Low cross section : o,y = 507 fb (NLO QCD + NLO EW, 13TeV) - j%ﬂ rjels 15%
Compare with SM cross section : g, = 831,800 fo (NNLO QCD) ..di,ept;;,s I optontjets”
. . . . . 51fb (7 TeV)+197fb (8 TeV) +35.9 o' (13 TeV)
» First direct observation of the production mode with & ©f Sod™ " Comnes 7
. . C SM expected ; ]
various decay channels combined: F 520 _;SST_?\'?Vt s
s 511" (7 TeV)+19.7 b (aTj?;E%Ede(:y:v) 25: g .
wowy|  t—e —wem | CMS Runl + Run2 (2016 dataset) I
| +2¢ (stat & syst 20
tH(ZZ") A
I — | Observed 5.2c (exp 4.20)| -
iH(TT) Y
tTH(bE)7 ———— u = 1 26+8 %(13 10:“
7::: i i = 1.26+ 036 (stat) "0 1T (exp) T0 15 (th, B) 0 oo (th, S) 5:
T g g g ngen] Phys. Rev. Lett. 120, 231801 (2018)



ttH->yy measurement with 2017 data

» Very rare process but excellent mass
resolution, very low background

» Use BDT to reject most non-ttH and

non-resonant background

e fully leptonic: tt — bbWTW™ — bB(?vEFf’uE:;
e semi-leptonic: tt — bbW W~ — bbqg/v;
e fully hadronic: tt — bbW W~ — beq’qu.

2 leptonic event classes

e TTH Leptonic 0: events with at least two leptons and a BDT score greater than 0.5,
or exactly one lepton and BDT score greater than 0.6;

e TTH Leptonic 1: events with exactly one lepton and a BDT score greater than 0.4

and smaller than 0.6.

3 hadronic event classes

e TTH Hadronic 0: events with a BDT score greater than 0.56;
e TTH Hadronic 1: events with a BDT score between 0.48 and 0.56;
e TTH Hadronic 2: events with a BDT score between 0.38 and 0.48.

Events/0.05

s CMS Preliminary

45
40

x 8 &

oo g o

41517 (13 TeV)

e Data sidebands
B tiH (mH=1 25 GeV)

=]
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ttH Leptonic BDT score

CMS Preliminary

1020000
=
£18000
€
$16000
w
14000
12000
10000
8000
6000
4000
2000

0

-1 -08-06-04-02 0 0.2 04 0.6 0.8

415" (13 TeV)

¢ Data sidebands
B tiH (mH=1 25 GeV)

_._III|III|III|III|III|III|III|III|III|I

ttH Hadronic BDT score
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CMS Preliminary 415" (13 TeV)
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R, > 0.94 I:l Z— ee simulation
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ttH->yy with 2017 data

.CMS Preliminary 41.5f7 (13 TeV)
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Photon identification BDT score

(= N N - -]

CMS-PAS-HIG-18-018

e Photon variables:

the pr/m., of the two photons;

the 1 of the photons;

the azimuthal angle ¢ of the photons;

the pt/m,. of the diphoton;
the rapidity of the diphoton;

e jet variables:

e the number of jets;

the photon identification BDT score of the photons;
the outcome of the pixel seed veto for the two photons

Input variables of hadronic BDT

e b-tagged jet variables:

e the 17 of the four highest pr jets;

¢ photon variables:
e the p1/m,, of the two photons; the pr is scaled to the diphoton mass to
keep the BDT blind to the diphoton invariant mass;
the 7 of the two photons;
the photon identification BDT scores of the two photons;
the azimuthal angle difference between the two photons A¢(y7);

e & o o

the outcome of the pixel seed veto for the two photons. The veto requires
the absence of a track seed in the pixel detector matching the photon
direction, reducing the background due to events where an electron is
misidentified as a photon;

Input variables of leptonic BDT

¢ the transverse momentum of the three highest pr jets;
o the 7 of the three highest pr jets;

¢ b-tagged jet variables:

e jet variables:

¢ the number of jets;

¢ the number of b-tagged jets;
o the value of the b-discriminant of the two jets with the highest score of
the b-discriminant;

e leptonic variables:

e the transverse momentum of the highest pr lepton;
o the 7 of the lepton of the highest pr lepton;

¢ the missing transverse momentum p%”ss.

e the sum pr of all the reconstructed jets;

e the value of the b-discriminant of the three jets with the highest score of

the b-discriminant;

e the value of the b-discriminant of the four highest pr jets;

e the transverse momentum of the four highest pr jets; e the missing transverse momentum p

T
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ttH->yy with 2017 data (cont.)

CMS Freliminary 41.5 fb-' (13 Tev) CMS ersiiminary K 3
= Frr T e T e ey - 5
1 2 F EH i, =13 1tH Hadronic 0 E 8 ftH Hadronic 1 1
H ; - P FH=7y P —_ Bl
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SM 125 GeV Higgs boson expected signal Bkg

Event categories T wH bbH | tHq | tHW | ggH | VBF | WHIlep | ZHlep | WHhad | ZH had | 0,7s | FWHM | (GeV~1)

ttH Hadronic0 | 24 | 86.7 % | <0.05% | 5.0% | 28% | 2.6 % 0.1 % 0.1 % 0.1 % 0.7 % 1.8% | 1.66 1.61 0.2
ttH Hadronic1 | 3.3 | 79.2% 02% |56% |24% | 7.5% 0.2 % 0.4 % 0.1% 1.0 % 33% | 1.79 1.62 1.1
ttH Hadronic2 | 5.2 | 62.9% 02% [59% | 19% | 18.4% 1.3 % 0.6 % 0.4 % 3.2% 51% | 2.02 1.72 3.8
ttH Leptonic0 | 2.7 | 885% | <0.05% | 52% | 44% | 02% | <0.05% | 12% 02% | <005% | 01% | 1.79 1.66 0.3
ttH Leptonic1 | 1.2 | 87.6% | <0.05% | 55% | 1.8% | 2.0 % 0.2 % 1.9 % 08% | <0.05% | 02% | 1.88 1.59 0.3

Total | 14.8 | 77.2 % 01% |55% |26% | 87% 0.5 % 0.7 % 0.3 % 1.5 % 28% | 1.84 165 3 56




Basic idea of STXS

» Direct measurements (Run 1 m, CP-odd OO, ...)
v' Maximum sensitivity
v’ Theory model, uncertainties and pre dictions are part of the measurement. If these change
— redo measurement

» Differential fiducial measurements
v Best model and theory independence
v’ Less sensitive: measurements use simple cuts and avoid selections with a strong production
mode/signal dependence

»STXS == compromise
v Use “most sensitive analysis" to separate between Higgs production modes and against
backgrounds
v’ Extrapolate (unfold) to coarse kinematic regions for each Higgs production mode
v Good sensitivity while keeping reduced theory dependence



