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Probing the ttH coupling at the LHC

> Top-Higgs Yukawa coupling y, probed at LHC g
T, t
= H production via gluon fusion q
indirect measurement of y, L P e
potential new particles in loop

= H production in association with top quarks (ttH)
direct measurement of y,

> Experimental challenges of search for ttH

= {tH cross section very small (=510 fb at 13 TeV)
large backgrounds such as tt+jets, ttZ/ttw, ...

= H signature diluted by additional jets or leptons from t decays

> CMS analyzed 12.9 | fb of 13 TeV data in 2016,
SM sensitivity of ttH production getting into reach



Sighatures searched for in CMS

> Rich experimental program, final states
depend on t- bW and H decay products
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> tt+(H-bb) CMS-PAS-HIG-16-038

= single lepton

= opposite-sign dileptons DESY
large H branching ratio, large tt background
>tt+(H-WW', Z2Z', tt) CMS-PAS-HIG-16-022
= same-sign dileptons
= trileptons
small H branching ratio, relatively pure, difficult fake lepton background

> tt+(H- yy) CMS-PAS-HIG-16-020
* inclusive tt decays
very small H branching ratio, pure, difficult fake photon background -
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Strategy and selection HIG-16-038

o

> Strategy

=" i = Select events compatible with tt— ¢+jets
Ve Vu ortt — &€ and H - bb decay
b
b = Categorize by jets, b-tagged jets
qv.yv, = Separate signal from background using
qepw multivariate algorithms
b = Signal extraction via fit to data
Single lepton channel Dilepton channel
> 4 anti-k, (R=0.4) jets > 2 anti-k; (R=0.4) jets
with p. > 30 GeV, |n| <2.4 with p. > 30 GeV, |n| < 2.4
1 isolated electron p, > 30 GeV 2 oppositely-sign electrons or muons,
or muon p. > 25 GeV, |n| < 2.1 pee, > 25 GeV, pheed, > 15 GeV

Inl < 2.4

= Corrections applied in simulation and/or data (trigger, lepton,
jet energy scale and resolutions, b-tagging efficiency, pileup) 6



Event categorization based on jet and b jets  HiG-16-038

> Background simulation using POWHEG ({tH signal, tt+jets, single top),
MG5 aMC@NLO (V+jets, ttV), or PYTHIA (VV)

> tt+jets sample separated in additional jet flavor components, based
on matching of reconstructed jet with generated hadrons: tt+bb, tt+b,
tt+2Db, tt+cc, tt+If (tt+bb irreducible and theoretically challenging)

CMS Simulation Lepton+Jets Channel

> 6 jet, > 4 b-tags > 6 jets, 3 b-tags 4 jets, 4 b-tags 5 jets, >4 b-tags

tt+cc tt+f

tt+If
tt+b

tt+bb tt+b tt+2b t+2b tt+bb
S/B=0.035, S/YB=0.973 S/B=0.011, S/VB=0.895 S/B=0.015, S/VB=0.242 S/B=0.024, S/YB=0.532

CMS Simulation Dilepton Channel

>4 jets, >4 b-tags >4 jets, 3 b-tags 3 jets, 3 b-tags

ttIf It If
B tt+cc
B it+b
" B it-2b
EWK

oo B tt+-bb

tt+2b I EWK

tt+b - ttH 7

S/B=0.040, S/VB=0.417 S/B=0.012, S/YB=0.453 S/B=0.004, S/YB=0.084




BDT input variable examples HIG-16-038

> In each (jet,b-jet) category, information from kinematic, event shape and
b-tagging variables are combined using Boosted Decision Trees (BDT)

220 12.9b” (13 TeV) 12.9 fo” (13 TeV) 12.9fb” (13 TeV)
123 T T T T 2] T T T T T T T T T 123 T T T T T T T T T ]
] E — o _ = 2200 . . - — z . . —
& ooof. CMS Preliminary  &iid mtes 8 - £ CMS Preliminary  Suid mtes § CMS Preliminary S @ - 1
“ 1805 lepton+jets, =ti+gE =§+2b @ 2000 gpton, jets, =@+gﬁ =g+2b w lepton+ets, =Ti+gE =Tsf+2b E
F e . 1+ ingle To i ; v i+ ingle Toj f _ i+ ingle Top |
5 jets, >4 b-tags TVeets  Jaev 1800 >6 jets, 3 b-tags Dvsiets LItV >6 jets, >4 b-tags Tvsiets  CItev
160 [@@Diboson 1600! @@ Diboson @@ Diboson
140 1400

Single 120

N\
NN
NN

y

100 % 1000
lepton e
Y % 600

examples

||||||||||||||||||||||||||||||||-|°||||||||

&

fod
o
o
T[T [ T[T [TTT[TIT [T TTT [T

‘|||||||||||||||||||||||||||||||||||TD|||||

SN VRN AANRARR RN RN RN AR LR R

$ 1577 i E; ] E;
S g ) 2 2
& K g g '
05 1 1 Il . 1 L L 1 [l 1 L 1 L
0 05 1 15 2 25 8 082 0.84 0.86 0.86 0.9 0.92 0.94 096 098 1
avg A n jets B-tagging likelihood ratio fourth highest btag
11.4-12.9 fb™' (13 TeV 11.4-12.9 fb' (13 TeV 11.4-12.9 fio' (13 TeV
g 220_|||||||||||||||||||||||||||||_||||||||||_ % 5007|||||||||||||||||||||||_||||||||__ — (0] SRR RN LARLY RARRN RAARS RALAN LAY RALRE RRRRN LAY
S 200k CMS Preliminary ;gﬁa ;3%261 E 5 L CMS Preliminary %, Efllfa ;gxan.s ] S CMS Preliminary 2, t[g:tfa ;%T;';ZS'U
~  Jgob dilepton Mt 20 E © 400 dilepton Mt 2D 0 50F dilepton mth_ @2 .
42 16of 3lets 3brtags =t\3:?ebts -tsil}‘gle Top 3 < >4 jets, 3 b-tags =3::’;5 -tsﬂfg'e Top 1 S >4 jets, > 4 b-tags =t\>:?;s -f[{?g'e Top
o 140 pre-fit expectation I Diboson 77 Total uncertainty o N pre-fit expectation B Diboson [ Total uncertainty ] q>) 40F pre-fit expectation W Diboson [Z7 Total uncertainty ]
> E 3 ~  300F
7 ; y ,
- 120 Z ; e\ 7 7.7 * g0f % ;
- 100F . E o 200 VA A Y/,
Dilepton 3 20 7 ]
60F H+
examples <« 0 10f i :
20F
0 0||I|||||I||
o 15 o o 5T »
7 . |
AA;/AA//// .70 T2 2.4, / G2 2
a v / 2 Z a a 7
0-50 5 082084086085 0.9 0.920040.95088 1 05 357050 05 1 15 0.5 0302 03 04 05 08 0.7 08 09 1

<0>, e twist angle tf}F 5% [radian] centrality(b-tag jets) 8



BDT output discriminant examples HIG-16-038

Single lepton example Dilepton example
>6 jets, 24 b-tags >4 jets, 3 b-tags
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Matrix element method (MEM) HIG-16-038

> Analytical signal and background probabilities constructed using full
kinematic information of event

= | O matrix elements from signal tt+(H — bb), background tt+bb

= Four jets most likely originating from b-quarks considered as
b-quark candidates in hypotheses

= Detector transfer functions map reconstructed four-vectors of final
state particles to generated ones

= Numerical integration over phase space

> Final MEM variable: likelihood ratio of weights under different hypotheses

w({|tEH)
w(i[EH) + ks ow (7] tE-+bb)

Py, =

10



Systematic uncertainties HIG-16-038

> Uncertainties affecting shape (and rate) of BDT and MEM distributions

= B-tag scale factor uncertainties

= Jet energy scale and resolution

= Lepton ID/isolation, trigger efficiency, pileup

= Q? renormalization and factorization scale

= Bin-by-bin statistical uncertainty on prediction (limited sample size)
= Uncertainties affecting rate

= Normalization of (sub)processes (e.g. 50% additional uncertainty
for each tt+heavy flavor component)

= PDF for different production modes (gg, qd, d9)

= Parton shower renormalization and factorization scale of tt
(1-9% depending on jet flavor component)

= Luminosity 6.2%

= Systematic uncertainties treated as nuisance parameters in fit
11



Signal extraction using fit HIG-16-038
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Signal extraction using fit HIG-16-038
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Limits and fit results

HIG-16-038

> Simultaneous binned likelihood fit in both channels

Dilepton

Lepton+jets

Combined

= Combined best-fit ttH signal strength olo_, = -0.19*%%

= Combined observed ttH cross section upper limit=1.5 o_,

1

11.4-129fb"' (13 TeV)

CMS Preliminary

=== Expected t1o
------ Expected 2
------ ttH(u=1) injected
—— Observed

1 10
95% CL limit on p = G/GSM at m, =125 GeV

Dilepton

Lepton+jets

Combined

11.4-129fb" (13 TeV)

CMS Preliminary

n tot. stat. syst.

, +1.50 +1.05 +1.01

m— -0.04 "3 o6 106

. +1.02 +0.51 +0.88

e 0.43 “i02 052 -0.87

| +0.80 +0.45 +0.66

i 019 o1 04s 068
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-2 0 2 4 6

Best fit u = o/c_ atm, =125 GeV
SM

14



tt+ (H - WW', ZZ', 11)
selection and non-prompt lepton rejection

background vs signal separation (BDT, MEM)
signal extraction and results



Strategy and selection HIG-16-022

> Strategy

= Select events with multilepton final states from
Higgs decays to WW*, ZZ", 1t

= Dedicated algorithm to identify prompt leptons

= Separate signal from background using
multivariate algorithms

= Signal extraction via fit to data

Same-sign dilepton channel Three lepton channel
> 4 anti-k, (R=0.4) jets > 2 anti-k, (R=0.4) jets
with p_ > 25 GeV, |n| < 2.4 with p. > 25 GeV, |n| < 2.4
> 2 loose or 1 medium b-tag > 2 loose or 1 medium b-tag
2 oppositely-sign electrons/muons > 3 electrons or muons

pleadT > 25 GeV, psubleadT > 15/10 GeV pT > 10 GeV (pleadT > 25 GeV)

Z mass window veto Z mass window veto
0.6 E™s_+ 0.4 H™=_> 30 GeV [+ cuton 0.6 E™s_+ 0.4 H™= ]



Rejecting nhon-prompt leptons HIG-16-022

> Non-prompt leptons from b jets in tt, or mis-identified light jets

> Dedicated multivariate discriminant developed, based on isolation,
vertex and identification observables

Control region enriched in Control region enriched in
prompt leptons non-prompt leptons
CMS PreI/mlnary 12.9 fb™' (13 TeV) CMS Preliminary 12.9 fb™ (13 TeV)
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LI -t b | : AT []tt, prompt
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selection
10°

A
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T1080.6040.2 9 B2 S A e 1-08-0604-02 0 0204 0.6 0.8
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> Data-driven estimate of residual non-prompt lepton background
using tight-to-loose method 17



Multivariate analysis HIG-16-022

> Kinematic observables (jet multiplicity, Combined in BDT to
lepton/jet angular separation, E™=_, discriminate ttH against
|ept0n P, ) it (reducible bkg)
ttV (irreducible bkg)

> In three lepton channel:

matrix element weights for g osp T A

ttH, ttW, ttZ hypotheses g . faining —mw ]
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Signal extraction using fit HIG-16-022

> Two-dimensional fit to BDT(ttH,tt) and BDT(itH,ttV) discriminants

> Systematic uncertainties (lepton, trigger, b-tagging scale factors, non-
prompt lepton prediction 30-50%, jet energy corrections, PDF, Q2 scale,
cross sections) treated as nuisance parameters

Same-sign dilepton channel Three lepton channel
CMS Preliminary 12.9 b (13 TeV) CMS Preliminary 12.9 b (13 TeV)
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= Further event categorization based on lepton flavor,
presence of b-tagged jets, hadronically decaying t leptons 19



Limits and fit results HIG-16-022

> Simultaneous binned likelihood fit in all categories
and combined with 2015 analysis (CMS-PAS-HIG-15-008)

Category Obs. limit Exp. limit 10 Best fit u £1c
Same-sign dileptons 4.6 1.7799 g5 27701,
Trileptons 3.7 23712 45 1.3712_4,
Combined categories 3.9 14707 44 23709 g
Combined with 2015 data 3.4 1.3106_4, 20708,
CMS Preliminary 2.3+12.9 fb (13 TeV) _10,.CMS Preliminary (2.3+12.9) fb™! (13 TeV)
my, = 125 GeV = /
o 9
. +0.8 E
combined p = 2.0_0_7 :], 8;—
i 7
6
trilepton ;
=257 :
L Y W S A
i 3 — Observed
dilepton 5 f— serve
n=1.9%° ---Expected
-0.8 15_ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

00.511.5225

l l _IlllllII\h 11 IIIIIIIIIIIIIlIIIl
335 4 45 070 1 5 3 4 5 6
Best fit u = . )

o/c 20



tt+ (H - yy)

selection
background estimation
signal extraction and results



HIG-16-020

Strategy and selection

ttH leptonic tag
> 2 anti-k, (R=0.4) jets
with p. > 25 GeV, |n| < 2.4
> 1 medium b-tag

> 1 isolated electron/muon
p, > 20 GeV, |n| < 2.4, not Z peak

2 photons
lead sublead
pe;>m /2,p >m /4

> Strategy

= Select events compatible with inclusive tt
decays and H — yy decay

= Search for narrow diphoton peak on
falling background in mass distribution

= Signal extraction via fit to data

ttH hadronic tag

> 5 anti-k, (R=0.4) jets
with p_ > 25 GeV, |n| < 2.4

> 1 medium b-tag
no leptons

2 photons
pleadT > mW / 2, psubleadT > mW / 4

22



Diphoton mass spectrum HIG-16-020

> Background consists of reducible fake photon backgrounds, and
irreducible prompt diphoton backgrounds; data-driven

> Diphoton mass m observable used to extract signal

> Signal shape parametrized as sum of gaussian functions

ttH leptonic tag ttH hadronic tag
° CMS rpreliminary 12 9 fb (1 3 TeV) CMS Preliminary 12 9 fb (1 3 TeV)
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Fit results HIG-16-020

> Systematic uncertainties (Parton shower, Q? scale, jet energy scale,
photon energy resolution, gluon fusion contamination in ttH category, ...)

> Best-fit ttH signal strength olo_, = 1.91*°_ |

o -1
CMSI Pr'el”?m‘laryl T LA IR B B B |12|.9|be (|1 SITe|V) CMS Preliminary 129 fb1 (1 3TeV)
T T T I T T T | T T T I T T T I T
H— ' i
e = Combined £t _ Ho1y = Combined £ To
Untagged 0 | 0.95 *
|0 — Per category * 1o —& Per category £ 1o
Untagged 1 | 1.04 % T — N
B -0.29 w uSM ] un M=MSM
Untagged 2 | 0.44 0 _ 021 w077y 021
I H combined = 95 yg _| 9o H combined = 0.95 fo'w
Untagged 3 | 1.33 *%¢ .
MAOREE | 1 s my, Profiled B ~ m, Profiled N
VBF Tag 0 | 1.58 *%8 By
s B Wge | 161 o M, = 1
VBFTag1 | 0.04 *'2
-0.8 | —
TTH Hadronic Tag | 2.10 *'°
-1.2 1.5
B ] M| 1et
TTH Leptonic Tag | 1.15 *°
R | l | | | | | |
-2 0 2 4 6 8 -2 0 2 4 6 8
1 H
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Summary and outlook

> The CMS experiment analyzed 12.9 | fb of data in 2016 searching for ttH

= tt+(H - bb) single and opposite-sign dilepton final state
Best fit y_, =-0.197%

1
= tt+(H - WW', ZZ", tt) same-sign dilepton and trilepton final states
Best fit p, = 2.0"° _ combined with 2015 data

= tt+(H - yy) diphoton final states
Best fitp , =1.91"° |

CMS Integrated Luminosity, pp, 2016, vs = 13 TeV

Data included from 2016-04-22 22:48 to 2016-10-27 14:12 UTC

»
(&)

I LHC Delivered: 41.40 fb !
[ CMS Recorded: 38.27 b !

= About 3 times more data being
analyzed, results at Moriond 2017
conference and beyond
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SM sensitivity getting in reach,
exciting ttH times ahead!
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tt+ (H — bb)



Single lepton event yields

ttH(bb)

HIG-16-038

Process > 6jets,3b-tags 4jets,4b-tags 5Sjets, > 4b-tags > 6jets, > 4b-tags
tt+LF 2710.6 £1027.1 914 £69.9 96.9 +75.8 86.2 =719
tt+cc 17719 21099.0  59.3 =47.0 112.5 £ 88.9 175.8 = 141.6
tt+b 717.6 £ 406.8 37.6 £ 23.1 69.6 = 42.4 86.3 = 57.0
tt+2b 401.4 £+ 237.1 16.0 £9.9 33.8 £ 20.6 549 +£37.3
tt+bb 777.0 £ 468.4 42.2 + 23.8 126.5 £ 71.6 306.3 £ 183.2
Single t 3319 £77.2 192 £78 295+114 30.0 £10.8
V+ets 79.5 £ 30.9 5.7 £ 6.8 7.7 £5.1 72+£39
tt+V 81.4 +17.0 22+ 0.6 63+ 17 18.1 £ 5.2
Diboson 43+ 23 0505 — —
Total bkg. 6875.6 +2776.8 274.1 £153.0  482.9 £ 239.7 764.8 + 365.3
ttH 742 £9.7 4.0+ 0.8 11.7 £ 2.2 269 £ 5.6
Data 6811 376 551 787

29



Dilepton event yields

ttH(bb)

HIG-16-038

Process 3jets,3b-tags > 4jets,3b-tags > 4jets, > 4b-tags
tt+LF 179.0 £ 68.7 390.1 £ 167.9 7.6 £3.6
tt+cc 117.5 £ 73.8 382.6 £ 237.7 19.4 £15.5
tt+b 94.2 +51.9 228.0 £127.7 14.4 +9.2
tt+2b 31.7+£17.3 99.1 £54.3 6.2 + 3.8
tt+bb 171 +£94 172.5 +£92.9 57.9 & 32.6
Single t 16.0 £ 4.6 38.4+£11.9 244+1.2
V+jets 1.6 £22 1.6 £4.1 0.7 +0.5
tt+V 1.4+0.5 16.6 £ 3.4 2.6 0.8
Diboson — 0.4+04 —
Total bkg. 458.3 £197.0 1329.3 £503.1 111.2 +49.8
ttH 1.8+0.4 16.5+3.4 44413
Data 498 1469 146
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Single lepton control plots
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ttH(bb)

Dilepton control plots
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Systematic uncertainties

ttH(bb)
HIG-16-038

Source Type Remarks

Luminosity rate  Signal and all backgrounds

Lepton ID/Iso shape Signal and all backgrounds

Trigger efficiency shape Signal and all backgrounds

Pileup shape Signal and all backgrounds

Jet energy scale shape Signal and all backgrounds

Jet energy resolution shape Signal and all backgrounds

b-tag HF fraction shape Signal and all backgrounds

b-tag HF stats (linear) shape Signal and all backgrounds

b-tag HF stats (quadratic) shape Signal and all backgrounds

b-tag LF fraction shape Signal and all backgrounds

b-tag LF stats (linear) shape Signal and all backgrounds

b-tag LF stats (quadratic) shape Signal and all backgrounds

b-tag charm (linear) shape Signal and all backgrounds

b-tag charm (quadratic) = shape Signal and all backgrounds

QCD scale (ttH) rate  Scale uncertainty of NLO ttH prediction

QCD scale (tt) rate  Scale uncertainty of NLO tt prediction

QCD scale (tt+HF) rate  Additional 50% rate uncertainty of tt+HF predic-
tions

QCD scale (t) rate  Scale uncertainty of NLO single t prediction

QCD scale (V) rate  Scale uncertainty of NNLO W and Z prediction

QCD scale (VV) rate  Scale uncertainty of NLO diboson prediction

pdf (gg) rate  PDF uncertainty for gg initiated processes except
ttH

pdf (gg ttH) rate  PDF uncertainty for ttH

pdf (q@) rate  PDF uncertainty of qg initiated processes (tt W, W,
Z)

pdf (qg) rate  PDF uncertainty of qg initiated processes (single t)

Q7 scale (tt) shape Renormalization and factorization scale uncertain-
ties of the tt ME generator, independent for addi-
tional jet flavors

PS Scale (tt) rate  Renormalization and factorization scale uncertain-
ties of the parton shower (for tt events), indepen-
dent for additional jet flavors

Bin-by-bin statistics shape statistical uncertainty of the signal and background

prediction due to the limited sample size

33



ttH(bb)
HIG-16-038

Systematic uncertainties yield effect

Effect in 26 jet, 3 b-tags single lepton channel

Process tt rate up/down [%] ttH rate up/down [%]
Jet energy scale +12.6/ —11.8 +8.4/ — 8.0
Jet energy resolution +0.2/ —0.3 —0.0/ - 0.1
Pile-up +0.1/ —0.1 —-0.2/ +0.1
Electron efficiency +0.5/ —0.5 +0.5/ — 0.5
Muon efficiency +04/ —-0.4 +0.4/ — 0.4
Electron trigger efficiency +12/ —-1.2 +1.3/ —1.3
Muon trigger efficiency +0.8/ — 0.8 +0.9/ — 0.9
b-Tag HF contamination —9.4/+9.8 —2.6/ +2.8
b-Tag HF stats (linear) —3.1/+3.3 —2.5/+27
b-Tag HF stats (quadratic) +2.6/ —24 +24/ —22
b-Tag LF contamination +71/ =52 +5.8/ —4.5
b-Tag LF stats (linear) —2.0/ +44 +0.5/+1.5
b-Tag LF stats (quadratic) +2.1/+0.2 +1.5/ + 0.5
b-Tag charm Uncertainty (linear) —11.1/ +14.9 —-3.1/+4.1
b-Tag charm Uncertainty (quadratic) +0.5/ —0.5 —0.0/ 4+ 0.0
Q? scale (tt+LF) —62/+75 —

Q? scale (tt+b) —1.7/ +2.0 —

Q? scale (tt+2b) —1.1/+1.4 —

Q? scale (tt+bb) —2.0/ +25 —

Q? scale (tt+cc) —4.3/ +5.4 —

PS scale (tt+LF) +4.8/ —9.0 —

PS scale (tt+b) —0.9/ +0.7 —

PS scale (tt+2b) —0.8/4+0.9 —

PS scale (tt+bb) —15/ 427 —

PS scale (tt+cc) -39/ +3.0 —
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BDT input variable list

ttH(bb)
HIG-16-038

Single lepton channel

Event variable

Description

Object and event kinematics
(ARtag tag)

> PTjets, leptons

max mass
Tjet,jet

min A Rtag,tag
max Ar]tag,tag
Miina®

M{']\iggs—like

minAR
Mtag,tag

minAR
PT tag,tag

Centrality (tags)
Centrality (jets, leptons)

Ht
min ARjet,jet
median Mijetjet

max mass
Mtag,tag

<AR]'et,tag>

minAR
PT jet,tag

max mass

Tj et,tag
max pr
jetjetjet

bj
Mhiggs—like

CSVv2 b-tag

<d> tagged /untagged

Event shape
Ho, H1, H>, H3, Ha
C(jets)

Average AR between b-tagged jets

Sum of the pr of all jets and leptons

Twist angle between jet pair

AR between the two closest b-tagged jets

An between the two furthest b-tagged jets
Invariant mass of jet pair with minimum AR

Invariant mass of a jet pair ordered in closeness to the Higgs
mass

Mass of b-tagged jet pair with minimum AR
Sum of the pr of b-tagged jet pair with minimum AR

Ratio of the sum of the transverse momentum of all b-
tagged jets and the sum of the energy of all b-tagged jets

Ratio of the sum of the transverse momentum of all jets and
leptons, and the sum of the energy of all jets and leptons

Scalar sum of transverse momentum for all jets
AR between the two closest jets
Median invariant mass of all combinations of jet pairs

Mass for b-tagged jet pair with maximum invariant mass
combination

Average AR between jets (with at least one b-tagged jet)

Sum of the pr of jet pair with minimum AR (with at least
one b-tagged jet)

Twist angle between jet pair (with at least one b-tagged jet)

Invariant mass of the 3-jet system with the largest trans-
verse momentum.

Invariant mass of a jet pair (with at least one b-tagged jet)
ordered in closeness to the Higgs mass

Average CSVv2 b-tag discriminant value for b-tagged /un-
b-tagged jets

Fox-Wolfram moments [? ]

3 (A1A2 + A1Az + A2A3) [?]
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Dilepton channel

BDT input variable list

3 jets, 3 tags

>4 jets, 3 tags

>4 jets, >4 tags

<d>tagged
Hj (jets)
bi

Mhiggs—like

max mass
Mtag,tag

min ARtag tag
max Affjetjet
min ARjet,jet
)3 PTjets,leptons
H4/Hp(tags)

Centrality(jets & leptons)

C(jets)
H>(tags)
M]}]ﬂggs-like

maxpr
Mjet,]' et,jet

minAR
Mtag,tag

min A Rtag,tag

max A ;7 tagltag

T max mass
tag,tag

Centrality(jets & leptons)
Centrality(tags)
tags
Hr
M
higgs-like
min ARjet,jet
inAR
Miet tag

max mass
Mtag,ta g

minAR

Mtag,tag
max Atjet jet
maxXx A’?tag,tag

median Mjet jet

ttH(bb)
HIG-16-038

36



ttH(bb)

Matrix element method weights HIG-16-038

Weight w for hypothesis H Details of method in arXiv:1502.02485

A-momenta. of Phase space element,
reconstructed momentum conservation Resolution function
particles enforced

\_, dxﬂdxb 8 d3p‘k 4 +(Ez) 8 (xy) (= 8
w(j[H) Z Tens I_[( ) 32Ek) (27)°6 (pﬁm—ém) R (pnglpk)x

g(xa.- 1E) g (xp, ) [ M (Pas PorP1s - p8) PW (7, B)

/ et

_ _ Squared matrix Detector transfer
Parton density functions element (Open Loops)  functions

= Four jets assigned to two b quarks in matrix element, selected using
likelihood ratio between hypotheses that 4 or 2 jets arose from b
guarks, based on b-tagging discriminant probability densities

> All permutations considered of 4 b-jets, and of 4 W decay products .
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ttH(bb)

MEM discriminants in single lepton channel HIG-16-038

Post-fit
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ttH(bb)

BDT & MEM discriminants in dilepton channel c.16.033

Pre-fit

11.4-12.91" (13 TeV)
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ttH(bb)

BDT & MEM discriminants in dilepton channel c.16.033

Post-fit
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ttH(bb)

Event yields pre-fit HIG-16-038
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ﬂ 10 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII? 2 10 EllIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII'§
o CMS Preliminary ¢ data — 15 xttH 3 o - CMS Preliminary ¢ data —15xttH 3
T e DJtt+LF B tt+cc T AT 105 i Dtt+LF B tt+cc 1
lepton+jets Wit+b B tt+2b ?5 EE dilepton Bt-b Wt+2b ?5
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ttH(bb)

Event yields post-fit HIG-16-038

. 12.9 b (13 TeV) 11.4-12.9fb (13 TeV)
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Limits In (jet,b-jet) categories

ttH(bb)
HIG-16-038

4 jets, 4 b-tags (low BDT)

4 jets, 4 b-tags (high BDT)

5 jets, > 4 b-tags (low BDT)

5 jets, > 4 b-tags (high BDT)
> 6 jets, 3 b-tags (low BDT)

> 6 jets, 3 b-tags (high BDT)
> 6 jets, > 4 b-tags (low BDT)
> 6 jets, > 4 b-tags (high BDT)

LJ combined

CMS Preliminary

Single lepton categories

12,91 (13 TeV)

I558 Expected 16
----- Expected +2¢
& Observed

1

10

10?

95% CL limiton pn = c/oSM atm, =125 GeV

3 jets, 3 b-tags

> 4 jets, 3 b-tags (low BDT)

>4 jets, 3 b-tags (high BDT)

>4 jets, > 4 b-tags (low BDT)

>4 jets, > 4 b-tags (high BDT)

DL combined

CMS Preliminary

Dilepton categories

11.4-129" (13 TeV)

£ Expected 1o
----- Expected +2¢
—& Observed

$

=

10

10?

95% CL limiton p = o/oSM atm, =125 GeV
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tt+(H - WW', ZZ', 11)



- ttH(multil
Example diagrams Hlé-lg-(;ZEZP)
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Event yields

ttH(multilep)
HIG-16-022

UuU ee ey 3¢

ttW 183+09 68+06 245+1.1 122 +£0.7
ttZ /" 58+06 74+06 153+13 226+1.0
Di-boson 14+02 11+£02 2.6 £0.3 57+04
tttt 0.8+0.2 04+0.1 1.5+£0.2 1.2+0.1
tqZ 0203 04+04 0.6 £0.6 2.7+0.8
Rare SM bkg. 1.6+03 05=£01 1.8 £0.1 0.3+0.1
Charge mis-meas. 6.7+£0.1 10.0£0.1

Non-prompt leptons 334+12 231+11 619=x17 51.0+1.8
All backgrounds 61.5+17 464+15 1180425 95.7 £2.3
ttH (H — WW™) 6.3+02 26%+0.1 8.5+£0.2 8.0£0.2
ttH (H — t7) 1.6+01 0.7+£01 25+0.1 21+0.1
ttH (H — ZZ%) 0.2 =0.0 0.1 0.0 0.3=x=0.0 0.5=x=0.0
Data 74 45 154 105
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ttH(multilep)

Same-sign dilepton channel control plots HIG-16-022

CMS Preliminary 12.9fb™ (13 TeV) CMS Preliminary 12.9fb™ (13 TeV) CMS Preliminary 12.9fb™ (13 TeV)
g 250~ ' ' ' Pre-fit, ul=1 7] *2 I I I Pre-fit, u=1l . *2 220:_ | | | | Prel-fit, p=1 | E
0>-> - -¢-Data 0>-> 160 -¢-Data ] 0>-> 200K -¢-Data -
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- 100 - 120F
L 80 R 100F
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i i 60 ]
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-8 2'05 I stat. Iunc. -total unc.l I I ] 8 2'05 -stiat. unc. -toltal unc. I I ] 8
- 1.5 = - 1.5 E et
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eel/ep/up N(jet, p. > 25 GeV) N(jet, p. > 25 GeV, CSVM)
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Same-sign dilepton channel BDT

Training against tt

ttH(multilep)

HIG-16-022

Training against ttV

CMS Preliminary 12.9 b7 (13 TeV) CMS Preliminary 12.9fb" (13 TeV)
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ttH(multilep)

Same-sign trilepton channel control plots HIG-16-022

[2]
=
C
[
>
L

CMS Preliminary 12.9 o' (13 TeV)
I I ]

Pre-fit, u=1
-o-Data

mitH

B|TTW

OT1Z 7
|mwz —
[JRares T
Fakes

Data/Pred.

00— & 57
N(et, p_> 25 GeV)
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ttH(multilep)

Matrix element method weights HIG-16-022

Weight w, . for hypothesis a and event i
Phase space element

4-momenta of corresponding to Squared matrix
reconstructed unmeasured quantities, element
particles momentum conservation
\ enforced X
x1, 1) f(x2, fr 2
Wi (P') = /d(I) "54 Pl ‘|'P2 Zpk) feap)f o )‘Ma(f’;:)‘ -W(P'|D,)
k>2 A1X25 x
Cross section Parton density functions Transfer functions

(NNPDF2.3 LO)

= Two jets with highest b-tagging discriminant assigned to two b quarks
In matrix element

= Among remaining jets, pair with dijet mass closest to m, selected

> Final weight = average of weights for each lepton, jet permutation 5t



Same-sign dilepton channel BDT

Events

Data/Pred.

35

30

25

20

15

10

Training against tt
CMS Preliminary 12.9 b7 (13 TeV)

—IIIIIIIIIII|III|IIIIII|III|III|III|III—
Pre-fit, u=1
-¢-Data
WttH
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|mwz
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N Fakes
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08-06-04-02 0 02 04 06 08 1
BDT (itH, t)

Events

Data/Pred.

50

40

30

20

10

Training against ttV
CMS Preliminary 12.9 b7 (13 TeV)

—IIIIIIIIIIIlIIIlIIIIII|III|III|III|III—
Pre-fit, u=1 ]
-¢-Data
WttH
ETTW
OTTZ
|mwz
[CJRares
N Fakes

____\“\N\ DN e

stat. unc.  [Jtotal unc.

_1 —08—06—04—02 0 02 04 06 08 1
BDT (itH, ttV)

ttH(multilep)
HIG-16-022
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ttH(multilep)

Trilepton channel MEM weights in BDT HIG-16-022

MEM weight for ttH MEM weight for ttwW MEM weight for ttZ
CMS Preliminary 12. g fo' (13 TeV) CMS PreI/m/nary 1 291fb" (13 TeV) CMS Preliminary 1290 (13 TeV)
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35:=E§V = = mTw .
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MEM weight (ttH) MEM weight (W) MEM weight (ttZ)
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Most important systematic uncertainties

ttH(multilep)

HIG-16-022

1 Tight lepton selection efficiency

2 Muon fake rate, normalization

3 2016 luminosity calibration

4 ttH theoretical uncertainty (scale)

5 Jet energy scale

CMS Preliminary

e e |

- Pull ]+ 1o Impact [[]-1c Impact

1 R 2
(8-6,)/A6

02 0 0.2,
Ar/c,
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Best-fit sighal strengths: 2016 data

ttH(multilep)

HIG-16-022

trilepton

_ +1.2
h=13 1.0

dilepton

_ +1.1
=27 1.0

CMS Preliminary

129" (13 TeV)

005 115225335445
Best fit u = G/GSM

combined u = 2.3
-0.8

m, = 125 GeV

+0.9

CMS Preliminary 129" (13 TeV)

m,, = 125 GeV

- combined 1 = 2.3fg'z

3l

_ +1.2
”_1340

2l, 1rh
_ +1.6
u-Oqu
ee,no T,
i= 0.9 +2.6

24|
My, no T

_ +1.5
M—3243

e, No T

_ +1.7
=37 -15

~

1 2 3
Best fit u = 6/c
SM
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ttH(multilep)

Best-fit signal strengths: 2015 + 2016 data HIG-16-022

CMS Preliminary  2.3+12.9 fb” (13 TeV) CMS Preliminary  2.3+12.9 fb” (13 TeV)
m,, = 125 GeV m,, = 125 GeV
combined i = 2.0fg'3 - combined i = 2.0fg'3
_ 3 N
u=257
trilepton 2,1, |
p=25" u=0075
o ee,not |
- =122
,NOT
dilepton " 9 g+1.3
u=19+0.9 = =R
08 ew, ot
I|IIII|IIII|IIII l'l/=2.4-|_—:-2IIII|IIII|IIIII
005115225 3354 45 -2 -1 0

Best fit u = G/GSM
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tt+ (H - yy)



ttH(vv)

Photon selection and expected signhal yields  c.15-020

Photon preselection requirements

H/E Ty Rg9 | photoniso. | tracker iso.
ECAL barrel; Ro> 0.85 <0.08 — >0.5 — -
ECAL barrel; R9<0.85 <0.08 | <0.015 | >0.5 <40 < 6.0
ECAL endcaps; R9>0.90 | <0.08 — >0.8 — —
ECAL endcaps; R9<0.90 | <0.08 | <0.035 | >0.8 < 4.0 < 6.0

Expected signal event yields

SM 125GeV Higgs boson expected signal Bkg
Total geh vbf wh zh tth Toff | OHM (GeVY)
Untagged Tag 0 | 1192 | 79.10% | 7.60% | 711% | 3.59% | 2.60% | 1.18 | 1.03 | 4.98
Untagged Tag 1 | 128.78 | 8598 % | 7.38% | 3.70% | 2.12% | 0.82% | 1.35 | 1.20 | 199.14
Untagged Tag 2 | 220.12 | 91.11% | 5.01% |218% | 1.23% | 047 % | 1.70 | 147 | 670.44
Untagged Tag 3 | 258.50 | 92.35% | 4.23% | 1.89% | 1.06 % | 047 % | 2.44 | 2.17 | 1861.23
VBFTag0 | 9.35 | 2947 % | 69.97 % | 029% | 0.07% | 020% | 1.60 | 1.33 | 3.09
VBF Tag 1 | 15.55 | 44.91 % | 53.50 % | 0.86 % | 0.38% | 0.35% | 1.71 | 140 | 22.22
TTH Hadronic Tag | 2.42 | 1678 % | 1.28% | 2.52% | 2.39% | 77.02% | 1.39 | 1.21 1.12
TTH Leptonic Tag | 1.12 | 1.09% | 0.08% |243% | 1.06% | 95.34% | 1.61 | 1.35 | 0.42
Total | 647.77 | 87.93% | 7.29% | 240% | 1.35% | 1.03% | 1.88 | 1.52 | 2762.65

Event Categories
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ttH(vy)

Signal diphoton mass shape HIG-16-020

ttH leptonic tag ttH hadronic tag
CMS Simulation Preliminary 13 TeV CMS Simulation Preliminary 13 TeV
—~~ 0 16 —_I LI | T T 1T | T 1T | T 1T | T 1T | T 1T | T I_— ; 04 _I T T I T T 1T | T T TT I T 1T | T 1T | T T 1T I T 1T I_
% " Hovyy TTH Leptonic Tag o - Hoyy TTH Hadronic Tag -
O] - . O r f 7
o 014F | | - o 0.35 - | | ]
o - 4%* Simulation ] o - + Simulation .
— 0.12|- — — 03 7
S~ ~ ‘ ~ - .
) B . 7 ) C . ]
- - Parametric . = - Parametric =
GC, 0.1 model ] GC) 0.25 - model .
> . ] > - ]
W 0.081 q N W ook E
[ 0, =161GeV i - 0, =139GeV .
0.06 - ] 0.15F -
[ FWHM =3.17 GeV ] " FWHM = 2.84 GeV ]
0.04 - . 0.1F -
0.02 R 0.05F -
N | ] F T I ]

105 110 115 120 125 130 135 140 105 110 115 120 125 130 135 140

m,, (GeV) m,, (GeV)
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