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INTRODUCTION (1)

» One of the only direct probes of the top-Higgs interaction

» Allows to measure the strength of the Yukawa coupling, CP
violation
» ttH production is a challenging process to study
» o ~05pb

» Rich topologies due to the different Higgs and top decay
modes

tH production is even rarer, o ~ 74 fb
Sensitive to y; and g,y couplings
Interference between y; and g,y diagrams

ITC (k. /xw = —1) enhances cross section by
~ 10
ITC has no effect on ttH cross section

v
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ANALYSIS STRATEGY cMs

» Different channels to search for these processes

> ttH observation when combining all channels
(PRL 120, 231801 (2018))
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T
ol

g ¢
- X [ bb 2
bb decay modes (HIG-18-030) 2 M
= H
> Most of the branching ratio, but large gu0's = z°
backgrounds g = ]
[ cc |
102F E
vy decay mode (2003.10866)
E oy ]
» More H — vy in H. Mei’s talk F
-3 p— —
» Low background, but low 10 E 2y
branching ratio Covered in r 1
this talk F 3
» Allows to reconstruct the tobiee b
120 121 122 123 124 125 126 127 128 129 130

Higgs system M, [GeV]

f WW, ZZ and tt decay modes
(multilepton, HIG-19-008)

» Moderate background, but
significant branching ratio

» Showing Run 2 legacy results
» Obtained analyzing 137 b~ of data
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https://cds.cern.ch/record/2675023
https://arxiv.org/abs/2003.10866
https://indico.cern.ch/event/868940/contributions/3813520/

DIPHOTON SEARCH

v

vvyyy

Events with two photons and targeting hadronic

or leptonic top quark decays

Main backgrounds from tt + yy

Usage of BDTs to reject backgrounds
Signal = Gaussian + CB function
Background =- discrete profiling method

Signal strength of 1.387%35  compatible with

SM

Observed significance of 6.6 o wrt no signal
hypothesis
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CP studies on this channel in S. Kyriacou’s
talk
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https://indico.cern.ch/event/868940/contributions/3813532/
https://indico.cern.ch/event/868940/contributions/3813532/

MULTILEPTON SEARCH %

CMS Preliminary 137 b (13 TeV)
j2]
; ; € 10° mtH mDY
Signal regions 5 10 = mH Dti+jets
w [tz / tty* Fakes

EtW(W) EFlips
mwz [JConversions
» 10 disjoint categories according to mzz %g‘;‘ggfmggs proc. NN

lepton (e or ) and <, multiplicity 5 = |

» Different background composition in
each category

» Lepton charge consistent with the
expected final state

» Jet multiplicity according to the ttH

final state 0/,(.257 1/*17” 1/*25) 2log, 172/+2T;, Sl*bh <l/,(.0rl7 3/4.05) sy oflss % 2
h h

> 2lss + 01y, 2Iss + 11, and 31 + Ot enlarged to accept tH events
> Allowing events with one light (forward) jet and one b tag

Control regions

» Control regions with 3 and 4 leptons and a Z boson candidate used to constrain ttZ
background
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BACKGROUND DISCRIMINATION

» Signal regions are mostly dominated by background
» MVA discriminators are used to separate signals from backgrounds

> Input variables:

» 3-momenta of jets, leptons and t,
P Invariant masses, angular distances, object multiplicities
» Taggers to identify decay products of top quarks and H
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BACKGROUND DISCRIMINATION

2lss + Or,, 2lss + 11,, 3l + Or,, regions
» Using multiclass DNNs to discriminate ttH, tH and backgrounds
» Categories built based on DNN and event topology (next slide)
Rest of the regions

» No sensitivity expected for tH = using BDT discriminating ttH against
backgrounds

» Classifying according to the BDT score
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DNN SUBCLASSIFICATION i

[ ttH-like ] [ ttW-like }
->
2lss + Oty
tHq-like

Other a
anet < 2 Npjet >2
_—
2lss + 11, »| Other

tHq-like

» DNN and event topology-based classification

» Further classification is performed based on the score of the most probable process
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BACKGROUNDS

Estimation of backgrounds is key in this analysis

Reducible backgrounds due to

» Non-prompt leptons and misidentified t,, Estimated with data-driven
> Electron charge flips methods
» Photon conversions ) Estimated with simulations
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BACKGROUNDS

Estimation of backgrounds is key in this analysis

Irreducible backgrounds due to
> ttZ, ttW
» Less importantly, WZ, ZZ, rares (tZq, tttt, ...)
» tt and DY events are also irreducible in the 11 + 17, and 0l 4- 27, categories

» Estimated using state-of-the-art MC simulations and normalized to the more
precise theory calculations
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REDUCIBLE BACKGROUNDS

CMS Simulation Preliminary 137 fb™ (13 TeV)
T T T T T

CMS /|
CMS simulation Preliminary 137 fb”' (13 TeV)
T T T T T

@ "
E —4— Nominal § —#— Nominal
@ 250 —#— Relaxed, £, fom fiviets (@ 120~ —#— Relaxed, , from ti+jets |
Non-prompt leptons = —4— Relaxed, £, from multjet —4—_g —t— Relaxed, /, from multjet
—y——— 100 4
» Largely suppressed with MVA et S E ©
techniques in the lepton identification s Muons ~~  Electrons
. . . . . 60—
» Atiny portion leak into signal regions |t - E o o ]
» Using the tight-to-loose method - -
. . 501~ - L = g
» Transfer factor in multijet events - 2 T -
L . e e ey, e
» Check the method in tt simulations _-
. . ai 20 2.0
» Similar procedure followed for g I S == SIS
L o ! = -
misidentified t,, 5 o - 5 o
o o 20 40 60 100 120 @ o 20 40 80 100 120
a Non-prompt muon P, [Gev] & Non-prompt electron P, [GeV,
CMS Preliminary 59.7 fb (13 TeV) CMS Preliminary 59.7 b (13 TeV)
= - L
2 ¢ Uncertainty =, Uncertainty
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s kS
=z 10 P4
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REDUCIBLE BACKGROUNDS

CMS Preliminary

59.7 fb (13 TeV)

same-sign

dN/dme, [1/GeV]

I Backgrounds:
Uncertainty

et

LI

8 60 B‘O 160 120
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Data - Expectation
Expectation

CMS Simulation Preliminary 137 fb” (13 TeV)

CMS Simulation Preliminary 137 fo™' (13 TeV)
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g M e g e
5 98 S 08
o 00 20 40 60 100 120 @ 0.0 20 40 80 100 120
a Non-prompt muon P, [Gev] & Non-prompt electron P, [GeV,
CMS Preliminary 59.7 b’ (13 TeV)
Opposite-sign &I'Z’,'“‘v‘{ e

B Backgrounds
Uncertainty

0 .‘WW% j
i 100 szo
Me [GeV]

60 80

Electron charge flips

» Small fraction of events measured
with opposite-charge sign

» Estimated from a opposite-sign
sideband



CMS Preliminary 137 b (13 Tev)

IRREDUCIBLE BACKGROUNDS E“’i Z‘;:;“‘“fakes —

Wiww) Mz

Uncertainty

» ttZ and ttW normalization are determined in the signal
extraction fit
» No assumption made on the total cross section
» Dedicated control region for ttZ
» 3l with a Z boson candidate
» 41 with a Z boson candidate
» Dedicated ttW category in the 21ss + Ot,, built with the
DNN score

510 15 20 25 30 35 40 45

Bin number

CMS Preliminary
41-CR, p(ttH)=fi

foua  [raes B

D iz Uncertainty

137 fb (13 Tev)

50 05 1 15 2 25 3 35
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IRREDUCIBLE BACKGROUNDS

» ttZ and ttH simulated with NLO QCD
» tH simulated at LO

> ttW simulated at NLO QCD, including o and o’ay
corrections

Using the most state-of-the-art generators
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Data - Expectation
Expectation

Data - Expectation
Expectation

CMS Preliminary 137 b (13 Tev)
3I-CR, (ttH)=i
4 Data Fakes [_]Conversions
Creres Wzz  Wwz
Wiww) Mz Uncertainty
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Bin number

CMS Preliminary
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Events

Expectation

Events

RESULTS

70 CMS Preliminary 137 fb* (13 TeV)
2l'ss + 0r,, ttH node, p(ttH)={1
4 Data Fakes [EFips
60 [ conversions ares  WZZ
Wiww) iz
=1 Wi Uncertainty
0 m e ee
30|
20|
t
10f
o
1
ot} |
s THTTIRTRT 1
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Bin number
CMS Preliminary 137 fb* (13 Tev)
F 31+ 01, ttH node, p(ttH)={i
100~ 4 pata Fakes  [JRares
[ mz vz W
- Oz L3} [~ [
80— 1 Uncertainty
[ bl bt

Expectation

Data - Expectation

Events

Expectation

Data - Expectation

Observed events in some signal
categories

Good agreement of data with
the model

» Other regions in back-up
Clear presence of ttH signal in
the regions

Very pure selection of ttW
background

CMS Preliminary 137 fb* (13 Tev)
2l ss + Or,,, ttW node, p(tiH)=fi
+ Data Fakes  [HFiips
Wz W
1 Wi

Events

Data - Expectation
Expectation

Bin number



Events

Bin number
CMS Preliminary 137 fb* (13 Tev)
£ [ai+or, tHnode, p(iiH)=i
© 100 4 pata [JFakes [JRares
i1} mz mwz W)
Oz LG [~ [
80— 1 uncertainty
bl bt

RESULTS

70 CMS Preliminary 137 fb* (13 TeV)
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Uncertainty

tHg

Observed events in some signal
categories
Good agreement of data with
the model

» Other regions in back-up

Clear presence of ttH signal in
the regions

Very pure selection of ttW
background



RESULTS s

» Observed events in some signal
categories

» Good agreement of data with
the model

» Other regions in back-up
» Clear presence of ttH signal in
the regions

» Very pure selection of ttW
background

CMS Preliminary 137 b (13 Tev)
2l'ss +0r,,, ttW node, p(ttH)=
+ Data Fakes  [Flps

Events

T WwMMMW

510 15 20 25 30 35

Expectation

Data - Expectation

Bin number
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SIGNAL EXTRACTION

> Signals are extracted fitting data in all the | |<M>¢

=

» Sensitivity to ttH production of 5.2 &
1 » Sensitivity to tH production of 0.3 &

CMS Preliminary 137 fb™ (13 TeV) categories
g E““‘i
)
S i
w
10 E
: -4 Data :
I ttH (u=i0)
1o EH =D
£ [C]Background
L Background unc.
9 1.0? E
&) @0.5? E
L[ 0.0F
Sl F
| -05F
Ol oF
-5 -4 -3 -2 -1 0
Iogw(S/B)

» Observed signal strengths consistent with SM
» ttW production above expectation

Page 12

Combined

2Iss + 0t
3l+01,
2lss +1r,
1+ 2,
2los + I,
3+ I,
20+ 21,
41+ 01,
0l + 21,
1+ 1,

CMS Preliminary 137 fb (13 Te'
=092 (f;; [ D (stay) T (syst)}
werogy M
H=15377%2 —a—
n=06277% —aif
n=0367s a4
TR R Rip—
n=152"00 B S
H=000 0% o
n=128""7 —_—.
n=222 ‘;": P
(TR G | —

T I | A T T |

-3 -2 -1 1 2 3 4 5

Best fit p(ttH)

Process  Signal strength

z +0.26
ttH 0'932?‘23
tH 5740
ttz 1.03+0.14
ttW 1.43+0.21




SIGNAL EXTRACTION (I1)

» Combined extraction of ttH and tH:

_ CMS Preliminary 137 fb? (13 TeV)

I 3
= F pp - tH+tH 1
2.5 H - wwizz/tt -
2F =
05} ‘x‘_\\“’ 7777777 ,,,_-~“"l {

E Observed E

0; — 68% CL region B

C ---95% CL region ]
“05C @ gestit +SMexpected
I N I A N I
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-5 0 5 10 15
u

tH

Observed significances

Combined

2lss + 0t

31+ 01,

2lss + Ity

CMS Preliminary 137 b (13 TeV)
u=57 f:'ol [ 25 (stat) ‘3300 (syst)}

+48

n=32""

8.1

n=155""

_gq2
n=81"

-10 -

5 10 15 20 25
Best fit p(tH)

» Observed significance for ttH production: 4.7 o
» Observed significance for tH production: 1.4




x FRAMEWORK RESULTS
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» Interpretation of yields in terms of x, and ky,

»

» Best fit consistent with the SM expectation
k. constrained to be within —0.9 < x, < —0.70r 0.7 < xk, < 1.1 at 95% C.L.

-2A In(L)

» Effect on tH kinematics and Higgs branching ratios taken into account

Likelihood scans as a function of x, and ky

5 CMS Preliminary

137 b (13 TeV)

45
40
35
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5
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pp — tH+ttH
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R “H“H 4
C —~ tH+ttH S ]
18F A
[ H- WW/ZzZ/tt \ ]
161 L
1.4 3
1.2 -~
1 A
o8- E
0.6F E
[ Observed: ]
OA?—EB% CLregion ---95%CLregion @ Bestfit
02EXINEVE ]
-15 -1 -05 0 0.5 1

..CMS Prellmmary

137 fb’ (13 Tev)

15
K

CMS,
5
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CMS Prelimi !
SUMMARY o WS Frelminay 137 (13Tey) M5

3_: f pp — tH + ttH -
» ttH and tH production have been measured in the 28 Howwizzn g
multilepton and diphoton channel 2F P
r S |
» Using the complete run 2 dataset collected by 1.50 T
CMS, corresponding to 137 fb™ o i @
» Observation of ttH production in the diphoton 0_5; - g
channel " obsewed
OF  — 68% CL region
» More than 5 & sensitivity to ttH production in _050 ’;':‘::'i“eg""" S expected
multilepton | L
. 5 0 5 10 15
» ttH signal strength measured to be 0.92f%"2263 ey,
» Observed (expected) significance of 4.7 (5.2) o - .
. 50::MSwPreI‘lmln.’T\ry : 13‘7 fb“ (13‘IT‘eV)
- £ d ~ g
> tH signal strength measured to be 5.7} R L " Observed
3N

40E «, profiled --- Expected

» Observed (expected) significance of 1.4 (0.3) o

25f ]

» Results interpreted in terms of Higgs coupling modifiers ig: :
> x, constrained to be within —0.9 < k, < —0.7 or 10t E
0.7 <k, <1.1at95% C.L. i E

QZ -15 -1 05 0

N
05 1 15 2
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RESULTS

2lss + Oty

CMS Preliminary 137 (13 Tev) CMS Preliminary 197 1 (13 Tev)
ode, i 2155 + 0, tHq node_p(iTH)=1
s oan

Events
Events
Events

= Cconversions
e

RV - gob ¢ G
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RESULTS

3l + 0ty and 2Iss + 11,

CMS Preliminary 137 1" (13 Tev) CMS Preliminary 157 10 (13 Tev) CMS Preliminary 157 b (13 Tev) CMS Preliminary 1371 (13 Te)

£ I+ 0r,, (H node, p(TH)=H 2 31+ 0r,, tHq node, p(H)=1 2 30+ 0r,, Bkg. node, p(itH)= 2 20'ss + Ir,, W(AH)
§ 100f es [ g } oo [rakes =] $ gof + oan Fakes  Erares 8 L oE ) om Fakes s
o o o wz i) a DRares W2z iz

Uncerainy

Data - Expectation
Epecinon

EXpeciation
Data - Expectation

Bin number Bin number Bin number Bin number
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RESULTS

Other categories
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IRREDUCIBLE BACKGROUNDS

> Signals, ttZ and ttW normalization are freely floating
» No assumption on total cross section

» Modeling of irreducible processes follows the most accurate calculations available
ttH and ttZ production

» Generated at NLO QCD with MADGRAPH5_aMC@NLO

» Normalized NLO QCD+EWK (arXiv:1610.07922)
tHq and tHW

» Generated at LO with MADGRAPH5_aMC@NLO

» Normalized at NLO QCD (arXiv:1610.07922)
ttW production

» Generated at NLO QCD with MADGRAPH5_aMC@NLO
» Normalized to NLO QCD + EWK (arXiv:1610.07922)

> o®and oesaa corrections are added on top (arXiv:2004.09552)
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https://arxiv.org/abs/1610.07922
https://arxiv.org/abs/1610.07922
https://arxiv.org/abs/1610.07922
https://arxiv.org/abs/2004.09552

2D LIKELIHOOD SCANS

CMS Prellmlnary 137 fb? (13 TeV) CMS Prellmlnary 137 fb (13 Tev)
3 T ] z F T ]
=° Epp - (H+ttH ] = E pp ~tH +nH ]
2.5F H - wwizz/tt = 2.5F H - wwizz/t -
2F E! 2F B
158 E! 1.5F E
1 E! 1 B
0.5F B! 0.5F B
E oObserved ] F Observed 1
0:’ — 68% CL region | 0:’ — 68% CL region B
[ ---95% CL region 3] [ ---95% CL region 3]
-0 SE @ Bestit +SMexpected '0-5§ @ Best fit #+SMexpected
Y N B B I I S T T P NP T I
= 0 5 10 15 - 050 05 1 15 2 25 3
ulH tw
,CMS Preliminary 137 fb* (13 TeV) ,CMS Preliminary 137 b (13 TeV)

T Bprrrp e e e e e ) N SETTTT T T e T
= E pp — tH+tH ] = E pp — tH+tH ]
2.55 H - wwizz/tt = 2.5 H - ww/zz/tt -
2F E! 2F B
155 E! 1.5 E
1= B! 1 B
05 E 0.5F E
F oObserved ] F Observed ]
OF  — 68% CLregion E OF  — 68% CL region E
[ ---95% CL region 1 [ ---95% CL region 1
05 @ gestrt +SMexpected “05F @ gestn #+SMexpected ]
b 1 1 1 L L 1 i b 1 1 1 L L 1 i
© 050 05 1 15 2 25 3 © 050 05 1 15 2 25 3
H((Z IVlllW
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SYSTEMATIC UNCERTAINTIES

Source Aprer/ o (%) Dpeg/ pip %] Do / i [%] - Dtz / piez [%]
Trigger efficiency 2.3 8.1 12 1.9
e, pt reconstruction and identification efficiency 29 7.1 1.7 3.2
T}, identification efficiency 4.6 9.1 17 13
b tagging efficiency and mistag rate 3.6 13.6 1.3 29
Misidentified leptons and flips 6.0 36.8 2.6 14
Jet energy scale and resolution 34 8.3 1.1 1.2
MC and sideband statistical uncertainty 71 27.2 24 2.3
Theory-related sources 4.6 18.2 2.0 42
Normalization of MC-estimation processes 133 12.3 139 113
Luminosity 22 4.6 1.8 31
Statistical uncertainty 20.9 48.0 59 58
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Selection step

20ss + 0Ty,

20ss + 11y,

Targeted ttH decay
Targeted tH decays

Trigger

Lepton py

Lepton 7

Th PT

Th 'l

Ty, identification
Charge requirements

Multiplicity of central jets
b tagging requirements
Missing transverse
momentum

Dilepton invariant mass

t — blv, t — bqq’ with
H— WW — lvqq’

t — blv,
H— WW — (vqq

t — blv, t — bqq’ with
H— 171 = lvvtyv
t — blv,
H— 1t = lt,+V's

Single- and double-lepton triggers

pr > 25/15GeV

pr > 25/ 15GeV (e) or 10GeV (i)

|y| <2.5(e)or2.4 (u)

2 same-sign leptons

and charge quality requirements

>3 jets

pr > 20GeV
[y <23
very-loose
2 same-sign leptons

and charge quality requirements

Yg==1

6y
>3 jets

>1 tight b-tagged jet or >2 loose b-tagged jets

Lp > 30GeV!

gy — miz| > 10GeVF and m,, > 12 GeV
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Selection step

30+ 01y

30+ 11y,

Targeted ttH decays

Targeted tH decays
Trigger

Lepton pr

Lepton

Th PT

Thl

T}, identification

Charge requirements
Multiplicity of central jets
b tagging requirements
Missing transverse
momentum

Dilepton invariant mass
Four-lepton invariant mass

t — blv,t — blv with
H— WW — lvqq’
t — blv,t — bqq’ with
H— WW — lviv
t = blv, t — bqq’ with
H — ZZ — (lqq or tlvv

t—=blv,H—> WW — lvlv

t — blv, t — blv with
H— 17t — lvvtyv

Single-, double- and triple-lepton triggers

pr > 25715/ 10GeV
[17] <25 (e) or2.4 (i)

Lg=+1
¢

pr > 20GeV
7| <23

very-loose
Lq=0

Lty

>1 tight b-tagged jet or >2 loose b-tagged jets
Lp >0/ 30/ 45GeV*

gy > 12GeV and |my, — my| > 10GeVS

g > 140 GeVl




Selection step

00+ 27y

U +17y

Targeted ttH decays

Trigger

Lepton pr
Lepton 7

Th Pr

Th!l

T, identification
Charge requirements

Multiplicity of central jets
b tagging requirements

Dilepton invariant mass

t — bqq/, t = bqq’ with
H— 171 = 1RV
Double-t,, trigger

pr > 40GeV

loose
Lg=0

Th

7] <21

>4 jets

t — bqq/, t = bqq’ with
H— 1t = lvvtpv
Single-lepton
and lepton+T,, triggers
pr > 30 (e) or 25GeV (u)
7] <21
pr > 30GeV

medium

Yq=0

ly

>1 tight b-tagged jet or >2 loose b-tagged jets
mgy > 12GeV
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Selection step 10 421y, 20+ 271y,

_ t — blv, t — bqq’ with t — blv, t — blv with
Targeted ttH decays Ho 151 = 1010 H— tht -ty
Trigger Single-lepton Single-

and lepton+7,, triggers and double-lepton triggers

Lepton pr pr > 30 (e) or 25GeV (u) pr >25/10(15) GeV (e)
Lepton 5 [y <21 |y| <2.5(e)or2.4 (u)
Th PT pr > 30/ 20GeV pr > 20GeV
W [y <21 7] <23
Ty, identification medium medium
Charge requirements [gh q==1 [;h q9=0
Multiplicity of central jets >3 jets >2jets

b tagging requirements

Missing transverse
momentum

Dilepton invariant mass

>1 tight b-tagged jet or >2 loose b-tagged jets
— Lp>0/30/45GeV?

my > 12GeV
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Selection step

2los + 11, 40+ 0ty

Targeted ttH decays

Trigger

Lepton pr

Lepton 7

Th PT

™

Ty, identification
Charge requirements

Multiplicity of central jets
b tagging requirements

Missing transverse
momentum

Dilepton invariant mass

Four-lepton invariant mass

pr > 25/ 15GeV (e) or 10GeV (i)

t — blv, t — bqq’ with
H— 1ttt — lvvtyv

t — blv, t — blv with
H— WW — lviv
t — blv, t — blv with
H — ZZ — tlqq’ or tlvv
Single- Single-, double-
and triple-lepton triggers
pr>25/15/15/10GeV
|| <25 (e)or2.4 (u)
pr > 20GeV —
[yl <23 —
tight —
Yg=0and ) q=+1 Yq=0
7 61y, ‘
>3 jets >2jets
>1 tight b-tagged jet or >2 loose b-tagged jets

Lp > 30GeVt Lp > 0/30/45GevH

and double-lepton triggers

my > 12GeV [y — my| > 10GeVS
and m;) > 12GeV

— gy > 140GeVl




