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ttH measurements in CMS

A variety of final states, studied with different experimental techniques:

* tt + b-jets: large branching ratio, but complex hadronic final state

o tt+leptons (H! WW* ZZ* z7): lower rate, low SM backgrounds

* tt + yy, 47: very clean final state, but small rate
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" First presented
Status of CMS ttH measurements before this talk: 13 TeV here at Moriond

22+ % 4 leDt. By
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A variety of final states, studied with different experimental techniques:
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ttH measurements in CMS

* tt + b-jets: large branching ratio, but complex hadronic final state
WW*, ZZ*, r7). lower rate, low SM backgrounds

o tt + leptons (H!

* tt + yy, 47: very clean final state, but small rate

ZZ* — 4 lept. |

CMS JHEP 11 (2017) 47
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CMS Preliminary HIG-16-040

WW?*, ZZ%, tt

CMS HIG-17-018

bb leptonic

CMS Preliminary HIG-17-026

bb hadronic

CMS Preliminary HIG-17-022
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35.9 fb™' (13 TeV)

New results

with full 2016 dataset
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New combination
of leptonic channels

New measurements
shown today
for the first time
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Leptonic final states s wciro

b
e  From Higgs decays to WW*, ZZ*, zr
t v o+ * Channels:
& Uy e 1lepton + 2 7,
A W
o- 1. ? . 2 same-sign leptons + 0,1
A W~ | e 3leptons + 0,1 7,
5 . W- (—é e 4 leptons
. * At least 2 loose or 1 medium b-tagged jets
N * High jet multiplicity

* Main sources of background:
* irreducible: ttV and di-boson, predicted from simulation and control regions

* reducible: non-prompt leptons in tt events, predicted from data

Measurement of the BEH scalar coupling to the top quark in CMS
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Analysis strategy oM HIG-17-018

e Event categorization in lepton flavor, charge and b-jet multiplicity
* Widespread usage of multivariate analysis methods:
* |epton selection combining isolation, identification and vertex variables

* resolved hadronic top decay and Higgs decay product taggers

o BDT discriminants based on kinematic variables (e.g. AR(Z,)))

e matrix element calculations in 27+17, and 37+0zn

o CMs 35.9 fb™! (13 TeV) CMS 35.9 fb™ (13 TeV) CMS 35.9 ol (13 TeV)
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o 45 EEtH (n=1.23) Misid. leptons CIC.) 703_ Bl ttH ((i=1.23) [ Conversions % - EltH (i=1.23) [ Conversions
Li 40 |:|th ) Uncertainty S = |:|t§z i Misid. leptons > 8:— |:|th ) Misid. leptons
B W + ttww olss L GoE- W + tww Uncertainty LLI ZE B ttw + ttWww [_IFlips
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+ Data
B i+ (i=1.23)

|:| Background

- Background uncertainty
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35.9 fb™* (13 TeV)
T T T | T T T T | T T

Combined result s HiG17-018

CMS 35.9 fb™ (13 TeV)

Combined

— +0.45 +0.26 +0.37
n=1.23 043 [ 005 (Stat.) 045 (syst.)}

g 2F

§F oF— .

i C

al ok
15 !'4 13 12 !'1

0
log_ (S/B)

1+2",

_ +1.76
W=-152 7,

2lss

_ +0.58
w=161,.

2lss + 1",

_ +0.80
H=094 ;&
3l
U =082 077

-0.71
3l+1,

_ +1.42
H=1.34 107
4]

_ +2.29
H=0.57 -1.57

Best fit p(ttH)

e Evidence for ttH production in leptonic final states: 3.2! (2.80 exp.) significance

* Main experimental uncertainties: lepton efficiency, non-prompt background prediction

» Cross-check analysis with ttV normalization fitted from dedicated control regions:
M = 1.04+0504 36, 2.70 (2.70 exp.) significance

Measurement of the BEH scalar coupling to the top quark in CMS
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tt + b-jets final states .. msweirox

b * Challenging jet combinatorics
. . ° Limited bb mass resolution
t e’, U
d 000000 W Vo V,
5 * Channels:
H b e 1lepton + =4 jets, = 3 b-tag
g .00000C W- 6} e 2leptons + = 4 jets, = 3 b-tag
I q * Rely on machine learning
and matrix element methods
b to maximize the sensitivity of the analysis

* Main background: tt + heavy flavor, mainly tt+bb
(from simulation, with large theory uncertainties > 35%)

Measurement of the BEH scalar coupling to the top quark in CMS
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Events/0.13

Data / Pred.

bb, 2¢ analysis

* Categorization based on b-tagged jet multiplicity

e =4y, 3b: BDT against tt+jets background,

iInputs: kinematic variables, event shape, b-tag
. "4j, "4b: BDT + MEM against tt+bb background 24], 3b | =4, =4b
CMS Preliminary 35.9 fbl (13 TeV)
E oUCajes 3bdags) | eowa Dol
10 ;_ Post-fit =::: .tfﬂf _; +—
i moge: 3 MEM
B Ev+ets [Jitsv .
1035— [l Diboson _E : :
: Split at BDT
: median
\4 \/

| | | | [ | [ | | | [ | [ | [ | [
/1 108 106 104 102 0 02 04 06 038 24]’ 24b’
BDT discriminant low BDT 7

1 + 2 categories
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Categorization based on b-tagged jet multiplicity

Events/0.13

Data / Pred.

10*

10°

10?

10

bb, 2¢ analysis
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>4, 3b: BDT against tt+jets background,

iInputs: kinematic variables, event shape, b-tag
" 4j, " 4b: BDT + MEM against tt+bb background 24}, 3b

CMS Preliminary 35.9 fbl (13 TeV)
=L | [ | [ | L | [ | [ | L | L | [ |I
~ DL ("4 jets, 3 b-tags) e Data [JJsignal -
[ Post-fit @i+t ttcc

Wi+ 20
Wt+bb  [singlet 7
Ev+ets [Jtirv
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Events /0.2
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CMS Preliminary 35.9 fol (13 TeV)
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S0~ post-fit [+t e
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[tt+v

40
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CMS PAS HIG-17-026

>4j, >4b

MEM

Split at BDT
median

\4

‘ >4j, 24D,
. low BDT 7

|
07 08 09 1

MEM discriminant 1 + 2 categories
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bb, 1¢ analysis

» Categories based on jet multiplicity: 4j, 5j, "6]

11 |C

* Deep neural network in each category

with BDT input variables + MEM discriminant

4j, =3b 9j, =3b >6j, =3b

Categorize by most probable process
ttH, tt+bb/b/2b/cc/If

5), =3b, >6j, >3b, Event
ttH ttH /

3 x 6 categories

e Multi-classifier output representing “probability”
of a certain physics process hypothesis

Number
of jets?

4 .
.. DNN

5 .
DNN ttbb .4 L|Categorize|
(5 jets) as ttH
tLF @
, -4
A 5 .
26+ DNN SRR >

Measurement of the BEH scalar coupling to the top quark in CMS
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DNN discriminant
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DNN discriminant

* Simultaneous bt of node output distributions
iIn each category allows for optimal separation#
of physics processes

Measurement of the BEH scalar coupling to the top quark in CMS
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bb, 1€ + 2¢ results

35.9fb™ (13 TeV)
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35.9 fb™ (13 TeV)

.E El I I | I I I I | I I I I | I I I I | I T T T | T T T | T T T | T T T |
m - CMS Preliminary e Data CMS Preliminary
~~ 5
n 100F Background .
r=: . [ Signal (u = 0.72) | W tot stat syst
L% 10* — SM (u=1) :
f Dilpton| ——m——t 0,24 "1 5 1o
1035— |
1025—
- : +0.52 +0.27 +0.44
]
2 1o
~ 1ok R . : i +0.45 +0.24 +0.38
S ol Combined H-I-H 0.72 o4 0% 038
S o6 '
D ' C 1 | | | | | | | | | | | | | | | | | | | | | | | 1 1 1 | 1 I 1 | 1 1 | | | |
25 —2.0 15 -1.0 ~0.5 "2 0 2 4 6

Pre-fit expected Iogm(S/B) Bestfitp=1/! o

atm, = 125 GeV

Uncertainty source

+0, (observed)

e Very significant improvement over the total experimental +0.15/-0.16
revious version of the analysis o Bane .

p y jet energy scale and resolution +0.06/-0.07

* Main systematic uncertainties: total theory +028/:0.29
tt+hf cross-section and parton shower +0.24/-0.28

* tt + heavy flavor theory prediction size of MC samples +014/-0.15

] . . ] total systematic +0.38/-0.38

e Db-tagging and jet energy calibration statistical +0.24/-024

total +0.45/-0.45

Measurement of the BEH scalar coupling to the top quark in CMS
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* Fully hadronic final state: even more challenging
* Dedicated b-tag triggers: 6 jets, large Hr, 1 or 2 b-jets

Measurement of the BEH scalar coupling to the top quark in CMS
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35.9 fb (13 TeV)
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* Fully hadronic final state: even more challenging

b b ) Of an aIyS i S CMS Preliminary HIG-17;022

* Dedicated b-tag triggers: 6 jets, large Hr, 1 or 2 b-jets

QCD multi-jet background in addition to tt+HF,
reduced using quark-gluon jet discriminator
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35.9 fb (13 Tev)
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* Fully hadronic final state: even more challenging

CMS,

~.

b b ) O f a n aIyS i S CMS Preliminary HIG-I';;\O\ZZ

* Dedicated b-tag triggers: 6 jets, large Hr, 1 or 2 b-jets

QCD multi-jet background in addition to tt+HF,
reduced using quark-gluon jet discriminator
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35.9 fb (13 Tev)

L T I
E 1400~ CMS Preliminary VR ! 91ets '4 b tags —
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E 1000 - tt+jets (556)
S " Multijet (2445)
0 ¢ Data (3061)

"2/dof = 1.0
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b b ) O f a n aIyS i S CMS Preliminary HIG-I';;\O\ZZ

* Fully hadronic final state: even more challenging
* Dedicated b-tag triggers: 6 jets, large Hr, 1 or 2 b-jets

QCD multi-jet background in addition to tt+HF,
reduced using quark-gluon jet discriminator

- 35.9 fo™ (13 TeV)
-'(£1OBEIII|IIII| IIIIIII @-i-ltlll!jllll-tlt-li-lbl IIII||:|IIII|I|||
e = otalunc tt+V
5 = CM.S. -MultuEt mit+2b —Diboson
o 107 & Preliminary mtt+f ®  mmti+bb :
3 - mitt+cC,  @Single t — ttH
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prvalue =0.397 <—10 QCD enriched [« "3 b-jets: signal region
o . .jvalidation region g 2 b-jets: control region
~ 1.2
m
oL T T T (\U 1.0
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CMS Preliminary

Tt e I L et L A * Event categorization in #jets, b-jets
awiiee © Matrix element discriminator
=tf+'f designed to separate ttH from tt+bb
tt+cC

T sapuns g aapugs  woesaovues goO ¢ Tested on jet permutations
I ti+bb
W tH (u=1)
Other Bkg

Measurement of the BEH scalar coupling to the top quark in CMS
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CMS Preliminary

Tt e I L et L A * Event categorization in #jets, b-jets
Bt Matrix element discriminator
=tf+'f designed to separate ttH from tt+bb
tft+cC
Zeezapee g sapee sows e gof o Tested on jet permutations
I ti+bb
W tH (u=1)
Other Bkg 35.9 fb™ (13 TeV)
_g:m7% """""" BEARUNAE IR I I”'W'HW'H%
% 5 gf/lﬁttu@e)tsyslzlugthert CMS 3
— 10° Emt+f  [JElectroweak Preliminary —
o = Et+cc EltH (1=0.9) =
. . 5 10°E Ett+bb  — ttH x 500 | -
 MEM discriminant template for QCD EF ¢ Data 8 jets, =4 b tags 3
>
L

extrapolated from 2 b-jet control region,
normalization left floating in the fit

Corrections for different pr, n, AR;
of loose vs. tight b-tagged 3rd and 4th jets

1.2
10 Y %

0.8
0.0 01 02 03 0.4 05 06 0.7 0.8 09 10

MEM discriminant

* tt+jets predicted from simulation

Data/Bkg

Measurement of the BEH scalar coupling to the top quark in CMS
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35.9 fb1 (13 TeV) 35.9 fo™ (13 TeV)
c LA R L
'S _ ] imi M tot (stat syst)
= 108 Ig:rgl/ilrfinar B Background unc | 7i 3p | CMS Prelm-nnary . 1.6 196 (*27 +92
*g 5 y [ ] Total background - J; TTo"120 A U27 U117
u">j oL . B (= 1) - 8j, 3b = . = 1.2 9 (5% 2
+ Daa #9, 3b |[———=——— "3.5 5% (12 I3
10° —— - 7j, #4b = 54077 (N %)
I — . i 8j, #4b —— "0.2 %5 (f12 hE
e ‘T E #9j, #4b —n— 04 775 (1
L - 3bcats| 17 (RS
- | | I i +1.6 [ +09 +1.4
2 19F | 4b cats il 15 .76 (oo +14
€ 10 . Combined -t 0.9 M3 (Yo7 13
.._‘0-9_ |||||||||||i|||||||||||||||||.| III.I ||.|||
©
A !3.0 "10 "5 0 ) 10 15 20 25 30

Bestfitp="/!_, at m,=125GeV

* In agreement with SM expectation, driven by " 4b categories

* Main experimental uncertainties: b-tagging, QCD shape modeling
* Nicely complements the sensitivity provided by semi- and di-leptonic top decays

Measurement of the BEH scalar coupling to the top quark in CMS
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Combined resultS . o wic.iron

* All ttH analyses combined with other Higgs measurements in global bts
(more details in D. Sperka’s talk later today)

Measurement of the BEH scalar coupling to the top quark in CMS
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Combined resultS . o wic.iron

* All ttH analyses combined with other Higgs measurements in global bts
(more details in D. Sperka’s talk later today)

e Focus here on top-Higgs coupling:

CMS Preliminary ® Observed £
e ttH+tH production cross# 35.9 fo (13 TeV) = et o) | § ttH
. ] = +1" (SYS. { i

section modiber from a | L § Besthbt  Uncerainty

_ _ : value Stat. Syst.
per-production mode fit: u _ ie—  other production | 03 t016 +006 1
ttH modes Roating 1.18 /027 1016 1021 |
$CyQtH~30% |||||||||i||||||||||||||||||||||||||||| (rggg)(rgies rg%

0 0.5 1 15 2 25 3 35 4°
Parameter value

Measurement of the BEH scalar coupling to the top quark in CMS
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* All ttH analyses combined with other Higgs measurements in global bts
(more details in D. Sperka’s talk later today)

e Focus here on top-Higgs coupling:

Combined resultS . o wic.iron

23 |CMS,
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CMS Preliminary ® Observed
e ttH+tH production cross# 35.9 o™ (13 TeV) =" (stat! sys) | § ttH
. . = +1" (SYS.) | .
section modiber from u | e § Bestbt  Uncertainty
. : : value Stat. Syst.
per-production mode fit:  u s other production | § —
ttH modes Roating ¢ 118 /027 1016 1021 |
$CyQtH~3O% |||||||||i||||||||||||||||||||||||||||| :—8%@“—8%6 rg%
0 05 1 15 2 25 3 35 4 S -
Parameter value
 top coupling modibPer CMS Preliminary o Observed Uncertainty
from k-framework fit BOHTA3TE) = 196interval BestPt  Stat. Syt
— : — 2%interval
. i 1.09 ;I-O 14 :—0.08 :—0.12
in the unresolved #, e .+§-i3‘ (%g;gg) (?%
IOOpS assumption: [ | | [ | | [ | | 1111 | [ | i [ | | [ | | [ | | 1111 - | ‘ | - |

115 11 105 O 0.5 1 15 2 2.5 3
other k parameters Roating Parameter value
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Additional constraints

CMS Preliminary 35.9fb~ ' (13 TeV)
- . . TR 1.4 i :\ BN tH + ttH —e— Observed I.im.it (o0 x BR) ]
* tHq production: unique sensitivity to the L WW /e < Expeciedmi o BR)
LN . . - . [ ‘_ + 1 standard dev. '
S  sign of the coupling via interference 2t k= c2smncasve|
: i B S R Ty ¥ Ry = 1.
t 10 I "'-_}.x '-_' o Utt{’ﬁo' x BR (ky = 1.0)
}_.D. = .‘-\. ",. ......... ol x BR (/1\/ =1.0)
- Z sl Inverted top sMm
v % , - coupling . ‘i
& 8
V)
>3
O

. - =
e m == T T

* Studied using similar strategies as for ttH

Shaded region

§ _ , is excluded
00 b v P st M S S
-3 -2 —1 0 1 2 3

lit//iv — Kkt for kv = 1

Measurement of the BEH scalar coupling to the top quark in CMS
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Additional constraints
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i CMS Preliminary 35.9 fb* (13 TeV)

Studied within the general H ! analysis

® Data sidebands
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—
o
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J. High Energ. Phys. (2017) 2017: 47
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ttH multi-lepton analysis
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CMS HIG-17-018

Selection 2!ss 2ss+ 11, Selection 1+ 21 4
_ t! b!",t! bgq, t! b!",t! bqq, - t! b!",t! bqq, t! b!",t! b!",
Targetted ttH decay H1 W i !-9§q H1 1ot +'s Targetted ttH decays HU Lo+ s H1 ww ! 1ot
Trigger Single- and double-lepton triggers th bf*, el bl
H! zz! !lqqor!l™
Lepton pr pr > 25/15GeV pr > 25/15 (e) or 10 GeV () _ _ _
L'y P K pr> 20GeV Trigger Single=lepton Single-, double-
Charge requirements 2 same-sign leptons 2 same-sign leptons and lepton+!, triggers and triple-lepton triggers
and charge quality requirements and charge quality requirements Lepton py pr > 25 (e) or 20 GeV (1) pr> 25/15/15/10GeV
l g= =1 'n PT pr > 30/20GeV N
Llh . Il g=0and! g==1 I g=
Jet multiplicity #4 jets #3jets Charge requirements ] 0 1 a=0
b tagging requirements # 1 tight b-tagged jet or # 2 loose b-tagged jets Jet multiplicity # 3 jets #2 jets
Missing transverse Lp > 30GeV Lp > 30GeVS b tagging requirements # 1 tight b-tagged jet or # 2 loose b-tagged jets
momentum Missing transverse N No requirement if N; # 4
Dilepton mass my > 12GeV and|mee %mz| > 10 GeV® momentum Lp > 45GevV
Lp > 30GeV otherwise
- | |
Selection T 3t B X sl "+ tl'! h oK Dilepton mass m,; > 12 GeV my > 12 GeV
Targetted ttH decays o oo T and |m; $ mz| > 10GeVv?
H! WW! I"qq H!I b 1 +"s & o
t1 bl".t! bag Four-lepton mass N my > 140 GeV
H1 O WW 1 1o If the event contains a SFOS lepton pair and N; % 3.
t! b!",t! bqq, 2 Applied to all SFOS lepton pairs.

Trigger

Lepton pr

'n pr

Charge requirements

Jet multiplicity
b tagging requirements

Missing transverse
momentum

Dilepton mass

H! zz! !qqor!l™
Single-, double- and triple-lepton triggers

pr > 25/15/15GeV pr > 20/10/10GeV
N pr > 20GeV
I g==+1 I g=0
! Db
# 2 jets
# 1 tight b-tagged jet or # 2 loose b-tagged jets

No requirement if N;# 4
Lp > 45GeV
Lp > 30GeV otherwise

my > 12GeV and|m; %myz| > 10 Gev?

*® Applied only if both leptons are electrons.
If the event contains a SFOS lepton pair and N; & 3.
2 Applied to all SFOS lepton pairs.

“ Applied only if the event contains 2 SFOS lepton pairs.

* Selection requirements in
different event categories
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ttH multi-lepton analysis . cro

Source Uncertainty [%] Ap/p [%] Observable 14 +21%, 20ss 3¢ 3¢+1t,
e, 1 selection efficiency 24 11 AR(1,7) _ V v V
Ty, selection efficiency 5 4.5 AR((,7) _ v v v
b tagging efficiency 2-15[? ] 6 <AR.. >, \/ v v \/2
Reducible background estimate 10-40 11 A er v/ . —
Jet energy calibration 2-15[? ] 5 max (|17£1 , |17£2|> — WV v Va
T, energy calibration 3 1 Fmiss v . \/2
Theoretical sources ~10 12 N] V vV V vV
Integrated luminosity 2.5 5 Ny v - B
s N
" — v %Y
. . . pr - VvV
* Main sources of systematic uncertainty pl2 _ S _
and their impact on the fitted signal Py - = v
_ _ , PT v —= = =
* |nput kinematic variables pT2 Vv — - =
. . . . . 1
to multivariate discriminators LR(3¢) - - v~
MVAihad - V= =
MVAR® — A —

! Used only in BDT that separates ttH signal from ttV background.
2 Used only in BDT that separates ttH signal from tt+jets background.
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ttH multi-lepton yields

CMS 35.9 fb? (13 TeV)
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