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Top-Higgs coupling: the hunt for ttH

Best direct probe of the top-Higgs Yukawa coupling, vital step
towards verifying the SM nature of the Higgs boson

@ Top quark is the most strongly-coupled SM
fermion (ye ~1)

@ Direct measurement of y; in ttH production:

@ gluon-gluon fusion: assumes no BSM coupling
@ Allows probing new physics in gg—H and H— ~~

effective vertices

@ y. in tH production: access to sign of the
coupling
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Introduction

Challenges and analysis strategy

— Larger increase in signal than
backgrounds from 8 to 13 TeV
— By this year up to 6 times more data

e Crucial to understand tt+X
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o Large combinatorics of leptons and jets LA R I L

from top quark decays

@ tH: yet smaller o =~ 0.1 pb!
@ Sophisticated analysis strategies

o tt like selections with additional searches for Higgs decay products
o Event categorization based on top quark (W boson) and Higgs decay
modes

o MVA techniques, Matrix-Element-Methods used to extract signal
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Top quark x Higgs decay channels

@ Exploiting all tt decay channels and Higgs decays to

e bottom quarks — Large BR, large background contributions
e W, Z bosons, taus — smaller production rate, lower backgrounds
o photons — clean final state, very small rate

Top Pair Decay Channels
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ttH(bb) Production

o Large B(H — bb), access coupling 3rd
generation quarks

@ Challenging final state
o Huge combinatorics in event
reconstruction
o Poor H — bb mass resolution
o Large tt + bb background of
O(10)pb with associated large

theory uncertainties: from g b ¢
simulation b
@ Search channels
g i

o Leptonic tt: higher purity
o Fully-hadronic tt: higher rate

C. Diez Pardos 28.05.2018 5/28



ttH(bb) Leptonic larXiv:1804.03682|

@ Events with exactly 1 or 2 leptons (e, u)
@ At least 4 jets, with at least 3 b-tagged

@ Backgrounds estimated from MC
°

Exploiting Matrix-Element (ME) methods and
MVA to discriminate signal from background
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-026/index.html

ttH(bb) Leptonic

Events with exactly 1 or 2 leptons

At least 4 jets, with at least 3 b-tagged

Backgrounds estimated from MC

Exploiting Matrix-Element (ME) methods and
MVA to discriminate signal from background

Method chosen based on expected

larXiv:1804.03682]

(e, 1)

sensitivity
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ttH(bb) Leptonic: dilepton tt channel
CMS Preliminary

@ Events categorised by number 35.9 b (13 Tev)
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BDT discriminant

@ > 4j, 3b: BDT separating signal and inclusive tt + jets background as
final discriminant
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ttH(bb) Leptonic: dilepton tt channel

@ Events categorised by number CMS Preliminary 35.9 b (13 TeV)
. . f\! 7HwTHT“HT“TH“TH“TTWHTWHTWTHT“H7
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@ > 4j, > 4b: low/high BDT sub-categories + Matrix Element Method
(MEM) separating against tt + bb background as final discriminant
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ttH(bb)

ttH(bb) Leptonic: lepton+jets tt channel

@ Search in single-lepton tt channel CMS Preliminary 35.9 b (13 Tev)
E T T 1T ‘ TTTT ‘ TTTT ‘ 17T ‘ TTTT ‘ 17T ‘ T \7
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DNN discriminant

o Deep Neural Network (DNN) per jet category: multi-classification as
signal or any of 5 tt + jets bkgs. (tt + bb, tt + 2b, tT + b, tf + cg, tf + LF)

@ Final discriminant: DNN output of chosen process node
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ttH(bb) Leptonic: Results

35.9 fb (13 TeV)
S o
D F CMS Preliminary e Data E
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ttH(bb) Leptonic: Results

35.9 fb™ (13 TeV)

Dilepton

Single-lepton

T
CMS Preli

i+ 0.84 -0.50 -0.26 -0.43

minary
M tot stat syst
+1.21 +0.63 +1.04
0.24 7115 o60 095

+0.52 +0.27 +0.44

Combined

HHHH

+0.45 +0.24 +0.38
0.72 -0.45 -0.24 -0.38

Bestfitp=o/c_ atm,=125GeV
SM

Uncertainty source +o,
total experimental +0.15/-0.16
b tagging +0.11/-0.14
jet energy scale +0.06/-0.07
total theory +0.28/-0.29
tt + HF cross-section and PS ~ 40.24/-0.28
size of MC samples +0.14/-0.15
total systematic +0.38/-0.38
statistical +0.24/-0.24
total 10.45/-0.45

Best-fit u = 0.727343, at 1.6 (2.2) o obs. (exp.) significance

o Limited by tt + HF and b-tagging uncertainties
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ttH(bb) Hadronic larXiv:1803.06986

o Trigger: > 6 jets, large HT, >1 or
2 b-tagged jets
@ Challenge:

o Large backgrounds from QCD
multi-jets, tt + jets, and the
irreducible tt + bb

@ Larger signal contribution

@ Possibility to fully reconstruct the
event
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ttH(bb) Hadronic larXiv:1803.06986

o Trigger: > 6 jets, large HT, >1 or
2 b-tagged jets
@ Challenge:

o Large backgrounds from QCD
multi-jets, tt + jets, and the
irreducible tt + bb

@ Larger signal contribution

@ Possibility to fully reconstruct the
event

@ A quark-gluon discriminant is used to differentiate quarks jets from gluon
jets
o Discrimination against QCD multijets

@ Dedicated MEM to discriminate signal against tt + jets and tt + bb
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ttH(bb)

ttH(bb) Hadronic: Analysis strategy

@ > 7 jets, > 3 b-tagged jets,
Ht > 500 GeV, no leptons
@ Events categorised by number
of jets and b-tagged jets
@ Dominant background:
QCD-multijet production
e Shape from low b-tag
multiplicity control region in
data
o Rate from final fit to data

Nesvm =2
N >3
Nesve >3 o=
CR SR
QGLR > 0.5 (to extract distribution) (final analysis)
QGLR < 05 Validation CR VR
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(to validate distribution) ~(comparison with data)

CMS supplementary

7jets, 3b tags 8jets, 3b tags
SB-00025 SNE=05678  SIB=00033, SIE=0.7048

=9 jets, 3 b tags
8= 00049, 51VB = 0.7874

7jets, 24 b tags Wb

8 jets, 24 b tags
1820007, 1B =0.5227

29jets, 24 b tags
518=0,0095, 5//5 = 0.6390
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ttH(bb) Hadronic: Analysis strategy

35.9 fb! (13 TeV)
g

2 Ty
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@ Constructed from LO matrix elements for the

ttH signal and tt 4+ bb backgrounds

@ Also performs well against the tt + LF jets and

QCD multijets backgrounds
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ttH(bb) Hadronic: Results

Events / bin

Data/Bkg

‘ 35.9 fb'1‘(13 TeV)
108 ; CMS B Background unc ,; 35.9 fb? (13 TeV)
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Events / bin

Data/Bkg

ttH(bb) Hadronic: Results

35.9 fb (13 TeV)
T |

35.9 fb™ (13 TeV)
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10° & - ’
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e AT R
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Best fit {i = o/0,, at m, = 125 GeV

Best-fit 4 = 0.9713, upper 95% C.L. limit 3.8 (3.1) obs. (exp.) x SM
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)

@ Major systematic uncertainties: Multijet estimation, tt+HF prediction,
b-tagging and JES etc.
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ttH multilepton larXiv:1803.05485 |

o Multilepton final states: Higgs decay to WTW~, ZZ, and 77
@ Events categorized based on number of leptons and 75, candidates
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ttH multilepton

ttH multilepton: analysis strategy

@ Additional requirements on jets
o At least 2 loose or 1 medium b-tagged jets
o At least 2 to 4 jets, depending on event category
@ Major backgrounds
o Irreducible: tt 4+ V and diboson, predicted from simulation and control
regions
e Reducible: non-prompt leptons in tt + jets events, estimated from data
o Large tt + fake 7, for 1 lepton + 2 74
@ BDT and MEM discriminants to discriminate signal from backgrounds
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ttH multilepton: analysis strategy

@ Event categorization in lepton flavor, and b-jet multiplicity

@ Discriminating variables
o MEM against ttZ (2 leptons same-sign + 1 75)

CMS 35.9 b (13 TeV) CMS 35.9 b (13 TeV)
a oF ¢ Observed [Rare + tH a ¢ Observed [ Rare + tH
UEJ W (i=1.23) [ Conversions 5 Wt (i=1.23) [ Conversions
> 8 Mtz Misid. leptons S 25 [t Misid. leptons
w 7 I W + fww [JFlips w W + tww [IFlips
mwz+2z Uncertainty 2of EWZ+22 Uncertainty
6 2lss+r, 2Iss+r,
5 no-missing-jet missing-jet
15
4|
3
2|
0
§ §
Sl osk g5
gE gz
alg il
o|d 05 o|d 05 ‘ ! ‘ + +
g . . . . & . . . .
0 02 04 06 08 1 0 02 04 06 08 1
Discriminant Discriminant
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ttH multilepton: analysis strategy

@ Event categorization in lepton flavor, and b-jet multiplicity

@ Discriminating variables
o MEM against ttZ (2 leptons same-sign + 1 75)
o Yield in 4-leptons (low stats.)

CMS 35.9 fb™ (13 Tev) CMS 35.9 fb? (13 TeV) CMS 35.9 fb™ (13 Tev)
a 9E  # Observed CIRare + tH 4] + Observed IRare + tH o ¢+ Observed mwz+2z
S B (=1.23) [ Conversions S B iH (=1.23) [ Conversions S 8| iH (=123 [CIRare +tH
4 8E- Mtz Misid. leptons | S 25F- [tz Misid. leptons 2 WH (=1.23) Uncertainty
i) W + ww [JFlips w W + fww [JFlips w 75 Oz 2
7 mwz +2z Uncertainty 20 mwz +2z Uncertainty 6
6| 2lss+1r, 2lss+1r,
5 no-missing-jet missing-jet 5
15
4 4
3 3
2| 25
£
0 0
g g I 5
Z|§ osp S 05E, gls
] i + ‘ ‘ g °°
52 i it}
5|8 05t 9|8 055 ‘ ! ‘ + + &|@ 05 T
g . . . . g . . . . g . . . . .
0 02 04 06 08 1 0 02 04 06 08 1 ° 06 08 1 12 14
Discriminant Discriminant Selected Events
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ttH multilepton: analysis strategy

@ Event categorization in lepton flavor, and b-jet multiplicity

@ Discriminating variables
o MEM against ttZ (2 leptons same-sign + 1 75)
o Yield in 4-leptons (low stats.)
o BDTs against tt + jets (1142 74) and tt + jets + tt + V (2 leptons
same-sign, 3 leptons has MEM as input)

CMS 359fb™ (13 Tev) CMS 35.9 fb (13 TeV) CMS 35.9 b (13 TeV)
2] & Observed iz a ¢ Observed [IRare + tH a ¢ Observed CRare + tH
5 10°L i (=123) [ W + Eww 5 80E- MMtiH (i=1.23) [ Conversions 5 Wt (i=1.23) [ Conversions
> Misid. lentons @wz+2z > iz Misid. leptons | > iz Misid. leptons
i) N - lept [IRare + tH W 70 mmtw +fww JFlips w Uncertainty
Uncertainty ob. EWZ+2Z Uncertainty
3
10 121, 2ss
50 en

" » 4 4
. * ¥ 4 y ¥ + ¢
. | . . \ , . |
05 0 05 1 2 4 6 8 1 2 3 4 5
Discriminant Discriminant Discriminant
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ttH multilepton results

cMs 35.9 fb™ (13 Tev)
T T T

Events

¢ Data
W i (i-1.23)
[ Background
Background uncertainty

10

0
Iogm(S/B)

o +0.45 P
Best-fit = 1.237,3, at 3.2 (2.8) o obs. (exp.) significance
Cross check analysis with tt + V as signal, normalization constrained using control regions:

w=1.04"9% 270 sig.
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ttH multilepton results

cMs 35.9 fb™ (13 TeV)
Combined [ n=123 "% [ 0% (stat.) f;’j;(syst.)}
10+ 21, [
W=-152 4176 ———————————— 3 3
a2 [ Source Unc. [%] Ap/p [%]

2Iss wose [ 1 a— Lepton selection efficiency 2-4 11
p=161 r . ..
) ”'051 L 71 selection efficiency 5 4.5
uiso_g;h*c'm r b tagg_ing efficiency 2-15 6
a 067 | Reducible background 10-40 11
=082 0T r Jet energy ca.IibraT:ion 2-15 5
- o | Th energy calibration 3 1
u=1 ap ez [ Theoretical sources ~10 12
al T b Integrated luminosity 2.5 5

_ w229 |
(bl AT 1

3 2 -1 o0 1
Best fit p(ttH)
H _ +0.45 T
Best-fit 1 = 1.23773, at 3.2 (2.8) o obs. (exp.) significance
Cross check analysis with tt + V as signal, normalization constrained using control regions:

w= 1.04t%_5306, 2.70 sig.
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ttH multilepton results

Combined

1+ 21,
u=-152
2lss

- +0.58
n=161 o
2lss + 1r,,

- +0.80
=094 0%
3l
1=0.82
3l + I,
pu=134
4

- +2.29
n=057 22

+1.76
172

+0.77
071

+1.42
-1.07

cMs 35.9 fb™ (13 Tev)

e —

- +0.45 +0.26, +0.37,
pu=123 043 [ 005 (Stat.) 035 (syst.)}

-3 -2 -1 0 1
Best fit p(ttH)

Best-fit ;= 1.2379:23, at 3.2 (2.8) & obs. (exp.) significance

Source Unc. [%] Ap/p [%]
Lepton selection efficiency 2-4 11
71 selection efficiency 5 4.5
b tagging efficiency 2-15 6
Reducible background 10-40 11
Jet energy calibration 2-15 5
Th energy calibration 3 1
Theoretical sources ~10 12
Integrated luminosity 2.5 5

Cross check analysis with tt + V as signal, normalization constrained using control regions:

w= 1.047%%2 275 sig.

—0.36"

@ Limited by non-prompt lepton estimation and tau identification, JES and
JER, ttH and tt + V modelling

@ Several channels limited by statistics
C. Diez Pardos
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ttH(y)

ttH(y7) larXiv:1804.02610 |

@ Clear signature coming from the

photons
o Dedicated ttH channel part of the a000CMS_ 3591a3Tev)
. = L ]
global H— Yy ana|y5|s S E t Data sidebands
- . . £60001 —— Control sample =
@ tt hadronic and leptonic channels 2 [ g+ smulation m =125 Gev)
\

e Hadronic tt decay: MVA is used E
for background rejection 4000F

o Signal extracted from fit to m., 30007
2ooof

1000F

0 05 1
ttH Hadronic BDT score
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results
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Events / GeV

ttH Hadronic
{ Data
— S+B it

o Statistically limited

o Leading systematic uncertainties:

Photon shower shape and energy

scale
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Events / GeV
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35.9 fb™ (13 TeV)
Eesanasss

ttH Leptonic

{ Data
— S+B it

B component subtracted

110 120 130 140 150 160 170 0
m.. (GeV)
CMS 35.9 fb" (13TeV)
T T T T T
Hoyy B combined 68% CL
— —— Per process 68% CL
ggH |10 mee MG,
w017
B ucemhlmd = 118 014 =
w08
VBF | o083 my, profiled
ttH | 22 ’I—I—I
VH | 247 i|_._|
| | | | |
-2 0 2 4 6 B
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ttH combination larXiv:1804.02610]
Contributing analyses cMs (s=7TeV,5.0-5.1 fb%; (s =8 TeV, 19.3-19.7 fb*
wh
o All of the presented ttH analyses L
with 2016 data AL -
o 7 TeV (up to 5.1 fb~1) + 8 TeV aL .
(up to 19.7 fb~1): al
Dedicated analyses targeting the Same-Sign 21| —.—
bb and multilepton final states combination - -

T P A S I S P
Best fit o/0g,, at m, = 125.6 GeV

The ttH categories of the H— v
analysis

Correlations between Run-1 and Run-2 analyses

@ Inclusive signal theory and some background theory uncertainties
correlated

@ Experimental uncertainties largely uncorrelated
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ttH combination

ttH combination

5.1 b (7 TeV) +19.7 fb* (8 TeV) + 35.9 fb™? (13 TeV)

@ Observed

e H— ~yand H — ZZ channels CMS oo

still limited by statistics AHWWY OO
@ Other channels dominated by )

systematics oy |
@ Signal the9ry mainly from D)

inclusive ttH prediction o

. tH(bb) e

@ Background theory mainly from

- . . . 7+8 TeV G E—————

tt + HF flavour prediction in ‘

tEH(bb) 13 Tev —eo—
o Experimental: lepton efficiencies, Combined) e

Il
-1 0 1 2 3 4 5 6 7

lepton mis-id, b-tagging and MC
stats all important

e = 1267036 = 1.26 75 35(stat) Tg 1 (expt) "o 13(Th. bke) 'og(Th. sig) |
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ttH combination

ttH

combination

H — v+ and H — ZZ channels

. e L Uncertainty source Au
still limited by statistics Signal theory — , 015 007
Inclusive ttH normalisation (cross section and BR) ~ +0.15 —0.07
. ttH acceptance (scale, pdf, PS and UE) 0004  —0.004
@ Other channels dominated by Oth:cl—el}i]g;:;eo:;: ;rfduclio::nodes 10002 —0.003
. Background theory +0.14 —0.13
systematics T+ bb/cc prediction F013 011
tt + V(V) prediction +0.06 —0.06
H H Other background inti 003 —0.03
o Signal the9ry mainly from e backpround vncerainties o
H H et Tepton (inc. ) trigger, ID and iso. efficiency 008 —006
inclusive ttH prediction Misidentified lepton predicton 1006 006
. b-Tagging effici +0.05  —0.04
o BaCkgrOU nd theory ma|n|y fl’om ]et:gglzf:ne::;ynszaleand resolution +0.04  —0.04
- . . . Luminosity +0.04 —0.03
vou icti | Photon ID, scale and resolution +0.01  —0.01
tt + HF flavour prediction in
_ - Other experimental uncertainties +0.01  —0.01
tt H ( b b) Finite number of simulated events +0.08 —0.07
Statistical 7016 —0.16
@ Experimental: lepton efficiencies, Totl H031 0%
lepton mis-id, b-tagging and MC
stats all important
o +0.31 __ +0.16 +0.17 +0.14 +0.15 H
pin = 1.267056 = 1.267 7 1¢(stat) “q 15 (expt) To 13(Th. bkg)Zgg7(Th. sig) J
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ttH combination

Events

Obs. / BKkg.

@ Observed significance is 5.20 (4.20 exp.) with respect to the pzy = 0
hypothesis

@ First observation of the ttH production process

s CMS ¢ Observed
10 [ Background
Supplementary [ Uncertainty o
10° ttH (u=1.26)
ttH (u=1.00)
10%E 30
10°F 25
2 |
10 20
10¢
1 l l l l l
25) * E T
2.0F 3
15F o NN 5
10 L Il Il Il Il
-30 -25 -20 -15 -10 -05 0.0 0
Iogm(S/B)
C. Diez Pardos 28.05.2018

5.1fh™ (7 TeV) + 19.7 fb? (8 TeV) + 35.9 fb™* (13 TeV)

1515\

5. l (7 Tev) +19. 7 (8 Tev) + 35. 9 fb? (13 TeV)
T T

—_ Comblned
————— SM expected
— 13 TeV
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ttH combination

Combination with other Higgs measurements

|CMS-HIG-17-031 ]

Combination of ttH analyses, along with other Higgs measurements, for 13

TeV data

@ ttH +tH production cross section

modifier from per-production
mode fit (other production modes floating)

@ Top coupling modifier from
k-framework fit with effective

loops

CMS Preliminary ® Observed CMS Preliminary @ Observed
1
35.9 fb (13 TeVv) - 10 (stat@sys.) 35.9fb” (13 TeV) = 10 interval
- +10 (SYS.) 20 interval
- — 20
g Ky = AK~15%
M'e’(H s Ap ~30% A A A T TS I B I PO
H -15 -1 -05 0 05 1 15 2 25 3
v b b b b e e b Parameter value
0 05 i 15 2 25 3 35 4
Parameter value Uncertainty
HH Best fit Stat. Syst.
1.09 +0.14 +0.08 +0.12
Best fit  Uncertainty “o4 00 0L
value Stat. Syst.
C.F Pard 28.05.2018 23/28



http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-031

Search for tHq | CMS-HIG-17-005|

@ Study of tHq process exposes the relative sign of top-Higgs and W-Higgs
couplings via interference (o3} ~ 71fb, ol " ~ 790fb)

@ Studied using similar strategies as for ttH
@ Channels:
o Same-sign dilepton (uu, epn): one W from Higgs decays hadronically,
others decay leptonically.
o Trilepton: All three Ws decay leptonically
@ Background sources
o Irreducible (tt +X, diboson, rare) from MC
o Reducible (fakes) estimated from data
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Search for tHq: analysis strategy

o Two separate BDT trainings using MC samples for signal (tHq with
Kkt = —1, Ky = —1) and backgrounds

o Against tt: non-prompt lepton type background

o Against combined ttZ and ttW

CMS Preliminary

35.9 fb! (13 TeV)

" CMS Preliminary 35.9 fb™ (13 TeV)

1 prompt lepton type background

_n% T T T T T T e Data T 3 % T T T T T T e Data \:
@ i ER i 3
< [ dw E = [ dw B
H [ d R Dz E
w mwz 3 w mEwz B
[z, Wiw, titt, vwv [z ww*, titt, vwv
[ Conversions E [ Conversions B
[ Fakes ] [ Fakes E
[ Total uncert. 3 [ Charge flips |
E [ Total uncert 3
- i
B 3F 41 B 3 B
a f a f
8 2F 4 8 2F 3
T £ T £
o D —— o f P S S
e 4?7 ‘ 1r —— +
R T R R ] b I e T 8 9 10
X BDT bin BDT bin
trilepton eu
C. Diez Pardos 28.05.2018
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Search for tHq: results

o Limit on common signal strength for (tHq/W+ttH) as function of k;/ky
ttH is included as signal since its cross section varies as &2

t
@ Enhanced production cross section in the case of anomalous top-Higgs
couplings
CMS Preliminary 35.91b~" (13TeV)
14l ppo IH +iH _—_o_— Observed \‘|m‘n (0% BR)
H - WW/ZZ/TT Expected limit (0 x BR)

+1 standard dev.
12 K=K ' +2 standard dev.
T o O XBR (ky = 1.0)
8 ofheo x BR (ky = 1.0)
Voo oo x BR (ky = 1.0)

08 K B

ox BR [pb]

Inverted
top coupling
-3 -2 -1 0 ’ 2 3

0.0

Ky/ Ky
k¢ values outside (-1.25, 1.6) are excluded at 95% C.L. for ky =1
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Summary and outlook

Summary and outlook

@ Results presented for ttH searches with 36 fb~! of pp collision
data @ 13 TeV (2016 data)

o Improvements in analysis techniques compared to Run 1 (e.g. DNN)

o Addition of new challenging final states: fully hadronic mode, final states
with hadronic decaying 7 leptons

o Top-Higgs couplings constrained to about 15% with direct measurements

e Several channels already systematic limited (with ~30% of the expected
Run-2 lumi)

@ Observation of ttH production, combining 7, 8, and 13 TeV analyses
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