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Why ttH and tH?

Precision measurements of coupling of Higgs boson to other particles crucial
for validation of the Standard Model (SM) and to search for new physics:

* Kp and k;: many BSM models can lead to modifications of Higgs boson couplings

to fermions — higher precision needed

ttH is the best direct probe of the Top-Higgs coupling (x;) at tree level

oty = 0.503 pb

Observing a ttH production rate
different from the Standard Model
prediction can indicate the presence
of Beyond the Standard Model
(BSM) physics

CMS 138 o™ (13 TeV)
>|p 1__..| L e — T TTTT L e "’,;:
S N F m,=125.38 GeV wz. e
£ ]
5 10—1 3 """,' J
E_|; L i o ]
4 I
—2 L T ",. |
10 § Pt
i ¢ Vector bosons
102 _ ¢ 3" generation fermions _
; f 2" generation fermions
L SM Higgs boson
10_4:_..1 Ll C il Ll N
E 1.4:|| T T T T T T T T T T T T ]
(g 1'2;_ * 1.05F H g
E 1.0 e AV moi ..... ¥
w 08¢ 0.95 3
m 0-6:III : il L | 1 Lol ! ]
107 1 10 102

Particle mass (GeV)
Nature 607, 60—68 (2022)

Latest measurements of coupling
strengths between the Higgs boson
and vector bosons & fermions

November 30, 2023

Higgs 2023, IHEP

2/20



https://doi.org/10.1038/s41586-022-04892-x

Why ttH and tH?

Precision measurements of coupling of Higgs boson to other particles crucial o
for validation of the Standard Model (SM) and to search for new physics: >

Y2
S
* Kp and k;: many BSM models can lead to modifications of Higgs boson couplings élf
to fermions — higher precision needed *
tH provides additional sensitivity to sign of k; and k;, due to interference
terms (while ttH only sensitive to k?)
=
(¢p]
9
el
s

1073

1074,
1.4
1.2f
1.0t
0.8F
0.6~

" o . . Otrg ~ 0.074 pb
Also sensitive to CP-odd contribution in Top-Higgs Yukawa coupling Gor ~ 0.015 pb
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ttH and tH with H = bb

Many possible decay channels for the Higgs boson: ttH observation by the combination of all decay
e H - bb channels at both CMS and ATLAS in 2018
e H-WW* t1,ZZ*
e H-vyy Latest status of CMS results:
138 fo' (13 TeV)
J e . . . CMS e Observed =—11SD (stat ® syst)
H — bb final state chosen for this analysis: Preliminary
e Largest branching fraction of 58% [ +15D (syst [ ] 1 D sta
* Fully reconstructable Higgs boson final state " B stat Syst
ttH
 All Higgs-fermion (even 3 generation — t and b) vertices e o1 o oy T %
Focus of uee
Y} HIG-19-011
g R t today’s talk :
{ b i
- B H JHEP 07 (2021) 027 * 1.0070% 037 1006
ttH (H - bb) ®---- - i
A B ~ 58 % b MtrR‘lIJItilepton
g b f Eur. Phys. J. C 81 (2021) 378 -- 092702 019 017
y&H=U‘T(ttIfI) . BH = bb) 0 05 1 15 2 25 3
sm(ttH)  Bgy(H — bb) Parameter value
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ttH(H — bb) Using Full Run-2 Data

Following the ttH discovery, the focus is now on more precise measurements of ttH production in each decay channel

For the ttH(H — bb) channel, using full Run-2 (2016 — 2018 : 138 fb™ ') data

Focus of

Released in August (CMS-PAS-HIG-19-011) —— today’s talk

Major improvements in the analysis:

« Better modeling of the major irreducible tt + bb background for ttH(H — bE) with improved simulation

* Refined neural network classifiers (for signal to background discrimination)

* New triggers to increase signal efficiency in the different final states

* Better identification of jets arising from b-quarks from both improved algorithms and also upgrades in the pixel
tracking detector of CMS

* Additional interpretations including differential measurements and coupling constants

November 30, 2023 Higgs 2023, IHEP 5/20



http://cds.cern.ch/record/2868175

Final States Signatures

Different final states depending on tt decay : Event Selection requires :
* Fully Hadronic (FH) * 0/1/2 leptons depending on the channel

* Single Lepton (SL) : e, u * Multiple jets (including b-tagged jets)
* Dilepton (DL): ee,eu,uu

b
Fully Hadronic (FH) Single Lepton (SL) Dilepton (DL)

* Huge combinatorics in event reconstruction

Challenging final state: *  Small signal (t£H and tH) cross-section compared to large irreducible backgrounds (tf + bb)

Higgs 2023, IHEP 6/20
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Major Background Processes

tt +jets (all channels):
* Modeled from simulation
e Divided into three sources depending on flavor of additional particle-level jets:

« tt + B:>=1 additional b-jet - irreducible background (mostly t + bb): g b t
*  Modeling chaIIenging_due to complex multi-parton states and multiple, very b
different scales (tt, bb)
* Large modeling uncertainties
* Current measurements ~20 — 40% larger than prediction g .
) tt + bb )
e tt+ C:>=1 additional c-jet but no b-jet
* tt+ LF: all other events (LF: light flavor)
QCD Multijet (Fully Hadronic channel): Minor backgrounds (all channels):
* Dedicated background rejection * Single-top, diboson, tt + V, V +jets
e Data-driven background estimation using Control Regions * Modeled from simulation
November 30, 2023 Higgs 2023, IHEP 7/20




tt + B Background Model

Improved modeling of the tt + B irreducible background: tt NLO (5FS) sample

tt+LF, tt+C

* New dedicated t_be simulation® with tt + B processes described
directly by a ttbb Matrix Element at Next-to-Leading Order (NLO)

tt+B

* Theoretically preferred option: better description of event
kinematics

* Eur. Phys. J. C 78 (2018) 502 Jezo et al Buccioni et al

-

merged tt+jets sample

New Merged tt + Jets Background Model:

 tt + B taken from the new ttbb simulation
e tt+ C,tt + LF taken from the inclusive tt+jets simulation
* tt+ B andtt + C normalizations freely floating in the final fit

tt+LF, tt+C

Robustness of background model validated with bias tests using toy data Entire t+jets phase-space

November 30, 2023 Higgs 2023, IHEP


https://doi.org/10.1140/epjc/s10052-018-5956-0
http://www.arxiv.org/abs/1802.00426
http://www.arxiv.org/abs/1907.13071

Inclusive ttH /tH Strategy

1 lepton 2 leptons

O leptons

5 jets, 24 b-tags >4 jets, =3 b-tags

>7 jets, 24 b-tags >6 jets, 24 b-tags

3 jets, 3 b-tags

Higgs 2023, IHEP
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Inclusive ttH /tH Strategy

O leptons 1 lepton 2 leptons

>7 jets, 24 b-tags >6 jets, 24 b-tags 5 jets, 24 b-tags >4 jets, =3 b-tags

3 jets, 3 b-tags

loose b-tag CR

[El binary ANN 3 jets

loose b-tag CR

@ binary ANN 7 jets

loose b-tag CR

November 30, 2023 Higgs 2023, IHEP




Inclusive ttH /tH Strategy

O leptons 1 lepton 2 leptons
>7 jets, 24 b-tags >6 jets, =4 b-tags 5 jets, 24 b-tags >4 jets, =3 b-tags
%)
l l l multi-class multi-class multi-class %
ANN ANN ANN +
O
o o S T
glellellzllels = ~ 2]
= Q| = |l = o || LL Q|| L LL LL Q
o olloll 2|l =<l 2 ¥ || 2| Y g 7T % ¥ ||| F e 7| T % + || £ ¢ ol |
o o O = 1=
zZ zZ zZ pd
Z Z Z Z
< < < <
P > > Py
& g & l &
‘O O\ ‘O R Y Y Y O @) R Y][Y[Y][O[O] R Y][Y[O
R, — O(ttH) R — O(ttH)
I:] Distribution in template fit, event yield (Y), ANN output (O), likelihood ratio of ANN outputs (R) L= O(ttH) + O(tt +b(b)) + O(tt + 2b) DL — O(ttH) + O(ttB)
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Inclusive ttH Results: Postfit Distributions

Events

Events/bkg

Postfit distributions from 2018 (2016 and 2017 in backup):

CMS Preliminary 59.7 o™ (13 TeV)
T T T I T T I T T T I T I T I T T T
10° £ FH SL mocD  mtB BicC miF mt DL Postfit
ttv V+jets [ty BYV BtHW
10° E =4 b-tags =4 b-tags tHq —ttH <Data | Syst =3 b-tags
7 jets 8 jets =9 jets |5jets =6 jets 3 jets =4 jets
10° tiLF, ttC, tt2b cats. tLF, ttC, tt2b cats. HLF, ttC catS
' tHg  tHW ttH+ttB ' tHg AHW B | ttH+1tB
10° cat. ,cat.cat. cat. | cat. cat. cat.

1.4
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1.0
0.8
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.
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S
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SN e

60

100
2018 discriminant bins

Expect a total of
~1100 ttH events

Fitted observables
in this plot are the
event yields, ANN
outputs and ratio
observables
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Inclusive ttH Results: Signal Strength

Full Run-2 Results e ttH signal strength:
CMS Preliminary 138 fb™! (13 TeV) * Uy = 0.33 1+ 0.26, 1.3 0 obs. (4.1 o exp.) significance
I « SM compatibility p-value: 2% (2.4 o)
| : tot  stat  syst « Compatibility to 2016 CMS publication (SL+DL): 41% (0.8 o)
FH| e 0.84 s 02 oa

Agreement with ATLAS Full Run-2 result:

1033 +0.21 +0.25 .
SL| nm: 0.46 )55 051 -026 © Wil =0-35t8§451 J. High Energ. Phys. 2022, 97 (2022)

+0.41  +0.31 +0.26

DL [#m -0.23 042 -0.31 -0.29 20CMSPre/iminary 138fb' (13TeV)
N - T T T T T T T UL R L B —_ . .
2016 mg 0.49 042 025 +033 g ¢ EEZESZ;’ | *19-22.; Backgroun(_j normalizations
| T 040 025 032 D18 4 pp=03 1 | 16 from the ttH measurement:
1 < | ttB normalisation=1.19 i I
g +0.38  +0.24 +0.29 € | — es%oL
2017 | e 032 437 024 -028 S 16 -- 95%0L 1™
. o 1
, r : +0.13
0018 | v i 003 *034 4021 4027 @l 1 | 20 e tt+B:1.197513
; . 034 021 -0.27 E=A ]
: I \ 1 | Jos6
. ; +0.26  +0.17 +0.21 1.2 R F . +0.20
Combined | 1w 033 2 016 -021 I N I T © tt+C:1.0757
| | ! ! ! | ! ! ! ! ! 1 O; N
0 5 10 T [ Hes
<~ ~ 0al -] In agreement with dedicated
u= o/o L il 2.4
SM i ] measurements (CMS-PAS-TOP-22-009)
0'9 .O‘ — ‘-0‘.5‘ — ‘0‘.0‘ — ‘O.‘S‘ — 1i0‘ — 1.‘5‘ ‘ 0.0

Uncertainties are correlated among channels and years
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Inclusive ttH Results: Systematic Uncertainties

Full Run-2 Results

Major sources of systematic uncertainties:

Uncertainty source

Ay (observed)

Ay (expected)

CMS Preliminary 138 o' (13 TeV)

| | | | | | | | | | | |

w tot stat syst
+0.49  +0.25 +0.42
FH HEH 0.84 a6 025 -039
+0.33 +0.21 +0.25
SL| v 046 35 021 -026
+0.41 4031 +0.26
DL |wm 023 4 031 020
+0.42  +0.25 +0.33
2016 | Hm 0.49 L4 025 032
+0.38  +0.24 +0.29
2017 | 0.32 537 024 028
+0.34  +021 +0.27
2018 | hm 0.23 a4 021 027
, i +0.26  +0.17  +0.21
Combined |HI* ; 0.33 %2 0.6 021

] | | | | | | | |

0 5 10

w = o/0g,,

Uncertainties are correlated among channels and years

Total experimental +0.10/ - 0.10 +0.11/ - 0.10
jet energy scale and resolution +0.08/ — 0.07 +0.09/ —0.09
b tagging +0.07/ — 0.06 +0.06/ — 0.02
luminosity +0.02/ —0.02 +0.01/ —0.01
Total theory +0.16/ —0.16 +0.18/ - 0.14
tt + jets background +0.15/ —0.16 +0.12/ - 0.11
signal modelling +0.06/ —0.01 +0.13/ —0.06
Size of the simulated event samples ~ +0.13/ — 0.12 +0.10/ —0.10
Total systematic +0.20/ —0.21 +0.23/ - 0.19
Statistical +0.17/ —0.16 +0.17/ —0.17
|  background normalisation +0.13/ - 0.13 +0.13/ —0.13 |
ttB and ttC normalisation +0.12/ —0.12 +0.12/ —0.12
QCD normalisation +0.01/ —0.01 +0.01/ —0.01
Total +0.26/ —0.26 +0.28/ —0.25

tt + jets uncertainties most important

November 30, 2023
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Inclusive tH Results: Signal Strength

Expected and observed 95% CL upper limits on p;y for individual

e Simultaneous measurement of sy and Uiy
years, SL channel, DL channel and combination of all channels

.. -1
CMS Preliminary 138fb~" (13TeV) CMS Preliminary

1 1 1 I 1 1 1 I 1 1 I 1 1 1 I 1 1 1 I 1
¢ observed --- expected 85 i

=1 SD expected +2 SD expected

138b-1 (13 TeV)
L B L R -
, expected ] 19.2=
3.0\ observed Uty compatible with

=1 : - -3.83 . A 1|
Mtk [ * I 05s the inclusive ttH | 16.8cy
48.0 229 25 —— -

M ttH
L 4

2016

481 - — 68%CL measurement
[ —— 95% CL

|
>
~

30.2+48

2017 165

!
—
n
o

31.2:153

2018 31.4

49.2°35

DL 27.5

27.0+348

SL 25.0

19.3732
14.6
L L I L L I L L L I L

L
0 20 40 60 80 100 )
95% CL limit on yy MtH

ttH and tH results nearly uncorrelated

Combined

ttH treated as background and kept at SM prediction
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ttH Measurement in Higgs Boson pr Bins

ttH cross-section measured in 5 Higgs

Perform reconstruction of bins:

* FH: y? reconstruction of the Higgs from b-jet pairs | knemanc
* SLand DL: multi-class ANN trained on ttH (bb)

| 0 leptons | | 1 lepton | | 2 leptons |
boson pt bins (generator level)

| >7 jets, 24 b-tags | | =6 jets, >4 b-tags | | 5 jets, 24 b-tags | |24 jets, =3 b-tagsl

multi-class multi-class multi-class

Simplified Template Cross-Section (STXS) approach: l . l - l - — ¢AN¢N T — o — o
+ [0,60[, [60,120[, [120,200[, [200,300[ and [300,0] 2| = |2| = |2| = III I II I

el IR IR | R I IR | SlRINollS|lz|= = S ol =2 oM

S BB E R EENE =||E £

[—we |
[)—[wr]

multi-class
ANN

5 independent signal templates (for each

b

S - multi-class multi-class

5 a 8. 8. 3 ANN ANN
H 4 . Ig}— Ig}— Igl— I§I— I‘X:— ' * * # ' * * ‘ ! ¢ ‘ * ‘

generator-level pt) fit simultaneously g e |a|a)e e <|lglle <llglls

<§(| <§(| g| <§(| <§(| IEI— 15»- I§D— I§|— I%— IED— I:oo:— Iab— I§|— I%— I§D— I§|— I§|— I§|— :\?b—
E % g E E foL, (oL [ (oL (oL o o (oL o foy, (oL (oL (oL oL o)
Fitted observable is the output of the Higgs RIS b4 LI bbb
IR

pt ANN times the ratio observable from the
inclusive ANN

D Distribution in template fit, event yield (Y), ANN output (O), likelihood ratio of ANN outputs (R)
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ttH Measurement in Higgs Boson pr Bins

ttH cross-section measured in 5 Higgs
boson pt bins (generator level)

Simplified Template Cross-Section (STXS) approach:
 [0,60[, [60,120[, [120,200[, [200,300[ and [300,0]

Perform reconstruction of bins:
* FH: y? reconstruction of the Higgs from b-jet pairs
* SLand DL: multi-class ANN trained on ttH (bb)

5 independent signal templates (for each
generator-level p1) fit simultaneously

Fitted observable is the output of the Higgs
pt ANN times the ratio observable from the
inclusive ANN

[0, 60]

[60, 120]

[120, 200]

[200, 300]

[300, o

CMS Preliminary

138 fb™' (13 TeV)

: 0.06
H—-—H 1.14
H—I—H 0.19
R -1.20
T R R

tot

+1.90
-1.78

+1.35
-1.39

+0.95
-0.86

+0.89
-0.90

+1.01
-1.05

stat

+1.24
-1.24

+1.00
-1.00

+0.69
-0.69

+0.65
-0.65

+0.80
-0.78

I
syst

+1.44
-1.27

+0.91
-0.96

+0.65
-0.52

+0.60
-0.62

+0.61
-0.71

u = o/0g,,

Results completely compatible with inclusive results: p-value of 0.67 (0.4 o)

Higgs 2023, IHEP
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Coupling Interpretations in the k-Framework

Re-parameterize analysis in terms of x, and Ky = 100CMSPreliminary  138fb' (18TeV)
* Rate of ttH o k7 X | | ¢ expected | | {1922
- . . b d . o
* Rate of tHq and tHW sensitive to relative sign of TS 059 ~d | 1683
. i Ky =1.40 pri=—" : o
and ky, due to interference terms 50l — 68%CL
[ - 95%CL 144
_ 2 2 SM -
g = (2.63 %2 +3.58 1% — 521 - xtxv) o 25f 1.
Tw = (2.91 k24240 k2 —4.22- xtxv) oM, ol 1
T —19.6
Best fit result: With Ky fixed to 1, o 112
_ _ +0.19
Kk, = 0.59 K, = 0.547532 5.0f . is
7.5 - 2.4
Coupling parameter values compatible with inclusive signal 3‘ L ‘:
strength modifiers 1090515 0 05 00 05 10 15 20 OO

Also compatible with SM at the level of 20 Both ttH and tH treated as signal processes

November 30, 2023 Higgs 2023, IHEP



CP Structure of top-Higgs Coupling

Extending Top-Higgs Yukawa Lagrangian to divide pure CP-even (x;) and pure CP-odd (x;) components

m, _
A(Htt) = _?tlpt (Kt + ikt')’5) (8

(same model as used in the ttH /tH multilepton paper)

Both ttH and tH « K}

Additional parameterization in the

K; - Ki plane:

~2 ~

K K
f, :—t.s'n i
Pt e ()
ke = ki /(1 — [fepl)

Re = K/ |fepl

=
+
|

fix Ky = 1

—1o

b0 CMS Preliminary 138fb~1 (13 TeV) s CMS Preliminary 138fb~" (13 TeV)
- RO —
e - ¢ expected Ky =11 *19-2:'6 = | — observed K profiled 3
15F observed = ™ . Zo] g A expected / / 2 2 ]
T+ k=053 168 = i Ky = 4/ K{ + Ri
[ k=000 R §]. af: ‘ T e
1.0 — 68%CL / . roL
(o= gswol £ H14.4
051 1 | {120 3 ]
00? 1 _96 :
z | 2 -
0.5 1 |72 I
1.0~ N 4.8 1l
1.5 . 2.4
[ 7‘ L T ey L e — .
00 075 050 025 000 025 050 075 1.00

ool bbb b ]
2'—%.0 -15 -1.0 -05 0.0 0.5 1.0 15 20 0.0

* Best fit values of (k;, kz): (0.53,0.00): Compatible with SM at the level of 20
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Summary

138 fb™" (13 TeV)

 ttH and tH provide direct probes for the Top-Higgs Yukawa CMS

. e Observed —=£1SD (stat @ syst)
coupling Preliminary

. 11 SD (syst) . +1 SD (stat)

* Measurement of ttH production rate (both inclusive and in ¥ i stat Syst

Higgs boson pr) presented using full Run-2 data (138 fb™1) A pr7i0ss s i
* Measurement of tH production rate also performed along N

with additional interpretations of the top-Higgs couplings S = 033s0m AT 0m
* ttH production rate observed to be smaller than SM N N

. H

eXpeCtatlons JHtEtEO7(2021)027 * 1.0070%8  +037 1006

* Necessitates updated measurements of ttH and tH . -
. . . multilepton
production rates with more data and further scrutiny of the o
tt_- + B background Eur. Phys. J. C 81 (2021) 378 -.- 0.9270% 019 0]
[ R

L IR R R R R
0 05 1 15 2 25 3
Parameter value

This work was supported in part by U.S. Dept. of Energy (Award DE-SC0009937)

November 30, 2023 Higgs 2023, IHEP 20/20




Backup

November 30, 2023 Higgs 2023, IHEP 21/20




Previous Results on ttH and tH

ttH observation by the combination of all decay channels at both CMS and ATLAS in 2018

Observation from CMS !
511" (7 TeV) +19.7 fb™ (8 TeV) +35.9 fb™ (13 TeV)

Using partial Run-2 (/s = 13 TeV) + Run-1 (/s = 7 and 8 TeV) data :

CMS ; E31bcS «(a;’;/;d@ syst)
L ; = =10 (Syst)
Results Observed o EHOWW) +20 (stat @ syst)
Significance Best-fit signal o get03 _ i |
strength from CMS: /ity = 1.2406_¢ 26 ftH(ZZ") [
CMmS1? 520 B ;
ttH(yy) ——"'——
ATLAS 2 6.30 —— : - ;
ttH signal strength consistent fiH(r"r) | ———

1phys. Rev. Lett. 120 (2018) 231801 (CMS) with SM expectations

2Physics Letters B 784 (2018) 173—-191 (ATLAS) ttH(bb) :
Combined | —-.-—
— e bl b b b b b by
Previous result for tH (H — bb) production from CMS: -1 Ol 2 8 4 5 6 7
ttH
imi i . Phys. Rev. D99 (2019) 092005 _ —
Upper Limits using 2016 data : ] S ttH(H — bb) results using 2016 data
e SM (Standard Model) scenario : 89.5 X ag (41.4 exp.) ,
. . J. High Energ. Phys. 2019, 26 (2019)
* ITC (Inverted Top Coupling) scenario : 5.83 X ag;7¢ (2.94 exp.) J. High Energ. Phys. 2018, 101 (2018)

Preliminary result for ttH (H — bb) using 2016 + 2017 data only: published in 2019 (CMS-PAS-HIG-18-030)

November 30, 2023 Higgs 2023, IHEP 22/20
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https://doi.org/10.1016/j.physletb.2018.07.035
https://doi.org/10.1007/JHEP03(2019)026
https://doi.org/10.1007/JHEP06(2018)101
https://doi.org/10.1103/PhysRevD.99.092005
http://cds.cern.ch/record/2675023/

Final State Selection

Baseline Event Selection in the FH channel  SL channel DL channel
three channels: Number of leptons 0 1 2
Sign and flavour of leptons — e, ut  efe, uFeF, utu-
* Use standard PF objects with Min. pt of leading electron (GeV) — 29/30/30 25
recommended corrections Min. pr of leading muon (GeV) — 26/29/26 25
Min. pt of additional leptons (GeV) — — 15
. : Max. pr of additional leptons (GeV) 15 15 —
e B-
t?jg,gmgv\l;;mg Deeplet Max. |7| of leptons 24 24 24
medium . Min. m,, (GeV) — — 20
* For the data-driven QCD Mee/uy (GEV) — — <76 or > 106
estimation in the FH
channel, control regions Min. number of jets 7 5 3
with loose b-tagged jets Min. pr of jets (GeV) 30 30 30
Min. py of 6! jet (GeV) 40 — —
Max. || of jets 24 24 2.4
* In each channel, events are . ber of :
ed dine to iet and Min. number of b-tagged jets 2 4 3
Categorized according to | Maq (GeV) >30and <250  — —
b tag multiplicity
Min. Hy (GeV) 500 — —
Min. piss (GeV) — 20 40
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Candidate ttH(H — bb) Events in CMS

Candidate ttH(H — bb) events after reconstruction
and selections

Single Lepton (SL) Channel

‘: CMS Experiment at LHC, CERN

i| Data recorded: Wed Aug 2 16:43:35 2017 CEST
{| Run/Event: 300284 / 838136984

Lumi section: 639

jet b-tagged jet

%5‘_
b-tagged jet 4T &
= ,J ‘§§ b-tagged jet
~ '4

~_ \

b-tagged jet «

-

SL Event with : U
° 1 U ¥
* 6bjets

* 4 of the jets b-tagged

November 30, 2023

Dilepton (DL) Channel

C ,| CMS Experiment at LHC, CERN

1| Data recorded: Sun Oct 29 20:22:01 2017 CET
i| Run/Event: 305840 / 1047490792
{| Lumi section: 575

b-tagged jet

4
4 X ,
b-tagged jet jet / b-tagged jet T

DL Event with b-tagged jet

* leandlyu
* 7jets
* 4 of the jets b-tagged
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Development of Single Electron Triggers

Developed new Single Electron triggers for 2017 and 2018 data taking for the ttH(H — bb) analysis :

CMS Preliminary 415 (13 TeV)

e Used both electron and jet information in :E? 1
the final states to design new triggers ‘é - 2017 N
H 08=y . o . . . o
* Allows keeping the pr threshold low for the E - __ ~49% gain in Hr : sum of selected jet py
electron - efficiency
0.4 : ] without jet
» Retains signal efficiency at higher luminosity %Ma/’ information
with negligible increase in data rates 0.2 4 Bles2 ] electron + jet
i |—+— jElesz |i| Ele281_HT15iO —  formation

1 2 3 4 5 6 7 8
number of jets

This trigger also used in other Efficiency vs Jet Multiplicity
Higgs and Top analyses

Results public : C\MS DP -2019/026
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https://cds.cern.ch/record/2687014

Challenging Final State

* \Very busy final state with lots of jets and b-jets

CMS Preliminary 138 fb™! (13 TeV)
= E | N T T | T
T | SL(=5jets, =4b-tags) edata  —gignaixs0
2 10 Prefit (S [
a = =PB Esignal
2 10 Ov+ets ItV
2 = @@ w (sM) [JtHqg (SM)
w
10
10°
10°
10
1
107"
15 =
o8 Fooe
g5 F . § : —
2 F ]
0.5 4
5 6 7 8 9

Number of jets

Small signal (ttH and tH) cross-section compared to large irreducible backgrounds (tf + bb)

displaced

tracks charged

lepton

Identifying jets originating
from b-quarks essential

jet

heavy-flavour

b-tagging algorithms based on: jet

* Long lifetime of B-hadrons

* Secondary vertex displaced
(~0.5 mm) from the
interaction point

PV

jet

Full Run-2 analysis uses improved Deeplet b-tagging algorithm:

* Improves b-tagging efficiency by 5-10% at same mis-tag probability
e Operate at 75-80% signal efficiency, 1.5-2% mis-tag probability for

light-flavored jets
More details here and here
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https://doi.org/10.1088/1748-0221/15/12/P12012
https://cds.cern.ch/record/2759970

tt + B Background Model

One of the major improvements of the Full Run-2 analysis is the improved modeling of the tt + B irreducible background

b _
& In earlier versions of the analysis (including the 2016+2017 published analysis), tt + B
b " processes described by:
« tt+jet Matrix Element (ME) at NLO (5FS): additional b-jets from parton shower (PS)
* Subject to PS and large/not well-defined uncertainties of PS tuning parameters
t_
b In the full Run-2 analysis, tt + B processes described by:
b
. + tEbb ME at NLO (4FS)*: additional b-jets from ME
* NLO+PS accuracy for tt + 1 and 2 b-jet observables 4FS: 4 flavor scheme
5FS: 5 flavor scheme
t

Theoretically preferred option for tt + B modeling: NLO: Next to Leading Order
improvement (w.r.t. to tt 5FS) in event kinematics

* Eur. Phys. J. C 78 (2018) 502
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https://doi.org/10.1140/epjc/s10052-018-5956-0

tt + B Background Model

Details on the new tt + B MC sample:

tt sample ttbb sample
POWHEG version Powheg v2 Powheg-Box—-Res
PYTHIA version 8.230 8.230
Flavour scheme 5 4
PDF set NNPDF3.1 NNPDF3.1
m 1725 GeV 172.5GeV
my, 0 4.75 GeV
Hr \/ ; (m%,t T m%t) %g‘/ HSEy *UET =T iy
1243 HR 411 [mT,t +mypy + My + Mg+ mT,g]
A gamp 1.379 - m, 1.379 - m,
Tune CP5 CP5

November 30, 2023 Higgs 2023, IHEP

Based on theory recommendations,
new ttbb simulation (4FS): NLO
accuracy simulation using Powheg-
Box-Res (Jezo et al) with OpenLoops
(Buccioni et al) in the 4FS

The scale choice in our tt + bb MC sample is
different by a factor of 2 from Eur. Phys. J. C 78
(2018) 502, motivated by later studies (J. High
Energ. Phys. 2019, 15 (2019))

Comparison to ATLAS:

* Same nominal background model,
with the exception that the scale is
different by a factor 2 (but that
should be covered by the scale
uncertainties)

* Very different uncertainty models

28/20



https://doi.org/10.1140/epjc/s10052-018-5956-0
https://doi.org/10.1140/epjc/s10052-018-5956-0
https://doi.org/10.1007/JHEP12(2019)015
http://www.arxiv.org/abs/1802.00426
http://www.arxiv.org/abs/1907.13071

tt + B Background Model

tt + Jets Modeling Uncertainties: tt - 2b (Component

* ISR, FSR, ug, U scale and PDF uncertainties decorrelated between tt + B and other tt events. of tt + B)
*  ME-PS uncertainty decorrelated among tt + B, tt + C, tt + LF

* Conservative uncertainty (100%) on the tf + 2b component (collinear g — bb splitting)

Good description of event kinematics on using tthb NLO (4FS)

An(bb) in SL Channel

. -1
;CMS Proliminary 138 fb (13 TeV)

—signal x 25

107 CMS Preliminary

* Careful validation of the modeling through:

Prefit =n‘§LBF Wic
. .si nal .
Prefit B o O Postfit

Events /(bin width)
Events /(bin width)

OtHq (sM)  [lBtHW (sm) B+w (sM) [JtHg (SM)

Goodness-of-fit tests
Bias tests on the signal strength
» Test for potentially mismodelled tt + B
background using toy data
* Fit model was found to be robust against
potential deviations of the tt + B in data
from the nominal prediction
Pulls and impacts of nuisance parameters

nnnnn

E 11 R
05 -
0 05 1 15 2 25 ;
(An(bb) ) ( An(bb) )

| T §
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tt + B Background Model

SL Channel DL Channel

CMS Preli 138 fb™ (13 TeV] CMS Preii 138 fb™ (13 Te!
CMS Prefiminary 138 b (13 TeV) CMS Profiminary 138 fb” (13 TeV) z Crolay_ 12810 (13 TeV) P 13810 (13 TeV)
£ — — T £ T 3 D|_(>4]ets >3b-tags) © data — signal x 50 3 DL(>4jets >3btags) ° data Mir
k=] SL (2 Sjets >4 b-tags) o data — signal x 25 k<] SL (6 ]ets >4 b tags) o data .m_F ] Prefit miLF mic H] Postfit i y
z Prefit Qur mic Z Postfit Eic W s |E O g
=2 Esignal =2 @t Otv ‘@ -slgnal Otv ™ t .
2 E,{,ﬂ-e,s DOev 2 Dsignal Cveiets £ DOV+iets H Dvejets  Esional
S OtHg s ERHW (M) 2 WHw sM) [Jtg (SM) o .'HW(SM) DItHa (M) @ Ota(sm) WHwW sw)
10 — 0 —
10'2;..‘....|.H.|....|H..|.‘.f; 10’2;‘..|....‘...|‘..‘....‘.‘.7; R N T T B e T I T I
E 1 E 1 151 - 151 -
15 4 15 4 ] F ]
o F | o F 3 Q L PO o o 0 J Q F 3
= F 1 = ¢ N E 8= Bog 2 e e ¢ o sz F o — PR E
gg 1; ] gg E .\0.. 2500000t ooy ..o. ..". + T 1 g|g g g gg g 0 12 vg
0sF B [ E osp 3 oS 3
05 T 5 2 25 05 1 15 2 25 05 : 15 ] 25 3 05 : 15 2 25 3
( An(bb)) { An(bb) ) min AR (bb) min AR (bb)
= oscMS Preliminary ‘ : ‘138f|b (13|TeV) —~ WS Praliminary , ‘ I138fb (13 Tev) L CMS Proliminary 138fb (13 Tev) . CMS Profiminary 13be (13 Tev)
= . = 10 v) = 1 )
3 SL (> slets >J b-tags) ® data — signal x 25 3 10 SL (> 6 jets, > 4 b-tags) ® data @Lr % DL (> 4]et5, > 3 b-tags) . daia —S|gna| x50 3 % DL (> 4]ets, > 3 b-tags) . data .nu: 3
z Prefit EiF  mic z Postfit Wic Wi z Prefit @iF  @mic ] z Postfit mic Wi ]
= [ 1) = £ B £
=S [signal =3 @t Otv 2 10° ] N @ = =3 @ ttv -
@t = [@signal Otv 3 = Dty O 3
£ Ovsets OtV £ [Msignal  [Jv+jets 2 @ Cv+jets 3 2 Olvsjets  [signal 3
1% OtHa sm)  IlHW (M) :>j WtHw (sM) [JtHq (sm) L‘I'>_I’ . MWW (sM) OtHg M) | S OtHasv) ElHW M) ]|
[ = =
Ee E R R . P g2 s henerents E
33 5 P +— g P — O
s s [ . s [ ]
0.5 05 4 05F 4
50 100 150 750 500 350 400 450 500 700 200 300 700 500 500 700 200 300 700 500 500
p.(H) (GeV) p,(H) (GeV) p,(bb ) (GeV) p,(bb ) (GeV)
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Validation of the tt + B Background Model

Checked the stability and robustness of the statistical model against statistical fluctuations in the data and against
potentially mismodelled tt + B background using toy data (performed for SL + DL)

* Toys generated with injected psy = 1
e Figure of merit are the mean post-fit signal strength and mean bias

mean value == RMS

ttB component in pseudo data Mt ttBnorm  ttC norm _
ttbb sample (nominal) 1.03+030 1.01+0.09 1.01+0.18 ?r':er':sxi;Ztlssfjt?;\i’c‘:?ﬁc‘)"(’;?eﬁ‘aisggt”f:’tt::se
ttbb sample, ttB x 1.2 1.03+0.32 1.214+0.15 1.014+0.18
toy data sets
tt sample 1.06 £0.30 1.03+0.11 0.774+0.18
tt sample, ttB x 1.2 1.06 £0.32 1.18+0.12 0.8540.20

* Inall cases, the mean sy is well compatible with the injected signal strength of 1, with biases well below 1o
* Thett + B and tt + C background normalization parameters behave as expected

The fit model is therefore robust against potential deviations of the tt + B data from the nominal prediction, and it is
able to compensate for the expected underprediction of the tt + B cross section
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Analysis Strategy

The analysis strategy relies on Event Categorization and Artificial Neural Networks (ANN)

e Event categorization to form signal and control regions
(to constrain background):
* Based on jet and b-tag multiplicity
e Based on multi-class ANNs

e Artificial Neural Networks (ANN):
* Trained to separate signal from dominant background
* Binary or multi-class depending on channel/category
* Used for event categorization and as final discriminants

ANN Training:
* Trained on several kinematic variables
* Modelling of input variables validated with goodness-of-fit tests
* Usually trained on Monte-Carlo, except QCD (trained in a QCD enriched control region)
* One ANN training valid for all years in each channel and category
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Inclusive ttH /tH Strategy

0 leptons Full Hadronic Channel:
>7 jets, >4 b-tags * Event categorization based on number of jets and b-tags
l l l e Control regions based on loosely-tagged b-jets for ANN training and

data-driven QCD estimation

Binary ANN to separate signal from background (mainly QCD):

>9 jets
loose b-tag CR

8 jets
loose b-tag CR

7 Jets
loose b-tag CR

* ANN output used as final fit observable

binary ANN

| o \ binary ANN
| o \ binary ANN

I:] Distribution in template fit, event yie

November 30, 2023
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Inclusive ttH /tH Strategy

Single Lepton Channel: 1 lepton Final fit observables:
* Event categorization >6 jets, >4 b-tags 5 jets, >4 b-tags e Eventyieldsin
based on number of _ . background
jets and b-tags MUt class MUt class enriched nodes
* Further SRR S AR A R S AN N O SO * ANN output for tHq
multiclassification T||e I == - = QoS! =ll= and tHW signal
+ O + + o] +
based on ANN B & £l & S||E|| & = £l & S| regions
e Ratio observable in
combined ttH and
ttB category
LLR Y|lY|l[Y|lO]|loO LLR Y]Y][Y[O[O l
B O(ttH)
(Y), ANN output (O), likelihood ratio of ANN outputs (LLR) Rst. = O(ttH) + O(tt + b(b)) + O(tt + 2b)
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Inclusive ttH /tH Strategy

Dilepton Channel: 2 leptons

* Event categorization based on number of jets and b-tags >4 jets, >3 b-tags
. . s . . . multi-class

e Further multiclassification based on ANN in the more signal ANN

sensitive category

v

3 jets, 3 b-tags

* Final fit observables:

* Event yields in background enriched nodes
* Binary ANN output in less signal sensitive region | |
"]

tHH [
t+B |-
tt+C

tt+L

binary ANN
-—

* Ratio observable in combined ttH and ttB category
(more signal sensitive)

< | ——

O

[LLR

I O(ttH) Ry O(ttH)

Row = SH) + 0 (t8) ~ O(ttH) + O(tt + b(b)) -+ O(tt + 2b)
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Inclusive ttH /tH Strategy

Optimized observables for the fit:
* Yield in control regions (single-bin distributions)
* Output score of ANN in less sensitive regions

* Ratio observable combining scores from tt + B and ttH nodes in
signal-enriched regions

Maximum likelihood fit to all regions simultaneously

O(ttH)

RSL = O(tTH) 1 O(tt + b(b)) + O(ti + 2b)
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Inclusive ttH Results: Postfit Distributions

Events

Events/bkg

—_
IS

Postfit distributions from 2016:

CMS Preliminary 36.3 b (13 TeV)
' ' ' | ' ' | ' ' | ' | ' ' | ' '
FH SL mQCD  mtiB miic mtFr mt |[DL Postfit
ttv V4jets  Witty BYV  BtHW
=4 b-tags =4 b-tags tHq —ttH <Data [ Syst =3 b-tags
7 jets 8 jets =9 jets 5 jets =6 jets 3 jets =4 jets

ttLF, ttC, tt2b cats.

' tHg  tHW, ttH+tB
|1 cat. |cat. cat.

ttLF, ttC, tt2b cats.

' tHg AHW

o | cat.

. ttH+ttB
11, cat.

, cat.

ttLF, ttC cats
' ttH+B

' cat.
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Inclusive ttH Results: Postfit Distributions

Postfit distributions from 2017:

CMIS I?rel{'minary

41.5 7 (13 TeV)

SL

DL

| Postfit

(D T T I T T
S 10° k£ FH @QCcD @tB Bic WtilF  mt
) ttv V+jets  [tty BYv BtHW
10° E =4 b-tags >4 b-tags tHq —ttH +Data [ Syst >3 b-tags
7 jets 8 jets =9 jets 5 jets =6 jets 3 jets =4 jets
4
10 HHLF, ttC, tt2b cats. HLF, ttC, tt2b cats. tLF, ttC cats.
tHQ | tHW, ttH+tB ' tHg JHW  ttH+tB ' ttH+B
10° . cat. | cat.  cat. cat. ,cat. | cat. cat.
I |
2 !
"E o i
) . 11 11
5 06 | L , L
0 20 60 80 100

2017 discriminant bins
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Inclusive ttH Results: Systematic Uncertainties

Impacts and pulls of systematic uncertainties:

Major sources of systematic uncertainties:

—— Fit constraint (obs.) —— +1o Impact (obs.) —— -1o Impact (obs.)
Uncertainty source Apip (observed)  Apgy (expected) Fit constraint (exp.) +1o Impact (exp.) -1 Impact (exp.)
Total experimental +0.10/ —0.10 +0.11/ —0.10 CMS Preliminary fi=0.33 ig'ig
jet energy scale and resolution +0.08/ — 0.07 +0.09/ - 0.09 Collinear gluon spiiting| |+ ' ' '
b tagging +0.07/ —006  +0.06/ —0.02 e
luminosity +0.02/ —0.02 +0.01/ —0.01 QCD normaisation (= 9 jets, 2018)| | 0.9648% = o
QCD normalisation (= 9 jets, 2017) { 0.966:10578 | Po—
Total theory +016/ —0.16 +018/ —0.14 QCD normalisation (= 9 jets, 2016) 0.98%%%02211
tf + jets background +0.15/ —0.16  +0.12/ —0.11 QCD normalisation (8 jets, 2018)| _ : 098355 el
- - Jet energy scale (1) -- -—-
signal modelling +0.06/ —0.01 +0.13/ — 0.06 VE-PS matcting (1LF)| | e o
. X MC stat. (1) —_— e
Size of the simulated event samples  +0.13/ — 0.12 +0.10/ —0.10 QCD normaiisation (& jts, 2017)| | 097088
Total systematic 4+0.20/ —0.21 4+0.23/ —0.19 e et o) N m S A |
QCD normalisation (7 jets, 2017) 0.99}*86’(}6‘ -—n—-
Statistical +0.17/ —0.16 +0.17/ —0.17 QCD normalisation (8 jets, 2016) 0.99%1*&8,1{‘ ._._.
— Underlying event (tf) N B .
| background normalisation +0.13/ — 0.13 +0.13/ — 0.13 o (renormffact. scales) ] —_—
ttB and ttC normalisation +0.12/ - 0.12 +0.12/ - 0.12 MCstat. 2)| it S
o MC stat. (3)| e =
QCD normalisation +0.01/ —0.01 +0.01/ —0.01 00D normalisation (7 s, 2018) oseresy
Total +026/ —026  +0.28/ —0.25 eteneray scale @) B
-1 0 1 -0.1 0 0.1
-0, /A6 Al
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ttH Measurement in Higgs Boson pr Bins

ttH cross-section measured in 5 Higgs boson p (pIT{) bins: Simplified Template Cross-  stage 1.2
« ttH signal split using generator level pt! Section (STXS) approach o

Perform reconstruction of the Higgs boson pt bins: %

 In FH channel: y? reconstruction of the Higgs from b-jet pairs 120

* In SLand DL channels: multi-class ANN trained on ttH (bb) 200
300
Assignment efficiency between 35-85%, depending on p+ bin and category 450

CMS simuiation Preliminary DL (> 4 jets, >3 b-tags)

08 Additional systematic uncertainties:

CMS simuiation Preliminary SL(> 6 jets, >4 b-ta S)0 8

> o > °-7U * Ur/ug scale uncertainties merged into u
€ 300 % ;‘3 300 063 « Migration uncertainties introduced:
el 05" e S .
= s = 05 2 * Replace renorm./ fact. scale for signal
0.4 . .
2 200 § 30 "5  ISR/FSR/u split between low and high pr
o Pe g 03 5  Partial decorrelation of tt + jets parameters:
S 120 o = 120 e
5 5 * ISR/FSR, ME-PS matching
8 60 0.1 A 60 01 . o
' * Collinear gluon splitting
% 60 120 200 300 o0 % 60 120 200 300 00 * Freely-floating tt + B normalization
Reconstructed pY (GeV) Reconstructed p (GeV)
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ttH Measurement in Higgs Boson pr Bins

CMS simulation preliminary FH (7 jets, > 4 b-tags)

CMS simulation preliminar/FH (> 9 jets, >4 b-tags) CMS simuiation Preliminary FH (8 jets, >4 b-tags)

0.54
0.45 0.48
S 0.40 S S 0.48
() () 0.42 [}
Q 0358 Q o O 042 o
~ 300 o) ~ 300 036 © ~ 300 o)
e 030 > Sy 3 &5 0.36 -3,
—_ — —_ 0.30 —= —_ —
© © 0.30 @©
: 200 5 : 200 024 & : 200 S
.24
g 0.20 '_.3 Q 8 9 0.24 _.3
) %) [
O 0.15 O O 0-18 © O 018 O
S 120 o S 120 o S 120 o
E 0.10 E 0.12 E 0.12
[a [a o
60 0.05 60 0.06 60 0.06
0 0.00 0 0.00 0 0.00
0 60 120 200 300 0 60 120 200 300 0 60 120 200 300
Reconstructed p¥ (GeV) Reconstructed p¥ (GeV) Reconstructed p¥ (GeV)
CMS simuiation Preliminary SL(5 jets, > 4 b-tags) CMS simulation preliminary SL(> 6 jets, >4 b-ta s)0 8 CMS simulation preliminary DL( > 4 jets, > 3 b-tags)
0.72 ' 0.8
— 0.64 — —
> > > 0.7
(O] 0.56 (O] ()
S ) g L= 9 062
= 300 048 .0 = 300 o = 300 v
= > = > =y 05 >
S 0.40 © ) © T ©
> c > < > 04 §
D 200 0.32.9 D 200 o D 200 o
= H o v} " 030
(V] .
< 024 © © o IS, o
S 120 o S 120 i S 120 o
. 0.16 - - 0.2
© © ©
[a [a (a1
60 0.08 60 60 o1
0 0.00 0 . 0 0.0
0 60 120 200 300 60 120 200 300 0 60 120 200 300
Reconstructed p¥ (GeV) Reconstructed p¥ (GeV) Reconstructed pY (GeV)
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ttH Measurement in Higgs Boson pr Bins

Postfit distributions in SL and DL channels in Higgs pt bins from 2016:

CMS Preliminary 36.3fb™ (13 TeV)
po Treriialy 20oM0 {19 0

%) — 1 r . r r 1 1 r r 1 r T Tt
*qc: 10 F SL mie mic mtilF @t tiv DL Postfit
S 5 V+jets Bty | \A% —ttH1 - ttH 2
W 10" F >4 b-tags —ttH 3 ftH4 —tiH5 eData | |Syst =3 b-tags
10* 5 jets =6 jets =4 jets
pH bin pH bin pH bin
103 T T T

Events/bkg Signal

2016 discriminant bins
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ttH Measurement in Higgs Boson pr Bins

Postfit distributions in SL and DL channels in Higgs pt bins from 2017:

CMS | Prlelimirzarly |

4157 (13 TeV)
10° | SL mtiB mtic WtiLF

' ' ' ' ' ' ' ' ' ' ' |
mt ttv DL Postfit

0
c
e Vijets @ty BvW  —tiH1  tH2
W 10" F >4 b-tags —ttH 3 -ttH4 —ttH5 -eData [ |Syst|=3b-tags
10* 5 jets =6 jets =4 jets
. p? bin p? bin p? bin
102 F1 12 13 14 5|4 12 '3 4 15 |4 12 '3 14 5
1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1
1 1 1 1

Events/bkg Signal

2017 discriminant bins
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ttH Measurement in Higgs Boson pr Bins

Post-fit distributions in SL and DL channels in Higgs pt bins from 2018:

59.7 fb™' (13 TeV)

CMS Plrellimlinqryl

(D T T I T T T
& 10° F SL mtiB .tfc WtiLF Wt

> 5 \£+jets .tEY .\{V —ttH 1
W 10" F >4 b-tags —ttH 3 tftH4 —tiH5 -eData

5 jets =6 jets
p? bin p? bin
1 2 13 14 151 12 13

L — 1 T T T T 1 I
Y DL Postfit
-ttH 2
_ |Syst =3 b-tags
=4 jets
p! bin
:4 :5 1 :2 :3 :4 5

Fitted observables in
this plot are the
output of the Higgs

pr ANN times the
ratio observable from
the inclusive ANN

Events/bkg Signal
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ttH Measurement in Higgs Boson pr Bins

Full Run-2 Results Correlations among the signal strengths
CMS Preliminary 138 fb™ (13 TeV) CMS preliminary 138 fb' (13 TeV)
| | | | | | | | | | | | | |
5
u tot  stat syst MEH 08
: 0.6
: 1.90 1.24 1.44
[0, 60[ o 023 75 Lo, i M;H 0.4
: 0.2
[60, 120[ A | , 0.06 :1595 :1-(%’ Tg%?e; MEH Significant correlations
§ ' ' ' o2 inthe first few bins
I ,u2 -0.4
[120, 200] e 114 55 Dn O t s
= H ’:iH 08
200,300 | w019 T T D -

1.01 0.80 0.61 T .
-1.20 L5 oos o Compatibility with:

A I I T * Inclusive results: p-value of 0.67 (0.4 o)
0 S 10 * Additional single parameter fit gives signal strength within
u = 0/0g,, 3% of the inclusive result: completely compatible
*  SM: p-value of 0.21 (1.3 0)

[300, oof | H—m—
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ttH Measurement in Higgs Boson pr Bins

—— it constraint (obs.)

+10 Impact (obs.) -1o Impact (obs.)

Impacts and pulls of

. Fit constraint (exp.) +10 Impact (exp.) -1o Impact (exp.)
systematic CMS - . )
. . Preliminary h. =02307 i, =0.08% 5 ho = 11405 h =01952 =120
uncertainties: ttB normalisation (p: bin 2) 09577 P ] —— — : — B —
Collinear gluon splitting (p? bin 2) -.-.—. Bt -—.—. -—.—. n -.—.
ttB normalisation (p: bin 1) 1 Osﬁgg -—- -—- -—- -- -—-
PS scale FSR (ttH, pI' <300 GeV)| ! iemte —_— — —_—_— = “
PS scale ISR (tiB) (p: bin 2)| : -—o—u I D g -—- -—- - --
MC stat. (1) . - : N ) : ' ;
QCD normalisation (p!" bin 2, 9 jets, 2018) oj,ge:%jgfg & .__. . . ._...
Collinear gluon splitting (p: bin 1) .—..-. .-.—.—.-. .-.-. - . .-.—.
QCD normalisation (p: bin 2, 9 jets, 2016)| o 9943323 ) .-. ._-_. . . ..._.
QCD normalisation (p: bin 2, 9 jets, 2017)] ~ 0. 965§§§§ ’ |-| .—.—. i .. ._._.
veea| JEE |0 ;& | B __
QCD normalisation (p* bin 2, 8 jets, 2018) 0. 989§g:§ ... ._. ... . ._.
PS scale FSR (tiB) (p: bin 2) T ERE _ —t— * ]
fiB normalisation | 1 33ﬁ:: ) ' '—' '—' "' "_"
ttB normalisation (p: bin 4) 0 91j:§7 N E -
QCD normalisation (p: bin 2, 8 jets, 2017) 0. 985jg§; NN | ) 1 * -
MC stat. (3) s i) : 'R’ B : ) 'y
ME-PS matching (fC) (p! bin 2)[ : et & -—- -- - -
QCD normalisation (p!" bin 2, 8 jets, 2016)| 1 oo4j§§§ Pl e —— » ' ‘
MCstat ()| i =t ]|i i —_— —_—
-2-10 1 2-1-050 05 1 -05 O 05 -0.2 0 0.2 -0.5 0 05 -01 0 0.1
(G_BO)ME) Aﬁ:tH Aﬁtsz AQEH AA:‘EH Al’itsfH
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SM Coupling Measurements (k; and ky/)

SM Coupling measurement: Kk; floating with fixed

K; and ky both floating

freeze k; = 0 ky =landk;=0
.. -1
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CP Structure of top-Higgs Coupling
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* Best fit values of (k;, kz): (0.53,0.00) * Compatible with SM at the level of 20
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