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Higgs Boson discovery — precision measurements ! 5 10F e=13Tev,36.1-708 10" MM G=132)
e ttH production provides direct access to top-Higgs L L Egz(fﬁgrl’un ;
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First observation by ATLAS and CMS of Higgs+top associated
production in Spring 2018 with partial Run 2 datasets

b ATLAS: 6.30 (5.10 exp.)
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ttH(H —bb) leptonic channel log_ (S/B)
g™ oftt)=830 pb t : ] ] i
o(tt+b-jets) ~ O(10) pb b * Exploits the large branching ratio of H—=bb (68%) and the leptonic

decays of top quarks = distinctive signature

+ + |* Two channels based on the number of leptons in the final state:
single-lepton and di-lepton

b
H
_____ < b Challenges:

* Modelling of tt+HF background due to large irreducible
background with big theoretical uncertainty (from tt+bb)

o(ttH)XBR(H->bb) = 0.3 pb * Higgs boson reconstruction challenging due to b-jet combinatorics
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arias ttH/tH(H —bb): CP mixing
* tH production is also powerful
Lagrangian can be expressed as a superposition of probe — challenging due to low XS
CP-even and a CP-odd terms but sensitive to relative sign of H-t
and H-W interaction
/ _ / y . o
L iia = —K; Y Y (cos a + iys sina)y; Eur. Phys. J. C 75 (2015) 6, 267
/ \ arXiv:1504.00611 [hep-ex]
X, and t-channel tX, atthe LHC13
Pure CP_even Pure CP_Odd EL(()) injzlsivetc:os?::jiofl 0 o tXO
gluon fusion @ SM rate (k= 1, K ,4,,=2/3) thO
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* Admixtures of CP-even and CP-odd are
still allowed experimentally.

OnLo [fb]

* CP mixing parametrised via mixing angle
a and coupling strength modifier k't

e Choice of ¢ and k't — affects the cross

section (XS) and kinematical properties
of ttH/tH processes

MadGraph5_aMC@NLO
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04
e ttH process symmetric around pure CP

coupling (a = 90° — not sensitive to
difference between the SM (a = 0) and
inverse (a = 180°) coupling
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* Kinematic differences between the pure
CP-even and pure CP-odd can be
exploited to discriminate between them
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Analysis strategy: Full Run 2 dataset (139 fb-1)
First differential measurement of ttH (H—bb) decays

* Explored through Simplified Template Cross Sections (STXS) formalism  »r

where cross-section is measured as a function of the ptH !

60

* Events categorised in signal regions (SRs) defined by the #leptons, #jets, ,,
#b-tagged jets and #boosted Higgs boson candidates

200
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e BDTs used for reconstructing
Higgs boson candidate and
1 signal extraction
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Modelling of tt+bb background

* |rreducible background: tt+heavy

flavour (hf) jets

* tt+bb background modelled with 4FS NLO
simulation with extra b-jets from ME

* Dedicated samples used to assess

dominant shape systematic uncertainties:
e [|nitial and final state radiations, parton

showers, NLO matching

e Relative fractions of tt+hf components

*: normalised to total Bkg.
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ttH (H—bb): Differential measurement

*: normalised to total Bkg.

L L L L L L L L B L BRI L
| ATLAS ¢ Data [HIttH
| Vs=13TeV,139fb" --ttH* [t +>1b
- Single lepton Bt [tt + =1c
- SR [t + vV [Jtf + light
| Pre-Fit []Other ZZ Uncertainty

/// ///// /////

500 600
nggs boson candldate P, [GeV]

Events

10000

8000

-

S :

o

= BB ms s wss //////44///

8 0.75_— =
0-% 100 200 300 _ 400 500 600

*: normalised to total BKkg.
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| ATLAS ¢ Data [MttH
| Vs=13TeV,139fb" --tiH* [t +>1b
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i SFL4b [ttt + vV []tt + light
| Post-Fit [ ]Other 7 Uncertainty
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Higgs boson candidate P, [GeV]

Normalisation of tt+=>1b estimated with free-floating parameter
in the signal extraction fit to data: k(tt+bb)=1.26 + 0.09

tt+cc 100% normalisation priori uncertainty

Observed prH) mismodelling covered by dedicated shape
uncertainty on tt+bb

Good post-fit agreement observed, with uncertainty
dominated by tt+hf modelling systematics
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ttH (H— bb): Differential measurement JHEP 06 (2022) 97

Pre-fit impact on u.: Ap

e Measurement uncertainty is dominated by [16=0+46 [J6= a0 _0|4_0|3_0|2 471 , ? , 0|1 0|2 0|3 ,(,)}4
systematic uncertainties, especially from Post-fit impact on p.: ATLAS
tt+=1b modelling W6 =0B+AB [0 =840 s = 13 TeV, 139 fb”
—e— Nuis. Param. Pull Combined

tt+>1b: NLO match. ljets p? €[0,120) GeV

e Individual STXS signal strengths compatible
with SM or p=0 within 2o

tf+>1b: NLO match. ljets p!’ e [120,200) GeV

tt+>1b fraction

tt+>1b: FSR

e Sensitivity beyond pt1=300 GeV, thanks to
boosted categories

tt+>1b: PS & hadronisation dilep

tf+>1b: NLO match. dilep p* & [0,120) GeV |:I
cyr tt+>1b: NLO match. CR ljets '— i
e Sensitivity: 1.30 observed (2.70 exp.) ~— ' :
tW: PS & hadronisation . !
B T tfH: NLO matching :.
ATLAS  [s=13TeV, 139 fb”, m =125 GeV . N .
SM compatibility: 45% ) | ) - i
th+>1b: NLO match. dilep p!' [120,200) GeV } |
—Total — Stat. Tot. ( Stat. Syst.) R i
21b:p shape .EQ,—
. +1.04 ,+0.48 +0.92 tW: diagram subtraction
u P [0,120) [GeV] HE‘LH 0.86 “ygo (Z047 J087) ot ST —e ;
tH T ttH: PS & hadronisation ' :
~H - _0 18 +1.03 (+0.71 +0.75) ]
Moo PE [120,200) [GeV] HﬁH" . ~1.02 \-0.69 -0.75 tf+>1b: NLO match. ljets p! € [300,450) GeV 40—.3 i
N ) 7 57 . o |
b, Ble[200,300) [GeV] e 1.05 390 (“ods Toos) {f4>1b: NLO match. ljets pl* ¢ [450.=) GeV’ ———
. 0.74 ;+0.58 +0.45 ff+>1b: ISR ——
Ty pl'e [300,450) [GeV] o -0.19 57, (Zoss5 “047) . . [' ;
147 4106 +1.03 ttH: cross-section (QCD scale) l
~H : +1. . .
W Pre [450,) [GeV] H—e—H <0.10 7 59 (Zo91 1.05) tW: NLO matching o
Inclusive I'HI 0.35 jggg (t(())sg t(())gg) ti+light: PS & hadronisation . .
[ IR T I IR Bl I I b b b e bree b b
—2 0 2 4 6 8 10 12 2 -15-1-050 05 1 15 2
o= oot (6-8,)/A6
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Analysis strategy: Full Run 2 dataset (139 fb-1)

] Dilgpton . | . . | . Single Leptonl
First measurement of the CP properties § | #TA3inrey =R R
= g O tt+l o Data  ___ gy.iHta=0°
In the H_> bb decay Channel I ﬁiorﬂal(isedoto)totaldatayield
104
Analysis based on ttH (H—bb) Differential : Gnkirbisiagaatat SRS
measurement with a few modifications: Y . T . e
e tWH and tHjb considered as signal "
10'
* Event categorisation: 3 T
5 12 W Bkgd+fiH+tH (k]=083,a=11°) .
2 72 4 7 Z
. . S 1ok b
e Step I: CR and preliminary gt

signal regions (PSR) defined i

o 01F W fiH (kj=1,00=90°) W {H (k;=1,00=90°)

0.0k o

] Step II: CIaSSification BDT CRY, CRZY  CRZY, CRAY® CR24 2% SR SR224j,24b§ CRYy CRYyn CRIO:Z® CRIO:® SR26.2% SR, .
(ttH vs tt+jets) cut used to '
define final SR (ttH-enrich Channel (PSR) Final SRs and CRs | Classification BDT selection Fitted observable
>d4j, >4b
region) from PSRs CRyo-reco - Anpee
egion) S Dilenton (PSR4:240 CR>4:>4 BDTe [-1,-0.086) by
pton | gretied BDT
o L € [-0.086,0.186) b4
* CP sensitive observables SR, BDTe [0.186, 1] by
used in PSRs = exploit CR126J324” BDTe [~1,-0.128) by
angular and kinematic [+ jets (PSR=>4) CR; %> BDTe [0.128,0.249) by
. . >6j,>4b
differences in events caused 5R BDTe [0.2491] b
by CP eﬁects {+ jets (PSRygosted ) SRboosted BDTe [-0.05, 1] Classification BDT score
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A@ ttH/tH (H—bb): CP measurement ATLAS-CONF-2022-016

EXPERIMENT 1 normalised to data yield T normalised to data yield
P , . % 2500—ATi.ASPr;eIiminar}/1 | = gl;lttﬁ) | /_//:I tLtJ:Iit(I:II-'?té(IJI) —: g E ;\‘/\E'lz_ﬁ\sST(I:\;eI1ir;1ignfabr}/1 = z/;/*;fﬁj Z/: ;-;’:it(;?(ao')) E
o Sensitivity to @ and K'tobtained by = | getaTev isol B = 0w 0) 1 2 a0 g™ =TT e
i - o) - SR26i24 T sl e Data 1 9 B 24240 |:|t2t+/ e Data ]
fitting CP-sensitive observables: 3 | = o 13 7 = o :
bsand b2 are most sensitive & o 18 ™k E
i 1 i
1 100
51 X A) - (P2 X A pip; 1000 = oy | 000
py = PLXD) P2 XR) |y gy, o P1PY ] e
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CP Mixing angle and coupling strength |og o3 ¢ 15 PR .
are extracted from profile likelihood fit |°% [0t G 10t
029 05 0.0 05 0 OG5 oo 05 10
s [ T T T - b, b4
= ~ ATLAS Preliminary ] _:35 = — .
Qe e 14178 |* Implement 4FS vs 5FS systematic into the fit
i 1 d30 model: CP sensitive variables being sensitive to
B 1l - flavour scheme choice
r |25
1 1 520 e Uncertainty in @ dominated by tt+>1b modelling
0 =
i BIESAE e The best fit point gives:
- | o
- 1., e mixing angle a = 11° (+56° / -77°)
s E * coupling strength modifier:
o, 15 K't = 0.83 (+ 0.30 / - 0.46)
B CP-odd: a=90",k; =1 i
T T .
-2 -1 0 1 2 e Sensitivity to exclude pure CP-odd: 1.2¢

K; COS &
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Conclusion

* The first differential measurement in ttH (H—bb) was performed
in five STXS using the STXS formalism

* Observed results are compatible with SM expectations within
uncertainties = dominated by systematic uncertainties:
tt+ =1b modelling

e ttH (H— yy) STXS measurement already performed : Statistically

limited at higher pr ttH(H — yy)
STXS: ATLAS-CONF-2020-026
* ttH (H—bb) benefits from sensitivity beyond pr> 300 GeV CP: Phys. Rev. Lett. 125, 061802

* First CP measurement of top Yukawa coupling in ttH/tH
(H—bb) production

e Results complement previous measurements obtained
from the ttH/tH(H — yYy) decay channel and will allow for
a future combined measurement of the CP properties of yt

* |nthe SM the Higgs boson is a CP-even scalar particle, a
pure CP-odd coupling has been excluded at 95%
confidence level

Looking forward to Run 3 and beyond for precision measurements
Expect to profit from latest developments!
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-026/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802

Thank you for your
time!
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T normalised to data yield
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Uncertainty source Aa[°]
Process modelling
Signal modelling +7.9 -13
tt + >1b modelling
tt + >1b4V5 FS +26  -40
tt + >1b NLO matching +24  -36
tt + >1b fractions +15 -23
tt + >1b FSR +5.2 -99
tt + >1b PS & hadronisation +17 =27
tt+>1b pé’,b shape +5.7 -53
tt + >1b ISR +15  -26
tt + >1c modelling +7.4 -12
tt + light modelling +2.7 -4.8
b-tagging efficiency and mis-tag rates
b-tagging efficiency +9.7 -17
c-mis-tag rates +7.4 -12
[-mis-tag rates +2.5 -3
Jet energy scale and resolution
b-jet energy scale +1.9 -42
Jet energy scale (flavour) +8.8 -13
Jet energy scale (pileup) +59 -9.2
Jet energy scale (remaining) +9 -15
Jet energy resolution +6.2 -10
Luminosity < =+l
Other sources +5.4 -8.8
Total systematic uncertainty +43  -58
tt + >1b normalisation +8.9 -15
K] +18  -35
Total statistical uncertainty +34  -51
Total uncertainty +55 77

Uncertainty source Ak;
Process modelling
Signal modelling +0.09 -0.09
tt + >1b modelling
tt + >1b4VS FS +0.08 -0.24
tt + >1b NLO matching +0.15 -0.30
tt + >1b fractions +0.09 -0.22
tt + >1b FSR +0.02 -0.02
tt + >1b PS & hadronisation +0.08 -0.20
tt + >1b p2P shape +0.07 -0.11
tt + >1b ISR +0.06 -0.17
tt + >1c modelling +0.04 -0.10
tt + light modelling +0.01 -0.01
b-tagging efficiency and mis-tag rates
b-tagging efficiency +0.06 -0.12
c-mis-tag rates +0.03 -0.07
[-mis-tag rates +0.01 -0.03
Jet energy scale and resolution
b-jet energy scale +0.02 -0.02
Jet energy scale (flavour) +0.01 -0.05
Jet energy scale (pileup) +0.02 -0.05
Jet energy scale (remaining) +0.04 -0.08
Jet energy resolution +0.03 -0.09
Luminosity < +0.01
Other sources +0.03 -0.07
Total systematic uncertainty +0.29 -0.45
tt + >1b normalisation +0.05 -0.15
o +0.09 -0.07
Total statistical uncertainty +0.09 -0.10
Total uncertainty +0.30 -0.46
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