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Introduction

Higgs boson
Only scalar particle in the SM
Responsible for EWSB

J¢¥ = 0t > CP-even particle

ttH tH o(pp — H + top) prediction for \/_ =13 TeV
3 €
5 +
OS %@\ d \
\
- e - N\
FR +r H
E £ > 8 W
o(ttH) ~ 500 fb o(tHq) =~ 70 fb c(tWH) =~ 17 fb

Associated production of Higgs boson and top quarks is considered a good probe to look for BSM physics:

- Extraction of top Yukawa coupling y,,, = \/EMtOp/ v through cross-section measurements
- Study of CP nature of Higgs+top coupling

- pr(Higgs) linked to BSM effects, Higgs self-coupling through STXS measurement

VS AR

B

Valentina Vecchio - University of Manchester LHCP 2023 - Belgrade



CP properties of the Higgs top Yukawa coupling

Coupling modifier

Yopr—_ L
Sfytop = B/Jt(COS al+ iys sin Q)y,¢

\/5 CP mixing angle

k, affects overall cross section while a differential distributions

ttX, and t-channel tX,, atthe LHC13

NLO inclusive cross section
gluon fusion @ SM rate (k,=1, K ,,,=2/3) ttX,

Pure CP-even scenario — k, = landa = (

Pure CP-odd scenario — a = 90° 10° | y |
- ‘C=_\f_t2¢t(ca’§lm+zsa’iAtt'YS)l/}tXO

Eur. Phys. J. C (2015) 75:267

Interesting case of @ = 180° where tHgq cross section is

enhanced by almost a factor ten due to constructive interference
of diagrams

Onro [fb]

O\\

MadGraph5_aMC@NLO
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https://link.springer.com/content/pdf/10.1140/epjc/s10052-015-3475-9.pdf?pdf=button

Strategy

Small cross-section ( & 1 % of Higgs production at LHC!) with many particles in the final state:
- Split the phase space depending on the H decay mode

- Optimise every single channel and understand the different backgrounds

- Combine results from single channels

Top quark
pair BR

"alljets" 46%

Typically explored in the so-called “Multilepton” final states
with at least one W, Z or 7 decaying leptonically

tHets 15%

1%
At 28
¥e 2 g]

AR
NB: Sensibility to y, also in 4 tops production not covered in this talk [See J. A
Raine’s talk] "dileptons™ "lepton+jets”

u+jets 15%

o T ..
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https://indico.cern.ch/event/1198609/timetable/?view=standard#302-4top-ttw-and-top-quark-plu

Cross-section and STXS measurements



SM interpretation analysis using 139/fb JHEP06(2022)097

- Single light lepton (e/u) triggers

- MVA algorithms to identify Higgs boson and classify ttH

events

- BDT in resolved channels
- DNN in boosted Higgs channel (p-(H) > 300 GeV)

- Major and most challenging background from ¢ + jets

background

- tt + > 1b background rescaled by a factor 1.28 £+ 0.08
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- Post-Fit [ ]Other 7~ Uncertainty

E;‘//-/-//"—/‘///7’-/‘//,‘-/‘///.‘///9/-/‘/ Py //7/-/‘///-/-/‘//,3/-/‘///3/-/‘//795
E Y ]

1.6 1.8 2 2.2 2.4 2.6 2.8 3

avg
AR,
"0

LHCP 2023 - Belgrade


https://link.springer.com/content/pdf/10.1007/JHEP06(2022)097.pdf?pdf=button

Uncertainty source Description Components
tt cross-section +6% tt + light
tt + >1b normalisation  Free-floating tt + >1b
tt + >1c normalisation +100% tt+ >1c
NLO matching MADGRAPH5__AMCQ@NLO + PyTHIA 8 vs POWHEG Box + PyTHIA8  All
PS & hadronisation PowHEG Box + HERWIG 7 vs POWHEG BOX + PYTHIA 8 All
in POWHEG BOX RES + PYTHIA8  tt + >1b
ISR Varying of*® (PS), u: & ps (ME) _ _
in POWHEG BOoX + PYTHIA 8 tt + >1c, tt + light
in POWHEG Box RES + PYTHIA8 ¢t + >1b
FSR Varying of 5% (PS) -

in POWHEG BOX + PYTHIA 8

tt + >1c, tt + light

tt + >1b fractions

PowHEG Box + HERWIG 7 vs POWHEG BOX + PYTHIA 8

tt+ 1b, tt + >2b

P4 shape Shape mismodelling measured from data tt 4+ >1b
T ‘ T T T ‘ T T ‘ T T T ‘ T T T ‘ T T T ‘ T T ‘ T T T
ATLAS s=13 TeV, 139 fb™ m =125 GeV
SM compatibility: 45%
= Total Stat. Tot. ( Stat. Syst.)
: +1.04 ,+0.48 +0.92
" p'E[0,120) [GeV] "J:" 0.86 )99 (047 —087)
. +1.03 ;/+0.71 +0.75
w, PHE[120,200) [GeV]|  H—e—H -0.18 Zi; (Co69 075)
N +0.90 ;+0.70 +0.57
s p:€[200,300) [GeV] §" 1.05 -0.86 (—0.68 -0.53)
. 0.74 ;+0.58 +0.45
n_, PE[300,450) [GeV] Hed -0.19 T, (Coas To4r)
. 1.47 ;+1.06 +1.03
n_, BHE[450,2) [GeV] -—e—H -0.10 759 (o1 lilos)
. : +0.36 ,+0.20 +0.30
Inclusive L ;i.' ol \073‘5‘ =034 (\_9'?0‘ ‘—0‘.22‘3‘
-2 0 2 4 6 8 10 12
tfH/O.tfH
W SM
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SM interpretation analysis using 139/fb JHEP06(2022)097

Pre-fit impact on p:
16 =0+A0 0 =0-A0

Post-fit impact on p:
Wo=0+A0 [ 6=0A08

—eo— Nuis. Param. Pull

tt+>1b: NLO match. ljets p:‘ €[0,120) GeV
tt+>1b: NLO match. ljets p: €[120,200) GeV
ti+>1b fraction

tt+>1b: FSR

tt+>1b: PS & hadronisation dilep

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

tW: PS & hadronisation

ttH: NLO matching

k(tt+>1b)

tf+>1b: NLO match. dilep p:' €[120,200) GeV
tt+>1b: p:b shape

tW: diagram subtraction

ttH: PS & hadronisation

tf+>1b: NLO match. ljets p:' € [300,450) GeV
tt+21b: NLO match. ljets p!' € [450,-0) GeV
tt+>1b: ISR

tfH: cross-section (QCD scale)

tW: NLO matching

ti+light: PS & hadronisation

Au

-0.4-0.3-0.2-0.1 0 0.1 0.2 0.3 0.4
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ATLAS
{s=13TeV, 139 fb™
Combined
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2

Leading contribution to systematic uncertainty is 1 + > 15 modelling

R
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https://link.springer.com/content/pdf/10.1007/JHEP06(2022)097.pdf?pdf=button

Multilepton analysis

SM interpretation analysis using 80/fb  ATLAS-CONF-2019-045

Targeting Higgs boson decays to H - WW*/ZZ*/t"t~ . - -

+lepton charge

andt > W( - £fv)+ b e ;---P ------ g--: o [

Non prompt (¢/1) background estimation Wateridcony ¢ e Material conv. +  ttW

- Muons and electrons from heavy flavour decays 1 0l :

, , TSl EE lifernalleonus - [k

- Electrons from material y conversion O || . :

- Mainly from t7, Z + jets and single top 20;3b1?ti+(;) 3 : l ttH tt W

orz2b-jets(3) ;| ttH (2) |-

- Using MC prediction with data driven correction : i B | e LR ELCEETERPRE
KHF = 120+ 0.18, k#F = 1.12+ 0.38, 2., || 255415,
ké\/latc — 1.61 +0.48 7_anric| - . Signal regions

aiallolion sfaitihse | et J?‘i‘h.z:.w:l Control régions

Electron charge flip Hadronic 7 fakes

- Charge of electron flipped as an effect of mis- - Jets faking a hadronic tau

measurement of track bending of hard bremsstrahlung
et — ety - eTete”

- Mainly from ¢f and ¢fV events

- Measuring one prong and three prong correction factor

- Rates derived from data in Z — e*e™ events ad from CR as a function of p
function of electron kinematics

- Mainly from tf events

- "SI S
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https://cds.cern.ch/record/2693930

Multilepton analysis

SM interpretation analysis using 80/fb

Main irreducible backgrounds from #Z, tt W and VWV

- Normalisation of 1 W estimated from enriched control

regions

2C0LJ
itW

— 1 .56+O'3O

kuﬂf;VHJ . 1.26+0'19 k3f

—0.28’ —0.18’

W
- Now better understanding of 1 W [see S. Kazakos’s talk]

ATLAS-CO

1 | | 1 7 LT I
r ATLAS Preliminary -@-Data -tfH (1=0.58) ] _g 300- ATLAS Preliminary - Data
C .+ IMQMisiD Jfiw 1 2 C e — O] aw
Fys=13TeV, 79.9 fb™ - : ] L Vs =13TeV,79.91b
— » e [ tt(Z/y*)(high) [ tty*(low) — £ F 3y
£ 2SS [ Diboson Bl Mat Conv A § 250~ .
b Post-Fit [ Non-prompt e [ Non-prompt u - L1l [ Post-Fit
[ ]Other 7/ Uncertainty C
---- Pre-Fit

200

_ +0.30
1 068_0.28

[ tty*(low) [ Diboson

[ Mat Conv
[T Non-prompt u [ Other

7/ Uncertainty ~ ---- Pre-Fit

| I
B ttH (u=0.58 )|
[ t#(z/y*)(high) ]

[ Non-prompt e

_I TTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | T II_I | TTTT | TTT I_ § §
sol ATLAS Preliminary “# Data Ml tH (u=0.58) 5 3 ; : =5 : 3 i 5 Ay
5 - s=13TeV, 79.9 o' LI W Ett(z/y)high) 4 Ne
> N 2/ ttH— [ tty*(low) [ Diboson 1
T 50 PostFit Il QmisID B Mat Conv ATLAS Preliminary s = 13 TeV. 79.9 fb™
0 - [ Non-prompt e [] Non-prompt 1 ] T
N [ ] Other B Fake T, ] —_ tot.
40— 7 Uncertainty : Pre-Fhitd ] stat (E()OSJ[?) (+SO’[%’[ )
- 7 2/SS N L=038 Lo5  ous
97
. . 3¢ - n=093 g3 ta
20 N 47| 1—e——i w=052 07 05
R .
ﬁﬁ_ 10+ Zhaa | e 1=0%0 Som o
B 0.94 0.83
- . . 27SS + 17,44 I uw=049 Ty, o7
. o_l |- ! 111 ! || ! 11 ! 1] ! || ! | - ! 1] ! | - ! |- Ij 110 104
- E 3 + 14| I—® i w=043 e o7
o - E . > : 0.36 0.26
S 1 Beerrrygedne combined @4 w=0.58 J—ro.33 J—ro.zs
E 0-5 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
° E N -1t 0 1 2 3 4 5 6 7
0O 01 02 03 04 05 06 07 08 09 1 . _—
2¢ttH- BDT output best fit u = 6"/ ogy, for m, = 125 GeV
W s ms T T .
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https://indico.cern.ch/event/1198609/timetable/?view=standard#296-measurement-of-ttw-and-ttb
https://cds.cern.ch/record/2693930

SM interpretation analysis using 139/fb Eur Phys. J. C 80 (2020) 957

ttH enriched regions with dominant backgrounds being ¢f and VV
In other regions the main background is the non-resonant production of Z-pairs

Non prompt-lepton background has smaller contribution
ttH and tH classified together

Events

0 v

0

18- ATLAS

[ H - 2Z* — 4l
161 5= 13 Tev, 139 b
L 105 < m, <115 GeV,

14 [~ 130 < m,, < 350 GeVv
SB-tXX-enriched
12

10

Events

Illllllllll

o N A OO ©

¢ Data

ATLAS

H— ZZ* - 4I WooFbbHMZZ" 1
Vs=13TeV, 139 b VBF XX, vv\_/ :
115 < m, < 130 GeV VH M Z+jets, tE

ttH-Had-enriched with NN, < 0.4 Il ttH+tH % Uncertainty_]

0.2 0.4 0.6 0.8 1

ttH-Had
NN,

Events

I
¢ Data

[ ggF+bbH [l 2Z*
VBF XX, VVV
VH B Z+jets, tt
WttH+tH  7Z Uncertainty

IllllllIIIIlIIIIIIIIIII

RESULT

Observed u(ttH) = 1.73:;
Dominant contribution from

statistical uncertainty

ATLAS

H— ZZ" — 4l
s =13 TeV, 139 fb™
Production Mode - |yH| <25

Z2-0f —-—
— 1
ZZ-1 —.:—
z7z-5j i _._._
- 1
XX PR i 1 1 - 1 1

72 74 16 18

NN,
—— Observed: Stat+Sys SM Prediction
§ : - -value = 91%
E [m] Observed: Stat-Only p-valu B [fb] (c:B), Ifb]
] ggF IE 1120+ 130 1170+ 80
>4 | —
2IIIIIIIIII IIIIIIIIIIIIIII VBF E . 110i4o 92.0i2.0
ATLA ¢ Data | —
1.8 0 ZZ§—> 4l I ggF+bbH [l ZZ* j 61 o7
Ys=13TeV, 139 fb"! VBF XX, VWV : 75 524
1.6 135 m,,: 130 GeV VH W Z+jets, VH : " -49 -49
14 ttH-Had-enriched with NN, > 0.4 JlttH+tH % Uncertainty : ]
1.2 ttH E— = 3 26'7 154717
1 5 u
0.8f Inclusive E:IEI 1340 + 120 1330 + 80
o 1 2 3 4 5
c-B/(c-B
@),
8.4 05 06 07 08 09 1
ttH-Had
NNy x *
e U
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https://arxiv.org/abs/2207.00320

H — 1t

SM interpretation analysis using 139/fb JHEP08(2022)175

18
. . > | LI I L I LI I LI I LI I LI |
- Part of a wider effort to measure H — 7;,47,,4 in Several @ 6 F f/ILAS | ¢ Daa E
' © [ 4s=13TeV,139fb" ncertainty .
production modes = 14 E st = H— 7 (0.93 X SM) -
. . . . - — Z— ]
- Fully hadronic decay from top pair and triggering on 77 S 4o f tH1SR = Top =
Sir kT - Bl Other backgrounds 1
P 10 & 1 Misidentifiedr -
- Two BDTs to distinguish ¢t#H from Z — 77 and tt sE E
- Two signal regions defined depending on N, and N _ieq 6 =
4 -
L I L L L I L I L L B 25 2
ATLAS Hott  Vs=13TeV, 139" ok !
—Total —Stat. _ Theo. IY,/<25 2 st ! | | | I
Tot. (Stat., Syst.) 0 = l + * ‘_‘_}_E
tt(OL)H(z,7,) - — 102 5. (Does 045 ) % 5F * E
082 +0-37 +021 +030 :I L1 1 I L1 1 1 I | I I | I | I I | I L1 1 1 I L1 1 I:
V(had)H bt 82 33 (D20 027 ) 50 75 100 125 150 175 200
. 010 . mMMC [GeV]
Boost - 0.99 320 (%910 ‘oi9)
0-82 +0.17 (+009 +014)
VBF +e 014 2009 0 Missing Mass Calculator (MMC) is an
Comb. o 0.93 013 (*30r 043 algorithm for the calculation of the Higgs mass
N R using the 7 lepton decay products and E 7"
(oxB)™2 / (oxB)SM together with additional jets informations

W T T T T —
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https://link.springer.com/article/10.1007/JHEP08(2022)175

ttH and tH with H — yy

SM interpretation analysis using 139/fb ATLAS-CONF-2020-026

Targeting ttH and tH and STXS framework
- Diphoton selection in combination with NN vertex finder

- BDTs trained to disentangle signal from background, derive STXS categories and identify three
production modes: ttH, tHg and tWH (tH optimised for y, = — 1)

- From BDT training removed variables correlated to m

YY
> g T T T T T T T T =
S C ¢ Data ATLAS . 31 - Signal modelled with double sided Crystal Ball
= I Continuum Background Vs=13TeV, 139fb" . o .
£ 20 .. Total Background m,=12509Gev 4 - Background function optimised looking at
2 15:_ —— Signal + Background i categories E spurious signal
= — In(1+S/B) weighted sum Z
e 105 \ * S =t = RESULT
L :
5 } ; CEEAN * ttH + tH significance of 4.7¢0
. N | AT et b e ] Measured u(tiH + tH) = 0.92157]
2 5:_ E Upper limit on tHq + tWH at 95% LC is 8 X SM
m. C + Leading uncertainty is statistical followed by
‘g O: ” H l HH ||£ photon energy resolution
(IJ o b6 ;
e 110 120 130 140 150 160
A m,, [GeV]

- "0
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.125.061802

Combination

Combination of Higgs measurements | Nature 607(2022)

S B B B L I [ B [ L |
- Combination of Higgs measurement to extract Xz
interactions with SM particles Ky i ATLAS Run 2 |
- Both inclusive cross-section and STXS on p,(H) . <
B K —— Leptons Quarks
- ttH and tH distinction from H — yy analysis .l ve v vell v ¢ B8
- Included as well t7H with H — bb, Kp| -t 6 d] s [
H— Z7* - 4¢, H — 71 and multi lepton analysis . i [ Foeca”"efs Hfgg:”so" |
- Results compatible with SM expectation o i
- ttH + tH observed sensitivity 6.40 K i s SEEEEEEEEE o |
i o | —e— B, =B, =0
9 S | - .- Bmvfree,Bu_ZO,Kvs1
ttH tH K i — o ——— SM prediction |
1,000: _1_ Y - - Parameter value not allowed
200 : s i
- 750:_ sz | |-:—————————| ————— ---.—| ————————— |—-| !
:_é‘ ‘f_’ :_ e | Ll [T [T [T R R R |
< 100p T T s 2% 0.8 1 1.2 14 16
250F L % :
o_— T = F - - - 68 /. QL |nteryal
0 120 200 [300 450 < 0 B b ;! |
pT (GeV) \_ inv. ] |
N\ Po iy |
Boosted Higgs! 0 0.05 0.1 0.15 0.2 |
95% CL limit
I S .
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https://www.nature.com/articles/s41586-022-04893-w

Top Yukawa CP properties



ttH and tH with H — yy

CP interpretation analysis using 139/fb PhysRevlett.125.061802

Targets both leptonic and fully hadronic ¢f pair decays T 2T P R AN A
_ €. | —o - Best fit XSM 3
- BDT to distinguish #fH from background and CP o 150 ... 26 E
even/odd ttH + tH production S 36 e E
- 20 analysis categories defined looking at 2D BDT 05E -
space - ]
O =
- Fitting on m,, as in SM analysis case = .
~0.5F E
e P — S 1= N S S —
ML 5 § 03 s - ATLAS -
g 0-9 E %0-252— {5 = 13 TeV, 139 fi" 1.5 y5-13TeV, 139 fb" -
o o —H10%3 £ 02F e Dat EI | | | | | | IE
O O : c E - —_ + _ 11 | | | | 11 11 11 11 | | | | 11 | | 11 | 11 |
s 1§ fosp BRI 235 41 05 0 05 1 15 2
5 07 1 & o t K,COS(Q)
Tk 1 00sf ‘egq,
0.6 F-- ... 9000080060 00000
n %0 01 02 03 04 05 06 07 08 09 1
0-5:_ 107 Hadronic Bkg. Rej. Discriminant RESULT
0.4
M: |a| > 43° excluded at 95% CL
k: Pure CP-odd excluded at 3.9¢
0.25— 1o
0.1
0 II|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III1 0 v ! 1 !
0O 01 02 03 04 05 06 0.7 08 09 1 0 01 02 03 04 05 06 07 08 09 1
Hadronic Bkg. Rej. Discriminant Hadronic CP Discriminant

0 WU D ST T, ———
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.125.061802

ttH and tH with H — bb

CP interpretation analysis using 139/fb arXiv:2303.05974v1

interpretation analysis

Using same selections and background estimation as SM

(P1X2) - (PyX2) |
= |+jets channel

2 - —
- CP interpretation via parametrisation of tfH and tH to P111p2]
simultaneously extract k, and a
- Fit on CP sensitive variables in signal enriched regions - -
- Defined p, , the momentum three-vectors of the two top b, = ) '? . (592 2) dilepton channel
AL . : : : P11 P2
quarks and Z unity vector in the beam line direction

c T T ]
c [ ATLAS ]
» - Vs =13TeV, 139 fb! -
X o2 —
1 — —]

o | . = |
1 —

-2 | Y% Bestfit a=11",k/=0.84 ]

- % SMCP-even: a=0",k =1 .

B CP-odd: a=90",k} =1 ]

_3—2‘ -1 0 1 2

K; cos o
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40

30

T normalised to data yield

N - - - - - - T ]
T 2500— ATLAS [ Other % Unc.(Total) —
= [ Vs=13TeV,139fo! [ fi+light == fH+tH (0°) 7
c - +jets 3 tt+ 21c ftH + tHT (90°)
e SR 26 24b B i+ 21b e Data N
— 2000 W — RESULT
n L ]
= - _
(O] - _
Lﬁ 1500 — s6 40,30
] i — ° 456 = :
.......... 1 | Bestfita = 11" 700 &, = 0.84757¢
1000 RS -
. Pure CP odd excluded at 1.2¢
500 § .
0 ...................
og 1S -
thS Et 1.0 ?yﬁ/ﬁ/ﬁ/ﬁwﬁ/fﬂiﬂ%ﬂHﬂfﬂiﬂﬁ/fﬂxﬁ%/fﬂﬂﬁ’ﬁﬂﬂﬁ/ﬁ%
050 =05 00 05 10
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https://arxiv.org/pdf/2303.05974.pdf

Conclusions

- Increasing statistics delivered by LHC Run 2 allowed to observe
ttH, start studying tH

- Challenging modelling of some backgrounds such as 17 + > 1b
and 1t W posed a big challenge
- But we can now say we know our predictions better and better!

- A lot of interesting physics worth exploring in differential cross-
sections, boosted regimes and rH production

THANKS FOR YOUR ATTENTION!

"N, SSSS—S—S—S—S—
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ttH and tH with H — bb

CP interpretation analysis using 139/fb arXiv:2303.05974v1

Dilepton | +jets
[2) - ' ! ' =
c — _ _ .
¢ f ATLAS [ Other BN fi+>1b W Bkgd«[ftH+tH] (k/=0.84,a=11°) -
L 105_ \/§=13 TeV, 139 fb_1 I:I t?+||ght UnC. —— [ﬁ,H_*.t'_,]T(a:Oo) B
S 3 tt+ 21c e Data . .. [ftH + tH]T (o = 907) =
u | T normalised to total data yield
- I —
104 i E
- ! —————— T 5
B S 00 ool S SR
103
102
10" |
:
. I
'% B T T T T T T i T T T T T T ]
X 12 : , . | -
m | I Bkgd+[ttH + tH] (k;=0.84, a=117) : i
@) - i
O 1.0f . » M
© - ! |
m 1 1 1 1 : 1 1 1 1 1 1
0.2__ T T T T T T T } T T T T T T __:
- W (iH (K =1,a=0°) e tH (k) =1, a=0°) I .
[a8)] L - 1 ]
5 01 mmm fiH (kj=1,0=-90°) WM tH(k=1,a=90°) |
0.0k

>4j 24b / | ' / 26j, 24b
24j,24b CR2Y. 2 SR1Z4],24b SR2241,24b: CR,SO/,Mb CRS{,MD CRfs’*“b CR2261,24b SR8 SRpoosted

no -reco

3/,3b

CRIZ 4f,3b

(o]

L W o oms o oL .
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