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Why are Higgs properties important? ATEAR

Standard Model (SM) describes 3 fundamental interactions, but leaves several questions, including

° : why the weak scale << Planck scale ?
e What is the particle nature of ?
e Why there is much more than ?
mass - =2.3 MeV/c? =1.275 GeV/c? =173.07 GeV/c? 0 =126 GeV/c?
spin - 1/2 lJ/ 12 C/ 12 L 1 @ 0
up charm top gluon gg%gﬁ
=4.8 MeV/c? =95 MeV/c? =4.18 GeV/c? 0
-113 -1/3 -1/3 0
-9 ® |- ® | @ Measuring Higgs boson properties
d b h . . .
own — ottom . - a well established solution of the above questions
0.511 MeV/c? 105.7 MeV/c? 1.777 GeV/c* 91.2 GeV/c?
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lect t Zb @) . . . . .
seeron meen - oson 2 e Dark Matter particles can obtain mass with Higgs mechanism
<22 eVic? <0.17 MeVic? <15.5 MeV/c? 80.4 GeV/c? . . . . .
2. ) ) - e There can be CP violation in Higgs couplings
5. L LW W
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o
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Experimental approaches for Higgs properties xATLAS

New ph sicD(

C — Higgs interactions
T \_with other particles
e e — o — e

Three experimental approaches towards the new physics with Higgs properties:
e Measuring on-shell Higgs boson
- Higgs boson as physics particle in the final state
e Measuring off-shell Higgs boson
- Higgs boson as mediator in the physics process
e Searching for beyond SM (BSM) processes

I'll introduce how to use the 3 approaches for specific Higgs properties later
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Experimental landscape of Higgs
properties

Higgs couplings with Differential

ATLAS

EXPERIMENT

Width and Mass CP properties
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https://arxiv.org/abs/2207.00092
https://arxiv.org/abs/2207.08615
https://arxiv.org/abs/2304.01532
https://arxiv.org/abs/2004.04545
https://link.springer.com/article/10.1007/JHEP08(2022)104

Why top-Higgs coupling important ATEAR

It's the 109
e top quark mass (172 GeV) is 10%-10° times as u/d and electrons

| e
A

c— Nt
k. is a free parameter
SM prediction Z t

s>’§ 3
In marco world, the adult human weight: 15 - 635 kg, scale difference is 102 = F
‘ § b Lepton uarks
e the top-Higgs coupling strength is remarkably close to 1 - Gl 1] [
p-riggs coupling streng y / - (-1
=2 m, /vev =12 (172 GeV)/ (246 GeV) = 0.99 ol : | .@.l"...ln. .
Study top-Higgs coupling can answer unsolved questions, by testing :_ l . E
e can top-Higgs coupling violate CP symmetry? T E .J | t | lzl t

e can top-Higgs coupling strength modified by the new physics?
e can top mass comes from other interactions than Higgs mechanism?
The questions will be addressed by the physics analyses | introduce today

Particle mass (GeV)
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The CP properties in top-Higgs couplings ATLAS

e Inthe SM, the Yukawa interactions are CP-even. In BSM models, CP-odd component arises
e The Lagrangian for top-Higgs interaction can be written as

m - . 5 _
<, = ——k(cos(a)tt + isin(a)tyst)H,  Standard model:a=0,k, =1
v CP even CP odd

The top-Higgs Yukawa couplings and CP properties can be constrained
e directly, with tops in the final states (ttH/tH) g
e indirectly, with tops as mediators

t/by  w-mmee- H H ------ t/b/T

q
9 Indirect constraints i g
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Experimental landscape of top-Higgs coupling ATLAS

EXPERIMENT

With the 3 experimental approaches, I'll introduce the following analyses today

e top-Higgs coupling with on-shell Higgs boson I"I'A
o Adirect measurement of CP properties in top-Higgs Yukawa coupling f |
PRL 125 (2020) 061802 =
o Top-Higgs coupling with simplified template cross-section (STXS) ' o
measurements JHEP (arXiv:2207.00348) (input of Nature 607 (2022)
52-59)
e Searching for new physics that may arises with new top-Higgs sectors
o Higgs(—vyy) + X searches JHEP (arXiv:2301.10486 ) o e of fou top
quarks _— .
e top-Higgs coupling with off-shell Higgs boson T
o of the four-top-quark production EPJC (arXiv:2303.15061) -
Shuo Han
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ATLAS Detector and Run-2 data

Muon Chambers NSwW
Barrel New Small Wheel
muon chambers

Barrel Toroid magnet

Endcap Toroidal
magnets
Muon Chambers

Endcap

Endcap Calorimeters

Electromagnetic Calorimeter

Inner Detector
Hadronic Calorimeter
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This talk: 140 fb™" pp collision data at
13 TeV with ATLAS (ATLAS Run-2)

USTC-ATLAS contributions: the
current muon detector, the phase-l|
upgrade of timing, tracking, muon
detectors, the leadership of various
physics analyses with ATLAS
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CP in top-Higgs coupling with H — yy ATLAS

e CP properties in the top-Higgs coupling with ATLAS Run-2 PRL 125 (2020) 061802
a. Select ttH/tH, H — yy events, extract the number of signal events
b. Parameterise ttH/tH productions with top-Higgs coupling modifier k,, and CP mixing angle a

c. Interpret the result and measure (k,, a) :K H"‘Z[7
""" L g— t/b)7

ttH and tH cross-section as function of (k,, a) tops + Higgs kinematics as function of (k,, a)
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https://arxiv.org/abs/2004.04545

CP in top-Higgs coupling: selections

The ttH/tH, H — yy events are selected with two event classifiers

ttH/tH CP odd vs CP even

e Aboosted decision tree (BDT)

e Using kinematics of yy system and the

e For the top candidates, using a top-reconstruction method combining
the 3 objects (tri-jets or j, e/y, v) from top decay

Signal vs background

e ABDT distinguish the ttH/tH from background (other Higgs, vy, y+j, ttyy)

e Usingy, e/y, jand missing ET kinematics

<+————— Hadronic Bkg Rejection BDT discriminant ————

SM ttH/tH

Continuum |
‘| background [~
Hadronic | o x| 12
creor | Rejected
discriminant : """",4,4
11
10

6 3
5
4 1

CP odd ttH/tH

12 categories for top
hadronic decays

+ 8 more categories for the
top leptonic decays

ATLAS
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CP in top-Higgs coupling with H — yy ATLAS
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CP in top-Higgs coupling with H — yy ATLAS

EXPERIMENT

e The measurement ttH/tH cross-section is

U= 1_431‘8:;?(3'[3'[_)tgzﬂ(syst_) Observation of ttH/tH firstly in single channel (sig. = 5.20)
® K, Oare measured

o total CP-odd (0=90°) is excluded by 3.90, 95% CL limit on CP mixing: |a| < 43°

o 2D 95% CL limits on [ksin(a), k,cos(a)]

5 I - L A B BRI IR I IR
£ . [ —T + Best fit XM ]
& @155 .26

£ o 30 o E
-15 - ATLA;“ -
-1.5 {s-13TeV, 139 10" =
25 A s ey
K,cos(at) Kcos(at)

ggF and H — yy resolved with (k,, a) Ky and K, set to combined measurements

Shuo Han PRL 125 (2020) 061802



https://arxiv.org/abs/2004.04545

The STXS measurements with H — yy ATLAS

EXPERIMENT
e Simplified Template Cross Sections (STXS) divides cross-section measurements in phase spaces (arxiv
1906.02754), which is sensitive to measure Higgs couplings
o The ttH/tH cross-section in pTH bins with H — yy JHEP (arXiv:2207.00348) further constrain the

top-Higgs Yukawa coupling, and probe the impacts from new physics like CP-odd and FCNC
processes

tH

[pp—tH+ X | @
— 1000 -
= F 1

£ 200
=)

six ttH/tH phase spaces for the ook f sook O
STXS, which is divided by pTH T _}:_ ]
+ various ggH, qqH and VH oF o = |

phase spaces are also studied in 0 120 200 300 "53[6 V‘]’°
C L p¥ [Ge
the same publication T
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ttH/tH selection with STXS ATLAS

EXPERIMENT
1. ttH/tH vs Higgs boson production in other phase spaces

o The five ttH, and two tH (tWH, tHjb) phase spaces are selected with
2. Inthe ttH and tWH classes, use another ttH/tH vs background BDT
3. Inthe tHjb class, To further constrain top-Higgs coupling kt,

optimized the tHjb categorization to separate CP-even/-odd, using 3 NN scores
o CP even vs CP odd tHjb multi-class category

o CP even vs background @ S
S B Like &

o CP odd vs background ° B Like >
_ _ = 0.47 =

The input variables are from yy ° z

: , 2 +1 Like 0.50 -

system, top candidates, top + Higgs & E
system and forward jets o7 088 g
3 -1 Like T

| +iLlike 050 o

= S

score_tHjb_kt_2021
Finally, 9 categories targeting to the 6 ttH/tH phase spaces
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XS

tH

tiH, p!f 2 300 GeV
1,200 < pl! < 300 GeV
fiH, 120 < p: <200 GeV
1iH, 60 < pl < 120 GeV
1iH, p;‘ <60 GeV

HIl, pj 2150 GeV

Hil pj < 150 GeV

qq - Hiv, pi 2150 GeV

TXS Region

qq - Hiv, pj <150 GeV.
99— Hag, = 2jets, m =1000 GeV, p: 2200 GeV
99 —> Hagq, > 24ets, 350 <m <1000 GeV, p' 2 200 GeV
99 - Hag, = 2-jets, m_ = 1000, p: <200 GeV

S

qa -> Hag, 2 27ets, 700 <m < 1000 GeV, p'' < 200 GeV
aq > Hag,  24ets. 350 < m, <700 GeV, plf < 200 GeV
99 - Haq, VH hadronic

qq — Hag, < 1-et. VH veto

99 — H. p!f > 450 GeV.

g - H. 300 <p]l < 450 GeV

g9 — H, 200 <p!' < 300 GeV

99— H. > 2jets, m, >350 GeV, p ¥ < 200 GeV

ag — H. = 24ets, m < 350 GeV, 120 < p: <200 GeV
99 = H, 2 2-jets, m, <350 GeV, p: <120 GeV

g9 — H, 1-jet, 120 < p: <200 GeV

99 - H, 1-jet, 60 < p!! < 120 GeV

g = H. 1-et, p < 60 Gev

99— H, 0-et, p' 210 GeV.

gg — H, 0-jet, p;‘ <10 GeV

Shuo Han

categorization

ATLAS Simulation 139 fb™ H—vyy, (s=13 TeV

——————

52 416 6
51537 21
4 16 30 25|
4 128

MWW N

|
1532I
T 1
| 2 I
. |
292 1 1l
1 2 1
2 16 1 1 1
1 47 2
1 2 33 |2
s1 | 1 1]
27 3 2 I
10 | 1
33
! |
> >>>>>>>>>>>ES‘&>>>>>>>>>>>>>>>>>>>>>l>>>>> wgﬂ-l
® 2200000 000222000 000000000 DDO000DDD D00 DL
(0] OO0 O0O0O00O0O0O000o~0 000000000000 OOO0CL OO0 [CCROERONU] = S
= O 00O 00000000 FFL OO OO0 NWOOOWOOOD OO coooo =2 £1
s SR80l TEEADNSS8ccC O RO ORNBOBDNDBD el 8838nd =
o STYRESRB8YEBEETTBIRRSERRITEERT 2L T 288 CYR888%28 3
T VIbVVVVVVVVNTTaVVVVV/\\N/\\)\_VV/\‘)\_VV/\‘)\_VV/\IbVVVA‘f‘D" él
2 & - vxovro e o s o T 2
3 IQ»—:; :\:Q» Q:—J:Q-r—:\:e:-}:a::[Q:—:\:n:—:\:nriQ & & i £ E%\:a»—rn-r-xg-r—xn IQ xnp & >d—>n:->n:— 5 >n.r—>ah>&x- 2 >d—>°'r—>°' = :n.":n.“xn.":a. B2 k<]
@ v MVl r o g MV VI T B 0EVIV vy EVIVIE o=V 3 VIV VIV VI o
2 B = = A= T
s $8ss333css £ 233333 naiTugzeegdiggos 1
s 2 fS9888586gg8 T TBREEESESEE 1~ 8 g sm D Sidg
T31%s83.888rr:8 Vf.888888¢3z¢ 2z 221 ETz;z 1
T 3833888 c84REEREEFzZg z H ELE
2w VO BN ey ggal =20 Re I
i S TEB o =~V " ooo AN Yoy oa Yov o o 1
-8 3.~ =888 TN E G mE = - T
TdgyoywEE g .y EE g EE &
T v V5 g o g v & Vi oG o - -
22 =V o g SITo £ o 2
O E ~8 o B I oo onmo @
- E8 383 1188288
Ng SOARY T O2RAOUR A
388N o 8ang A
o o 2 S o2 .0 &
PRIl T o fex g
R «2gxsg
oM A NNy NSUE T
ZrAAD LA T LW
TTIL8 §gr 85
T T3 E -
8o o 1 T
88 o T 1
3 o o
s 8o
g g

Analysis Category
16

ATLAS

EXPERIMENT
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28 classes for the measurements
are clearly distinguished with 101
categories with correlations
controlled, including the 9 ttH/tH
categories

freeeee

A
ml

BERKELEY LAB




STXS measurement result

The analysis extracted signal events with S+B fits on m(yy)

The Higgs — yy STXS measurement has highest sensitivity W v -

to constrain ttH/tH cross-sections among all Higgs decay g1 2t m <50, 51 < 12

. . gg—H, =2-jets, m < 350,120 < p;‘ <200

channels in the combined measurement a2t m, 950, <200
gg—H, 200 = p’r‘ <300

9g—>H, 300 = p!! < 450

9g—H, p!! = 450

qq'—Hqq', s1-jet and VH-Veto

qq'—Hqq', =2-jets, VH-had

ttH differential cross-section is compatible with SM s, 22t 350 < m, <70, <200

tH cross-section 95% CL limit is 10 times SM expectation =~ w-ws.sun, wasieao

JHEP (arXiv:2207.00348) w-tuw.s<wo

pp—+Hilivv, p) = 150

ttH, 60 < p < 120
ttH, 120 < p!f < 200
ttH, 200 sp:<300

5
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|

B ] :

F 1 % oo | 1

100J]:' T ﬁ 500 } : ;
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The top-Higgs coupling with STXS .»==. . .TLAS

. . . . w
Top-Higgs coupling (k,) is directly measured = = Ki=eses h Wb
e tH yields are parameterized as function of K, E’i = ki A+ Kky B + KKy C) ?" .
. - b t b ' t
e «,=1.01£0.09 if resolve the ggF and H — yy processes with K, : t
e Remove assumptions by taking ratios among loop vertices (KY, Kg), total width (k,,), vector and top couplings (k,,, k,)
AILADS Vs=13TeV, 1391, H—>
E30"""|"s"e'|""w
&0 ATLAS Is=13TeV, 139 f", H—yy £ -- Expected |
S PTTTTTTTTTTTTTTTT] k= 0.95+0.15-0.16 25| —Observed
N g 1 ,whenk andk setto 1.0 - Bo vl ]
; 1k .=1.01£0.09 20F E
40 - 9g->H and H—yy 7, when ggF and H — yy resolved with k, i ]
B - - Resolved (expected) ] 15 C ]
M Resolved (observed) 1 L ]
30: Effective (expected) ] Kt =0.94+0.11 10 ;
20?_ Effectiva {obssrved) 4, in combination, with other modifiers profiled r .
. / BL98% CL N ]
10:_ E | | |
}-95%% ---------- TR A 7 15 -1 05 0
-15 -1 -05 0 )\tg = Kt/Kg Parameter | Result
N = K/K, :;gyh i.gi
K, = KK/ V. ’ : )
ShUO Han ay Y 9/ /1tgg 0.95 ig}g oo ‘"1

18



Model independent H+X search ATLAS

e STXS measurement covers various phase spaces, but there are many regions uncovered..
e Various of BSM models, like EW or strong SUSY and Flavor Changing Neutral Currents (FCNC) expect
the production of Higgs boson and new particles
o Including the new physics that arise with the top-Higgs sector
e Asearch (JHEP (arXiv:2301.10486 )) for H(—yy)+X process is model-independent

h b [
multi-jets P \‘ f
multi-leptons to G - 3
" tl X1
Sl b= 1T top-like 3 photons ~. thH 9
B, T 1
2 leptons >=2 tau D 4 " f
h b f

A

~
/}| ‘ml
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https://cds.cern.ch/record/2790859

H+X search: event selection

22 cut-based categories are defined with different final

states, they are triggered by different BSM models

The additional top-Higgs sectors can results in multiple
b-jets, jets, leptons, high HT (scalar sum of jet pT), high

missing ET and additional top candidates

The searches are performed independently in all the signal

regions, by S+B fits on the m(yy)

20

ATLAS
Target Region Detector Level
> - .P.
FBy >3b My jer 2 3, 85% W.P.
>4b Myt 2 4, 85% W.P.
>4j Ry 2 4, |mjec| <2.5
o >6j iy 2 6, |mjet] < 2.5
High jet >8j Mg 28, M| <2.5
aetivity Hr >500GeV  Hr > 500 GeV
Hr >1000 GeV  Ht > 1000 GeV
Hr >1500 GeV  Ht > 1500 GeV
EXsS>100GeV  EMSS > 100 GeV
ETS EXss >200GeV  ED'SS > 200 GeV
EXss >300GeV  EMSS > 300 GeV
b Np—e,p 2 1, Ry jer 2 1, 70% W.P.
Top " Nezeu = 1 e = 1y =1,70%
<k W.P.
thad Rp=e,u = 09 Njet = 39 nb—'ct = la
@ 70% W.P., BDT;,, >0.9
>1¢ Re—eu = 1
2¢ ee, L, Or e
ee, i, or ey, |meg —mz| > 10
Lepton 247 if leptons are same flavor
SS-2¢ ee,upu, or ey with the same
charge
>3l Ne—eu =3
>27 Nrhad 22T
i) :
Phston 1 7—m%,37 ny > 3, m,y, defined V&flth V1,2
1 V-Miy ny > 3, my, defined with y2,y3




H+X search: results

ATLAS

EXPERIMENT

o The largest deviation from SM has a local significance 1.80 in the HT > 1000 GeV region
o There’s 1.70 local significance in the top hadronic decay region
The detector level limits are set on the H+X cross-sections, and the detector efficiencies of various BSM

no obvious excess for H+X production.
models are reported to utilize the limits
3 Fldmas " o
0 102_ Vs =13TeV, 139 " __ Signal+Background R
g 8l g-TBtﬁtp ----- Total background
S L -- Continuum background ]
TN ]

P
110

N N
120

LA
130

P PR S
150 160
m,, [GeV]

Al
140

-0.70 deviations wrt SM in the
leptonic top decay region

> I ML LR LN L NN R I LR LR — 10p —
g 160 ATLAS .+ Dam ] g L N B R B B B lOblselrveld Il_irrl1it| E
2 140F fR: 13 TeV, 139 b — Signal+Background = g E ATLAS L Expected Limit ]
3 0- sl Totalbackgrond 3 @ [ Vs=13TeV, 139 b +-10 i
5 L -~ Continuum background %’ +-20
@i 1008 1 5 F = All Limits at 95% CL
80E E F | —_ :_3
60: g N = ]
40; S E - - -
20; : m B = ]
Coo b v o b v b by by 1 7 T ] — 7
0""f0 120 130 140 150 o \1/?0 - =i
m, [Ge I 1
10211 | | ¢ 1 1 0 00
B ) FE R
1.70 significance in the 888888 T
H . /\)_ ‘I_\ ',_\ w/\ wA m/\
handronic top decay region T i i
JHEP (arXiv:2301.10486
.
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with off-shell Higgs boson
- the observation of tttt
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L mm s mm - ' arXiv:2212.03259 v CaC
e The four-top production is rare: o,,: ~12 fb (at 107° level The o, , large NLO corrections o
Of ttbar) Top Quark Production Cross Section Measurements Status: November 2022
E ATLAS Preliminary Theor
e However, four-top is to measure SM and probe © e [Rntzvesresy em e
. . . . . . o a =N
new physics, including top-Higgs coupling (Higgs as el T - m -
i . . v © IR  Daw 45-460!
mediator in four-top production) og LHe p T
1 . . 1L BB Data 202-2031b!
o Today's talk highlights the four-top-quarks 10 II e i g,
observation in 2023 EPJC (arXiv:2303.15061) 1 -l = / A
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https://arxiv.org/abs/2303.15061
https://arxiv.org/pdf/2212.03259.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-051/

Top-Higgs Yukawa couplings with four-tops *ATLAS
® There are various motivations of four-top cross-section measurement: SUSY (2HDM, Gluino), ttbar + X,

composite top models, composite Higgs models (CERN-TH-2020-166)

® Among which, top-Higgs Yukawa coupling has unique impacts on the four top cross-section with quartic
terms, so it is independent from Higgs coupling measurements with Higgs production/decays

o 0O, parameterization (arXiv:1901.04567) in terms of [a, = k cos(a), b, = k, sin(a)] shows flat behavior
for small couplings and rise above 1.5.
1 30¢
L =——y;t(a; +ib;ys)th, i
V2 o
S 20¢
tttt—c ca’+chb’+ca’ +ca2b2+cb4 g
=Aa2+Bb? 2 Dy, 230ﬂ{’
C 100 o 2O syt
< : arXiv:1901.04567
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The four-top decays E

MENT
Each top quark decays to b quark + W boson @@ QA
The most sensitive channels for four-top are: @ @
e 2 leptons same sign and 3 leptons (2LSS/3L), 13% 00 0 3
branching ratio, highest sensitivity -- observation. .>@ 00 @
e 1 lepton and 2 leptons opposite sign (1L/2LOS), 57% s ) ®
branching ratio, large ttbar background. @5
The complicated final state is a challenge f
Nlep
hhhh (31.1 %) |
4 'T::] Not used
lhhh (42.2 %) ﬁs""btg JEE B
-tteX ss
U FUUNNR WU W - ——
4% | . |
llth (4.9 %) o 1 ’ ’ L
IlhhSS (7.2%) | | | Ful
0 Not used had
Shuo Han llhh OS (14.3 %)
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The publications before the observation ATLAD

Before observation, both ATLAS and CMS
measured four-top with Run-2 data, they
declared evidences

Then, both analyses decided to re-optimize

with the same data, eventually there are
observations in the single channel of 2LSS/3L

Shuo Han

ATLAS+CMS Preliminary

LHCtopWG

{0y =12.0 2% (scale) fo

Run 2, s = 13 TeV, November 2022

tot. stat.

" UHEP 02 (2018) 031
NLO QCD+EW

O & tot. (stat. £syst.) Obs. (Exp.) Sig.
ATLAS, 2LSS/3L, 139 fb' 5
EPJC 80 (2020) 1085 == 24:5(5"7) o 43(24)0
ATLAS, 1L/2LOS, 139 fo'' 15
JHEP 11 (2021) 118 e = 1 267, (8 ;3 ) fb 19(1.000
ATLAS, comb., 139 fb" 7 s
JHEP 11 (2021) 118 g 247°0(a")) b 4.7 (26)
CMS, 2LSS/3L, 137 b s
EPJC 80 (2020) 75 HE— 1265, 26(27)c
CMS, 1L/2LOS, 35.8 fb” 20
JHEP 11 (2019) 082 ¢ 1 0™ fo 0.0(0.4)c
CMS, 1L/2LOS/all-had, 138 o
CMS-PAS-TOP-21-005 * ——e—— 3877b 37(1.5 ¢
CMS, comb., 138 fb™ »
CMS-PAS-TOP-21-005 * B 175 1b 3932 o
*Preliminary | : | | | | |
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Object and event selections R

ttw 130 + 40
1. Triggers: single or di-lepton triggers 1z 72+ 15
2. Low pT thresholds of (leptons, jets) of (15, 20 GeV) ttH 65 + 11
3. Selectthe 2LSS / 3L events QmisID 27 + 4
4. Pre-selected region (SR):

_ _ Mat. Conv. 16.5 +2.3
a. 2LSS or 3L, Njet>=6, Nbjet>=2, HT>500 GeV

HF e 3.1+1.0
HF u 71+12
> 3 tight leptons an:ei Veto Lo m,. 14.1 2.0

3L p— cep Others 47 + 11
e tit 29109

Hup : :
2 tight leptons Total bkg 390 + 50

__sSee wi.th ECIDS, Z Veto, M,, > 15 GeV o 384

2LSS SS eu with ECIDS
SS uu Total 430 + 50
Data 482

Shuo Han
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GNN multivariate analysis ATLAS

The main challenge of the four-top signal extraction is the complicated final state
e The Graphic Neural Network (GNN, arxiv 1806.01261 [graph_nets]) combines information about
all objects (jets, leptons, MET) from an event into a graph, with node, edge and global properties.
e Message passing architecture allows network to learn complex features of the four top process.

Global Features Node Features Edge Features

Edge features: ¥
2 Global Node Edge
% AR ’ Aﬂ, A¢ Encoder Encoder Encoder

MET = e ==

&} Jets
@ Lepton

Node features:
prn.¢.E
B-tagging (jets),
Charge (lepton)
Node type

Repeat 4x

Decoder

Sigmoid

GNN Score

"Global" scores can pick-up signal events
\

"Edge" scores can reconstruct tops )\m
Shuo Han - -



https://arxiv.org/pdf/1806.01261.pdf

GNN multivariate

analysis

"global score" is used and chosen as the event classifier

and the observable in the pre-selected region

@)
methods after fine tuning.
m llII|IllIIIIIIIIIllllllI|I|I||IIIIIIIIIIIIII
g ATLAS ¢ Data Wit
< 10*F Vs=13TeV, 140 fb" [Jttw Wtz
g SR WtiH [JamisID
(] . Post-Fit [@Mat. Conv. [@HF e
@ 10 WLowm, EHF 1
[ Others [mtit
102 77 Uncertainty -+ Pre-Fit
10
-1 -
. 9 S P P N N ST T N e
14F e g ‘ * i HEPR 3
S s Cp s RO o SR Vs oA
S o7 Ry ) ¥ fottg i<
g G: A g i g 3 =
01 02 03 04 05 06 07 08 09 1

GNN score

Shuo Han

10% higher sensitivity compared with the best BDT

Good data/mc agreements on the GNN
score are observed

Data vs MC when GNN > 0.6
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Edge features:
AR?, An, A

MET

Jets
Lepton

Events

Data/ Pred.

Events

Data/ Pred.

Node features:
pr 1. ¢ E
B-tagging (jets),
Charge (lepton)
Node type

ATLAS # Data
Vs =13 TeV, 140 o W
Wit

Events

ATLAS
[ (s=13Tev, 1400
E GNN=06

Post-Fit
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@) (b)
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i 7/ Uncertainty

Data/ Pred.

N
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Background modelings ATLAS

SM physics processes: (~75%)

e {tW: a data-driven parameterization with 4 ttWW control regions Ao d NFtwaioy  NFerw-(ajen

e {tZ, ttH and others: using MC

0.25 0.25 +0.31
051 010 02282 1270 1110l

Instrumental and fake backgrounds (~25%)
e Charge mis-ID: data-driven method
e Non-prompt leptons and (virtual) photon conversions: ttbar MC distributions, but correct the
normalization with 4 non-prompt/fake control regions

NFMat. Conv. I\IFLow m,s NFHF e NFHF M

0.47 0.37 +0.75 0.53
1.80%07%) 1.08%53,  0.66%5, 1277575

e Fake leptons from light mesons, quark/gluon jets, others: using MC

8 control regions + 1 signal region, 8 background parameters

A

-
’\| i

Shuo Han 30 it



Standard model o CATLAS

tttt
P R R R AR R S R as ARG S RARAE RARD
b ATLAS ¢ Data .titi
iy = 22. 5 (stat) (syst) fb=225* +6 6 fb = 10°E (5= 13TeV, 140 6" [JtiW @iz
€ SR . WttH [CJQmisID
L% 1o° Post-Fit =r;,,,t ri)l;)'nv. =:::Z
e The expectation 0°=12.0 + 2.4 fb , so o, /o°M= 1.9 Wothers [t
= 7ZUncertainty -+ Pre-Fit
e Background only hypothesis is rejected with °
L ]
6.10 (4.30) 8
observed (expected) EPJC (arXiv:2303.15061) 1
: ‘°|.......
o = 17. 9+3; (stat.) i%ﬁ‘ (syst.) b 'Stftf =55@9o g 12::_ $ 197y +**)+ .......... _
CMS-PAS-TOP-22-013 in agreement with SM g o7f ¥Rt G
o (())1 02 03 04 05 0.6 0.7 0.8 0.9 1
GNN score

~
A
coee "“l
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-013/index.html
https://arxiv.org/abs/2303.15061

Top-Higgs coupling and CP ATLAS

Two scenarios (k,, a) measurements

e 1) both four-top and ttH parameterized as a function of (k, a)

e 2)only four-top parameterized, ttH normalization is profiled as background parameter
95% CL limits on |k | (assuming CP-even, a = 0)

e 1) ttH parameterized: |k | < 1.8 (1.6 expected), 2) ttH not parameterized: |k | < 2.2 (1.8 expected)
2D contour of CP-even (|k, cos(a)[) and CP-odd (|k,sin(a)|) contributions are compatible with the SM.

b R P B B S B B o
E 2'5: ATLAS = 68% CL (Obs.) ] -9 ':'IE
'% [ Vs=13TeV, 140 fb™ ==g8%cLiobs) ] g 5
E 2: ttH parametrised === B8NGL (Fxp,) il by .
= -~ - 95% CL (Exp.) - =2
15— X SM - 60

R s + Best Fit 1 -1®

=TT 1 —4

L 18518

0.5F H 2

C 1

C & ) L g LR | -
00 0.5 1 15 2 2.5 0
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ATLAS

EXPERIMENT

Top-Higgs Yukawa coupling

e Four-top analysis provides a distinct measurement compared with the on-shell Higgs

Shuo Han

PRL 125 (2020) 061802
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measurements
. —40
g | ATLAS |
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.. — . 1 18 N e— 3 S e A )
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- - -~ 95% CL (Exp.) 1 05 = - |
1.5 x sm Jac - ] oL SN
R s + BestFit 1 -5 0 E - 20
M i 414 o5t E i 4
] 8 I N S S E i
0.5 kP - ATLAS ] - 10
1 1 -1.55 (5-13Tev, 139 fo" = 2" e Bestfit o= 11", K-0.84 .
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K; cos o
Four tops H—yy H—bb

PLB (arXiv:2303.05974)
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https://arxiv.org/abs/2004.04545

The tri-top production ATLAD

® The tri-top production (ttt+W, ttt+)) is another rare top production, oms'\" ~1.67 fb (NLO)
e Tri-top is sensitive to different new theories, like FCNC, 2HDM models
o The modifications of tri-top may also come from new top-Higgs sectors
e Since the final state is very close to the four tops, the tri-top is measured simultaneously with the four-top
production

¢ t Beyond SM
, ; U 4
: T ! t
Standard Model g !

A

/2>| ‘ml

Shuo Han
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Tri-top and Four-top measurements ATLAS

Strong anti-correlations between tri-top and four-top
The simultaneous measurement is compatible with

SM within 2.1 standard deviation = 19 A AN o Sl S b
e Limits are set on tri-top cross-sections assuming four :g i etaTev, 140" ] |
i i 80 Obs: Exp: — —8
top follows the SM or at its best-fit value R 0L L, S
i —95%CL ---95%CL | kg
60= % —1 16
Processes 95% CL cross section interval [fb] t D M |- 5
R - -=109 N + Best Fit
Hiiti Hiiti 40, =,
tit [4.7, 60] [0, 41] e 1 s
tt_tW [3.1, 43] [0, 30] 20 1\ N o,
titq [0, 144] [0, 100] . .
- s -l _1
00 5 10 15 20 25 30 35 40
G [fb]

A

/2>| ‘ml
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Run3 and HL-LHC ATLAS

e Run-3 (ongoing, 2022-2025) : expect 300 fb™! at 13.6 TeV
e Long shutdown for the HL-LHC (2026-2028): ATLAS phase-Il upgrade
e HL-LHC (Run 4+ ,2029-) : expect 3000 fb™' at 14 TeV

LHC HL-LHC

o, BEED o—— —
e

energy
Diodes Consolidation
splice consolidation cryolimit LIU Installation . . HL-LH
7 TeV 8 TeV  “hLutton collimators interaction inner triplet install t.c
—_— R2E project reglons Civil Eng. P1-P5 pilot beam rad|at|on limit Installation
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 4 2022 2024 2025 2026 2027 mm“l"“w
5 to 7.5 x nominal Lumi
ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS
beam pipes + : HL upgrade
? nominal Lumi w ALICE - LHCb } 2 x nominal Lumi i
75% nominal Lumi upgrade

/—' m integrated [EAMUU I
luminosity U OR{ R

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY PROTOTYPES / CONSTRUCTION INSTALLATION & COMM. |||| PHYSICS

Shuo Han T
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The Higgs couplings at HL-LHC ATLAS

e HL-LHC is expected to significantly increase the sensitivities
of Higgs coupling to tops

Total uncertainty on k, is expected to be 3.4% (now 10%)

e However, the top-Higgs coupling measurement will be
dominated by systematic uncertainties

e There are more challenges in the HL-LHC studies

CERN-LPCC-2018-04

Shuo Han
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(s =14 TeV, 3000 fb™ per experiment

| Total ATLAS and CMS

— Statistical HL-LHC Projection

—— Experimental

—— Theory Uncertainty [%]
Tot Stat Exp Th
KY = | 1.8 08 1.0 1.3
KW — 1.7 0.8 07 1.3
KZ — 15 0.7 06 1.2
Kg — 25 09 08 2.1
Kt — 3.4 09 1.1 341
Kb —] 3.7 1.3 1.3 32
= 1.9 09 08 15
Ku e — 43 38 1.0 1.7
Kz — 198 72 17 64

0 0.2 004 006 008 01 012 0.14
Expected uncertainty

BERKELEY LAB


https://arxiv.org/pdf/1902.00134.pdf

Challenges for future top-Higgs studies »A1LA3

The high pile-up with HL-LHC:
o The ~200 actual interactions per bunch crossing (pile-up) challenges the reconstruction of analysis objects,
for example the vertex efficiency of the H — yy events will be < 60%

e Complicated physics processes:
o The processes like multi-top and di-Higgs are complicated, but they are very unique to measure SM
properties, it's hard to enhance their sensitivities. For example tri-top and four-top are not well distinguished
in the current study

e Large-statistic Monte Carlo
o Huge computing power is required for maintaining the ratio between MC and data statistics with high
luminosities, this is important for the event selection/classifier, modelings and systematic uncertainties
arXiv:2303.10148

more challenges and opportunities

Shuo Han
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https://arxiv.org/abs/2303.10148

Re ca p ATLAS

EXPERTMENT
We discussed why the top-Higgs Yukawa coupling and Higgs CP properties are important
Four studies of the top-Higgs Yukawa coupling and Higgs CP properties
e With on-shell Higgs
o CP and top-Higgs couplings with H — yy PRL 125 (2020) 061802
o STXS measurements with top-Higgs couplings JHEP (arXiv:2207.00348)

e Searches

o H(— yy) + X searches for new t-H sectors JHEP (arXiv:2301.10486 )
e With off-shell Higgs

o Four tops observation - the heaviest final state ever observed EPJC (arXiv:2303.15061)

More challenges and opportunities in LHC Run3 and HL-LHC!

Thanks USTC for hosting the seminar!

~ 0
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)
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backup ATLAS
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The CMS result (2LSS/3L/4L)
oz = 179137 (stat.) ¥27 (syst.) fb

Differences

. . o‘tm/O'tttt 13403

o ouwloth, =1.4+0.1
in agreement with SM  Gglol =132 0.1
CMS has a 4-lepton channel (tiny contribution), lepton channels
are split, ATLAS merged 2LSS/3L channels.
CMS is using multi-class BDT, ATLAS is using GNN
CMS merged tri-top contribution with all the minor top
productions, with a 20% uncertainty.
CMS used data-driven method to estimate the non-prompt
(ttbar) backgrounds, ATLAS used MC ttbar, with profiled
normalizations.
CMS measures four-top, ttW and ttZ simultaneously, ATLAS

measures four-top, ttW and non-prompt (ttbar) simultaneously

Shuo Han o

Events / 0.3 units

Data / Pred.

(CMS-PAS-TOP-22-013)

102} Preliminary Mttt Total unc.
10F E
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0.5 T . T
-1 -0.5 0
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—

T
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-013/index.html

