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How do particles get mass?
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Fundamental question:
If the electron was massless, there would be no stable atoms!

April 30, 2024 Matthias Schroder | Top routes to the Higgs sector 2



° UH
How do particles get mass?
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Interaction with Higgs field ¢ — particle mass
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V(9) = 122 + 1

.
0 §#0

¢

Universe at minimum of V(¢)
Excitation of ¢ around minimum — Higgs boson H (necessary consequence!)
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The Higgs boson

DER FORSCHUNG | DER LEHRE | DER BILDUNG
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Once Higgs-boson mass is known:

Ratio to SM
5
T

All other properties and couplings precisely defined
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001/
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The top-Higgs coupling is special!
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Special: y; = 1 (only ,,natural“ quark mass)

By far the largest Higgs-fermion coupling 15
. . 178
Strong impact on SM physics
e.g. dominant contributions to quantum corrections 176
to the Higgs-boson mass and self-coulping
: o i 174
- O— i S 172
t HII \\H
170
Decides (in part) if the vacuum is stable! 168

The end of the Universe as we know it? o6
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https://www.sciencedirect.com/science/article/pii/S0370269312008611?via%3Dihub

How to measure the top-Higgs coupling?
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t
2?
Indirect H----- Direct
t
Loop-induced single Higgs processes Top quark associated production
ggF production and H — yy decays ttH and tH production
t
Virtual corrections to top quark production A
4t and tt production ~H
t
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Heavy partners of the Higgs bosons?
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Several phenomena not explained by SM, e.g. Dark Matter, matter-antimatter asymmetry
There has to be new physics!

Many models of new physics require extended Higgs sector
= Supersymmetry
= Electroweak baryogenesis

Two Higgs Doublet Model (2HDM) — 5 Higgs bosons: h, H, A, H*/-
Generic model introducing additional Higgs doublet to SM

Important parameters:
= mh, mA, mH, mH+/_

= tanB = V2/V-|
= “Alignment limit” cos(B-a) = 0 — h is SM-like

April 30,2024 Matthias Schroder | Top routes to the Higgs sector 8



The 2HDM and the begin of the Universe
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Matter-antimatter asymmetry of the Universe can
be generated in 2HDM (electroweak baryogenesis) ) , ) - ;

Possible in particular region in 2HDM paramter space 1000 p

900 F

— o ol ]
/ e  Global min. in origin ]
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https://arxiv.org/abs/2208.14466
https://arxiv.org/abs/2208.14466

The 2HDM and the begin of the Universe
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Matter-antimatter asymmetry of the Universe can
be generated in 2HDM (electroweak baryogenesis)

Possible in particular region in 2HDM paramter space
Largely unexplored!

April 30,2024
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https://link.springer.com/article/10.1007/JHEP06(2020)163

The 2HDM and the begin of the Universe
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Matter-antimatter asymmetry of the Universe can

be generated in 2HDM (electroweak baryogenesis) Type-ll: cos(B—a)=0and tanf =15

| /
Possible in particular region in 2HDM paramter space 7001 1)
Largely unexplored! /7
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https://link.springer.com/article/10.1007/JHEP06(2020)163

The 2HDM and the begin of the Universe

DER FORSCHUNG | DER LEHRE | DER BILDUNG

Matter-antimatter asymmetry of the Universe can

be generated in 2HDM (electroweak baryogenesis) Type-li: CIOS(B)— @)=0andtanf=1.5

L

Possible in particular region in 2HDM paramter space 7001 | |
Largely unexplored! 7

:thresholéq/:

H-AZ

Direct access via A — ZH with H — tt
Probes region with large m, and small tanf3

H\\\ t V 5 A S
“smoking gun” signature 5}
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https://link.springer.com/article/10.1007/JHEP06(2020)163
https://arxiv.org/abs/2208.14466

The 2HDM and the begin of the Universe
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Matter-antimatter asymmetry of the Universe can

be generated in 2HDM (electroweak baryogenesis) Type-ll: cos(B—a)=0and tanf =15
| ’
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g : .

7 3001
A (r‘j

X £ o
\ A-HZ
H N ¢ (650, 450) GeV: excess with 2.85c ~ M,

local significance seen by ATLAS —=——
_ 500 700
t Tz TGeV]

April 30,2024 Matthias Schroder | Top routes to the Higgs sector 13


https://link.springer.com/article/10.1007/JHEP06(2020)163
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-02/

Top routes to the Higgs sector
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Top quarks are an excellent tool to probe the Higgs sector

&

Coupling measurement Direct search for
Deviations from SM? heavy Higgs bosons

Examples:

= Measurement of ttH and tH with H — bb

=  Brand-new search for heavy Higgs bosons A — ZH with H — tt
* Will focus here on CMS, but similar results by ATLAS

April 30, 2024 Matthias Schroder | Top routes to the Higgs sector
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Higgs-boson production at the LHC
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ggF: 43.9pb (87 %)

VBF: 3.8 pb (7 %)

VH: 2.3 pb (4 %)

ttH: 0.5pb (1%)

T Total productlon Cross- sectlon 55 pb at13 TeV
“form,=125GeVat13Tev I nggs boson in a billion proton-proton collisions
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https://www.arxiv.org/abs/1610.07922

Higgs-boson production at the LHC
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April 30, 2024

ggF: 43.9pb (87 %)

VBF: 3.8 pb (7 %)

VH: 2.3 pb (4 %)

ttH: 0.5pb (1%)

T Total productlon Cross- sectlon 55 pb at13 TeV
“form,=125GeVat13Tev I nggs boson in a billion proton-proton collisions
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https://www.arxiv.org/abs/1610.07922

N UH
Higgs-boson decay channels
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Branching ratios for m, =125 GeV in the Standard Model

WW* (21.9 %)

gg (8.3%)

el

T (6.2 %)
N c (2.9 %)
27 (27%)
v (023 %), Zv (0.15 %), e (0.02 %)

e
~

bb (57.8 %)
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Higgs-boson candidate events
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H — yy candidate ttH with H — bb candidate

MS Experiment.atithe LHé CERN

Haaso T j B q Data recordéd: 2017-Oct-29 19:22:01.746752 GMT
W2~ | Rdn/Event/LS: 305840/1047490792 / 575

(4

All detector components needed in Higgs analyses
Very different signatures depending on the production and decay modes

April 30,2024 Matthias Schroder | Top routes to the Higgs sector 20
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Coupling measurement
Deviations from SM?

Measurement of ttH and tH production with H — bb
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ttH measurements at the LHC
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ttH production: direct probe of top-Higgs coupling t

Small production cross section: 0.5 pb at 13 TeV ' "

Multitude of possible final states with many and different objects

tt decay channels Higgs boson decay channels

H — bb

=
>

Independent observation by
ATLAS and CMS in 2018,

H—> WW*/77/2Z"

<. IS combining several channels
P— — ) =
‘multi-lepton analysis’ o é
H— vy
lepton: electron, muon
H—ZZ* — 4/
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https://www.arxiv.org/abs/1610.07922
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-035/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-13/

ttH measurements at the LHC: status today
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channel W= ﬁ significance add. results
H b5 ATLAS 0351_832 1.00 (2.7 exp STXS, CP [JHEP 06 (2022) 097] [arXiv:2303.05974, subm. to PLB]
%
CMS 0331_8%2 1.30 (4.1 exp. STXS, CP [CMS-PAS-HIG-19-011]
H e ATLAS O58t8§g [ATLAS-CONF-2019-045]
— TT
CMS 0.92t8'_%§ 4.70 (5.2 exp [Eur. Phys. J. C 81 (2021) 378] [JHEP 07 (2023) 092]
H ATLAS l.43t8:§2 5.20 (4.4 exp. STXS, CP [Phys. Rev. Lett. 125 (2020) 061802 ] [JHEP 07 (2023) 088 ]
Y
CMS 1381—838 6.60 (4.7 exp STXS, CP [Phys. Rev. Lett. 125 (2020) 061801] [JHEP 07 (2021) 027]
H 77+ Al ATLAS 1.7f1'z [Eur. Phys. J. C 80 (2020) 957]
— — '
CMS 0171_8?? [Eur. Phys. J. C 81 (2021) 488]

ttH results with full Run-2 dataset in (almost) all channels

Major improvements in analysis methods & extended interpretations

April 30,2024
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ttH with H — yy
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CMS 137 b (13 TeV)
> T T 17T | T TTT | T TTT | T T TT | T TTT | T T TT | T TTT | T T T1TT]
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(0} S - B 10 30;\ /é e
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= N ; 301 ] :
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D 30r 0051152253354 4557
o ]
; ~ ttH ]
= 2 -2 But tiny rate: limited by statistical uncertainties
. : 5
= T i I.IL
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-013/

ttH with H — bb
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Benefit from large H — bb branching ratio of 58 %

But challenging final state: t )
= Many jets: no unambiguous event reconstruction H o @
» Q
= Large (irreducible) background due to tt+jets production <E -

with large uncertainties i

b

A A g t §
&
o
-
>
= Q.

tt+bb t

(10-20 x signal)

Myp
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ttH with H — bb
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Benefit from large H — bb branching ratio of 58 %

Here: latest CMS result with 138 fb1 of data at 13 TeV

Fully hadronic (FH) 45% QCD, tt+jets
Single lepton (SL) 30% tt+jets
Dilepton (DL) 5% tt+jets

Leptons: e or u (no explicit t reconstruction or veto)

April 30,2024 Matthias Schroder | Top routes to the Higgs sector

t
H < b
&
t
b
0 t
tt+bb t

(10-20 x signal)

leugis

punoJdydeq
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-011/index.html

N UH
Analysis strategy
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0 leptons 1 lepton 2 leptons
>7 jets, 24 b-tags >6 jets, 24 b-tags 5 jets, =4 b-tags >4 jets, =3 b-tags
0
l multi-class multi-class multi-class %
ANN ANN ANN b
L)
g g v IR bbbl e
2] %)
g g g g = = g
A RS RS EREE SIEEE SlEE =
(0] [0} [0}
N g 2 |1=|| 2 =5 =] 2 || =]

M) (&

D Distribution in template fit, event yield (Y), ANN output (O), likelihood ratio of ANN outputs (R)

binary ANN
-—

‘ «—| {tt+C |-

[B binary ANN 7jets
) [ |-

@ binary ANN 8 jets

E—

‘4— tt+2b [«
=<— t+C |-
[<]— wLF |+
@4— tHg |-
a

B—_
—[ we
‘4— tt+LF
@ binary ANN
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Analysis strategy
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0 leptons 1 lepton 2 leptons
>7 jets, 24 b-tags =6 jets, 24 b-tags 5 jets, >4 b-tags >4 jets, =23 b-tags
l l l multi-class multi-class multi-class %
ANN ANN ANN b
L)
A= ] £ T 5 7 1 38T ¢ !__!_I_!_! -
gllellelz|lel: 2
RN S 28 Ly S 5 L (| 2
%éwg“gifﬁgifii SIEZ||2 = EZ|Z]~
P z P P4
zZ z Z z 1. Control
> > = > .
£ £ £ £ regions to
constrain
Y|l Y|lY Yl Y||lY Y || Y
L] [ &MEMEE K OMMEE B MEE) background

D Distribution in template fit, event yield (Y), ANN output (O), likelihood ratio of ANN outputs (R)

2. Signal regions to separate
signal from background
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Final discriminant observable
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Events

Events/bkg

CMIS I?rel{minary

415" (13 TeV)
—

10¢ - FH SL mQcD  @tis mic @t @t (DL Prefit
ttv V+jets  [tly BYY B@tHwW
10° [ =4 b-tags =4 b-tags tHq —ttH -s-Data Syst =3 b-tags
7 jets 8 jets =9 jets 5 jets =6 jets 3jets =4 jets
4
10 tiLF, tC, tt2b cats. tHLF, tC, tt2b cats. tiLF, ttC cats.
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2017 discriminant bins
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-011/index.html
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tt+bb difficult to model and to measure

“)
o

= Complex multi-parton final state
=  Multiple, very different scales (bb, tt)

= Simulations typically underpredict cross section
by =20-30%

)

April 30, 2024 Matthias Schroder | Top routes to the Higgs sector 30


https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-22-009/
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tt+bb difficult to model and to measure

“)
o

= Complex multi-parton final state
=  Multiple, very different scales (bb, tt)

= Simulations typically underpredict cross section
by =20-30%

)

Different approaches to simulate events include:
= tt ME at NLO + PS g — bb splitting (5FS)
= ttbb ME at NLO (4FS)

ME: matrix element, PS: parton shower, FS: flavour scheme

April 30, 2024 Matthias Schroder | Top routes to the Higgs sector 31


https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-22-009/
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tt+bb difficult to model and to measure

“)
o

= Complex multi-parton final state
= Multiple, very different scales (bb, tt)

= Simulations typically underpredict cross section
by =20-30%

)

Different approaches to simulate events include:
= tt ME at NLO + PS g — bb splitting (5FS)
= ttbb ME at NLO (4FS)

ME: matrix eleﬁi’c, PS: parton shower, FS: flavour scheme

expect better description of kinematics
and better defined uncertainties

April 30, 2024 Matthias Schroder | Top routes to the Higgs sector 32


https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-22-009/

DER FORSCHUNG | DER LEHRE | DER BILDUNG

UH
tt+bb baCkgrou nd Universitdat Hamburg

Study together with ATLAS ttH(bb) team

%)

nit

~—— ATLAS PP8 tibb —
— CMS PP8 tibb
— ATLAS PP8 it
—— CMS PP8 tt

tt+bb difficult to model and to measure

0.25F

0.2

Arbitrary U

= Complex multi-parton final state
=  Multiple, very different scales (bb, tt)

= Simulations typically underpredict cross section 005
by =20-30%

0.15F
ATLAS + CMS
Generator Level
Vs=13 TeV, = 4b, = 4j
Dilepton channel

llllllllllllllllllllllll

-

Ratio to PP8
ATLAS tt+bb
[N O
EEREE TEREENS;

o

T~ ttbb 4FS

Different approaches to simulate events include:

= ttbb ME at NLO (4FS)

ME: matrix element, PS: parton shower, FS: flavour scheme

expect better description of kinematics
and better defined uncertainties
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https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-22-009/
https://arxiv.org/abs/2301.11670

DER FORSCHUNG | DER LEHRE | DER BILDUNG

UH
tt+bb baCkgrou nd Universitdat Hamburg

Study together with ATLAS ttH(bb) team

tt+bb difficult to model and to measure Soast Ausis
= Complex multi-parton final state : °'2§:=== Tt
=  Multiple, very different scales (bb, tt) o:: - e :
= Simulations typically underpredict cross section oosE- T P
by ~20-30% [ OO/ s I
+ MU T

Different approaches to simulate events include: s tob 4FS

T T T
SL (=6 jets, =4 b-!ags) e dgaa — signal x 25
i

Events /(bin width)

= ttbb ME at NLO (4FS)

ME: matrix element, PS: parton shower, FS: flavour scheme

] Div
Ota v WHW (sm)

—

expect better description of kinematics
and better defined uncertainties

1500
42 E4 4 4400000 "0t 0 eraes, IR
=

+ E Ll
T T gz L ¥
el ]
)3 i U -
0 05 T 75 B 35 3 05 i 75 B
(am (bb) ) { An(bb) )
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https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-22-009/
https://arxiv.org/abs/2301.11670
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Study together with ATLAS ttH(bb) team

tt+bb difficult to model and to measure S oas. e
= Complex multi-parton final state g L “ommer
0.15— —
= Multiple, very different scales (bb, tt) E 1 arasseows
: : : i - I S
= Simulations typically underpredict cross section 00sE- I
by =20-30% SIS b —— S
2812k N 3
%Z _= _'__._""—o—_'_ :
— . g 00 ttbb 4FS
Major improvement in background model: 05/ TS
tt+bb background from new state-of-the-art e e

Powheg ttbb 4FS simulation
= Improved description of jet kinematics

O Oiv
OtHasm) W (sm)

Events /(bin width)

= Embedded into Powheg tt 5FS sample to
cover full phase space o e ==
. . . ‘33 EA 4*‘¢ ..... Ssetieterasens s thatg s ;2% . -
= Overall tt+bb normalisation freely-floating "‘at % <\ "
’ < ‘ " i o ow) anm
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https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-22-009/
https://link.springer.com/article/10.1140/epjc/s10052-018-5956-0
https://arxiv.org/abs/2301.11670

tt+bb background
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Careful scruntiny of NN input variables, incl. GoF tests

Model flexibility extensively validated with pseudo experiments

mean value == RMS

ttB component in pseudo data Hitp ttB norm

ttC norm

tt+bb cross section in toy data increased by 20%  1.01 £0.09

1.01 £0.18

ttbb sample, ttB x 1.2 1.03£0.32 1.21 +0.15

1.01 £0.18

tt+bb in toy data from different generator :0.30 1.03 £0.11

0.77 £0.18

tt sample, ttB x 1.2 1.06 £0.32 1.18£0.12

0.85+0.20

Modelling uncertainties

= Freely-floating norm.

= Lgsrscale

= PSscale (ISR/FSR)

= Collinear gluon-splitting
=  ME-PS matching

= PDF

Injected signal strength (1.0) and background normalisation (1.2) recovered

April 30, 2024 Matthias Schroder | Top routes to the Higgs sector
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Final discriminant

DER FORSCHUNG | DER LEHRE | DER BILDUNG

415" (13 TeV)
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7 jets 8 jets =9 jets 5 jets =6 jets 3jets =4 jets
4
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2017 discriminant bins
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-011/index.html
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4157 (13 TeV)
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Results: ttH production with H — bb
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CMS Preliminary 138 b (13 TeV)
| T T T T | T T T T | T
u tot stat syst
| +0.49 4025 +0.42
HlH 084 46 025 -039
| +0.33  +0.21 +0.25
HIBH | 0.46 35 021 026
| +0.41  +0.31 +0.26
O 023 L4 031 020
1042 +0.25 +0.33
HHH, 049 L4 025 -032
1038 +0.24 +0.29
HEH 032 37 024 -028
+0.34  +0.21 +0.27
HEB 023 34 021 -027
1026 +017 021 | |
H 033 2 016 -021
| | | | | | | | | | | |
0 o 10
u = o/og,

CMS Preliminary 138fb" (13 TeV)
c 20T T A B =
O [ ¢ expected 192%
© observed o
.8 18 4 pg=0.33 = <
b | #tB normalisation=1.19
£ | — ema tt+bb background
= 1.6
-- 95%CL .
2 | 1.19 x larger than prefit
o 14 ] =
= 1
I 9.6
1.2 ]
] 7.2
1.0~ ks
I "' 4.8
og- U ] 24
a L P A I T N IS Y N AN SO ST S S N |
%879 -0.5 0.0 0.5 1.0 1.5 0.0
MiH

ttH signal strength py=0.33 +/-0.26
SM compatibility p-value: 2%
Agreement with ATLAS result: 0.35939
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Results: tH production with H — bb
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Dedicated analysis categories targeting tH events

tH production: o = 90fb

Upper limit of 14.6 obs. (19.3*2:3 exp.) x SM
tH production at 95% CL
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Coupling interpretation

DER FORSCHUNG | DER LEHRE | DER BILDUNG

ttH and tH cross-sections depend differently on top-Higgs coupling

~N CMS Preliminary 138fb~" (13 TeV)
>10-0““\““\““\““ BN IO ] = =]

X I ¢ expected

r observed
730 4 k=059
H i Ky = 1.40

5.0 — 68% CL
[ - 95% CLESS—

i

g t

tH: 3.40 k2 + 3.56 k> — 5.96 KK,
(diagrams interfere)

Simultaneoulsy floating ttH and tH contributions e
. . . .o 1090 45 40 05 00 05 10 15,
—s constraints on k,and «y (including relative sign!) @
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CP interpretation
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CP-odd component in top-Higgs interaction?

In principle allowed at tree level!

my _
A(Htt) = — 74”:

(v

_|_

1K Y5

)

CP-even/CP-odd Yukawa coupling

(SM Kt = 1, Kt = O)

— can modify ttH and tH rates and kinematics

differently

Simultaneoulsy floating ttH and tH contributions
— constraints on CP-odd top-Higgs coupling i,

April 30, 2024

Matthias Schroder | Top routes to the Higgs sector

138fb-1 (13 TeV)
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Beyond inclusive measurements
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>
p,(H)

New physics might modify kinematics — measure differentially!
(“Simplified Template Cross Section®, STXS)
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Beyond inclusive measurements
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>
p,(H)

New physics might modify kinematics — measure differentially!
(“Simplified Template Cross Section®, STXS)
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ttH production in bins of p;(H)
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ttH production in bins of p;(H)
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[0, 60]

[60, 120]

[120, 200]

[200, 300]

[300, [
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CMS Preliminary 138 fb (13 TeV)
I I | I I I I I I I | I
u tot  stat  syst Sensitivity still limited but interesting for
§ .90 4124 +1.44 future measurements and combination with
——a——— 023 75 5, o7
| other channels
135 +1.00 +0.91
S 0.06 jr1.39 jr1.00 jr0.96
+0.95 +0.69 +0.65
o 114 g6 069 -052
+0.89  +0.65 +0.60
- 0.19 g0 jro.65 -0.62
1.01  +0.80 +0.61
e -1.20 jr1.05 jro.78 -0.71
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0 5 10
u = 0/ag,,
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ttH production in bins of p;(H)

CMS Preliminary 138 fb (13 TeV)
I | I I I I | I I I | I
u tot  stat  syst Sensitivity still limited but interesting for
| 4190 +124 +1.44 future measurements and combination with
[0,60[| +——=——— 023 575 524 o7
| other channels
[60,120[ | ~—=—+ 006 Y 5 T
0.95 0.69 +0.65
[120, 200[ o 1.14 jro.ses jLo.69 jr0.52 New physics
[200,300[ | w019 Ty T O
| +1.01  +0.80 +0.61 “ H
[300, o[ | H—m— -1.20 -1.05 -0.78 j—o_71 \ Pr(F)
| | | | | | | | | | | |
0 5 10 Effects from heavy particles could show up here
~_ A Interesting for EFT interpretations
w = 0/0g,,
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Direct search for
heavy Higgs bosons

Search for heavy Higgs bosons A — ZH with H — tt



Search for A —» ZH with H — tt
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Model-independent search for narrow resonances A and H in ttZ final state
Inspired by 2HDM “smoking gun” signature

AN t Brand new
‘< analysis of 138 fb™ of 13 TeV data

First CMS result in this final state
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Search for A —» ZH with H — tt
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Model-independent search for narrow resonances A and H in ttZ final state
Inspired by 2HDM “smoking gun” signature

leptons (e or )

7
A
I;\‘ t Brand new
‘< all jets analysis of 138 fb of 13 TeV data
First CMS result in this final state

t
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Search for A —» ZH with H — tt
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Model-independent search for narrow resonances A and H in ttZ final state
Inspired by 2HDM “smoking gun” signature

=

A e

prz: from lepton 4-momenta

(tt system from jet 4-momenta)

April 30,2024
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events/bin/100 fb~

Sensitive observables

My = My= = 800 GeV, M, = 500 GeV My = My = 800 GeV, M, = 500 GeV
— S
1500 _ 2 — Si1
=]
S 150t
100+ g
'% 100+
5
>
50 b
501
0 100 200 300 400 500 100 200 300 400 500 600 700
Prz [GCV] Am [GCV]

prz: kinematic edge
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Final observable
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Example signal distribution for (mA, mH) = (1000, 600) GeV
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Final observable
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Example signal distribution for (mA, mH) = (1000, 600) GeV

3 CMS Simulation Preliminary = 0-50
g 16007 138 b1 (13 TeV) 1 1.00 |
< 1 1.50
1400} 1 2.00 |
0 J'_'l 1 250
100 e 1200¢ 3.00 |
— ]
1000}
800}
10—2 | | | |
600}
. . . 007
2D (Am, pr) distribution — 1D
’ 2001
Binning specific for each mass hypothesis ‘ ‘ ‘
200 400 600 800
VA
pr (GeV)
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Signal regions

A / A z Yan
H\\ k
CR-nj-2b-SB <

CR-nj-1b-SB

>2 b-tags | CR-nj-2b-SB

1b-tag | CR-nj-1b-SB

Control regions

0 b-tags CR-nj-0b  |+—

— Z/y+jets

>

<MzE5 GeV m

with n = 5 or 26 jets
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tt and Z/y+jets background modelling
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Shape from simulation + normalisation from fit to data

CMS Preliminary 138 fb~! (13 TeV)
C T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘
tt background o] (ma, my) = (1000, 350) GeV (ee + up channel), post-fit
; ¢ Data 7/, Total uncertainty mm Z/y + HF /vy
£ 108— Sig. (0.0£0.1fb) W + jets tt ttw
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104 ° . > ]
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tt and Z/y+jets background modelling
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Shape from simulation + normalisation from fit to data

tt background

= Powheg tt NLO simulation

= Post-fit normalisation 0.82—0.94 £ 0.1*
(relative to NNLO+NNLL prediction)

Z[y+jets background

* Exact value depending on signal mass hypothesis
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138 fb~! (13 TeV)

T T T { T T T T { T T T T { T T T T { T T T T {
000, 350) GeV (ee + pp channel), post-fit

7/, Total uncertainty mm Z/y + HF vy

W + jets tt tw

Zly +LF ttz single t

CR-6j-1b-SB | CR-6j-2b-SB | CR-5{-1b-SB | CR-5/-2b-SB

. . i I L R N
15 20 25 30 35
(p% x Am) bin number
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tt and Z/y+jets background modelling

Shape from simulation + normalisation from fit to data

CMS Preliminary
T T T T { T T T T { T
tt background 5 (i) =1
. . =~ ¢ Data
=  Powheg tt NLO simulation £ 10— Si.(00:0.1)
C|>) -= Sig. pre-fit (25 fb)
L

=  Post-fit normalisation 0.82—0.94+0.1*

CR-6j-0b CR-51-00

(relative to NNLO+NNLL prediction) 10%7
Z/y+jets background 10"
= MadGraph Z/y + < 4 jets LO simulation 100

+ NLO EWK+QCD corrections in p1(Z/y)
= 40% norm. uncert. on Z/y + b/c jets component

i i i 12—

= Z/y+b/c post-fit normalisation =1.4 £ 0.1* T
PR et e

* Exact value depending on signal mass hypothesis ,j>jo,80" - é ‘ ‘110‘
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Results: A — ZH with H — tt
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Various (m,, my) hypotheses tested: for each, fit across all signal + control regions

CMS Preliminary 138 fo~' (13 TeV) CMS Preliminary 138 fo~! (13 TeV)
c — — = — —
o) [ (m‘A, mpy) = (1000, 356) GeV JEE + Wy channel), post-fit a [ (m‘A, my) = (1000, ssb) GeV aee + Py channel), post-fit
; 106]- ¢ Data 77, Totaluncertainty —mm Z/y +HF  mm VW | ; 106} ¢ Data 77, Total uncertainty WMl Z/y + HF W vV
e — Sig. (0.0:0.1 fb) W + jets tt ftw € — Sig. (17.0+8.0 fb) W +jets tt ttw
“>-’ —-= Sig. pre-fit (25 fb) Z/ly + LF [74 single t g ——Sig. pre-fit (25 fb) Z/y + LF tiz single t
L 10tk L | - .
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102|-
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1072
o121 T 512 : —_
g | It 2 [t L. }
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5 1.0¢ a ¥y { Y7 (3 i T
5 :[ g ]
208 Chg . . . M
w0 w0 5 10 15 20

(p% x Am) bin number (p% x Am) bin number

No significant excess above the background observed
Largest fluctuation: 2.1c local significance for (m,, my) = (1000, 850) GeV
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Upper limits on signal production rate
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Model-independent limits on narrow resonance A — ZH production in ttZ final state

CMS Preliminary 138 fb™! (13 TeV) CMS Preliminary 138 fb™! (13 TeV)
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2HDM interpretation
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2HDM interpretation
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138 tb~! (13 TeV)
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Excess at (650,450) seen
by ATLAS not confirmed
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2HDM interpretation
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Type-ll: cos(B—a) =0 and tanf=1.5

=10 reliminary 138 fb~! (13 TeV)
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Higgs sector plays a key role in the Universe

= Mass generation of fundamental particles
= Origin of matter-antimatter asymmetry?
Still unknown territory for large parts

Top quarks are an excellent tool to explore the Higgs sector!
= Measurement of the top-Higgs coupling
= Direct search for additional Higgs bosons

So far, the Higgs sector looks SM-like...
but LHC Run 3 at full swing + more than 90% of all (HL-)LHC

data yet to come

Our top route into the Higgs sector has just started!
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Additional material
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Top routes to the Higgs sector
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A journey from the begin to the end of the Universe

In the standard model (SM) of particle physics, the Higgs boson is deeply related to the mechanism that creates the masses of
elementary particles and, as such, has very characteristic properties, which are different from any other known particle. While
the experimental results so far are consistent with a SM nature of the Higgs boson, it might well be part of an extended Higgs
sector, which is predicted in many beyond-the-SM (BSM) scenarios that address mysteries the SM cannot explain. The large
data samples collected at the CERN Large Hadron Collider (LHC), together with new analysis techniques, allow measurements
of the Higgs boson properties at unprecedented precision as well as direct searches for additional Higgs bosons with highest
reach. The results play a crucial role in probing the SM and provide a unique window to potential BSM effects.

The coupling of the Higgs boson to the heaviest known quark, the top quark, is particularly exciting because it is large and,
therefore, it plays a special role in the SM or possible BSM physics. In the presentation, | will discuss different techniques to
explore the Higgs sector using top quarks, and | will highlight two recent results: a measurement of Higgs boson production in
association with top quarks (ttH and tH production), which provide direct probes of the top-Higgs coupling, in the bb decay
channel of the Higgs boson; and a brand-new search for heavy additional Higgs bosons decaying to a Z boson and a top quark-
antiquark pair (ttZ final state). The search accesses a mostly unexplored part of the Two Higgs Double Model (2HDM)

parameter space that is relevant in models of baryogenesis and could explain the matter-antimatter asymmetry in the
Universe.
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The Standard Model Higgs sector
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Gauge interaction
W/Z boson masses

L = |Duo|® — V(9) + yrpgab

Higgs potential Yukawa interaction
symmetry breaking fermion masses

Special, unlike anything we have seen before!
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Is the vacuum stable?
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Where do we stand?
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After Run 1
Properties (mass) with high precision
Decays to bosons established

~25 fb? ~140 fb?
7TV 8TeV 13 Tev

OE | EEIEED
A
‘ Higgs boson discovery

First new partilce at the LHC!

250 — 300 fb*

13.6 TeV

2022 | 2023 | 2024 | 2025

Today T

First results with Run-3 data & Run-2 ,legacy results”
Increasingly differential measurements
Couplings at unprecedented precision

| Couplings to 3rd generation fermions established

First observation of Yukawa interactions
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Delivered luminosity
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300 ‘ ‘ ‘ ‘
CMS = 2010,7TeV,450pb™
— 2011,7 TeV, 6.1 fo'
250 — 2012, 8 TeV, 23.3 fb™' j’ .
m— 2015, 13 TeV, 4.3 fo™'
200l 2016, 13 TeV, 41.6 fo! |

2017,13 TeV, 49.8 fb™
2018,13 TeV, 67.9 fo™
2022, 13.6 TeV, 42.0 fb™ i
2023,13.6 TeV, 31.4 fb™

Total integrated luminosity (fb™)
= o
o o

O
o
T

.~ —

\\ \\ \\ \\ \\ \\ \ \\ \\ \ \\ \ \\
\5'6 \5'& \5’6 )\yb» ,\5‘6 \5’6 \56 \5’6 ,\5’2} ,\5‘6 ,\5‘3 ,\56 \5’6

Date (UTC)
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SILICON TRACKER
Pixels (100 x 150 um?)
~1im*  ~66M channels

Microstrips (80-180um)

pixels ~200m? ~9.6M channels
e e CRYSTAL ELECTROMAGNETIC
Tracker CALORIMETER (ECAL)
ECAL ~76k scintillating PbWO, crystals
HCAL
Solenoid / PRESHOWER
Steel Yoke ~ Siioon s
Muornse k4 ~16m¢  ~137k channels
.-///
/
STEEL RETURN YOKE
~13000 tonnes
SUPERCONDUCTING | g
SOLENOID / i
Niobium-titanium coil L
carrying ~18000 A / 7% FORWARD
CALORIMETER
Ve Steel + quartz fibres
HADRON CALORIMETER (HCAL, ~2k channels
Total weight : 14000 tonnes Brass + plastic scintillator ¢ ) MUON CHAMBERS
Overall diameter :15.0m ~7k channels Barrel: 250 Drift Tube & 480 Resistive Plate Chambers
Overall length :28.7m Endcaps: 468 Cathode Strip & 432 Resistive Plate Chambers
Magnetic field :38T
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tt and ttbb samples
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tt sample ttbb sample
POWHEG version Powheg v2 Powheg-Box—Res
PYTHIA version 8.230 8.230
Flavour scheme 5 4
PDF set NNPDEF3.1 NNPDEF3.1
m; 172.5GeV 172.5 GeV
My 0 4.75 GeV
UR \/% (m%t -+ m%f) %\/mT,t sy - M), - My
HE KR 3 [mT,t + My + My + Mg+ mT,g}
Ndamp 1.379 - m, 1.379 - m,
Tune CP5 CP5
April 30,2024 Matthias Schroder | Top routes to the Higgs sector 7
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Analysis strategy in FH channel
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Training region Control region Signal region
>80% QCD: use data as QCD Derive expected shape of ANN Apply QCD ANN shape from
bkg. events in ANN training output distribution for QCD CR and fit normalisation
I I I S . Il I I N
s l
Analysis region 1= £ I
I o I
L - s -
S
2 9
= 4
Validation region 2 Medium 3 Medium . QCD-bkg estimation as before
Based on my; of pair of non-b- =4Loose  =dlLoose = Discriminant (ANN) shape from CR
tagged jets with mj; closest to .
W-boson mass = Transfered to SR via TFyee

= (Closure test in data in VR
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QCD-background estimation
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In CR: AN NQCD = AN Ndata - ANNnon—QCD bkg. (from MC) — Shape Of ANN diStribution
= Normalisation in SR freely-floating in final fit

— Independently per N, category and year: 9 QCD normalisation parameters

[ Multijet Pl sional ¢ Data =
A

H
43 [cr] [cr] [sR] [sR] =4
2 Medium 3 Medium =4 Medi
_}_ =4 Loose =4 Loose edium

~— T

Difference between data QCD distribution is QCD normalisation is

and simulated background transferred to SR determined in fit to data
in CR is taken as QCD

- Simulated backgrounds

(dominated by tt + Jets)

Side-band Central
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Systematic uncertainties
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Source Type Correlation  Remarks

Renorm. /fact. scales R correlated  Scale uncertainty of (N)NLO prediction, indepen-
dent for ttH, tHq, tHW, tt, t, V+ets, VV

PDF+ag (g8) R correlated PDF uncertainty for gg initiated processes, inde-
pendent for ttH, tHq, tHW, and others

PDF+«g (qQ) R correlated ~ PDF uncertainty of qq initiated processes
(ttW,W,Z) except tHq

PDF+ag (qg) R correlated ~ PDF uncertainty of qg initiated processes (single
t) except tHW

Collinear gluon splitting’ S correlated  Additional 100% rate uncertainty on tt 4 2b com-
ponent of ttB background

HR scale S correlated ~ Renormalisation scale uncertainty of the ME gen-
erator, independent for ttH, tHq, tHW, ttB (ttbb
sample), other tt (tt sample)

U scale S correlated  Factorisation scale uncertainty of the ME gener-
ator, independent for ttH, tHq, tHW, ttB (ttbb
sample), other tt (tt sample)

PDF shape S correlated ~ From NNPDF variations, independent for tHq,
tHW, ttB (ttbb sample), other tt (tt sample) and
ttH

PS scale ISR* S correlated  Initial state radiation uncertainty of the PS

April 30,2024

(PYTHIA), independent for ttH, ttB (ttbb sam-
ple), other tt (tt sample)

Matthias Schroder | Top routes to the Higgs sector

PS scale FSR*

ME-PS matching (tt)

Underlying event (tt)

STXS migration
STXS acceptance

Integrated luminosity
Lepton ID/Iso (2 sources)
Trigger efficiency (4 sources)
L1 prefiring correction
Pileup

Jet energy scale (11 sources)
Jet energy resolution

b tag bkg. contam. (2 sources)
b tag bkg. contam. stat. (4 sources)
b tag charm (2 sources)

TFjo0se COTrection

Size of the MC samples

=

W v v Ve nuuuun"d " T

correlated

correlated

correlated

correlated
correlated

partially
uncorrelated
uncorrelated
uncorrelated
correlated

partially
uncorrelated

partially
uncorrelated
partially

uncorrelated

uncorrelated

Final state radiation uncertainty of the PS
(PYTHIA), independent for ttH, ttB (ttbb sam-
ple), other tt (tt sample)

NLO ME-PS matching (for tt + jets events), inde-
pendent for ttB, ttC, ttLF

Underlying event (for all tt + jets events)

Signal, only in STXS measurement
Signal, only in STXS measurement

Signal and all backgrounds
Signal and all backgrounds
Signal and all backgrounds
Signal and all backgrounds
Signal and all backgrounds

Signal, tt + jets and single t
Signal, tt + jets and single t
Signal and all backgrounds
Signal and all backgrounds
Signal and all backgrounds

QCD background estimate

Statistical uncertainty of signal and background
prediction due to limited sample size
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Systematic uncertainties
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—— Fit constraint (obs.)

Fit constraint (exp.)

— +1o Impact (obs.)

+1o Impact (exp.)

CMS Preliminary

Collinear gluon splitting

ttB normalisation

PS scale ISR (tiB)

QCD normalisation (= 9 jets, 2018)
QCD normalisation (= 9 jets, 2017)
QCD normalisation (= 9 jets, 2016)
QCD normalisation (8 jets, 2018)
Jet energy scale (1)

ME-PS matching (tiLF)

MC stat. (1)

QCD normalisation (8 jets, 2017)
Jet energy scale (2)

QCD normalisation (7 jets, 2017)
QCD normalisation (8 jets, 2016)
Underlying event (tf)

Oin (renorm./fact. scales)

MC stat. (2)

MC stat. (3)

QCD normalisation (7 jets, 2018)

Jet energy scale (3)

Matthias Schroder | Top routes to the Higgs sector

-1o Impact (ex

— -1o Impact (obs.)

S
=
=]
)

0.9875009

-4 0 1

®

- 6,)/ A8

-0.1

Al

0.1

—
—
—
e
—
L
L
—
—
—
—
—
—
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Uncertainties

UH
s
L2 Universitdt Hamburg

DER FORSCHUNG | DER LEHRE | DER BILDUNG

Uncertainty source

Ay (observed)

Apgy (expected)

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  40.13/ —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
April 30,2024

Sensitivity limited by systematic uncertainties

Jet energy calibration & b-tagging

tt+bb modelling uncertainties

Size of simulated event samples
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Are the ANN inputs well-modelled? PN et vamourg
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( FH SL DL A
- .
:$1: %23 Supervised learning with simulated data:
Al -+ -+ Al - Al b
1etieii| relyon MCsimulation of observables and their correlations
MEM matrix element method discriminant v v v vV
BLR b tagging likelihood ratio discriminant v
in (124 b tagging likelihood ratio discrimi v v
pr(?) pr of second leading jet, ranked in py v . - 7
WP ot | Arethe ANN input variables well modelled?
pr(’) pr of seventh leading jet, ranked in py v
pr(b') pr of i, i =14, leading b-tagged jet, ranked in py. v —
(i) jof ith, i =1-2, leading jet, ranked in b tagging discriminant value v v v
(dy ()} average b tagging discriminant value of all jets v v
(dy (b)) average b tagging discriminant value of all b-tagged jets VS
43 (j) third highest b tagging discriminant value of all jets v v
Var(dy (j)) variance of b tagging discriminant values of all jets v v
(AR(bb)) average of AR between two b-tagged jets v
(AR()) average of AR between two jets v v
min AR(jj) minimum of AR between two jets v v v
max AR(j)  maximum of AR between two jets v vV
(Ay(bb)) average of Ay between two b-tagged jets v v I n put
(i) average of Ay between two jets v v v vy .
(m(b)) average invariant mass of all b-tagged jets s variables
(m(j)) average invariant mass of all jets v v —
m(bbyy, ag)  invariant mass of pair of b-tagged jets closest in AR oY .
(i ar)  invariant mass of pair of jet and b-tagged jet closest in AR v St t tt H .
M5 cey) invariant mass of pair of jets with mass closest to 125 GeV v ra egy I n M
m(bb,,,,)  maximum invariant mass of pairs of b-tagged jets v v v v . . . .
PP ittt it ‘ Goodness-of-fit test for all variables and pairs of variables
(pr(G)) average pr of all jets v v
(pr(b)) average py of all b-tagged jets v v
pr(bboinar)  pr of pair of b-tagged jets closest in AR v v
Prlimnar)  Pr of pair of jets closest in AR v
P1(ibminag)  Pr of pair of jet and b-tagged jet closest in AR v
Hy(j) scalar sum of py of all jets v v
Hy(b) scalar sum of py of all b-tagged jets v v v
N(j) number of jets v H . H . . l
N o i g ‘ Key aspect in many machine-learning applications at the LHC!
dy(blep")" b tagging discriminant value of b jet from t quark decay from tHW s
reconstruction . . . . . .
QU0 ofghquar e om g reconsrcion o Different to many industry applications where labelled data is available
m(tier ! inv. mass of leptonically decaying t quark from tH reconstruction v v
BDT'* reconstruction BDT output for tHq, ttH, tf hypotheses v v
AS event aplanarity and sphericity [76] v v
HFW i, i =0-5, Fox-Wolfram moment [77] v v H h o2 d | h H
HIW/HEW  ratio of Fox-Wolfram moments, i =1-4 v v v 1as SC roaer Top rOUtes to t S nggs SeCtor 77
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Background validation A versiss b
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_ cms F’?"f"(’ﬁf}" S —— 138 fl‘{ ‘(1‘3‘T9V) CMS Preliminary 138 b (13 TeV) cms p,e/,mma,y 138 fb! (13 TeV) cMms Preliminary 138 fb (13 TeV)
$ DL (24 jets, = 3 b-tags) . data .NLF g "'SL (= 6 jets, = 4 b-tags) . data [ELF EI sL6 ]els L4 b tag s) "da\a ‘ -‘“LF " § "E'SL(6jels, > 4 b-tags) o data -nLF
H Postfit -:‘C [ 2 10l Postfit Wic B £ 1oL Postfit Wic Wi : [ Postfit Wic Wi
s e Orv S =0 Oiv = | Div g 1 [°8 Osv
2 Dvsets  Esignal 2 10 [signal  [JVe+iets g 0 Msinal [vsiets 2 Msignal  [JVeets
g OtHa sv)  EHW (sW) 2 WtHw sM) [JtHq (sm) g W (sM) [JtHg (sm) g w W (sM) [JtHq (M)
w

10°

10

1

107
15 E 15F 15 E s E
e F ] o F o F | o F 3
o= F ] J2 F . . £ ) 1 42 E s ¢ ]

g= . . g o e Y CIPN PLIPY g F ® * g Y .

s T -~ v g5 EEe SrevtTere i areetytegagatitess o eestes %,'u“v“%‘#‘.w-.‘ Setere v,"‘“wu“;f gz " M eyt =
s 3 s s 1 e E E
(= = 05k 3 osE 3
05 1 15 2 25 3 03 0% 05 06 07 08 09 0T 05 04 05 08 07 08 05 1 50 100 150 200 250 300 350 400 450 500
min AR (bb) & MEM p(H) (GeV)

Post-fit background model obtained from main analysis fit to data
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Limits on tH production
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2016

2017

2018

DL

SL

Combined
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CMS Preliminary 138fb~1 (13 TeV)

T T T I T T T I T T I T T T I T T T I T
¢ observed --- expected
mm +1 SD expected +2 SD expected

Men =1
48.07338
48.1

30.2+348
16.5

31.2+15°
31.4

49.2+219
27.5

27,0145
25.0

19.3:2%
14.6

0 20 40 60 80 100

95% CL limit on py
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ttH and tH cross sections vs. CP mixing angle
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ttX, and t-channel tX,, atthe LHC13

NLO inclusive cross section tXO

gluon fusion @ SM rate (5, =1, K 4, =2/3) ttX,
107 ]

Y, - .
L=- _«ltz_#)t(caHHtt + 180K 44 V5 )"/)tXO

.......

OnLo [f]

MadGraphS_aMC@NLO

0° 30° 60° 90° 120° 150° 180°
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CP interpretation
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CP-odd component in top-Higgs interaction?

In principle allowed at tree level!

my _
A(Htt) = — 71/)’:

(v

_|_

1K Y5

)

CP-even/CP-odd Yukawa coupling

(SM Kt = 1, Kt = O)

— can modify ttH and tH rates and kinematics

differently

Simultaneoulsy floating ttH and tH contributions
— constraints on CP-odd top-Higgs coupling «;

April 30,2024

-2 Alog(L)

5 CMS Preliminary
L T ‘ T L ‘ L T { T L

138fb~" (13 TeV)
T T T N T T T T T T T T

|

. —— observed
‘ ......... expected

g

LN

I
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%20

|
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Higgs-boson self-coupling
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ttH production sensitive to Higgs-boson self-coupling Is the vacuum stable?

— related to shape of Higgs potential

Q0 ———
H

A - H
iy

1.30 —

1.20 ¢
110 |

1.00

BSM/SM

0.60 |
0.50 |
0.40 .
030 L
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tiH
13 TeV LHC

9 QQQQQ/—<——=<—

0.90 |
0.80 |
0.70 f

Differential measurements even more

Eg;o — stringent test of Standard Model!
Kg=-10 ——
. . . i — STXS measurement first step in this direction
0 100 200 300 400 500
pr(H) [GeV]
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Higgs-boson self-coupling
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ttH production sensitive to Higgs-boson self-coupling

— related to shape of Higgs potential Is the vacuum stable?
Q0 ——>— !
H |
A - H
_ 1'7C|IV|SIF’Irel/;miII7arlyl e I13|8flb'1l(13IT<laV) H |
“ L Observed — single-H comb. 9 QQOQQ0 ) —<=+—"—=— 7
1.6F Ky = Kpy =1 — HH comb. ]
[ single-H and HH comb. ]
1.51 ¢ Best fit value 3
F — 68% CL (o)
1.4F e _\---‘95%CL (20) _
1 .3 i_ l",'” “‘\“ _;
1.2F ]
"o Run-2 combination of single-H measurements
0oF E (some inclusive, some STXS)
%t 1 Less sensitive than HH but powerful constraints on «;
g s 15
Ky

April 30,2024 Matthias Schroder | Top routes to the Higgs sector 83


https://link.springer.com/article/10.1140/epjc/s10052-017-5410-8
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-006/index.html

UH
FOEWPT Universitdat Hamburg

DER FORSCHUNG | DER LEHRE | DER BILDUNG

= First order EWK phase transition required to
generate the observed matter-antimatter

ToT
asymmetr V(. T) >T :
y y /:i‘lw < YT
¢
V((P»T) T= Tc V((p T) T= Tc
B ¢ 0
Ve | 1o T'T,
N ¢ ( V(e.T) i
? ‘ [0
(a) (b)

Figure 2. Variations of the effective potential with temper-
ature in the case of (a) first- and (b) second-order phase
transitions.
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A — ZH with H — tt production
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Type Il 2HDM, tan(B)=1, mH=2oo GeV Type Il 2HDM, tan(B)=1, m = 600GeV
< ! ' ' - —7 T 1 ' ' '
o C 2 o C "
o0 C ] o0 P ]

107F E 107'F E

i — g*_V; ﬁb i i a

i _ﬁ — tt . B ]

102 —A S = 1072 E
107 E 107 E
107 : ——— 107 ) ' '
3x102 10° 3x10%2  4x10% 5x10?
m, [GeV] m,, [GeV]
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A — ZH with H — tt production
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Type Il 2HDM, tan(pB)=1

o A boson production P LA

o Possible via ggA and ttA O, '
I

o o = gsu X factor approx. < > E  goof
— ggA only relevant channel 7005_
[Phys.Rept. 516 (2012) 1] E
o Approximation in alignment limit for 6001
small tan 3 i
) 500F
1.7 570GeV \ ™ C
o —A)~ b C
(P A) = — 3 ( o ) P 400F
[JHEPO9 (2018) 151] 300:_

o SM tt + Z production: o = 0.86 pb - o .

[Eur Phys.J.C 79 (2019) 3] 20056300200 500 600 700 800 900
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m, [GeV]

HZ) BR{(H — ff) [pb]
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A — ZH,H — ttin the 2HDM
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Valid in all 2HDM types

CMS Preliminary .
3.5 | L ‘ L ‘ L ‘ T \_\ T ‘-\
A-sZH-> It %

2HDM (Type-Il), ma = 600 GeV, my = 400 GeV
Excluded at 95% L

138 o' (13 TeV)

T T T

tanf

3.0

T

--- Median e>=pected
| |

[ Observeds
!-

.
—- Ir - 25%

Att coupling o< cos(a)/sin(p)

Sensitive in alignment limit
+— AZH coupling o< sin(B-a)
{  AZh, HVV (Hhh) o< cos(B-a.)
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