To the Higgs and beyond

Hamburg International Summer School
14 — 25 July 2025

Katharina Behr

HELMHOLTZ CLUSTER OF EXCELLENCE ATLAS

QUANTUM UNIVERSE EXPERIMENT



Outline

Part 1: The vacuum is not empty
— The Higgs boson in the Standard Model

— Characterization of the Higgs boson since its discovery

Part 2: What is the fingerprint of the vacuum? CUTE VP57 FAES AN, CAEDS 3 o K (R IR

N B )\ |
— Unravelling the Higgs potential Lo f
— i i d t ’f - % % * il e \\\H ( I
Higgs boson pair production - “ e
gl = e \\§ \\‘ i
— Extra: Triple Higgs production ;%}" N Bl
Outlook: the future of the LHC and beyond : Mﬂi\\%
Part 3: Is there even more to the vacuum? h jé s R
%h 2 !-
— Extended Higgs sectors H" @ /
H i EX3)
— Extra: news from the ttbar threshold ’
— Long-lived particles and the Higgs A

DESY. Katharina Behr Page 2



Outline

Part 1: The vacuum is not empty
— The Higgs boson in the Standard Model

— Characterization of the Higgs boson since its discovery
Part 2: What is the fingerprint of the vacuum?

— Unravelling the Higgs potential

: \
K ‘ 1)

|

— Higgs boson pair production 1 1

— Extra: Triple Higgs production (';_L_;l

— Outlook: the future of the LHC and beyond % “
Part 3: Is there even more to the vacuum? h :%4]

- Extended Higgs sectors H* f

— Extra: news from the ttbar threshold ) _

— Long-lived particles and the Higgs A "

DESY. Katharina Behr Page 3



Many questions, many possible answers!

DESY

Open questions in the SM:

Unification of all forces?
Gravity?

Hierarchy problem?

Nature of DM?
Matter-antimatter imbalance?
Strong CP problem?

Flavour anomalies?

Muon g-27?

Katharina Behr

Beyond SM theories:

Composite Higgs
Axions

Leptoquarks

Extended Higgs sector
Supersymmetry

Extra dimensions
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Many questions, many possible answers!

Open questions in the SM: Beyond SM theories:
Unification of all forces? Composite Higgs
Gravity? Axions

Hierarchy problem? ‘” Leptoquarks
Nature of DM? ¥ Extended Higgs sector

= S

Strong CP problem? Extra dimensions

Matter-antimatter imbalance? Supersymmetry

Flavour anomalies?

Muon g-27?
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Why look for more Higgs bosons?

Supersymmetry: predicts a second Higgs doublet

Axion DM models: require at least one more Higgs doublet or Higgs triplet

Additional sources of CP violation in the Higgs sector: possible with another Higgs doublet

The 125 GeV Higgs boson could just
be the first of its kind.

hSM
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Constraints from existing measurements (1)

Higgs sector cannot be extended arbitrarily...

... heed to ensure that BSM theory predictions do not contradict existing measurements

P parameter constraints
— p depends on structure of Higgs sector
* p=1inSM

* Value confirmed in measurements

— BSM model with multiple Higgs doublets:

— For example: SU(2) doubletswithY =+ 1
* Yields p = 1!

DESY Katharina Behr

p

M3,

M? cos? Oy

p:

2

n
1=1

no o 1vy2,,.
Zi:wY@:%

I(I+1)=5

3

Y2

Page 7



Constraints from existing measurements (2)

Higgs sector cannot be extended arbitrarily...

... heed to ensure that BSM theory predictions do not contradict existing measurements

P parameter constraints Standard Model FCNC
Constraints flavour changing neutral currents

— FCNCs are absent in the SM at tree-level

— Never observed in precision measurements Beyond—the—SM FCNC

— Extended Higgs sectors must not introduce (significant) FCNCs S
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Constraints from existing measurements (3)

Higgs sector cannot be extended arbitrarily...

... heed to ensure that BSM theory predictions do not contradict existing measurements

P parameter constraints
Constraints flavour changing neutral currents

Unitarity constraints

— Amplitudes for self-scattering of longitudinal vector bosons ViVi — Vi V;

must not violate unitarity

— SM Higgs sector regularises these scattering amplitudes
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Two-Higgs-Doublet Models (2HDMSs)

> Two complex scalar SU(2) doublets with Y = +1

> Focus on CP conserving case with softly broken Z2symmetry

More details in this nice lecture
by M. Muhlleitner [link]

> Most general scalar potential

V = m%old 2 P! 2 (Pt f M o(ata ) 4 22 (&
= m} @101 + mBBL®s — my (@10 + B0y ) + T (0]@) + 2 (@l

\ 2 2
+ N3]0 DI D, + N D] D, DI Dy + 75 {(‘I}J{Q)Q) + ((I)gq)l) } ;

2
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> Most general scalar potential
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> 8 real parameters: Mai, M2z, Mi2, A1, A2, A3, A4, As

> 2 VEVs:

DESY

) and <c1>2>(

Katharina Behr

@)= (

S o
Sk o
N—

Page 11


https://www.itp.kit.edu/~rauch/Teaching/WS1415_BSMHiggs/bsm.pdf

2HDM: particle content

8 real fields
®+

3 fields provide longitudinal degrees of freedom for W, Z ¢, = ( va+bf—|-éna ) ; a=1,2
V2

5 Higgs fields after EWSB:

2 scalars, 1 pseudoscalar, 2 charged

SM H*
SMH H 2HDM
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2HDM: parameters

8 real parameters: mi, My, Mi2, A1, Az, Az, Az, As
Re-parameterise potential in terms of 8 “physical’ parameters:

= Mh, My, Ma, My, tanf, cos(B-a), M.

o
tanﬁ:%

o H-h mixing angle

Scale of soft Z
symmetry breaking
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2HDM: parameters

> Constraints from precision measurements of 125 GeV boson

— Couplings to fermions and limits on invisible decays o ;’;‘f;{, o ?TLAS )
> Alignment limit cos(3-a) = 0 favoured . E:: :5/ oL fs-oTov, 203"
- Assume lighter scalar h is the 125 GeV boson o 1O
with SM couplings S 10f :::::::::: s"g‘:::::
9990900 1 920 \N 000
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2HDM: Yukawa structure

> No FCNC - each type of fermion couples to only one of the doublets (Z2 symmetry)

> Four Yukawa coupling scenarios:

Model Up quarks Down quarks Leptons
Type I D, D, P,
LTS"PE I i ‘%’E df’l ‘? 1 SUSY models
Lepton-specific &b D~ D
Flipped &, D, P

> Type-Il 2HDM:

— Up quark coupling ~ 1/tanf3

— Down quark / lepton coupling: tanf3
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Searching for extra neutral Higgs bosons

> Dominant production: loop induced gluon fusion
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Searching for extra neutral Higgs bosons

> Dominant production: loop induced gluon fusion

I

> Decay modes depend on: mas, tanf A/H Qup ~ 1/tanf3
S Jawlep ~ taN

tanp = 1.5, cos(3-a) = 0.01
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Searching for extra neutral Higgs bosons

> Dominant production: loop induced gluon fusion

> Decay modes depend on: muu, tan3

>

BR(H — XX)

tanp = 1.5, cos(3-a) = 0.01

1&I|.-l-:-l|'lll|ll'||"}.'h|hhhhhlhh#h-h:
0 — tt E

_ 5 B :

B _ gg _.-b i
| Rt E
CWEW \ 1
102 3
C “% -

i B i

150 200 250 300 350 400 450 500 550 600

my (GeV)

Katharina Behr

150 200 250 300 350 400 450 500 550 600

>-<

tanp3 = 7, cos(p-a) = 0.01

= _ \ -
i H ,af"-—-
- ’ tt =
4+ - s
T T z
- ! T e—
N ! i
- 1 .
i hh i

my (GeV)

Jue ~ 1/tanf
Jawep ~ tan3

Page 18



Example: hMSSM

> Minimal supersymmetric model

— Higgs-sector: type-1l 2HDM

— SUSY particles assumed to be heavy

> Only 2 free parameters: ma, tanf3

September 2022
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Main uncovered region at high ma, low tanf3:

Preferential A/H coupling to ttbar!
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[ gg/ob H/A, H/A — 1t
139 fo!
Phys. Rev. Lett. 125 (2020) 051801

| o) HH > v, 36.1 b

JHEP 09 (2018) 139
[ b(b) H/A, HA > bb
27.8 fo'!
Phys. Rev. D 102 (2020) 032004
O H - ZZ — 4livy, 139 b
Eur. Phys. J. C 81 (2021) 332
A = Zh, h > bb, 139 fb
arXiv:2207.00230
[ tl) H, H' > tb, 139 fb”
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COH->WW > iviv,36.1 10"
Eur. Phys. J. C 78 (2018) 24
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ATLAS-CONF-2021-052
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ATLAS-CONF-2022-008
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The challenge: interference

Why is the search in the high-mass, low-tanf3 region so complicated?
Signal: loop induced resonant production of heavy scalar H or pseudoscalar A from gluons

— Similar to SM Higgs production but mam > 2*myep

1
1 =
~—
1 *©
1
t I
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The challenge: interference

> Why is the search in the high-mass, low-tan3 region so complicated?
> Signal: loop induced resonant production of heavy scalar H or pseudoscalar A from gluons
— Similar to SM Higgs production but mam > 2*myep

> Main, irreducible background: top quark pair production via the strong force

q t
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The challenge: interference

Why is the search in the high-mass, low-tanf3 region so complicated?
Signal: loop induced resonant production of heavy scalar H or pseudoscalar A from gluons
— Similar to SM Higgs production but mam > 2*myep

Main, irreducible background: top quark pair production via the strong force (mostly from gluons)
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The challenge: interference

Many challenges compared to bump hunts

— Interference pattern highly model dependent — many simulations needed!

% : T T I. 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 :
g 4000— (s =8TeV, 20.3 fb -
= - 600GeV A->tt+Interf .
‘qc: 3000 tanf=0.4, m =100GeV -
L|>J - sin6=0.0 ]
2000— sin6=0.5 =

- sing=1/V2 ]

1000 =

300 400 500 600 700 800 900 1000
mgarton [GeV]
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The challenge: interference

Many challenges compared to bump hunts

Interference pattern highly model dependent — many simulations needed!

Very complex patterns, especially if there is more than one new particle

Event count

Variable of interest

DESY Katharina Behr
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The challenge: interference

Many challenges compared to bump hunts

— Interference pattern highly model dependent — many simulations needed!

— Very complex patterns, especially if there is more than one new particle

— Detector effects “wash out” details of pattern

Simulated pattern without

'0? detector effects, all events
> T — — — —
8 C  ATLAS ISimulation | | | ]
o - Vs=13TeV, 140 fb™ — tanB=04 .
g 150~ A — fi, m, = 500 GeV —tanp=1.0 -
% E Parton level, no selection L :g:g z ;j E
S 100 .
[ B ]
50/ —
i | i i
Or LLL::‘_I_,JJT,/— i
~50F ,.JJIFH/ —
1 1 I 1 I 1 | 1 | '_I 1 1 1 1 I 1 1 1 1 I I 1 1 1
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The challenge: interference

DESY

Many challenges compared to bump hunts

Interference pattern highly model dependent — many simulations needed!

Very complex patterns, especially if there is more than one new particle

Detector effects “wash out” details of pattern

Risk to miss narrow patterns

* Peak and dip in the same bin cancel out

Statistical interpretation

ATLAS Simulation
\s=8TeV, 20.3 fb’

Parton level; before selection_g
m, =500 GeV, tanf =2.00 -3

L, 18
8 2§——§+|
S15E
§0.5§—
L 05
-0.5F

—1E
—15F
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Events

The advantage: interference JHEP 08 (2024) 013

Strong model dependence of interference pattern allows to characterise potential new particle(s)

— Fingerprint that carries information about particle properties

<10’ .
~  ATLAS |Simulation Prleliminary | 7 % 12000 — ATLlAS Simulation I|3reliminary i
- Vs=13TeV, 140" S tan B=0. 1 > - (s=13TeV,1401b" — tan B=0. .
1505 o1 oot 3 qo000- 71 —amosetmp-os
[ Parton level, no selection L ggg gsg E: E - ;:j i 8000— Parton level, no selection L ggg ggg EZ: g - ;j = Larger tan B
100 [ Pseudo-scalar A T E Scalar H E
B i 6000 — .
ol A . 4000 = H . Smaller total width
- - I 2000 — — l
0 B . o—== 5 —n -
- ij i - L“Ff' . Narrower pattern
50 - | vk | -
PSS S NSRS T WA el ST S SRR S AN S S S S N SRR o | | | | | I L L | ! | I | I
300 400 500 600 700 800 400 600 800 1000
mtl%eforeFSR [GeV] mtl%eforeFSR [GeV]
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Search strategy

> Two orthogonal sets of regions: 1L (e or u) + 2L (e*e, ey, U

Jets from
W-boson

Neutrino b-Jet
1L Resolved

DESY Katharina Behr
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Neutrino

2L
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Search strategy

> Two orthogonal sets of regions: 1L (e or u) + 2L (e*e, ey, U

> 2L channel: my, as proxy for Mipar

Jets from
W-boson

Neutrino b-Jet
1L Resolved

DESY
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JHEP 08 (2024) 013

t—- Wb

b-jet

b-jet close to
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- =

Neutrino

_ e/u
Neutrino

2L
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Search strategy

> Two orthogonal sets of regions: 1L (e or y) + 2L (e*e’, ey, PW) t Wb

> 2L channel: my, as proxy for Mipar

> 1L channel: reconstruct full ttbar system, mia

JHEP 08 (2024) 013

* Resolved: small-R jets assigned via x?algorithm, ==1 or = 2 b-tagged

Jets from
W-boson

Neutrino b-Jet
1L Resolved
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Search strategy JHEP 08 (2024) 013

Two orthogonal sets of regions: 1L (e or y) + 2L (e*e’, ey, P*Y) t - Wb

2L channel: my, as proxy for Mipar
1L channel: reconstruct full ttbar system, Mipar

* Resolved: small-R jets assigned via x?algorithm, ==1 or = 2 b-tagged

* Merged: large-R jet to reconstruct hadronic top-quark decay

b-jet

Top jet with 3-prong
Jets from b-jet close to substructure
W-boson e/u

b-jet close to
elu

—_ =
Neutrino

b-Jet Neutrino e/u

Neutrino Neutrino

1L Merged 2L

o
|OW thop high prDP
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It's all about spins! JHEP 08 (2024) 013

Signal: s-channel production in pure spin-singlet state (isotropy!) q‘\ /p
Background: a mixture of production modes and spin states y‘ .
. 5

Angular variables to distinguish between signal and background

x T T 1T T 1 | 1T T 1 | 1T T 1T _] g

D _ t ! t
3(8 1.0 — SM

3 —}— A resonance
—Io 08 —— H resonance

t — bly

At

lII|III|I

4
o
1
o
o
o
o
o
()
—
o

cosO*
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It’s all about spins!

> Signal: s-channel production in pure spin-singlet state (isotropy!)

> Background: a mixture of production modes and spin states

> Angular variables to distinguish between signal and background

DESY

Events
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Background processes JHEP 08 (2024) 013

> Dominant and irreducible background from SM ttbar production 16 signal regions after angular binning

(regions shown here not split into
angular bins for simplicity)

. . ott O W-+jets
ATLAS Simulation B Multiiet @ Single top
(s=13 TeV. [ Z+jets [ Diboson
T Jtt+V  mtt+H
A/H — it — (A
1L Merged 1L Resolved 2b

2L

94.7%
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do/dpr [pb/GeV]

Background processes JHEP 08 (2024) 013

> Dominant and irreducible background from SM ttbar production 16 signal regions after angular binning

« Correct NLO Powheg+Pythia MC to NNLO-QCD+NLO-EW (regions shown here not split into

angular bins for simplicity)
* Via iterative reweighting in m(ttbar), p+(t), pr(tbar)

. . ott [ W+jets
ATLAS Simulation m Multijet mmSingle top
s=13 TeV. ItZ?ﬂ'e‘!/tS Iti%ib’cglson
A/H — tt i+ mti+
Il Fakes
10! |t LHC13, LUXQED QCD — 1 10" b tt, LHC13, LUXQED QCD —
10°F - QCDxEW — 4 100k QCDxEW — 3 1L Merged 1L Resolved 2b
1 F - ; E = 3
107 F - I ) -1f
—oF - 10 F - E
107 F - . O . LF -
102 f — : 8 10 F — 1
1074 — L ? ] i :
10°f — 1 S 107 F — 1
10°F — > 8 10°F — 1
10_; 3 —_ 5 10°F - .
10 N I N B PP B v 10_7-....|....|....|....|....|....
1.2 [ total unc. wm PDF unc. scale unc. mm  Feww—— 1.4 | totalunc. mm PDF unc. scale unc. mm =
F QCDSEW e ] 1.2 FQCD<EW — E
1} D ——— 2L
0.8 F 08 F — z
. E (QCD<EW)/QCD ] 1.02F - (QCD<EW)/QCD E 94.7%
o q____\_»__ ] N
F —— 1
09F —_— - _
08f — ] 0.98 |- e .
0_7:—....|....|....|....|....|....—' 0'96'_....|....|.. T T srererrs.
0 500 1000 1500 2000 2500 3000 0 1000 2000 3000 4000 5000 6000
PT.avt [GeV] m(tf) [GeV]
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Statistical analysis without interference

> Simple likelihood parameterisation in terms of signal strength

u-S + B

> Linear dependence on POl =

> Standard LHC profile likelihood test statistic

-~

~ L(p,60(p))
M= e

> p-value scan to determine upper limits on |

DESY

Events / 10 GeV

JHEP 08 (2024) 013

f e S ATLAS Simulation

rfrrrrrrrrrrrrro .. |11

\s=8TeV, 20.3 fb! -

Parton level; before selection_:
m, = 500 GeV, tan$ = 0.68

SIS T [T SN T T T T S TN T NN T T W NSNS N A
300 400 500 600 700 800

m, [GeV]

p value

0.8
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0.4

0.2

+ Observed CLs

------- Expected CLs - Median
- Expected GLs = 1o
|:| Expected CLs £ 2 o
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Statistical analysis with interference

> Extend likelihood to include interference term

m-S+Ju-I+B=Wu- \/ﬁ)+ \/ﬁ-l(S +I]+B

> Quadratic dependence on POI = v

DESY

* Interference shape changes with POI
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Events / 10 GeV

Events/ 10 GeV

JHEP 08 (2024) 013
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- .2 ATLAS Simulation ]
6F \s =8 TeV, 20.3 fo" E
4F Parton level; before selection 3
m, = 500 GeV, tanf = 0.68
2 - —
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Statistical analysis with interference JHEP 08 (2024) 013

L L L L L e e
f mmS ATLAS Simulation ]
\s=8TeV, 20.3 fb' E
Parton level; before selection
m, = 500 GeV, tan$ = 0.68

> Extend likelihood to include interference term

m-S+Ju-I+B=Wu- \/ﬁ)+ \/ﬁ-l(S +I]+B

Events / 10 GeV
o N A O (00}
|

> Quadratic dependence on POl =V _25

* Interference shape changes with POI

ST T T T [N TN T T T [N TN TR TN N [T T T T O [N T O T N MR
300 400 500 600 700 800

* Local minima can appear in CLs scan \ m; [GeV]
* Upper limits not well defined! BT T

] =
a° _4E ATLAS =
c F Vs =13TeV, 140 b :

-2 2HDM 700 GeV tanB=1.4
B o) SV E
_af =
5 ----Expected =
- —-x1o =
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= i — Observed -
e ‘: E
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Search stage

JHEP 08 (2024) 013

> Tested agreement between data and S+1+B hypotheses with masses [400,1400] GeV and widths [1,40]%

> Most significant deviation from SM-only (2.3c local);: ma = 800 GeV, ['A/ma = 10% and Vp = 4.0

Events / 50 GeV

Ratio to Bkg.

10*

1L Merged
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1OBEEATLAS ¢ Data [t _§‘
- V(s=13TeV, 140fo" [[JW+jets IlMultiet 3
107 & A/H — fi, 1-lepton [l Single top [ Z+jets —
= Merged P . 3
E Postfit [ Others 772 Uncertainty E
10° = In the lower panel: =
= m,=500GeV, tanB=2.4 x5 3
5[ — m,=800GeV, tan=0.4 7
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AH — i, 1-lepton [l Single top [ Z+jets
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1C0s6"1£0.2 [ Others  ’7/ Uncertainty
Post-fit In the lower panel:

— m,=500GeV, tanB=2.4 x 5
— m;=800GeV, tanf=0.4
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tan B

Constraints on relevant benchmark models: hMSSM JHEP 08 (2024) 013

> Strongest constraints on my at lowest value of tanf3 = 1.0

May 2024
60 ' [ gg/bb H/A, H/A — 1t
; 139 o™
o Phys. Rev. Lett. 125 (2020) 051801
',' [ tb) H, H — tv,36.1 fb” 50
J = JHEP 09 (2018) 139 o Y- I I I I I I I I I
% [ b(b) H/A, H/A — bb c
Ry a 27.8 b 8 4.5 H ATLAS ’ _
o Phys. Rev. D 102 (2020) 032004 _ -
- Hy—> ZZ - 4llivv, 139 b \/g =13 TeVs 140 fb
1 A Zh b b, 130 4.0 hMSSM, A/H — it |
10 — ; I ] JHEP 06 (2023) 016 A
o~ L —{ 0 o) H' H' > tb, 139 fb” 3.5 Observed 95% CL exclusion |
-~ — JHEP 06 (2021) 145
ATLAS Preliminary | B3 H—Ww - viv, 139 b 3.0 Expected 95% CL exclusion
o . . — ATLAS-CONF-2022-066
3} hMSSM, 95% CL limits | gy W07 0000 (+10 and +20)
4 Run 2, Vs=13TeV N 126 - 139 fp”' 25N
3 — Observed . :]'Xivr231lﬁ-159?6 | b Exclude ma < 950 GeV
====h couplings [, K, K4
--- Expected 364 139 1o 20 for tanB =10 .
2 \ \ = arXiv:2402.05742
~~~~~ ot [ ttH/A, HA - tt, 139 1o 15E i
ATLAS-CONF-2024-002 " ~‘~\
) 9o WA HA st 140807 | e N Sal Tl
1 L 1 S MY N | I - i 3 4SS0 a» a» a» a» a» e q ﬂ- ---------- >~ = = - - —
200 300 400 1000 2000 T s .
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Coupling constraints for a single (pseudo)scalar

O
> Upper limit on coupling to top quarks for a fixed width
> *“Island” due to local minima in likelihood scan
Pseudoscalar ‘ Scalar H
~ 25 ‘ : ‘
S
2.0
1.5
1.0
0.5 B i i 0.5 “ Observed 95% CL exclusion |
M. ettt Expected 95% CL exclusion ' sssss EXpected 95% CL exclusion
“““ (10 and +20) (10 and +20)
0.0 ZZEI Ty >Ftota| (unphy3|cal) _ 0.0 ZZEI Ty >Ftota| (unphy3|cal) _
400 500 600 700 800 900 1000 1100 1200 1300 1400 400 500 600 700 800 900 1000 1100 1200 1300 1400
Ma [GeV] My [GeV]
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Extra: ALPs coupling to top quarks

> Interference searches sensitive to axion-like particles (ALPs) at the GeV scale

> Key difference compared to heavy Higgs bosons: direct gluon coupling!

Events (normalised)

DESY

o - n w - w

|
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|
o

-
=]
@

Different interference pattern!

M. Rodrigues, KB
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glll\llIlllllll||IIW|IWII]I\II]I\II

Ma =
] cG=
I CcG=

CG=

CG =

CG =
3 cG=

750 [GeV] e
0.2; CaPhi=05
0.2: CaPhi=1.0
0.2; CaPhi=15
0.5; CaPhi =05 —
0.5; CaPhi=1.0 |
0.5; CaPhi=15__]

4

lII\lILIlIIIlIlIIlJllJII

1
400

1
600

1
800

1
1200

7200 1600
myi [GeV)

Katharina Behr

|
|
o !
|
|
|
) ~

9

Unique for ALPs!

Related work:
Jeppe et al: DESY-24-059
Carra et al: PRD 104 (2021) 9, 092005
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> Assume cz =0

Extra: ALPs coupling to top quarks

> Constraints from heavy-Higgs search directly translate to constraints on c; !
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>

Esser et al, JHEP 10 (2024) 164
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Ratio to background

Ratio to background
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A little twist ...

> Similar analysis by CMS but more optimised for low-my than high-my region

CMS-PAS-HIG-22-013

> QObserve > 50 deviation of the data from the prediction in the ttbar threshold region (m« < 400 GeV)

Postfit (BG + A/H)

—— A(365, 2%), ga=0.75+0.03 —— H(365, 2%), gy = 0.0 = 0.27
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What if extra bosons are light?

New (pseudo)scalar states with mass < 125 GeV constrained but not excluded by LEP etc.

Motivation especially for light pseudoscalars:

* Extended Higgs sector models fix

* ALPs g L a//< P/x
Exotic Higgs decays: hi»s — aa , "';\ F'/x
Detector signatures depend on <

* Mass ma. (- Yukawa coupling to SM fermions) f'/x

- h125 -~ aa - 4b
- h125 e aa e 4”

* Couplings to BSM patrticles, e.g. DM
- h125 - aa - 4b

* Lifetime of a

DESY Katharina Behr
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Example: pseudoscalar mediator to DM

Mediat
@w»‘ Simplified model

DESY

m, [GeV]

102;'

105

2HDM+a, Dirac DM, sin6 = 0.35, tanp =1, g = ,m=my=m,=12TeV

LIS 2L L) SeTemen STLTSTeRs HensUeve Zer. | ELELELE ISTrerrs aerene SEey

|

ATLAS Preliminary

Is=8TeV, 20.3 fo
fs=13TeV, 36.1 - 139 fiy!

N B A |

1’03
m, [GeV]

10 10°
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= ET"*+h(bb), 139 fb”
JHEP 11 (2021) 209

— h—invisible, 139 b

arxiv:2301.10731

— h—aa—pptr, 20.3 b

PRD 92 (2015) 052002

— h—aa—pppp, 36.1 o’
JHEP 06 (2018) 166

— h—aa—uupu, 139 b

JHEP 03 (2022) 041

h—aa—>bbbb, 36.1 fb™

JHEP 10 (2018) 031

— h—aa—bbup, 139 b

PRD 105 (2022) 012006
— Observed Relic Qh?=0.12
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Example: pseudoscalar mediator to DM

Mediator a ‘
——

DESY

2HDM+a

m, [GeV]

102 H

Invisible mediator
decays to DM

Extended model:

2HDM+a, Dirac DM, sin® = 0.35, tanf = 1, g, = 1, m,=my=m,= 1.2 TeV

T T

ATLAS Preliminary

s=8TeV,20.3fb" h
Vs =13 TeV, 36.1 - 139 fiy: "]
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m, [GeV]

— E/"*+h(bb), 139 fb'
JHEP 11 (2021) 209

— h—invisible, 139 fb™

arxiv:2301.10731

— h—aa—uurr, 20.3 b

PRD 92 (2015) 052002
h—aa—ppup, 36.1 fb
JHEP 06 (2018) 166

— h—aa—uupy, 139 fb

JHEP 03 (2022) 041

h—aa—bbbb, 36.1 fb™

JHEP 10 (2018) 031

— h—aa—bbuy, 139 b’
PRD 105 (2022) 012006

— Observed Relic Qh®=0.12
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Example: pseudoscalar mediator to DM

Mediator a ‘
——

DESY

m, [GeV]

Extended model:
2HDM+a

2HDM+a, Dirac DM, sin® = 0.35, tanf = 1, g, = 1, m,=my=m,= 1.2 TeV

T T

ATLAS Preliminary

fs=28TeV,20.3 0" h
Vs =13 TeV, 36.1 - 139 fiy: "]
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m, [GeV]

— E/"*+h(bb), 139 fb'
JHEP 11 (2021) 209

— h—invisible, 139 fb™

arxiv:2301.10731

— h—aa—uurr, 20.3 b

PRD 92 (2015) 052002
h—aa—ppup, 36.1 fb
JHEP 06 (2018) 166

— h—aa—uupy, 139 fb

JHEP 03 (2022) 041

h—aa—bbbb, 36.1 fb™

JHEP 10 (2018) 031

— h—aa—bbuy, 139 b’
PRD 105 (2022) 012006

— Observed Relic Qh®=0.12
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Example: pseudoscalar mediator to DM

Mediator a
——

J/Psi and Upsilon resonances
- resonant background, difficult
to model, large uncertainties

f/x
! N IR
g a\\< f//X

F'/x
DESY

Extended model:

2HDM+a

m, [GeV]

2HDM+a, Dirac DM, sin® = 0.35, tanf = 1, g, = 1, m,=my=m,= 1.2 TeV

B9 ESPEIT LX EANTS LS L) SESTTa: (STLInerevl Revie v Zev. RLELE:
L

3
107 ATLAS Preliminary

s=8TeV,20.3fb" h
Vs =13 TeV, 36.1 - 139 fiy: "]

m, [GeV]
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— E/"*+h(bb), 139 fb'
JHEP 11 (2021) 209

h—invisible, 139 fb!

arxiv:2301.10731

— h—aa—uurr, 20.3 b

PRD 92 (2015) 052002

h—aa—ppup, 36.1 fb

JHEP 06 (2018) 166

— h—aa—uupy, 139 fb

JHEP 03 (2022) 041

h—aa—bbbb, 36.1 fb™

JHEP 10 (2018) 031

— h—aa—bbuy, 139 b’
PRD 105 (2022) 012006

— Observed Relic Qh®=0.12
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Long-lived particles

Exotic decay products (a, S, ...) of the Higgs could be long-lived
Proper lifetime ct of order mm to m — decay not at interaction point but inside detector volume
Wealth of possible detector signatures: displaced tracks, trackless jets, displaced muons, ...

* Not captured by standard particle identification algorithms!

A . < :
h=a R\ ' o v ) '
S ! O 1 - ] °
o 1 v ' £ 1 o~
_Q 1 ] o 1 = ' =
Sli\: & g -
1 1 1 > ] -
o , , £ ' n ' [
= 3
= \ S . 5 ' o
> 2 N\ © : £ :
I ! 1 1
ol © o : :
w E ! g ! ' ! T?‘wﬁc -jaihte‘d tracks
ﬁ g : g : : : are invisible to
el 5. ' "
1 1 1 1
: ' ; '
1 1 1
L : : > f 2
. http://atlas.ch
ct=>5cm, <By>~30 distance
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Long-lived particles

Exotic decay products (a, S, ...) of the Higgs could be long-lived
Proper lifetime ct of order mm to m — decay not at interaction point but inside detector volume
Wealth of possible detector signatures: displaced tracks, trackless jets, displaced muons, ...

* Not captured by standard particle identification algorithms!

CMS Experiment at the LHC, CERN
l,,-_ Data recorded: 2018-Aug-06 20:55:09.982700 GMT

I Run/Event /LS: 320917 / 2808532235 / 1776

>

1 1 o 1
=l ¢ &8 > =
— O L] - 1 .
i R £ D=
< : : g : = : 2
ol: \« E 2 g
1 1 b 1 [
1 0 1 1 o
Q- ol -\O 1 E 1 g 1
1 5T ' %] 1 £ 1
fU Al | m ] 1 1
o la 5 : :
g x ! ' :
R : :
al 5 . :
: : : :
] 1 1
: : : - >
ct=5cm, <By>~30 distance
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Long-lived particles

Exotic decay products (a, S, ...) of the Higgs could be long-lived
Proper lifetime ct of order mm to m — decay not at interaction point but inside detector volume
Wealth of possible detector signatures: displaced tracks, trackless jets, displaced muons, ...

* Not captured by standard particle identification algorithms!

disappearing or
displaced kinked tracks
multitrack vertices ' )
non-pointing

il

. . . . ~ .=~ (converted) photons
>sA ' ' £ ' S ' \\ v
=) 1 1 2 1 mM 1 mez
o ' 8 ' - ' ° AD y
pye— 1 v 1 £ 1 o~ P % Taa
<1 " o : @ S displaced leptons; / i emerging jets
g ' 1 2 ' o ' 3 lepton-jets, or —
E : : g ] E\ : g lepton pairs

1 1 b 1 1

=) o o

: Q: o = . = ' :
o = n , v : £ : ! trackless,
o g Lo : ' i low-EMF jets
% g: % : : ' quasi-stable

' ' ' 1 charged-particles

o g : ' multitrack vertices in the g R !

' ' : . muon spectrometer

: ' ; '

] n 1

1 | 1 1

2 M 2 -. ’

ct=5cm, <By>~30 distance
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Example: displaced muon pairs

Exotic Higgs decay to a pair of long-lived dark photons: h - ZpZp - pp pu

Implemented novel triggers targeting displaced muon pairs + other offline analysis techniques

Significant sensitivity boost across lifetime range

Enhanced sensitivity with Run-3
thanks to new triggers I

mmmmm T |||||I'I| T 11 I'I'I'| T TTTIT
CMS 3
H-Z.Z, /

m(ZD) =30 GeV
B(ZD — uu) = 0.140

—

—
<

—k
<
N

| IlIII|,|I L1111l

—
<
w

—h
<
N

95% CL upper limit on B(H—=Z,Z,)

1 0—5 Combined: Observed:
— Observed 68% quantile ~ — 13 TeV (97.6 fb™)
- - Expected 95% quantile ~ — 13.6 TeV (36.6 fb ™)
Muon detectors LB =R LA el I ' 1 0 °
10° 102 10" 1 10 10*> 10° 10* 10°> 1(Q°
ct [cm]
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Impressive lifetime coverage

> Probing lifetimes/decay lengths from O(pum) to O(10m)

UDD, §-+tbs, my =2500 GeV
UDD, §-+tbs, my =2500 GeV
UDD, £=dd, m: = 1600 GeV
UDD, £-dd, m: = 1600 GaV
LOD, £=bi, mi =600 GeV
LOD, £bl, mi = 460 GeV
LOD, £bi, mi = 1600 GeV

GMSB, §~gG, my = 2450 GeV

GMSB, §-gG, mg = 2100 GeV

Split SUSY, §-qdx?, m; = 2500 GeV

Split SUSY, §-adx?, m; = 1300 GeV

Split SUSY (HSCP), £, = 0.1, m; = 1600 GeV

MGMSE (HSCP) tanf = 10, >0 , m; = 247 GeV

Stopped £, £-+tx?, mi =700 GeV

Stopped §, §-adx?, f5,= 0.1, m;= 1300 GeV

Stopped §, §-+aaxdiunxd). fip = 0.1, m; = 940 GeV

AMSB, = 3n* , my: =700 GeV

§~adx? or g, .07 x5 -xin s, m; = 1600GeV.m,s = 1575GeV
G-axf or @xE, xE-3n, my = 2000 GeV, m,s = 1000 GeV
oty or by, xf —xfn®, mi = 1100 GeV, my = 1000 GeV
GMSB, ¥2-+HG (50%)/ZG (50%), my: =600 GeV

GMSB, y2-+HG (50%)/ZG (50%), my = 300 GeV

GMSB SPS8, 26, my = 400 GeV

GMSB, co-NLSP, 116, mi= 270 GeV

HZ0Z0(0.1%), Zo-t, mey =125 GeV, my = 20 GeV
HZ0Z0(0.1%), Zo-+ua{15.7%), My = 125 GeV, my = 5 GeV
H=XX{10%), X=ee, my = 125 GeV, my = 20 GeV
H=XX(0.03%), X=II, my = 125 GeV, mx =30 GeV
H-+XX(10%), X=bb, my = 125 GeV, my = 40 GeV
H-+XX(10%), X=bb, my = 125 GeV, my = 40 GeV
H-+XX(10%), X—bb, my = 125 GeV, my = 40 GeV
H=XX(10%), X=7T, my = 125 GeV, my = 7 GeV

dark QCD, my,, = 1500 GEV, s, = 10 GV, agonstic
dark QCD, my,, = 1500 GeV, mx,, = 10 GeV, GNN
H-+XX(10%), X—bb, my = 125 GeV, my = 40 GeV
H-+XX(10%), X=dd, my = 125 GeV, my = 40 GeV
H=XX(10%), X—TT, my = 125 GeV, myx = 40 GeV

Overview of CMS long-lived particle searches

CMS Preliminary

March 2024

2104.13474 (Jets with displaced vertices) [N GG06=0090m]
2012.01561 isplaced Jets) [INOUUS=1]
2104.13474 (Jets with displaced vertices) [ GGG =6
2012.01551 (Displaced jets) |02

=N

e g,

2012.01581 (Displaced jets) [NOO0S=028m

201201561 Displaced jets) INGE06055 I
1906 06441 Delayed Jet + MET) [ OS24
201201581 Displaced jets) (1110 00GT=036

e @ @ @

s

180100359 (Delayed jet)
1801.00359 (Delayed jet)
1801.00359 (Delayed py)
2004.05153 (Disappearing track] | 07-30m
1909.03460 (Disappearing tracks + jets with M) [0 0i1=10'm]
1909.03460 (Disappearing tracks + jets with Mz) [ 026-2 m
1909.03460 (Disappearing tracks + jets with M=) [ 025-9m
2212.06695 (Trackless jets + MET) _
221206695 (Trackless jets + MET) [0 005=24im]
1309.06166 (Delayed viv)) [/ 02-6m.
1211004800 (Displaced leptons)  5e05-265m

g e
3

T

3

=

3

e

RE AN

220508562 (Displaced dimuon)  Sel5-5m

211213763 (Displaced dimuon scouting) [ OO0 T=025 Al

(14116977 (Displaced dielectron) 00001225 m
2110.04803 (Displaced leptons) [ 0.001=0:32m|
2012.01551 (Displaced jets) [ O 0OI=053
2110.13218 (Displaced jets+2Z) | 0.004-0.248m
2107.04533 (Hadronic decays in CSCs) 10 G 2450
2107.04838 (LLP decays in CCs) [ 00223
240301555 (Emerging jet + Jet) [0 003=0 3]

CHSPAS.EX0.23.013 (Displaced Jots Run3) [0 0005253
CHS PAS £X0.23.013 Displaced et Run) {10000 000525
CHS PAS £X0.23-013 (Displaced Jets Run3) [ O0T=05
1 1 1

= 3o o o % o= X

><><><§<§<

1077 10-° 1073 10-1 10! 10°
cr [m]

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included). The y-axis tick labels indicate the studied long-lived particle.

DESY.
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77 ot
118 b2

98 fb?
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132 b
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Higgs Part 3: Summary

Extended Higgs sectors part of many well-motivated extensions of the SM h

Broad experimental programme to search for extra Higgs bosons y H*
* Different production modes (gg-fusion, exotic Higgs decays) H-
* Different decay modes A

Decays to top quarks particularly challenging due to interference

* EXxcess seen at ttbar threshold ... see bonus lecture!
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Overall summary

Part 1: The vacuum is not empty h
— Significant progress in characterising the Higgs boson

— Measurements in agreement with SM within current uncertainties - much room for BSM physics
Part 2: What is the fingerprint of the vacuum?

— Unprecedented constraints on self-couplings
from hh searches on LHC Run-2 data h h

— Algorithm improvements via Al crucial
Part 3: Is there even more to the vacuum?

— Broad search programme for new states

h
— Exciting news from ttbar threshold H*
— Plethora of little explored unusual signatures H
H_
A
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BONUS SLIDES



Choice of test statistic JHEP 08 (2024) 013

Search stage:

VU equivalent to gax
* Should we reject SM in favour of (any) BSM hypothesis?

: : 3 C ATLAS Simuaton g -08 ]
* Test agreement of data with range of interference patterns S 50000 (5= 13TeV, 140 1o —di-iz 2
— F A—ttm,=800GeV, I/m=10% e
I I 7 - arton e\//\e no selection _gAn=2'o -
* Consider all possible values of POI £ 40000 "eriontevel noseleet —di=24
o
> C -
A 0 30000 -
qo = —2In ~ A 20000/~ -
6 - C .
Lk 6 ;) ook :
Of T
Exclusion stage: 300400 500 600 700 800 600 1000 1100

mtbfefore FSR [GeV]

* Should we reject the BSM hypothesis (u=1) under consideration?

* Test (dis)agreement of data with specific interference pattern of tested signal hypothesis

qgi.o0 = _2IHM Ap) = L(‘u—m
£(0,89) L(j1,6)
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Systematic uncertainties (ATLAS)

. Uncertainty component Fractional contribution [%]
Largest sources of uncertainty: ma =800GeV mu=mpy=7500GeV
SM ttbar modelling tan = 04 tan s = 2.0
Experimental 30 42
Small-R jets (JER, JES) 22 29
. Large-VR jets 11 20
tt NNLO includes: Flavour tagging 13 17
Leptons 4 5
° Uncertainties in reWeighting Other (E%“SS, luminosity, pile-up, JVT) 10 14
L . Modelling: SM ¢f and signal 91 79
* Scale and PDF uncertainties on calculation 17 NNLO 49 28
. . 1t lineshape 27 29
* Uncertainty on EW component from comparison 1T ME-PS (phard) 36 30
1t ME-PS (hdamp) 41 25
of NN vs LUX PDFs T ISR& ESR o o
tt lineshape: comparison with MadSpin T o > y
. . 1t Scales & PDF 21 16
tt PS: Pythia vs Herwig m, 6 4
Signal 19 9
mtop: +0.76 GeV Modelling: other 41 16
W+jets 11 8
Z+jets 1 2
Multijet 27 10
Fakes <1 1
Other bkg. 29 10
MC statistics 18 26
Total systematic uncertainty +100 +100
DESY Katharina Behr Total statistical uncertainty <1 <1




Statistical analysis with interference

JHEP 08 (2024) 013

x10°
H H H H > 8_— AL L L L ‘:
Extend likelihood to include interference term N - ATLAS Smuaton _
= °F \s=8TeV, 20.3 fb" N
poS+ NET+B= G- v [s|+ v (s + D+ S 4 s oy v
€ 2f 3
() L
@ Of
Quadratic dependence on POI =V —2f 3
. —4F ]
* Interference shape changes with POI P RPN EP PP P R S
300 400 500 600 700 800
* Local minima can appear in CLs scan \ m, [GeV]
* Upper limits not well defined! 3 °F e
. . o icl -1E Vs =13 TeV, 140 b =
Requires going beyond common statistical approaches of- 2HDM 700 GeV tang=14  —
Y SO N e S WO S E
* Choice of appropriate test statistic E E
. . = ----Expected E
* Interpolation between signal hypotheses E ~x1o E
-6— +2 0 —
* Correct limit band calculation e L Tomened 3
— New baseline in ATLAS StatAnalysis (on cvmfs) :Zg "‘-,‘ E
* Treatment of histograms with negative yields 105 L T R
'm

DESY

Katharina Behr
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1L Resolved

DESY

Require = 4 jets, = 1 b-jet

Reconstruct full ttbar system:

* Neutrino 4-vector from W-mass constraint

* Assignment of jets based on x? minimisation

(mjjp —mjj) = myw

2
m;; —m
X2=[ Ji W]+

ow

O-Ih—W

]i

Mjpy — Ny,

G-IJ'

- PT,ﬂv) - (PT,:;, — pT,n) 2

]2+[(pT,jjb

Tdiff py

Katharina Behr

Jets from
W-boson

Neutrino b-Jet
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1L Merged

Top candidate jet:
* Variable-R jet (Rmax = 1.5) optimised for intermediate top boosts (Muwar ~ 1 TeV)

* Jet radius shrinks with jet pr
* Jet size automatically adapts to boost of top quark
Leptonic top b-candidate jet: = 1 small-R jet well separated from top candidate jet

Reconstruct full ttbar system:
* Neutrino 4-vector from W-mass constraint Regi(pr) = oy (p = 600 GeV)
* Selected lepton
* Leptonic top b-candidate Top jet with 3-prong
b-jet close to substructure

* Top candidate jet
e/u

Neutrino
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Differences in background modelling

Reweighting from NLO Powheg+Pythia to NNLO-QCD+NLO-EW
CMS:

* Double differential reweighting in myand cos6*;

* Calculated with HATHOR and MATRIX

* m=172.5 GeV
ATLAS: m;=173.3 GeV

DESY Katharina Behr

N/103

172.5GeV)

N - Ngm(my

Anuar et al, arxiv:2404.19014

— tt SM, m,=172.5 GeV
— tt SM, m;=171.5 GeV
— tt SM, m;=173.5 GeV

4 ---tiSM + A, m;=172.5 GeV
stat. unc. 1

2
200f . A, Ma =400 GeV
[ r,t\fm;\ =4.0% )
100 | 9ai=0.9]

400 600 800 1000 1200
Mgt (GeV)
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Differences in treatment of systematic uncertainties

Top Yukawa coupling

* Notincluded in ATLAS model,
not provided by Mitov et al.

* Leading for CMS
Top mass uncertainty

* Heavily constrained
and high ranking for CMS

* Not the case for ATLAS
Parton shower (Pythia8 vs Herwig7)

* Major uncertainty for ATLAS:
high-ranking, pulled, and
constrained

* Small impact for CMS
(internal studies)

* Impact reduced by use of Chel
and Chan ?

DESY

CMS —e— Fit constraint (obs.) —— +1c impact (obs.) —— -1c impact (obs.)
Pre liminary Fit constraint (exp.) +1o impact (exp.)A 1o impact (exp.)
i) =1.1140.12
Top quark Yukawa coupling D —— : : ' ' 5
PSFSR(t)| | | e
PS FSR (n) : —_—— : —_—
MEW @ © L e -
POF|  s—e—m — -
POF o, | e —-
Top quark mass —-— —
Color reconnection (QCD-inspired) —— s
EW correction scheme '—0—' '—'—'
Jet P, scale (rel. balance, corr.) ._._. ._.
ME o (Z/v) —— .__.
EW + QCD shape (u, >4 jets) P o—e— —
b tagging (gluon splitting) ——— —_—
EW + QCD shape (e, >4 jets) L e —
Jet P, resolution (2016pre) C——— ._._.
Jet P, scale (b flavor response) ._._. : = ._.
Jet P scale (rel. sample, 2018) : —_
Jet P scale (abs. scale, 2016pre) —
Pileup | +—ro— ——
b tagging (charm template) . . : : . '—'—'
-2 -1 0 1 2 -0.04-0.02 0 0.02.0.04

Katharina Behr
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Ap(n)
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Dark matter interpretations: 2HDM+a JHEP 08 (2024) 013

Minimal, UV-complete extension of simplified models
First DM interpretation of an interference search

First search considering interference patterns due to mixing of two pseudo-scalars

PhD thesis Y. Chen + LHCDMWG

> = T N B L L B 3
@ - ]
& 3000 - Extended
e E ﬁ Vs =8TeV, 20.3fb" ] .
@ - N & m,=600GeV, tanB=0.4, sind=1/V2 ] Higgs
% 2000~ E= a->fi+Interix4, m =100GeV —] Sector
Z - [ Aa-sisinterf, m =100GeV 1 (2HDM) Pseudoscalar
10005 a->ti+Interfx4, m =225GeV mediator a
N [ ] Aa->tt+interf, m =225GeV
i a->fi+Interfx4, m_=350GeV ]
ol = [__] Aa>tttInterf, m =350GeV |
B = =] a->fi+Interfx4, m =475GeV ]
- - Aa->fi+Interf, m =475GeV ] [TTTTmoTTmTmmmemmmmmmmmmmmmssssses sTTTTmmmmmmmeees :
~1000f- J_‘ aim,m”e:;,mma:mo;\, - LHC Dark Mat_ter Working Group: :
B |=E= Aa->tt+Interf, m_=600GeV . i PhyS Dark Univ. 27 (2020) 100351
_2000__ 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 I__ i H -
300 400 500 600 700 800 900 1000 i Bauer, Haisch, Kahlhoefer:

: : JHEP05(2017) 138 :
mt‘;ar A (717 1 s '
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Dark matter interpretations: 2HDM+a JHEP 08 (2024) 013

> Benchmark scenario 3a in LHC DM WG recommendations
> Leading expected exclusion at high mediator mass

> Observed exclusion slightly weaker than H*(tb) result due to downward fluctuation
Science Bulletin 69 (2024) 3005

(:C)_ 4.0 _ ' _ I ! I ' ' ' 2HDM+a, Dirac DM, sin8 = 0.35,m, = 10 GeV,g_=1,m, = m, = m,, = 600 GeV
I Dirac DM, sin6=0.35 ATLAS e — ET4h(bB), 139 fo
35 my=1GeV,gy=1 /s=13TeV, 140 b1 ry 5 ET% h(y7), 139 fo°
= = = - 40 for . T
mA mH mHi‘ 600 GeV 2HDM+3. A/H/a —tt Limits at 95% CL .' — JHEP 10 (2021) 13
3.0+ ! . — Observed & 1 — EF+z(ll), 139 fo'!
. Expected = ] PLB 829 (2022) 137066
o, o .
Observed 95% CL exclusion = ETS 410, 139 fo
2.5 Expected 95% CL exclusion - ! s, 139 fo
— +j ,
(i1 o and '|_'2(5) PRE103(2021)112006
e — E™*4V(qq'), 140 fb'
arXiv:2406.01272
tbH*(tb), 139 fb”!

JHEP 06 (2021) 145

- 17, 139 fb!

JHEP 07 (2023) 203

H/A— 1T, 140 b

arXiv:2404.18986

— h—invisible, 139 fb'

X PLB 842 (2023) 137963
...............................................................................................

| | | | | | | i
100 150 200 250 300 350 400 450 500 ... Fins35% | — Combination

........
mss

m, [GeV] 100150 200 250 300 350 400 450 500 +h(bB), ET1Z(ll), thH(tb)
m, (GeV)
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Key differences with ATLAS CMS-PAS-HIG-22-013

Q 4
Spin correlation variables sensitive to degree of entanglement in 2L channel & Q/;

* 1L: cosB’

° 2|— Chel, Chan

..1
—~
=5
|

Chel =— _(é‘_‘_)k(é_)k - (g+) ' ) :
Chan — +(i+)k(i_)k - (ﬁ+)7(ﬁ_)r - (é_'_)n(g_)n-

Enhances sensitivity to pseudoscalar Enhances sensitivity to scalar
CMS Simulation Preliminary (13 TeV) CMS Simulation Preliminary (13 TeV) CMS Simulation Preliminary (13 TeV)
bg‘l_O-llll |||||||||||||J_ b%‘I_O—II||||||||||||||||i— N _|||||||||||]||I||||_
| = s — - D _
°i8 | -smi - M- —+ SMt - 8lg 1.0 — SM
08— —}— A resonance ] —° sl —+— A resonance _T] S —}— A resonance
“°L = H resonance - s —+ Hresonance - —Io —— H resonance
N ] - . 0.8
_ ’ B —+ —+
0.6 06— —
[ l 0.6
0.4 04— —] u n
- n ] 0.41— =
0.2 0.2 — ] 0.2 :_ _:
0.0 NI BN SR BN A B AR 0_0_|||||||||||||||||| - 00:|||||||||||||| ||||:
-1.0 -05 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0 '_1 0 0.5 0.0 05 1.0
Chel Chan cosf*

DESY Katharina Behr Page 67


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-22-013/index.html

	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54
	Slide 55
	Slide 56
	Slide 57
	Slide 58
	Slide 59
	Slide 60
	Slide 61
	Slide 62
	Slide 63
	Slide 64
	Slide 65
	Slide 66
	Slide 67

