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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-2?
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Beyond SM theories:

Composite Higgs
AXxions

Leptoquarks

Extended Higgs sector
Supersymmetry

Extra dimensions
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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) doublets with Y =+ 1
* Yields p = 1!

DESY Katharina Behr
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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

ViV — ViV

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 Z? symmetry

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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= 8 real parameters: Mai, M2z, M2, A1, Az, Az, Mg, As

= 2 VEVs:

DESY
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2HDM: particle content

8 real fields
®+
3 fields provide longitudinal degrees of freedom for W, Z b, = ( anfﬂ% ) : a=1,2
2
5 Higgs fields after EWSB: V2

2 scalars, 1 pseudoscalar, 2 charged

SM H*
SMH H 2HDM
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2HDM: parameters

8 real parameters: Mii, M2, Mz, A1, A2, Az, A4, As
Re-parameterise potential in terms of 8 “physical” parameters:
~—  Mp, My, Ma, Mus, tan3, cos(B-a), MlZ\

U2
tan §f = U_1 H-h mixing angle

Scale of soft Z
symmetry breaking

DESY Katharina Behr Page 13



2HDM: parameters

> Constraints from precision measurements of 125 GeV boson

- Couplings to fermions and limits on invisible decays 2HDM Type | ATLAS
Obs. 95% CL (8=7TeV, 4547 for'
B X Bestfi (5=8TeV, 203 fb"
- === Exp. 95% CL
= Alignment limit cos(3-a) = 0 favoured - 10
. . S
— Assume lighter scalar h is the 125 GeV boson [
couplings 4
3
2
1
_— Y 99.9.9.9;
h — H 03
0.2
107" .
-1-08-06-04-02 0 02 0406 08 1
cos(p-a)
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2HDM: Yukawa structure

= No FCNC - each type of fermion couples to only one of the doublets (Z? symmetry)

= Four Yukawa coupling scenarios:

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

= Type-ll 2HDM:

— Up quark coupling ~ 1/tan3

— Down quark / lepton coupling: tan3
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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

= Decay modes depend on: mam, tan3

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: mam, tan3

>

BR(H — XX)

tanp = 1.5, cos(3-a) = 0.01
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Example: hMSSM

= Minimal supersymmetric model

- Higgs-sector: type-1l 2HDM

— SUSY particles assumed to be heavy

= Only 2 free parameters: my, tanf3

Main uncovered region at high ma, low tanf:

Preferential A/H coupling to ttbar!

~|
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ATLAS Preliminary
hMSSM, 95% CL limits
Run 2, s =13 TeV

--- Expected

[ 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”
JHEP 06 (2021) 145
COH->WW > iviv,36.1 10"
Eur. Phys. J. C 78 (2018) 24
I H — hh — 4b/bbyy/bbrr
126 - 139 fbo”!
ATLAS-CONF-2021-052
h couplings [x,, K, ¥
36.1-79.8 fo”
Phys. Rev. D 101 (2020) 012002
ttH/A, H/A > tt, 139 b
ATLAS-CONF-2022-008
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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 man > 2*Myop

1
1 =
~—
1 *©
1
t I
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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 man > 2*Myop

= 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-tan3 region so complicated?
Signal: loop induced resonant production of heavy scalar H or pseudoscalar A from gluons
— Similar to SM Higgs production but man > 2*Myop

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

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

— RIisk to miss narrow patterns

ATLAS Simulation
\s=8TeV, 20.3 fb’

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

.. . 3
* Peak and dip in the same bin cancel out > x1Q-,
<D2'5E s
- Statistical interpretation G 2F —S+

o =
—~1.5F
§0.5 é—
L 05
~-0.5F
—1 ;—
—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
- Pseudo-scalar A 7 _  ScalarH ]
100 — — C ]
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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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-25/

ATLAS result: JHEP 08 (2024) 013
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Search strategy (ATLAS)

= Two orthogonal sets of regions: 1L (e or y) + 2L (e*e’, ey, u*W)

Jets from
W-boson

Neutrino b-Jet
1L Resolved

DESY

Katharina Behr

JHEP 08 (2024) 013

t-Whb

b-jet

b-jet close to
elu
- =

Neutrino

) e/u
Neutrino

2L
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Search strategy (ATLAS) JHEP 08 (2024) 013

= Two orthogonal sets of regions: 1L (e or u) + 2L (e*e, ey, Uy Wb

= 2L channel: myy,, as proxy for Mipar

b-jet

Jets from

W-boson b-jet close to

elu
S
Neutrino

e
Neutrino b-Jet Neutrino H

1L Resolved 2L
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Search strategy (ATLAS)

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

= 2L channel: myy,, as proxy for Mipar

= 1L channel: reconstruct full ttbar system, miar

JHEP 08 (2024) 013

t-Whb

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

Jets from
W-boson

Neutrino b-Jet
1L Resolved

DESY Katharina Behr
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b-jet close to
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2L
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Search strategy (ATLAS) JHEP 08 (2024) 013

Two orthogonal sets of regions: 1L (e or y) + 2L (e*e’, ey, P*W)

t—- Wb
2L channel: my,, as proxy for Mamar
1L channel: reconstruct full ttbar system, Mmipar
* 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

—_ =P
Neutrino

b-Jet Neutrino elu

Neutrino Neutrino

1L Merged 2L

-
|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\\ /9
Background: a mixture of production modes and spin states y N
— &~
Angular variables to distinguish between signal and background ! ’
g {
i
x _IIIIIIII|IIII|IIII_ P z
8|2 1.0 —+- SM i o
3 —}— A resonance
—lo 0.8 —+ H resonance

t — blv

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

g.
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Ratio to Bk

1L Resolved
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ﬁ
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It’'s all about spins!

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

Background: a mixture of production modes and spin states

Angular variables to distinguish between signal and background

DESY

E _\\I\‘\\II‘IIII'II\\‘\\I\lllllll\\\\\\Il\l_lll\ll\_
S 108k ATLAS Preliminary ¢ Data et -
T = ¥s=13TeV, 140fo' EMSingletop  [Z+jets =
107 | A/H — (7, 2-lepton  [] Diboson Ct+V ]
g B ti+H MFakes =
- - 77 Uncertainty B
10°
10°
10
2 [ "m,=500GeV, tanp=2.4 x5 1
o 1-01F m,=800GeV, tanf=0.4 E
21.005F -
g Z v l 7
1 7
7 % . E

0 010203 04 05 06 07 08 09 1

Azimuthal angle between leptons from tops
— additional discrimination between A and H!
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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 Multijet mm Single top
s=13 TeV. I Z+jets Diboson
T tt+V  mtt+H
A/H — tt — (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 - 3 ; E = 3
107 F - I ) -1f
2 E - 3 10 3 - b
10°F - 1 QO of -
102 — 1 8 10 F —— 1
1074 — 1 ? ] - :
10°f —_ 1 S0 — :
10°F — 1 8 10°F -
oK — 1 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 . =
! P PR M BT B 0'6:_|||||||||||||||||||||||||‘-r_‘|‘—1—‘l::
. E (QCD<EW)/QCD ] 1.02F - (QCD<EW)/QCD E 94.7%
T — 3] [
F —— 1
09F —_ E E
08f T ] 0.98 F e .
0_7:—....|....|....|....|....|....—' 0'96'_....|....|....|....|....I+
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 JHEP 08 (2024) 013

- - - - - - - 3
> Simple likelihood parameterisation in terms of signal strength - gt
& s, ATLAS Simulation ]
o SF \s =8 TeV, 20.3 fb" E
S B — 4F Parton level; before selection J
M- + o F m, = 500 GeV, tanp = 0.68
€ 2f 3
I
> Linear dependence on POI = p o Of
_2_ —
= Standard LHC profile likelihood test statistic _4f E
- 300 400 500 600 700 800
L(p,0(p)) m, [GeV]
Ap) = ——
L(I_L.‘, 9) o
§ +%sewsdGLs
S - R o Expected CLs - Median
. .. o8 -ExpectedCLstw
= p-value scan to determine upper limits on L : T Emosssctsn e

0.6

0.4

0.2
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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 = Vj

DESY

* Interference shape changes with POI

Katharina Behr

Events / 10 GeV

Events/ 10 GeV

JHEP 08 (2024) 013
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- At m, =800GeV, I/m=10% 9o = ;-6 .
40000 :_ Parton level, no selection _ giﬁ : 22 _:
30000F— =
20000 —
10000(— —
:I 1 1 1 I 1 1 1 | | 1 1 1 1 | 11 1 I 1 1 1 I_Ti 1 1 1 I 111 | ] 1 1 1 1 :
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Statistical analysis with interference JHEP 08 (2024) 013

= Extend likelihood to include interference term

m-S+Ju-I+B=Wu- \/ﬁ)+ \/ﬁ-l(S +I]+B

> Quadratic dependence on POI = Vj

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

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

* Interference shape changes with POI _4f E
SIS T [N TR T T T T T TN S NN T T S N T N MR
* Local minima can appear in CLs scan 300 400 500 600 700 [g)OV]
m.|Ge
* Upper limits not well defined! \ !
(2] 0 Fad T 0 T T T T T T T T ]
2 FENN ATLAS | E
£ OEvNN\G {s=13TeV, 140 fb™ 3
-2 N 2HDM 700 GeV tanf=1.4
% S T SO W S =
4 =
sE ----Expected E
- ---x10 -
vy £20 =
= ‘. — Observed 3
23 ! E
—82— _i
o x
10y R TS 35
'm
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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 (2.30 local): ma = 800 GeV, ['s/ma = 10% and vy = 4.0

Events / 50 GeV

Ratio to Bkg.

10*

1L Merged

AL AL B L L BN DL L
1OBEEATLAS ¢ Data [t _§‘
- Vs=13TeV, 140" [JW+jets  [lMultijet ]
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
3

10°

1.04 1 ; ] . ; .
1.02F

15
0.98

A

400 600 800 1000 1200 1400 1600

1800 2000
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Events / 50 GeV

Ratio to Bkg.

1L Resolved 2b

T
ATLAS ¢ Data [t

{s=13TeV, 140 fo" [JW+jets  [IlMultijet
A/H — tf, 1-lepton [l Single top [ Z+jets

Resolved 2b her 7/ Uncertain
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

Lo I ! P . {
400 600 800 1000 1200 1400 1600 1800 2000
m; [GeV]
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Events / 100 GeV
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tan B

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

= Strongest constraints on ma 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 - o 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)/ S 4SS0 a» a» a» a» a» e» qﬁ- ---------- >~ 2 5= - - —
200 300 400 1000 2000 T s .
My [GeV] 400 500 600 700 800 900 1000 1100 1200 1300 1400

ma [GeV]
Ma ~— My
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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
20}
1.5
1.0
0.5 B i | 05 “ Observed 95% CL exclusion |
M. ettt Expected 95% CL exclusion ' Expected 95% CL exclusion
—————— (+16 and +20) = (#1o 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] M [GeV]
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Extra: ALPs coupling to top quarks

g
> Interference searches sensitive to axion-like particles (ALPs) at the GeV scale t
. . . . t ==
= Key difference compared to heavy Higgs bosons: direct gluon coupling! “\i
» Different interference pattern! v
t
@ t
M. Rodrigues, KB ¢ )
5 P et ———— Unique for ALPS!
Related work:
500 200 500 800 1000 1200 7200 1600 Jeppe et al: DESY-24-059
mi [GeV] Carra et al: PRD 104 (2021) 9, 092005
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= Assume cgz =0

Extra: ALPs coupling to top quarks

= Constraints from heavy-Higgs search directly translate to constraints on c: “ \i

1.0

0.5

0.0

Fixed pseudoscalar width

E

,,,,,,

zzzzz

e
-
-

......................
/ P 7

B agtal A
£

A
- -

Observed 95% CL exclusion_

g at/V = Cfa

Width depends on m, and c;

Axion-Top coupling constraints

Indirect Z+

Indirect v

Indirect thZ|
CMS #f non resonant

Expected 95% CL exclusion
(10 and +20)

Ty > Ftota| (unphyS|caI) _
|

400 500 600 700 800 900 1000 1100 1200 1300 1400

DESY.

hAA[(Ee\ﬂ
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>

Esser et al, JHEP 10 (2024) 164

1077 +
1072
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DESY

CMS preliminary result: CMS-PAS-HIG-22-013

Katharina Behr
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= [
o =

Ratio to background

= = O
o )

Ratio to background

o
©

In a nutshell CMS-PAS-HIG-22-013

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

» Consistent with presence of ttbar quasi-bound state (“toponium”)
* Consistent also with narrow pseudoscalar state with ma= 365 GeV

Postfit (BG + A/H) —— A(365, 2%), ga=0.75+0.03 —— H(365, 2%), gy =0.0 £ 0.27 Uncertainty
No tt bound states } ’ | | N } } | N o N ’ | | 3.0 CMS Preliminary 138 fb~! (13 TeV)
5 95% CL exclusion, My = 5.0% ma
! H”UJ. i, ’ A” M.Hl i l . M\ . AHHM * ,.H'.W my | | Con Cpecied  —Posened
ot WW‘} ] H H"WWMI% | ‘*ﬁiﬂm'wl‘ WHH | WN !WMH : o Mot peted
Po:stfit (B:G + nt:) | —|— nt,:u(nt)=:1.11-:_|-0.12 | I
o
b WM’ MW VA T T O T
T RIS [ Ui
+ W‘ MX } TH\"\‘\\H W]'Y ‘ W"M‘ *WMH [ ] H _
- . . , . ‘ . ‘ . . . . . . . } . ‘ - 0.0 4(')0 6(|]O N";E:’)"““d Statezo:oo
600 1200 600 1200 600 1200 600 1200 600 1200 600 1200 600 1200 600 1200 600 1200 Ma [GeV]

my (GeV)
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Toponium - a tthar quasi-bound state

= Formation of ttbar quasi-bound state below ttbar threshold

* Plane wave packet propagating until the QCD potential barrier

— Scale: the Bohr radius ao
* Oscillation between the barrier until the system decay

— Scale: i1
— Possible gluon exchange before decay
* Off-shell top or anti-top at decay Klyoetal

= Described by non-relativistic QCD (NR-QCD) > EPJC 60(2009) 375-386

> Approximated as pure-S pseudoscalar resonance n;

* mMm=343GeVandl/m=7 GeV

do / dM [pb/GeV]
[\

Vs = 14 TeV

NLO QCD

0 -I [ 1l
335 340 345 350 355 360 365 370

375 380
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Key differences with ATLAS

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

> 2L channel

Analytic reconstruct of Mupar

= 1L channel

DESY

Neutrino

1L, 24 jets

Resolved topology: 24 small-R jets, ==2 b-tags

“Merged” topology: ==3 jets, ==2 b-tags

Reconstruct mu.: via x?algorithm

Jets from
W-boson

b-Jet Neutrino

b-Jet

1L, ==3 jets

Katharina Behr

CMS-PAS-HIG-22-013

b-jet

b-jet close to
elu

S
Neutrino

) e/u
Neutrino

2L
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Key differences with ATLAS CMS-PAS-HIG-22-013

: . : .. : % p
Spin correlation variables sensitive to degree of entanglement in 2L channel » 4

& =
e 1L:cos®’ = : e

° 2|— Chel, Chan

Chel = _(é_'_)k(é—)k - (g+)r'(@_)'r‘ - (é%_)n(‘ﬂ-ﬂ_)n
Chan — +(p+)k(i_)k — (ﬁ+)7(ﬁ_)r - (é+)n(é_)n.

Enhances sensitivity to pseudoscalar Enhances sensitivity to scalar

CMS Simulation Preliminary (13 TeV) CMS Simulation Preliminary (13 TeV) CMS Simulation Preliminary (13 TeV)
DE‘I_O_llll |||||||||||||l— b%'I_o—ll||||||||||||||||i— % _|||||||||||]||I||||_
bé -+ SMt ] °ls | —+ SMit ] 8%10 — SM tt
" 0.8 - —+ Aresonance e 08— —t Aresonance 7 s —}— A resonance

| — H resonance = —+ H resonance —lo — H resonance

B —+ne - 0.8 —+ e
0.6 0.6 |

0.6

0.4 04— — u m

[~ ] 0.4 — —

0.2 0.2 — ] 0.2 :_ _:

0.0 o e b 0.0 L1 Ll by by 1 - N TR EETE m
-1.0 -0.5 0.0 05 1.0 -1.0 -0.5 0.0 0.5 1.0 1.0 0.5 0.0 0.5 1.0

Chel Chan cosf*
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CMS 2L signal regions

Prefit

BSM pseudoscalar:

A+I+B

Toponium:
n+B

DESY

Ratio to background Ratio to background

Ratio to background

=
N

=
o

o
[os)

=
=

1.0

0.9t

1.1¢

1.0

CMS-PAS-HIG-22-013

_Pr'efit —|— A.(3 b5, ?%), gA= 1 | —|— H(3§5, 2%'), OH = 1 —4 'r)t, “(”F) =1 | ' Un'certain‘ty_
el Lu ! — h .
| WW%WW *LTHWW’ I%ﬁw%ﬁw* R }h*WWHH IWWM R IR
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Sensitivity comparison

= Same expected sensitivity at low mass

* Despite differences in region definition, background modelling, systematic uncertainties, ...

= Observed results differ notably

* Investigations on-going...

S | ATLAS

A —tt, I/M=5%

1.0

PR
-
-
-
e -
So -

0.5

| /s=13TeV, 140 fb"

Observed 95% CL exclusion_

Expected 95% CL exclusion
(z10 and +20)

0.0 | | Iy >Ftota| (unphyS|caI) .
400 500 600 700 800 900 1000 1100 1200 1300 1400
Ma [GeV]
DESY

Katharina Behr

Jatt

1.5

1.0

CMS Preliminary

138 fb ! (13 TeV)

I 68% expected
--- Median expected

95% CL exclusion, 'n = 5.0% my
95% expected [—1Observed
([TTTIT] rp,tf > FA

0.5}

0.0l

SOV 11 111111114

No tt bound states

400
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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:

fix

* Extended Higgs sector models <

g _
. ALPs bl fY
meeN

Exotic Higgs decays: his — aa g a‘\< f'/x
Detector signatures depend on =
g P 75

* Mass m. (- Yukawa coupling to SM fermions)

- h125—> aa — 4b
- h125—) aa — 4“

* Couplings to BSM patrticles, e.g. DM

- h125 -~ aa - 4b
* Lifetime of a

DESY Katharina Behr

Page 53



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: "]

Katharina Behr

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

2HDM+a

Mediator a
——

Quiz question:

What about those unprobed
regions for masses ~3 GeV
and ~10 GeV?

m, [GeV]

f/x

DESY

Extended model;

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

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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Example: pseudoscalar mediator to DM

Mediator a
——

Answer:

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

10° imi
: ATLAS Preliminary
I Is=8TeV,20.3 o h
fs=13TeV, 36.1 - 139 fo:

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 . < :
.E 1 1 o 1 m '
S ! O 1 - ] °
i R £ D=
1 n m 1 ]
S\ & 2 .-
ol \l = : i , B
A 1 1 = 1 c ! 3
Q— 1 2 ] g 1 °
N S S : £ :
M I o ! 1 1
(R SRR : :
5 e: £ - '
e CHEE : :
ar £ . !
A : :
_. M M .. ’
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 — P P

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(um) 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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137 fb

13712

138 fb?
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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 H*

* Different production modes (gg-fusion, exotic Higgs decays)
* Different decay modes A
Decays to top quarks particularly challenging due to interference

* Excess seen by CMS Collaboration at ttbar threshold ... under investigation

CMS Preliminary 138 fb ! (13 TeV)

_;: 2-5 T T T T T T T T T = 30
S ATLAS > 95% CL exclusion, Ty = 5.0% mj
- 7, 1 95% expected [ Observed
20F \/g__13 N 770 s 2.5 mmm 68% expected (1171 Tait > Ta
ASWIVIMED% e $Zl000 | - Median expected
_______________ 2.0
1.5 e
1.0
05 '~~-,——"’:::——":: ::::: Observed 95% CL exclusion |
TR Expected 95% CL exclusion
(x10 and +20)
0.0 1 1 I ! I rtt >| FtOtaI I(unph)llsical) 1 ] No tt bound states
400 500 600 700 800 900 1000 1100 1200 1300 1400 0.0 460 660 860 1000

Ma [GeV] ma [GeV]
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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 Ly
— Plethora of little explored unusual signatures H
H-
A
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Overall summary

Part 1: The vacuum is not empty
— 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

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

— Broad search programme for new states

— Exciting news from ttbar threshold

- Plethora of little explored unusual signatures YOUR contributions could be crucial
to our understanding of the vacuum!
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Choice of test statistic JHEP 08 (2024) 013

Search stage:

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

> B B L LA LRI UL B RN B
. ) ® C  ATLAS Simulati — g -0
* Test agreement of data with range of interference patterns S soooof- 1s- 13 7ev, 140 0" it
— L At m, =800 GeV, I/m=10% 9= 1-
. . ~ C A ) —_ =20
* Consider all possible values of POI £ 40000 Partonovel no selecton —g2a
o
> r i
A LW 30000 -
-£ (09 90) - .
qo = —2In ~ 20000 -
Ju. 0 - C .
LK, \/ﬁ) 10000F =
. O; ' st ]
Exclusion stage: 300400 500" 600 700 800" 600" 1000 1100
. . . . b_efore FSR V
* Should we reject the BSM hypothesis (u=1) under consideration? mi T (GeV]

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

q1.0 = _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: S i
SM ttbar modelling tan 8 = 0.4 tan § = 2.0
Experimental 30 42
Small-R jets (JER, JES) 22 29
tt NNLO includes: Large-VR jets 1 20
Flavour tagging 13 17
.. . . . Leptons 4 5
* Uncertainties in rewelghtlng Other (E%’iss, luminosity, pile-up, JVT) 10 14
* Scale and PDF uncertainties on calculation Modelling: SM ¢7 and signal 91 79
_ ) tt NNLO 49 28
* Uncertainty on EW component from comparison 17 lineshape 27 29
1t ME-PS (phard) 36 30
of NN vs LUX PDFs FMEPS () " s
tt lineshape: comparison with MadSpin (o SR - 2
. . . 1t cross-section 21 31
tt PS: Pythia vs Herwig 17 Scales & PDF 21 16
m; 6 4
Miop: + 0.76 GeV Signal 19 9
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

Extend likelihood to include interference term

= \/ﬁ-l(S +I]+B

w-S+u-I+B=W— +Jw{S

Quadratic dependence on POI = vV

* Interference shape changes with POI
* Local minima can appear in CLs scan
* Upper limits not well defined!

\

Requires going beyond common statistical approaches

* Choice of appropriate test statistic
* Interpolation between signal hypotheses
* Correct limit band calculation

— New baseline in ATLAS StatAnalysis (on cvmfs)
* Treatment of histograms with negative yields

DESY Katharina Behr

JHEP 08 (2024) 013

x10°
> 8F T 1 N LA L UL B
S F=e, ATLAS Simulation ]
o SF \s =8 TeV, 20.3 fo E
— 4F Parton level; before selection 3
o F m, = 500 GeV, tanB = 0.68
S 2F E
I
O
—2F =
-4 F .
L PR [T T T T [N T TR T O [N T T T O [ T T T N MR
300 400 500 600 700 800
m, [GeV]

2 Ok L I IR
o E ATLAS =
£ E Vs =13 TeV, 140 fb E

2k 2HDM 700 GeV tang=1.4
AR S W S S -
3 =
5 ----Expected =
- 10 5
-6 +20 —
- — Observed -
23 | E
8E ‘-. E
9 '-. E
E L1 | =
1% 2 25 3 3.5
m
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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
mi; —my
JJ ]+

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:

Jet radius shrinks with jet pr
Jet size automatically adapts to boost of top quark

Variable-R jet (Rmax = 1.5) optimised for intermediate top boosts (Muar ~ 1 TeV)

Leptonic top b-candidate jet: = 1 small-R jet well separated from top candidate jet

Reconstruct full ttbar system:

DESY

Neutrino 4-vector from W-mass constraint
Selected lepton
Leptonic top b-candidate

Top candidate jet

Katharina Behr

Regi(pr) = (p = 600 GeV)
PT;i
Top jet with 3-prong
b-jet close to substructure
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

* Not included 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 Che
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

(6-6,)/A6

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 =
@ - ]
S 30001 - 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
1000E- a->fi+Interfx4, m =225GeV - mediator a
L [ ] Aa->tt+interf, m =225GeV
i a->fi+Interfx4, m_=350GeV ]
ol = [__] Aa>tttInterf, m =350GeV |
N = =] a->fi+Interfx4, m =475GeV ]
5 1 Aa-stteInterf, m_=475GeV 7 ittt iiieieiety i
1000k et et "LHC Dark Matter Working Group.
B I:‘%EF Aa->tt+Interf, m_=600GeV . i PhyS Dark Univ. 27 (2020) 100351 E
_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 - I
300 400 500 600 700 800 900 1000 { Bauer, Haisch, Kahlhoefer:

t : JHEP05(2017) 138 :
mt‘;ar " [GeV] e R e R e L L L,
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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

40 I I I I I I I

<IC>- _ _ 2HDM+3, Dirac DM, sin6 = 0.35,m, = 10 GeV,g_=1,m, = m, = m,,, = 600 GeV
S Dirac DM, sin6 =0.35 ATLAS e — ETSp(bE), 139 1o
35 my=1GeV,gy=1 /s=13TeV, 140 b1 ry : ET% h(y7), 139 fo°
= = = _ 40 fb 5 T ]
mA mH mHi‘ 600 Gev 2HDM+a 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
S 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'

.................................................... PLe B2 (2023) o7
/m >20/ — Combination

] 1 I I I I I
100 150 200 250 300 350 400 450 500 ... . vy i L
m, [GeV] 100 150 200 250 300 350 400 450 500  EFen(ob. 7

m, (GeV)
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https://doi.org/10.1016/j.scib.2024.06.003
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-25/

The LHC today

> LHC Page 1: https://op-webtools.web.cern.ch/vistar/vistars.php

= Collisions at new record energy of 13.6 TeV started on 5" July!
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Matter-antimatter imbalance

Equal amounts of matter and antimatter created in the Big Bang (B=0)
Observable universe completely dominated by matter (B>0)

What caused this imbalance?

Sakharov conditions

1. B ber violati * Possible in the SM and BSM models
. Baryon number violating processes + E.g. supersymmetry

2. C and CP violation * Not observed yet |
o * Proton decay would be the smoking gun
3. Processes out of thermal equilibrium
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Matter-antimatter imbalance

= Equal amounts of matter and antimatter created in the Big Bang (B=0)
= QObservable universe completely dominated by matter (B>0)

= What caused this imbalance?

= Sakharov conditions

1. Baryon number violating processes

2. C and CP violation
3. Processes out of thermal equilibrium Conditions met in SM e.g. during EWSB
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The strong CP problem (1)

DESY

QCD can in principle violate CP (assuming all quarks are massive)

Example of a Yang-Mills theory with a single massive quark

gﬂ

3272

= L1

F,F

1
L=—=F,F"

1 + ’J}(i*}«“’Dﬁ, —|mei? s ).

Potentially CP violating, unless 6 = - 6’
- fine-tuning!

Strong CP violation in SM QCD (6 massive quarks) via equivalent phase 6*
Would imply non-zero neutron electric dipole moment: dy= (5.2 10'°e cm) 6*

Measurements constrain dipole moment to [dnv| < 10%° e cm - 6* < 107'° - fine-tuning!

Katharina Behr
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Cut-and-count method

Select (cut) events that you expect to be consistent with signal (signal region)
Count data events in signal region and compare with number of expected SM events

Calculate significance of deviation from SM prediction (accounting for uncertainties)

No significant Significant
deviation deviation!

¢

Expected SM
Background

Event count

DESY Signal region Signal region,_ ..., Page 80



Cut-and-count method

Select (cut) events that you expect to be consistent with signal (signal region)

Count data events in signal region and compare with number of expected SM events

Calculate significance of deviation from SM prediction (accounting for uncertainties)

Significant
deviation!

¢

Advantage: suited for low-stat regions, model agnostic

Disadvantage: single bin - vulnerable to fluctuations - less sensitive

Expected SM
Background
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Monte Carlo event generators In a nutshell

= Quantum nature of elementary particle interactions: non-deterministic

— Given initial state can lead to different final states with different probabilities
= ldea:

— Calculate probability distribution for a given process (or sub-processes)

— Random sampling to generate events with particle kinematics according to these distributions
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Experimental Techniques

Katharina Behr



Experimental analysis step by step

t
A/H
= Pick and study a signal of interest T
t
= Select subset of events enriched in signal (signal region) EVCE ., s b omn
g TELL e, s o 3

= Estimate backgrounds and systematic uncertainties

My = 500 GeV, tanp = 0.68

— A-tt(S+)x4 === H-tt(S+I)x4
--- Pre-fit background

LI JEEE e

Ty T

- 1 | | L L L ]
400 600 800 1000 1200 1400 1600

M [GeV]

-
iy

Data / Bkg

= Test agreement between SM prediction and data

/s =8TeV, 20.3 fb~1, all limits at 95% CL
—— Obs. ==== Exp.+ 1o/20 e Signal Samples

1 1
500 550 600 650 700 750
ma = My [GeV]
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How to search for BSM signals?

O
proton - (anti)proton cross sections

= Isolate small signal from huge dataset 10" gy 10

10° 6, —— 410

7 ' : : I-iE 7

10 Tevatron .LHC. LHC 10

10° : L= 410
10° 10° 7
o, o
10° 10° &
P (&
MM 10° _ 10° 8
o, (E." > Vs/20) e
t 1 10°

o

5 10' Oy 101 j
/ 0 Gz 0 "9
© 10 ks (E>100Gev) o
. 10" : 10 @
Signal Background . 5 o 2
-
(a.k.a. the needle) (a.k.a. the haystack) . : . 0>>
[...it"s meant to be d haystack) 10 o, 10 ()]

10" o'ggH(MH=125 GeV) // : ' ' 10*

T.G. McCarthy 10° | SwuM=125GeV) = A R

10° | ' 10°

, F wisz012 ; : ' '
Lo e SR S I (1
0.1 1 10
Vs (TeV)
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How to search for BSM signals?

proton - (anti)proton cross sections

= Isolate small signal from huge dataset 10° grrrr——r——rr ey 10°
10 Sy, 5 5 —‘— 10
10 | LHe HE Q¢
Teva?tron .LHC: LHC
10° : 10°
10° 10° 7,
. o, \ o
10 10 g
10° . 10° 20
c_(E. >s/20) bt
e e 10° ),
o)
5 10' Oy 10' :]
b 10° o 0 S
jet
%(ET' > 100 GeV) 3
10" 10 @
. 10* 10° 2
Signal Backgrounds . S
(several needles) (several different types of haystacks) 10° : 10° =
(will all be blended together into a big mess) 0.' . o
10™ 0,44(M,=125 GeV) // b : 10*
T.G. McCarthy 10° | Cun(M,=125GeV) © ST T
10° i A 10°
WJs2012 I :
B B e {1
0.1 1 10
Vs (TeV)
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Select signal-like events

= Define criteria that characterise chosen signal in detector
= Apply selection criteria to reduce background

= Signal-enriched region (signal region)

)

L

Trigger selection Coarse pre- Tight signal region
(online) selection (offline) selection (offline)
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Exercise

Define a signal region for semi-leptonic ttbar decay

For simplicity assume that charged lepton is an electron or muon

A/H
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Exercise

= Define a signal region for semi-leptonic ttbar decay

Jets from

W-boson
A/H

Neutrino b-Jet
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Exercise: Solution

DESY

Exactly 1 electron or muon
Missing energy (from the neutrino)

At least 4 jets

Bonus 1: 2 jets identified as b-jets

Bonus 2:

— Combined mass of 2 jets = W mass

— Combined mass of 3 jets = top mass

Neutrino

b-Jet

Jets from
W-boson

Katharina Behr
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Exercise: Solution

Run: 271516
Event: 7786087
2015-07-13 09:38:38 CEST

EXPERIMENT
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Signal vs backgrounds

Signal SM ttbar production SM W+jets production
Irreducible background Reducible background
93 : t
E -
A/H g t
: 9 wooooT— { g

govooo—— [ g
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Signal region definition

= Apply selection criteria (cuts) to reduce background

= Signal-enriched region (signal region)
= Additional cuts based on differences in kinematic distributions

Entries

T.G. McCarthy

DESY.

e GULYAE e

Signal

Background

D

3-jet mass

(GeV/c?)

Katharina Behr
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Signal region definition

= Apply selection criteria (cuts) to reduce background
= Signal-enriched region (signal region)

= Additional cuts based on differences in kinematic distributions

vy
Q0
| _—
LE Cut Events Keip Events
l Signal
NN \ 2 Background
\.\

T.G. McCarthy

=
-
o =1
i
i
i
i
A
W
=
4
by
W
!
=
Bk
=
\
% i
i iy
W i x
il \
i i i
by ¥y i
il - i
i i i
il ik by
il = i!
i I ! |
N HEHER bk M

3-jet mass (GeV/c?)

DESY.
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Signal region definition

= Apply selection criteria (cuts) to reduce background
= Signal-enriched region (signal region)

= Additional cuts based on differences in kinematic distributions

Entries

Cut Eu;ants Keép Events
: AT

I I Signal \

T.G. McCarthy

]
i ——

-

i -:EE i :‘H\\_:\
3 .

(GeV/c?)

I
—
3
Q
(7))
7]

DESY.
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Signal region definition

= Apply selection criteria (cuts) to reduce background
= Signal-enriched region (signal region)

= Additional cuts based on differences in kinematic distributions

C— I ] T Signal

Cut Ew:anis Kee-.. Events
T Y

Entries

Background

T.G. McCarthy

3-jet mass (GeV/c?)

DESY.
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Signal region definition

Can refine signal regions using machine-learning algorithms

— Exploit small differences in various kinematic variables

— EXxploit correlations

12 T T
B Signal
10F =7 Background|.
8t
5 6]
m
44
2L
8.0 0.2 0.4 0.6 0.8 1.0
ANN Output
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A final signal region

Events / 40 GeV

Data / Bkg

I

\s=8TeV, 20.3fb" SM 1t
Lepton+jets SM Wijets
° .AII signal regions - Other SM
o -
° Uncertainty

ATLAS ¢ Data 2012

A/H

A B
---- 400 600

-+

DESY

PR I T T TR AN T TR T NN TR SR SR N S TR
800 1000 1200 1400 1600

Invariant mass of top pair [GeV]

hhl

g o0000 ——
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Event simulation

Simulate possible signals based on theoretical models
— Optimise sensitivity of searches
Simulate background processes

— Compare predictions to data and look for deviations

— Some background processes can be simulated very accurately...

— ... others not (see data-driven estimates later)

Estimate systematic uncertainties

— Create different background predictions within experimental uncertainties
- E.g. top mass known with £1 GeV uncertainty

— Simulate top quark pair production for myp(central) and myp(central)+1l GeV
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Simulation step by step

> Hard processes (large momentum transfers): perturbative QCD

e hard scattering
e (QED) initial/final
state radiation

e’ t
g
ylZ
e g
tbar
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Simulation step by step

= Parton shower (softer momenta): W+
non-perturbative QCD

e hard scattering
e (QED) initial/final
state radiation

e partonic decays, e.g.
t — bW

e parton shower
evolution
e nonperturbative

gluon splitting
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Simulation step by step

> Hadronisation (soft, low energy):

DESY.

non-perturbative QCD

hard scattering

(QED) initial /final
state radiation

partonic decays, e.g.
t — bW

parton shower
evolution

nonperturbative
gluon splitting
colour singlets
colourless clusters

cluster fission

Katharina Behr
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Think outside the (black)box!

Many different event generators available for HEP/LHC

— Choice depends on process, required precision, ...

* E.g. matrix-element generators: MadGraph, Powheg
* E.g. matrix-element + parton-shower generators: Pythia, Herwig
— Important to understand differences and subtleties to not treat them as blackboxes!
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Think outside the (black)box!

“[...] remember that the programs do not represent a
dead collection of established truths, but rather one of
many possible approaches to the problem of multiparticle

production in high-energy physics, at the frontline of
current research. Be critical!”

From the manual of the Pythia5 MC generator
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https://cdsweb.cern.ch/record/2296395/files/pythia.pdf

Further aspects

> Simulate interactions of (collider) stable particle with detector material

- Geant4, Delphes, ... (i\ GEANTA-

A SIMULATIO
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Further aspects

> Simulate interactions of (collider) stable particle with detector material
— Geant4, Delphes, ...
> Specifically for hadron colliders (LHC, Tevatron, ...):

— Underlying Event: simulate interactions of additional partons within same two protons

hard scattered parton

final state
radiation

beam beam remnants

initial state
radiation

multiple parton interaction

hard scattered parton
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Further aspects

Simulate interactions of (collider) stable particle with detector material
— Geant4, Delphes, ...
Specifically for hadron colliders (LHC, Tevatron, ...):

— Underlying Event: simulate interactions of additional partons within same two protons

— Pile-up: simulate interactions of additional protons in the same bunch crossing

ATLAS

EXPERIMENT

Further reading:

lecture by M. Seymour and M. Marx [link]
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https://arxiv.org/abs/1304.6677

Estimating background processes from data

> Simulation not always feasible for estimating background processes

- Instrumental backgrounds (related to detector effects)

* Jets with high EM component faking electrons
* Backgrounds from detector noise

— Processes with large cross-section that would require large MC statistics

* Mostly multijets at the LHC
- Known modeling limitations

* Missing higher-order processes

> Use fully data-driven estimates or data-driven corrections

DESY. Katharina Behr Page 108



Sidebands

= Assume known signal region (= location in the spectrum)

= Fit background in sidebands (= adjoining parts of the spectrum, signal depleted)

= Extrapolate to signal region

o ATLAS
Vs=7 TeV, 4.9 fb“_1 =< Background (B)
€ 7000F Vs=8TeV,1951b — — Fit(S+B)

5200 5300 5400 5500 5600
m(J/ v K*K) [MeV]
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Control Regions

= Same idea as with sidebands but using a modified selection to define a control region

— Orthogonal to signal region, signal depleted

Signal signature: Z( - Il) + Es™ss + bbar

= Must be carefully designed to Ess [GeV]
T

— Be signal depleted

— Be enriched in background of interest

SR

— Close enough to SR to avoid biases

100

60

>

50 81 101
my; [GeV]
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A final signal region

= L A A B B '
v 10°E IE
$ = ATLAS ¢ Data2012 =
o — .W‘ﬁ o \s=8TeV,20.3fb" SM 1t =
2 - ]
= 10* Ce, Lepton+jets SM Wijets =
% E LIPS o .AII signal regions B Other SM E
At 103 = . ° Uncertainty —

10° - it =

10 = ] 1 =
E) i | |
m 11—
- B
S - : -
g - - System_atlp and statistical
1 — uncertainties

A B R S R B R
400 600 800 1000 1200 1400 1600

Invariant mass of top pair [GeV] _ |
<——— Variable of interest
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Systematic uncertainties

Various different sources:

— Modeling uncertainties, e.g. unknown higher-order corrections

— Experimental uncertainties, e.g. uncertainties on electron energy measurement

Propagate to final spectrum

xtOf

Uncertainties degrade sensitivity to signal

Number of events

[%]
5

Nom.
o

A

Syst.-Nom.

Stuludl bbbl b o bbb Lo bbb Lo

o
o

500 800 1000 1200 1400 1600 1800
m,. [Ge

B
(=]
o

=
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A final signal region

> 1 05 [ I ! ! ' I ! ! ' I ! ! ' I ! ! ' | ! I ]
8 = ATLAS ¢ Data2012 =
o — .W‘ﬁ o \s=8TeV,20.3fb" SM 1t —
= ~ 7
~ 10% = % o Lepton+jets SM Wijets =
% E LIPY ° .AII signal regions I Other SM E
L|>J 103 =— . Py Uncertainty —
102 = | =
10 . L, =
2 i T | 1™
g - - - What type of deviation are we
QL SN W looking for?
£ B B
A/H A B B S T R B
i 400 600 800 1000 1200 1400 1600
t Invariant mass of top pair [GeV]

DESY. Katharina Behr Page 113



What are we looking for?

= Most generally put: we search for a significant deviation from the SM prediction

Data

= Different search strategies

"_-5: Potential new signal
— Cut-and-count method S

= Expected SM
~ Bump hunt g Background
- Tail hunt -

>
Variable of interest

= Each comes with its own set of advantages/disadvantages!
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Bump Hunting

= Search for a localised deviation in the distribution of a variable of interest

— Typically: invariant mass

DESY

Event count

Events from
resonant production

Expected SM
Background

| >
my tt invariant mass
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Bump Hunting

= Search for a localised deviation in the distribution of a variable of interest

— Typically: invariant mass

T T T T T T | T T T T 1 T T T L] T T L] T T T T T

= Most recent successful example:

Selected diphoton sample
. Data 2011 and 2012
Sig + Bkg inclusive fit (m, =126.5 GeV)

--------- 4th order polynomial

— Higgs boson discovery (2012, CERN)

Events /| GeV

1s=?mmJLm=4ﬂm”

\s=aTe\.*._[L::n=5.5~ﬁ::‘1

l|IIIIIII|III|IJJlllllll]llllllll'lll

Data - Bkg
o

i | i I i
150 160
m,, [GeV]

PR TR TR T N TR TR TR S NN T TN T SN S T TR TR TR SN T T
100 110 120 130 140
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Tail Hunting

= Search for a taill enhancement in the distribution of a variable of interest
> Typical examples:

Resonances beyond reach of the LHC

Reso

Event count

“\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\‘
/ \
\
\
\
\

\

\

\

\

\

\

\

\

\

DESY

—»
tt invariant mass

mg;z;
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Tail Hunting

O
= Search for a tail enhancement in the distribution of a variable of interest
> Typical examples:
- Resonances beyond reach of the LHC ——— ———— T —
> gL ATLAS b oate ]
. . -1 N E
- Non-resonant production of new particles  © fs =13 TeV, 139 fb S Sedmaiotelw e 3
0 10° Slg.nal Region -V;;z;jljlejv)ﬂets E
 E.g. dark matter or dark energy & ,pop Prl)>150GeV W o 3
] —Iv) + Jets E
tt + single top .
Non-interacting scalar 10* Diboson j
. [0 Multijet + NCB
dark energy particles, 10° - - mii ) - (600,500 GeV 2
@ - Mmissing energy (02 b amom
e
c% ..................
Recoiling gluon, leading 3§ ittt et e
to single visible jet S O-9F y bawsnater Rt § Datasm atter SReCA T 11 Total Unceriany T

DESY.
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Tail Hunting

DESY

Search for a tail enhancement in the distribution of a variable of interest

Typical examples:

— Resonances beyond reach of the LHC

— Non-resonant production of new particles
Advantages:

— Sensitive to processes that cannot be
identified by bump hunts

Disadvantages:

— Talls of distributions suffer from low statistics
- Often sizeable systematic uncertainties
* E.g. due to missing higher-order calculations

Events / GeV

Data/SM

106 ATLAS * oea 71
10° —E "I{'g =13 TeV, 139. fi! 33221 Standard Model w. unc. E_
£ Top Control Region Wio v) + jots :

10* £ Py(i)>150 GeV VBF W(o V) + jets 4
tf + single top ]

10° £ Diboson E
Z(— ll) + jets ]

800 ——=0m0

J.e,po‘
p“Te°°' [GeV]
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What if new particles are less obvious to spot?

= Bump hunt assumes “signal sitting on top of background”: S + B = |s|* + |b|?
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What if new particles are less obvious to spot?

= Bump hunt assumes “signal sitting on top of background”: S + B = |s|* + |b|?
> Quantum mechanics: two processes with same initial and same final state will interfere!

- |s+Db|l*=|s]°+ 2Re(sb) + |b|?*=S +1+ B - Interference!!

DESY. Katharina Behr Page 121



What if new particles are less obvious to spot?

= Bump hunt assumes “signal sitting on top of background”: S + B = |s|* + |b|?
> Quantum mechanics: two processes with same initial and same final state will interfere!

- |s+Db|l*=|s]°+ 2Re(sb) + |b|?*=S +1+ B - Interference!!

Two possible interference
patterns on top of the
background

Event count

Variable of interest
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Beyond Bump Hunts

> Prominent example: decay of a heavy Higgs boson A/H to a top-antitop quark pair

> Need cutting edge methods - on-going research @ DESY

A/H

g t
S
9 oo |
gooooo— |

DESY

Events / 10 GeV

L LA LA BN
ATLAS Simulation
\s=8TeV, 20.3 fb™

m, = 500 GeV, tanB = 0.68

LEE —~

Parton level; before selection

E o v
300 400

PR IR T T T TR TR T T T TR T T T
500 600 700 800

m. [GeV]

Katharina Behr

Page 123



A final signal region

o 10°E | ~
& = ATLAS ¢ Data2012 3
= - .W‘ﬁ o Ys=8TeV,20.3 fb" SM ti =
= 10°E Ce, Lepton+jets SM Wijets =
% E LIPY ° .AII signal regions - Other SM E
o 10% &= . ° Uncertainty —
102 = o =
10 . . =
E) " | | 1N
) — | .
= - B Need to quantify agreement
- 1= SR W between data and SM prediction
: B i
A/H [ B

O e e e A
oo 400 600 800 1000 1200 1400 1600
t Invariant mass of top pair [GeV]
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Statistical analysis

Two statistical analysis stages in BSM searches:

— Quantify agreement between data and SM prediction (“Any interesting deviation?”)

— Quantify (dis)agreement between data and BSM hypothesis (“/imit setting”)
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Step 1: quantify agreement with SM prediction

= Null hypothesis Ho: SM only, no BSM

= p-value: probability that Ho produces deviation at least as extreme as the one observed

= Simple example: cut-and-count

True value under the null hypothesis

Slgl’_]lfl-Cant and most likely observation
deviation! *
A
+ 5 Significance threshold
= corresponding to a given
E significance level (e.g. 0.05)
E Observed p-value
Expected SM g_ (significance level)
Background 3 _
9 2 very unlikely Oblsenrelzd very unlikely
g_ I observations result (value) observations
. l I
- -
Signal region Event count
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Step 1: quantify agreement with SM prediction

= Null hypothesis Ho: SM only, no BSM
= p-value: probability that Ho produces deviation at least as extreme as the one observed

= Or quote significance instead:

Z=a"'(1-p)

= where @1 is inverse of cumulative Gaussian

20=95% s
o

3a=99.7%

40 =99.994%
50=99.99994%
) T | T T T T T T T T T 1

6 -5 4 3 -2 - H 1 2 3 4 5 6
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Step 2: Quantify agreement with BSM hypothesis H;

= |f excess was found: test agreement with BSM ... and open the champagne ;)

= If no excess was found: test degree to which H; is excluded by data (limit setting)

Signal
prediction

{] IJ:E =L ] LI L l LI l LI l LILIL I LI
0.045 '

0.04
0.035
0.03
0.025
0.02
0.015
0.01
0.005

-9
Probability

Expected SM
Background

II|III|II1I|I|1|III|II|IF||II1IIII1||I||III|F|I

Signal region 60 80 100 120 140 160 180
Events Observed
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Step 2: Quantify agreement with BSM hypothesis H;

= Usually, setup is more complicated: many bins, many signal regions

= Construct a likelihood function that quantifies data/MC agreement in all bins

DESY.

L(D|pu,0)

M

= HHPOIS nijlu, @) -

N

j=11=1

#

Poisson terms

I r(e®")

h - _—
"

Constraint terms

Further reading:
Lecture by G. Cowan [link]

PDF

0.2}
0.18 -
0.16 -
0.14 -
0.12p
0.1
0.08 -
0.06 -
0.04 -

0.02-

Likelihood

-+
b-like

s+b like
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https://indico.desy.de/event/29561/attachments/65204/80480/cowan_desy21.pdf

Step 2: Quantify agreement with BSM hypothesis H;

= CL(st+b) — probability to falsely reject signal because it is too similar to background

> Confidence level

- Hjexcluded at 95% CL if CL(s+b) < 0.05

0.2-
0.18/-
0.16}-
0.14 -

0.12

PDF

0.02-

-
b-like s+b like
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Step 2: Quantify agreement with BSM hypothesis H;

> Problem:

— Danger to falsely reject H; even if separation between
H.and Ho is poor, i.e. sensitivity to H; is low

= Solution:

-~ CL(s) = CL(s+h)/[1-CL(b)]

0.2-
0.18}-

0.16}-

= Confidence level sl

— Hiexcluded at 95% CL if CL(s) < 0.05

0.12

PDF

0.02-

-
b-like s+b like
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A final result

O

= The famous “Brazilian” plot, showing observed and expected exclusion limits with error bands

Vs =8TeV, 20.3 fb~1, all limits at 95% CL
—— QObs. ==== Exp.+ 10/20 e Signal Samples

L1 IIIl*IIIIIlJ_

A/H = 1.0}
!

500 550 600 650 700 750
ma = my [GeV]
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Where do we stand?

No significant (50) deviation from the SM observed so far.

Results constrain BSM models... 5o CMS Preliminary 35.9 fb' (13 TeV)
el
_ _ S 50F
... and point to uncharted territory! = 40f y
30 /

10—

W » OO
. y

=

\‘\\\‘3‘\4“

1 |
130 200 300 400 1000 2000
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Muon g-2 (1)

Anomalous magnetic moment of the muon in analogy to that of the electron

_ q9 &
=g— 395
H ng

Electroweak

Loop quantum corrections: g#2

Anomalous magnetic moment: a = (g-2)/2

Sensitive to large range of possible quantum corrections, including possible BSM contributions
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Muon g-2 (2)

= Storage ring with polarised muons in magnetic field -~ measure precession frequency
= Measurements at BNL (2004) first revealed tension with SM of 2.60 significance

= Confirmed by new Fermilab measurement (2021) at 4.2c combined significance

— More data is being taken and analysed

Brookhaven __|
result : o
Fermilab -
result
@ : L
Standard Model Experiment
Prediction Average

175 18.0 185 19.0 195 200 205 21.0
9
au><10 -1165900
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