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What do we do in High Energy Physics?
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What do we do in High Energy Physics?

— we investigate Nature on the smallest known scales
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The Standard Model
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The Top Quark

= The top quark is special:

© Heaviest elementary particle

= Largest coupling to Higgs

2 gateway to new physics:
e.g. additional Higgs sectors

= Short lifetime ~ 102° s
° No hadronization - bare quark

= access to spin properties

= Understanding the top is crucial for SM and BSM physics!
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— we investigate Nature on the smallest known scales
— our theory: the Standard Model
— for physics beyond the SM

— collider experiments

13.10.2025 PhD Disputation | Laurids Jeppe 7 DESY



The Large Hadron Collider

The largest particle accelerator built (so far)
27 km circumference

8 T magnetic fields from
superconducting magnets

3 x 10* protons in the machine
simultaneously

Four large experiments:
ATLAS, , ALICE, LHCDb
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The CMS Experiment

= General-purpose
hermetic detector
with a superconducting
solenoid magnet

* Subdetectors for different <

particles and functions Sracise
Electromagnetic - /

Calorimeter

Image source: https://cds.cern.ch/record/2120661

H@@ﬂrﬁ@m /
0 _taki Calorimeter Superconducting
SO far! th ree data takl n g runs Solenoid Iron return yoke interspersed
with muen chambers
Muon Electron Charged hadron (e.g. pion)
- ==-Neutral hadron (e.g. neutron) ----. Photon
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The Start of LHC Run 3

July 2022: -
After three years of shutdown 50_CMS
Higher c.o.m. energy: 13.6 TeV G,
Upgraded detector components g
Rapidly growing integrated £ 0
luminosity 3

S 20t

Old calibrations no longer valid after £ 0

long shutdown g ‘ol
\?5\)\ 2‘5’;\#;
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2022 (pp 13.6 TeV)

B LHC delivered: 41.47 fb™" |

1 CMS recorded: 38.01 fb™’
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First measurement of the inclusive tt
cross section i1n Run 3




Inclusive tt cross section

x |+jets 13 TeV (L=137 ib™) CMS
* en13TeV (L=359f"

+ T+e/u13TeV (L=35917)

o euB8TeV (L=19.717)

l+jets 8 TeV (L=19.6 ™)

¢ alljets 8 TeV (L=18.4fb™)
moen7TeV(L=5f"

O l+jets 7 TeV (L=2.31")

v alljets 7 TeV (L=354 b7

® ewl+ets 5.02 TeV (L = 27.4-302 pb™)

top covers important objects at CMS:
electrons, muons, (b-)jets

L4

10°
Easiest top-related observable:
Inclusive tt production cross section

rises by ~10% from 13 — 13.6 TeV

10°

Inclusive tt cross section (pb)

‘3005— ]

700F .

|||||||||

13 136 'B (TeV)

= NNLO+NNLL
PRL 110 (2013) 252004

NNPDF3.0, m = 172.5 GeV, D‘.s(mz) =0.118
PR I R WA AT SR SR NN ST ST SR AN ST SN S S T

6 8 10 12
Vs (

10

N
N

— = IIII|
S

—
@
<

Extremely short timeline:
Setup analysis & test on Run 2 data before Run 3 start
Measurement itself
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C M S I | HC delivered: 238.95 fo™
CMS recorded: 220.28 fb™

n
al
o

Analysis strategy

Strategy designed from scratch,
targeting early analysis

)

b
n
o
o

Lint = 1.21 fb!

al
o

Central calibrations & corrections not yet available r/
- need to estimate them or constrain them from data = el T e

Date

Use ~1 week of data from Jul-Aug 2022:

Total integrated luminosity (f
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Analysis strategy

Strategy designed from scratch,
targeting early analysis

Use ~1 week of data from Jul-Aug 2022: o=

Central calibrations & corrections not yet available
- need to estimate them or constrain them from data

For the first time: combine (ee, ey, yy) and
(e, u) decay channels in one likelihood fit

Dilepton: high purity, handle on b tagging
lepton+jets: high statistics
together: constrain lepton efficiencies
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Channel definition
2.5 e;lchgnn'el BN Zijets Mt ]

I Diboson 77 Uncertainty
Singlet ¢ Data i

. 2 opposite-sign leptons ;?35’31-5
At least 1 jet -
For ee and pp: 15 .
require at least 1 b jet E;fw .
cut away Z peak: |mg — mz| > 15 GeV T s e

13.10.2025 PhD Disputation | Laurids Jeppe 15 DESY



Channel definition
2.5 e;lchgnn'el BN Zijets Mt ]

I Diboson 77 Uncertainty
Singlet ¢ Data i

. 2 opposite-sign leptons ;?35’31-5
At least 1 jet -
For ee and pp: 15 ..
require at least 1 b jet %1-0 .
cut away Z peak: |mg — mz| > 15 GeV T s e

x10* CMS 1.21 fo~" (13.6 TeV)

£+'jets channels - [ ] 'Z+jetsl - tfl ' |
Singlet 772 Uncertainty
W +jets ¢ Data

I QCD

. exactly 1 lepton
At least 3 jets
At least 1 b tagged jet

77 /)"/)//

3 4 5 6 7 8 9
Number of jets

Data / pred.
5
N
Q
e
N
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CMS FPrivate work 1.21 fo™' (13.6 TeV)
LI L N R L B B B L L B B I

:-u-u-a:.uu-u-aaa:aa;aaa:aa:aaaaaaaaaq

— 0.0¢<|n|<05]
== 0.5¢<|n|<1.0 |
- 1.0<|n|<1.5
— Data — 1.5¢|n|<2.0
== MC 2.0<¢n|<2.5 ]
P S I TR T N N T N A B

Corrections
Most corrections derived as part of this work: ) N
— in situ from data in the likelihood fit ~_ § |
— derived with tag&probe method §o.e 5—4|0. e

— data-driven reweighting to data
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Corrections

Most corrections derived as part of this work:
— In situ from data in the likelihood fit
— derived with tag&probe method

— data-driven reweighting to data

— data-driven using ABCD method
In lepton isolation sideband

Events / 10 GeV

—
o

— from data close to Z peak

Data / pred.

I
13
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x10% CMS Private work

—_
o

o
®

o
[=2}

[y
—_

1.0

09k

CMS

Private work 1.21 fb™' (13.6 TeV)
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1.21 b (13.6 TeV)
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- U+jets, QCDCR mH Z +jets B QCD
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B it

: : 7 . o
7
ks i A KR f%/ / "j
. . ’ . . | 2
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Results: prefit

= Channels defined by
° Lepton content

— Further separated by

° Db jet content:
0,1,0r2b jets

— Coarsely binned in
°> Number of jets

Note: no b jet SF applied, no b tagging
uncertainties

13.10.2025

CMS 1.21 6" (13.6 TeV)
'_g 10° Prefit
; $ Data mmti Single t W-jets
g 10* QCD mmZ+jets mmDiboson gzUncertainty
>
e
10°
10
]
8’ 1'45_ ee (1b) |ee (2b) | mu (1b) | pu (2b)] en (Ob) el (2b) [ e+jets (1b) | ejets (2b) [ wjets (1b)] p+jets (2b)
a 1.2 . A )
~ = y Y Y , Y )
R 2227 7 j‘%_ 4 % % W% Y,
S WVR708 s % % %77
0.8F~ X
0.6 "_INImlg Nlmlq_': ‘_INImI; Nlml ‘_INI£ q— Nlmlér'— mlvlmlé mlvlmlé mlvlmlé mlvlmlé
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Difference in b tagging efficiency &, in data and MC

= Sensitivity through categorization in number of b tags:
o Events with 2 b tags ~ €7

o Events with 1 b tag ~¢ (1-¢)

= Simultaneous determination of efficiency and cross section!

e+jets (1b) | e+jets (2b) | u+jets (1b) | w+jets (2b)
/, 7/, 7 . ‘
%%/%’ 7
% 7777

1 1 1 1 1 1 1 1 1 1 1 1
oxtwdoctowodorcodosrnd

Number of jets
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Results: postfit

CMS 1.21 b (13.6 TeV)
. . - . . 5 10° Postfit
= Profile likelihood fit with 5 F +Data mf  wSinglet = Wiets
nuisance parameters § 10 QCD mmZ+jets mmDiboson pgzUncertainty
Yo
= b tag efficiency freely 107
floating 10
1
f 1'45_ ee (1b) | ee (2bi pu (1b) [ pw (20) | ew (Ob) | ew (1b) | en (2b) | e+jets (1b) | e+jets (2b) | u+jets (1b) | u+jets (2b)
= Postfit agreement is g 4 }
. . . e o 12‘%?* é*,{’, ) *‘,:-‘:{.’*-;%MW
improved significantly! T it it t
0.6 ilmlmlg Nlmlé.' ‘_INIO')I; Nlmlé.' '—INI(;", '—INIOOI$ NlooI$ colq-lmlé mlvlmlé oolq-ll.nlgg colq-lmlgs
Number of jets
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Results: cross section JHEP 08 (2023) 204
oir = 882 £ 23(stat + syst) £ 20(lumi)pb

= ~ 3.5% total uncertainty 2 o e STV L=ty (‘lMS =
~ L X Hets 13 TeV (L=137") _

. . . c L x e eV (L=359fb" -

= Competetive with previous S [ i asen i

. . : O o eu8TeV(L=19.7f"
measurements despite early timeline § ,5sL . resstevi-1osm

) ) @ § 0 aII-jetsSTeV_(L=_118.4 fo™ly E

- Domlna_nt Urlcertalnty sources. g - ; }i‘j‘efsTf‘T’;\L,(‘L5=f2_§fb.1) ]
o ~ v aljets7TevV(L=354f6") = A~ FT T T T T T T T T4 -
LumanSIty o = - . e;dLjets5.02(TeV(L=27.)4-302pb'1) - 1 4
 Lepton ID efficiency 2 2L 800p — 1

© b tag efficiency g 10°E sooiw e

) - - -

= In agreement with theory: = F 700] 1
- E=— NNLO+NNLL T 136 \s(Tev)

10 PRL 110 (2013) 252004

pred _|_29 5_ NNPDF3.0, m, = 172.5 GeV, a(m_) =0.118 _5

O- T — 921 b C_1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 L
tt —37P 2 4 6 8 10 12 14

s (TeV)
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Search for (pseudo)scalar bosons in tt
events and tt bound states



Additional Higgs bosons

= SM Higgs: complex SU(2) doublet ¢ — one real scalar after symmetry breaking

= Many BSM models predict additional Higgs bosons
e.g. Two-Higgs Doublet Model (2ZHDM), Supersymmetry, ...

Example: 2HDM (I) 1 (I)Z

neutral neutral
CP-even CP-odd

charged
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Additional Higgs bosons

SM Higgs: complex SU(2) doublet ¢ — one real scalar after symmetry breaking

Many BSM models predict additional Higgs bosons
e.g. Two-Higgs Doublet Model (2HDM), Supersymmetry, ...

HEA

neutral neutral
CP-even CP-odd

If man > 2my: decay to tt — search in tt final states
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Generic parameterization

Generic heavy or
coupling solely to top quarks

L3 = igag——t7stA

. M+ —
o o L0 = — gy — ttH
Production in gluon fusion via top quark loop v

______ i _
. + SM tt
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G : ) me —
eneric parameterization i _;  mg
Generic heavy or v
coupling solely to top quarks pint _ o —%EtH
. . . . H — tt
Production in gluon fusion via top quark loop v
CMS Simulation 13 TeV
;‘ Lttt 'rl_" ]
— [ P = GeV ]
g S wnf & FENCE
; “'Z_:' [ Joti=1.0 i
______ / B g 200:— — A — H_:
< + SM tt P of - _
t ° _
g y 8 -200f -
400 :.:':h --- Resonance _
i - ) [ S Interference 1
Same final state as SM tt — interference oor — Total ]
— in invariant mass my T T
my; [GeV]
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tt bound states?

All quarks other than the top are known to form bound states (quarkonia)

Simple estimate by analogy to hydrogen atom with QCD potential:

2
E, = —%% (C[l]ozs) with ¢l = % for color-singlet

fortt: By ~ —2GeV

S =
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tt bound states?

All quarks other than the top are known to form bound states (quarkonia)

Simple estimate by analogy to hydrogen atom with QCD potential:

2
E, = —%% (C[l]ozs) with ¢l = % for color-singlet

fortt: By ~ —2GeV

However:

1
Tt — 57'1; —24x%x107%s < Trev = 1 X 107 %*s

Fraction of tt systems that live long enough: ~ 1% small effect!
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tt bound states: NRQCD

more quantitative: non-relativistic QCD (NRQCD)
factorize hard scattering and long-distance effects (from Schrodinger equation)

1T(15)

b

LHCb

JHEP 09 (2015) 084
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tt bound states: NRQCD

more quantitative: non-relativistic QCD (NRQCD)
factorize hard scattering and long-distance effects (from Schrodinger equation)

45 T

1T(1S)

E POWHEG NLO scaled to NNLO+NNLL
r singlet+octet, NRQCD NLO+NLL, ug = Hp =2 m; -

LHCb 4 Cloacp é

[ NLO QCD

JHEP 09 (2015) 084 35 ;,NNLOQCD -

3F

‘
os L /T PLB 866 |
-~ (2025) 139532 |

(pb/GeV)

do/dMy

330 340 350 360 370 380
Mg (GeV)

"gquasi-bound state”
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tt bound states: NRQCD eees

PRD 110 (2024) 5, 054032
JHEP 03 (2024) 099
PRD 104 (2021) 3, 034023
etc.

= Results of NRQCD calculations: 3 N Nnocp et ope 2 m T -

| INLO+NLL, NRQCD sum, Ug = U = 2 my —

~ Color- 5|nglet(1s ) - attractive
— Peak below the tt threshold
CP-odd / pseudoscalar spin state!

repulsive ]

* Color-octet (1g!® or 3g!8!) - repulsive

attractive -
—— _ PLB 866 (2025) 139532
0 IIIIIIIIIIIII | T I X S Y v
330 340 350 360 370 380
My (GeV)
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tt bound states: modeling in MC

Cannot use NRQCD to produce events for analysis...

Use (PRD 104 (2021) 034023, JHEP 03 (2024) 099)
Generic spin-0, color-singlet state n; < 40 CMS Simulation Supplementary ____13TeV
Couplings to gluons and tops (pseudoscalar) § asf P((nrlt)): ;gchzc\e/v arXivi2503.22382 :
Fit mass and width from NRQCD: Z g O =6-43pb

£ X ]

2 25F = 7
My, —2my = —-2GeV. = m,, =343GeV s |
20

I'y, = 2I't = 2.8 GeV tsf — PowhegNLO -

B 1.0 — Powheg NLO + n; —

Stack on top of ordinary pQCD tt simulation! g5} - NRQCD NLO:NLL 2

Fits well to NRQCD prediction N e

. 340 350 360 370 380
Result: mg [GeV]
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Analysis strategy

Consider
: 138 fb!

Selection: 2 leptons, =2 jets, =1 b tag
in ee/py: reject Z peak, require pr™ss > 40 GeV

13.10.2025 PhD Disputation | Laurids Jeppe
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Analysis strategy

Consider

: 138 fb?
Selection: 2 leptons, =2 jets, =1 b tag
in ee/py: reject Z peak, require pr™ss > 40 GeV

Assign b jets using likelihood based on my,
Assumptions: all pr™ss from vv, tops and Ws on-shell
Solve fourth-order polynomial equations Jet

Finite detector resolution: repeat reconstruction 100 times
with randomly smeared inputs, take weighted average

Four-momenta of top and antitop
- Invariant tt mass, and...
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Spin correlation observables

Both A/H and n predict tt production in a
1S or 3Pg (from A/ n: resp. H)

Top decays before hadronization — transfer spin information to decay products
Construct from tops & leptons
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Spin correlation observables

Both A/H and n predict tt production in a
1S or 3Pg (from A/ n: resp. H)

Top decays before hadronization — transfer spin information to decay products

Construct from tops & leptons
CMS Simulation Preliminary (13 TeV)
o1 OFF T T T T T T T T T T T T T 3
Ulg - - SMit 7
: —lo L 4-A
Variable #1: 0.8~ H resonance

Boost leptons into rest frames of their parent tops
— Scalar product between directions of flight

;

_-—'—'_'_'_'_I_._:
Straight line with slope sensitive to tt spin state (“D”) “F _Iﬁ_l_l_'_'ﬁ*:_
Maximal for 1S, (from A/ no) — 02f— —
0.0 =

-1.0 -0.5 0.0 0.5 1.0

Chel
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Spin correlation observables

Both A/H and n predict tt production in a
1S or 3Pg (from A/ n: resp. H)

Top decays before hadronization — transfer spin information to decay products

Construct from tops & leptons
CMS Simulation Preliminary (13 TeV)
o s1.0 11 I LI I B B T T ]
© -§ —— SM tt _
—lo —— A resonance -

Variable #2:
Similar as cre, Separating scalars from SM
Maximally negative slope for 3P, state

Construct similarly from lepton momenta, with
sign flip for component parallel to top momentum

3 search variables:
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0.6

0.4

0.2

0.0

1
—

—— H resonance _|

_I_r]t ]

P

-0.5

0.0

—‘III|III|III|

0.5

Cha
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Prefit distributions

CMS Private work

138 fb~! (13 TeV)

+ Data W tX
tt Other

unc.

L _1<Chel < —%

=
o
o

Events / GeV
=
<

=
o
&

—1 < Chan < —3 |

1.1} Prefit, normalized

B
o .t R
+—J 10 =i + [ B |1 |
o MO
2 + +
o
09t~ M U(Qt? =6.4 pb‘ ‘
400 700 1000 1300
mi [GeV]
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Events / GeV

Ratio to BG

1.0

0.9

At Iirefit, normalized

observed in low my bins!

CMS private work 138 fb~! (13 TeV)

¢+ Data mmm tX
tt Other

Unc.

1 1 1 1
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3 4

) P R ‘
KRR
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l— N, 0(ny) = 6.4 pb
400 700 1000 1300
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CMS Private work
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!
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400 700 1000 1300
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Prefit distributions

Differences between data and prediction observed in low my bins!

CMS Private work

138 fb~! (13 TeV)

4+ Data mm
tt [

tX
Other

Unc.
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=
o
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Events / GeV
=
o
L
Y
.
*+

=
o
&
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o ORI
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9
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1.0i"7m*w
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5 | GeV

Ratio to BG

10—3,

Data shows positive slope in Chel
- pseuoscalar-like behavior

1.1

1.0

0.9

CMS Private work 138 fb~1 (13 TeV)
¢ Data mm tX Unc.
tt B Other
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°
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I o ] +| | {

v +H+T T + It + +
I Nt U(Ut? =6.4 pb‘ ‘ 1
400 700 1000 1300
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Cross section measurement

“cross section” = difference to perturbative prediction
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Cross section measurement

“cross section” = difference to perturbative prediction

o(n,) = 8.7+ 0.5(stat) £+ 1.0(syst) pb = 8.7+ 1.1pb

Main uncertainties: tt background modeling (PRD 104 (2021) 034023)
Same order of magnitude as NRQCD estimate:  o(n;)?™d = 6.4 pb
in preliminary result (ATLAS-CONF-2025-008)

published as RoPP 88 087801 (2025)
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Postfit distributions:

N:model describes the data well after the fit
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Postfit distributions:

N:model describes the data well after the fit

CMS Private work

138 fb~! (13 TeV)
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tt threshold: tt continuum:

Data shows slope in Crel No slope in data

CMS Private work 138 fb~! (13 TeV) CMS private work 138 fb~! (13 TeV)
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Scalar vs. pseudoscalar

CMS Private work 138 fb™" (13 TeV)

Can we quantify whether the excess is 5 20
scalar or pseudoscalar? ] o Exp. (BG)
= 151 /./' N % Observed -
Introduce S / N — 1; :g
T o ' N -——- *
(3P, tt spin state) 10F LN \_\ o iseD
similar simplified model as n; ol i Vo
I I Vo 7
. : ) s P! Vo
Perform 2D fit with n: and X: as signals | i Vo
B VoA ! | 7
i (T o
[N ;o
-5 | -
A Nt I
L \‘ ./ ]
-10 ¢ \'\.\ S ]
s L e
-5 0 5 10 15 20 25 30
o(nt) [pb]
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CMS Simulation (13 TeV)

Checks of the result SUI :
. 3 B
How do we make sure the excess is real? S 10/
[ T —
- " 2
Check for continuum tt + tW 2 o.ol - tErtwpownegipythia |
. . . . . s 7 | — tE+tw Powheg+Pythia + n; |
nominal: Powheg + Pythia with NNLO QCD/NLO EW reweighting & | e rownegrrierwia
tt GIGZOV;EG(;JéFISElg] IFaxe
0.8 -"' + tW Powheg + Pythla -
400 700 1000 1300
my [GeV]
CMS Simulation (13 TeV)
2 [ M < 360 GeV j
21 ‘_
+
B Y == R
$ 10pzss=z=r—-----—————
o e s, '
IS
£ 0.91 77 EHN hownetveia 4
o L oeeeee ti-+tW Powheg+Herwig
bb4l Powheg+Pythia
tt MG5_aMC@NLO FxFx
0.8+  + tW Powheg + Pythia -
-1 0 1
Chel
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Checks of the result

How do we make sure the excess is real?

Check for continuum tt + twW
nominal: Powheg + Pythia with NNLO QCD/NLO EW reweighting

f at NLO in QCD,
Including tt/tW interference

(service work)

Enhanced slope in che W.I.t nominal Powheg tt + tW
- similar to n:

Reduces extracted n: cross section:

o(n) =66+14pb <+— o(n)=87+1.1pb
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1.1 e S e 7
L
L -1
1.0->=
0.9 | -—- ti+tW Powheg+Pythia |
"< | — tt+twW Powheg+Pythia + n; |
L ... tt+tW Powheg+Herwig
bb4l Powheg+Pythia
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0.8 + tW Powheg + Pythia -
...............
400 700 1000 1300
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L
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1.1} -
1.0pzz=nor-mm======—"1
0.9 | —— tE+tw Powheg+Pythia |
| — tt+tW Powheg+Pythia + n; |
Lo tt+tW Powheg+Herwig
bb4l Powheg+Pythia
. tt MG5_aMC@NLO FxFx
0.8 + tW Powheg + Pythia -
.........
-1 0 1
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Checks of the result

How do we make sure the excess is real?

Check for continuum tt + twW
nominal: Powheg + Pythia with NNLO QCD/NLO EW reweighting

Parton shower for tt:
Instead of Powheg+Pythia

Herwig predicts more events at tt threshold
but less spin correlation — distinguishable from n

no large change in cross section
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Ratio to Powheg + Pythia

CMS Simulation (13 TeV)
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Checks of the result

How do we make sure the excess is real?

Check for continuum tt + twW
nominal: Powheg + Pythia with NNLO QCD/NLO EW reweighting

Parton shower for tt:
Instead of Powheg+Pythia

Herwig predicts more events at tt threshold
but less spin correlation — distinguishable from n

no large change in cross section
Include bb4l and Herwig as additional systematics:
o(n) = 8.871%pb slight increase in uncertainty
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tt bound state or BSM?

same excess can be interpreted as (BSM) pseudoscalar A:
CMS private work 138 fb~1 (13 TeV)

best fit
ma = 365 GeV, FA/mA = 2%, Jgaty — 0.79

lowest mass point probed in the analysis!
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tt bound state or BSM?

same excess can be interpreted as (BSM) pseudoscalar A:

best fit
ma = 365 GeV, FA/mA = 2%, Jgaty — 0.79

lowest mass point probed in the analysis!

=
=

In general:

fit slightly prefers n: bound state, but only by 1o

Ratio to background
=
o

o
©
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CMS Private work 138 fb~1 (13 TeV)

— A(365, 2%), 9o =0.79

— N o(ny) =8.7 pb
Uncertainty

- Prefit, normalized

=
e . * 'y (] ¢ ¢ ) *
¢
400 700
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arXiv:2507.05119

leltS on A/H submitted to RoPP

Set limits on A/H-top coupling over large mass range
No bound state effects considered — excess shown in limits

3.0 CMS Supplementary 138 fb~* (13 TeV) CMS Supplementary 138 fb~* (13 TeV)
g 95% CL exclusion, 'a = 5.0% mju é'-:; 3.5 95% CL exclusion, 'y = 5.0% my
95% expected [ Observed 95% expected [ Observed
2.5 I 68% expected [T Mate > Fa 3.0/ I 68% expected M Fee > Ty
—————— Median expected ----- Median expected

1.5/

LLLUTLLOU e

1.0/

0.5

No tt bound states No tt bound states
0.0700 600 800 1000 0.0700 600 800 1000
mp [GeV] my [GeV]
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Limits on A/H: combination

arXiv:2507.05119
submitted to RoPP

Statistical combination with lepton+jets decay channel

2.0

13.10.2025

CMS Private work 138 fb! (13 TeV)

95% CL exclusion, 'y = 5.0% my
95% exp. combined ——-Exp. ¥/
I 68% exp. combined - Exp. I+jets
----- Exp. combined [0 Tage > Ta
1 0bs. combined

No tt bound states |

200 600 800
ma [GeV]

1000

CMS Private work 138 fb! (13 TeV)

95% CL exclusion, 'y = 5.0% my

95% exp. combined ——— Exp. #{
Bl 68% exp. combined Exp. L+jets
----- Exp. combined I Thee > Ty
[ Obs. combined

No tt bound states

"800
my [GeV]
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arXiv:2507.05119

leltS on A/H Comb|natlon submitted to RoPP

= Statistical combination with lepton+jets decay channel

3.0 CMS Private work 138 fb~! (13 TeV) 3.0 CMS Private work 138 fb! (13 TeV)
éf, ' 95% CL exclusion, 'y = 5.0% my CED . 95% CL exclusion, 'y = 5.0% my
95% exp. combined ——-Exp. ¥/ 95% exp. combined ——— Exp. #{
2.5| W 68% exp. combined - Exp. f+jets 2.5| W 68% exp. combined - Exp. £+jets
----- Exp. combined [0 Tage = Ta ----- Exp. combined T Freg > Ty
1 0bs. combined [10bs. combined
2.0 2.0

) =TT

.......

1.0

0.5p

No tt bound states

4200 600 800 1000
my [GeV]

No tt bound states |

00700 "\ 600 800 1000
ma [GeV]
at low masses: dilepton channel comparable

or better than |+jets
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arXiv:2507.05119

leltS on A/H Comb|natlon submitted to RoPP

Combine A/H limits with lepton+jets decay channel

3.0 CMS Private work 138 fb~! (13 TeV) 3.0 CMS Private work 138 fb! (13 TeV)
éf, ' 95% CL exclusion, 'y = 5.0% my CED . 95% CL exclusion, 'y = 5.0% my
95% exp. combined ——-Exp. ¥/ 95% exp. combined ——— Exp. #{
2.5| W 68% exp. combined - Exp. f+jets 2.5| W 68% exp. combined - Exp. £+jets
----- Exp. combined [0 Tage = Ta ----- Exp. combined T Freg > Ty
1 0bs. combined [10bs. combined
2.0 2.0

) =TT

0.5p

No tt bound states | No tt bound states

' 600 800 1000 0200~ 600 800 1000
ma [GeV] my [GeV]
at high masses:

at low masses: dilepton channel comparable _ :
or better than I+jets I+jets channel dominates

0.0
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JHEP 12 (2024) 197

Axion-Like Particles

Further interpretation: heavy (ALPSs)
could solve strong CP problem
If map > 2 My : decay to tt just like pseudoscalar A

possible In Lagrangian
1 2 ~ _
LALP — i(ﬁua)(f)“a) + %aZ — céﬁGzyGaW + icymy fgt’y5t
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JHEP 12 (2024) 197

Axion-Like Particles

Further interpretation: heavy (ALPSs)
could solve strong CP problem
If map > 2 My : decay to tt just like pseudoscalar A

possible In Lagrangian
1 m? a ~ a —
LALP — i(ﬁua)(f)“a) + 7“@2 —|ca+ G, G+ icymy f—t’y5t
g t g 990, t
o< e
a a
g t g w9/ t

- different my spectrum
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JHEP 12 (2024) 197

Axion-Like Particles

no ALP-gluon coupling ce:
set experimental limits

CMS Private work 138 fb! (13 TeV)

— 7
T 95% CL exclusion, I, = 2.5% m,
E 6 95% exp. Obs. without n¢
= | = 68% exp. —— Obs. with n;
o | .
E s Median exp. [ rered > 1,
g

07400 500 600 700 800 900 1000
m, [GeV]

13.10.2025 PhD Disputation | Laurids Jeppe 59 DESY



JHEP 12 (2024) 197

Axion-Like Particles

with ALP-gluon coupling cz:

no ALP-gluon coupling ce:
set experimental limits projected limits for different
; CMS Private work 138 fb~! (13 TeV) eras of LHC
o 95% CL exclusion, [y = 2.5% m,
> 95% exp. Obs. without n; e ey wmmm L R
E 6 — 8% exp. — Obs. with n; _95/0 CL exclusion mg =400 Giv .
‘l__-f """ Median exp. I rgred >T, 3 _ * ra/ma=2-5 Yo |
= > [ — Run 2 ]
-~ "T_' : — Run 2+3 :
% I — HL-LHC
=, 2] reredsr, ]
Sl -
S |
1 - i
=0 9010 -005 000 005 010
0%66™ 560 600 700" 860" 800 1000 0100 -005 - 000 0050
m, [GeV] ca/fa[TeV™']
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Summary

, only ~2 months after start of datataking
Required estimation of many needed corrections
Comparable precision to Run 2 measurements JHEP 08 (2023) 204

observed & interpreted as Ne ( )

Further interpretations as generic (pseudo)scalars RoPP 88 087801 (2025)
iIn combination with lepton+jets channel

or Axion-Like Particles arXiv:2507.05119
(submitted to RoPP)

JHEP 12 (2024) 197
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Backup
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tt bound states: NRQCD oSS
JHEP 03 (2024) 099
PRD 104 (2021) 3, 034023
etc.

Results of NRQCD calculations:
Color-singlet (1S ) - attractive o LN NROCD snget pg = pe =2 —— ‘;

i NLO+NLL, NRQCD octet, ug = g =2 m; ]

— Peak below the tt threshold p NLONLLNAGCD sum. i = = 211
CP-odd / pseudoscalar spin state!

Color-octet (1g/# Jor3gl®l) - repulsive _
— Suppressed below the tt threshold \%\

repulsive ]

attractive E

soft gluon emissions,
Exact lineshape and width below ;
experimental resolution 330 340 350 360
My (GeV)
63 DESY
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https://inspirehep.net/literature/804326

Sackground modeling

Major irreducible background: CMS Simulation / Private Work (13 TeV)
81-06_”IIIHIHHIHHIHHIH‘

: - - — NNLOQCD —— NLOEW add. -

Model from (Powheg+Pythia) é NLO EW it 1202 ]
Correct to and g MF ]
from fixed-order predictions by reweighting § . ]
in 2D bins of my and top scattering angle s | :
(EPJC 78 (2018) 537, EPJC 51 (2007) 37) c 100 M
T_'_‘—I—-_._l_‘_‘__ -

g 299999 > >— ¢ 0.98 - |
A ] ‘;

g | . 7 T T T

Normalize to NNLO+NNLL cross section
(CPC 185 (2014) 2930)
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tt bound state or BSM?

same excess can be interpreted as (BSM) pseudoscalar A:

best fit
ma = 365 GeV, FA/mA = 2%, Jgaty — 0.79

lowest mass point probed in the analysis!

In general:

fit prefers n: bound state, but only by 1o
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CMS Private work _ 138 fb" (13 TeV)

— 14
o)
= Expected
= a(m)=8.7 pb
% — Observed
\ i
\'
\ \-
\ \ -
LAY
Ll
\‘ \
\‘ \ H
v\ —— 215D
AR ‘.\ ——== +2SD |
AN A == 235D ]
\\ \\,.‘ | ]
0 | | I \ \\‘l \- |
0.0 0.2 0.4 0.6 0.8 1.0 1.2
OA(365, 2%)
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Limits on A/H

Set limits on couplings of A/H to top over large mass range
Two scenarios on how to treat n::

CMS Supplementary 138 fb~! (13 TeV)

S 95% CL exclusion, [y = 5.0% mp

95% expected 1 Observed
Bl 68% expected [T Tatg > Ta
—————— Median expected

excess visible
in limits

No tt bound states |

400 600 800 1000
Mp [GeV]
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Limits on A/H

Set limits on couplings of A/H to top over large mass range
Two scenarios on how to treat n::

CMS Supplementary 138 fb~! (13 TeV) CMS Supplementary 138 fb~! (13 TeV)

3.0

S 95% CL exclusion, [y = 5.0% mp s 95% CL exclusion, [y = 5.0% mx
95% expected 1 Observed 95% expected [ Observed
2.5 Bl 68% expected [T Tatg > Ta 2.5 Il 68% expected [T Taf > Ta
—————— Median expected ------ Median expected
2.0p fit can choose
. between A/H
excess visible 1.5
S — and n;
in limits _
1.0 .
| n: is preferred
0.5 — excess is
i 1 [ Including S.M tt bound state n; absorbed
[ No tt bound states | [ PRD 104, 034023 (2021)
0.0%00 600 800 1000 99700 600 800 1000
ma [GeV] ma [GeV]
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Checks of the result

How do we make sure the excess is real?

Check alternative variables: mppy instead of my
= Sidestep possible biases from tt reconstruction

* Repeat full fit: consistent with main result

... and many, many more

13.10.2025

PhD Disputation | Laurids Jeppe

Events / GeV

Ratio to background

[
o
IS

o
o)

CMS private work 138 fb~1 (13 TeV)

t+ Data W tX unc.
tt pm Other

.
«®%e,,
.
.

21 postfit (BG + ny)

|

'

— N, o(n)=7.5+1.8pb

600 800
Mppy [GeV]

200 400

68 DESY.



Future: ML for tt reconstruction

Analytic dilepton tt reconstruction has several problems
Assumes top mass constraints — questionable in off-shell regions

b jet assignment done in simplistic way, etc... CMS Private work (CMS simulation)

We should be able to do better! 025 1

Use modern machine learning techniques: 0201
(L-GATT)

0.15 +

Resolution

[arXiv:2405.14806]

0.10 1

Plot by O. Mina

. . . 0.051 —— Network (mean 0.143)
Idea: also estimate confidence in the result? o Analytc Sonnenschein (mean 0.218)
Could reject poorly-reconstructed events... 400 450 500 550 600 650 700

True tt mass (GeV)

Supervision of two summer student projects working on ML for tt reco.
+ one combined summer student+B.Sc. project working on the classic algorithm
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How 1t was done: columnar analysis

Measurement was performed with pepper: .
fully

Fully generic, starting from central nanoAOD

Developed at DESY, by now also used at other CMS institutes

— implemented many new features & improvements
e.g. changes for Run 3, improved HTCondor submission, ...

Supervised ;
profile & improve performance of histogramming — up to 150% speedup
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SM: tt differential measurements

CMS £ - my ATLAS ep - Mgy CMS {+jets - my

CMS-PAS-TOP-20-006 JHEP 07 (2023) 141 PRD 97 (2018) 112003
- 1
1CMS 138fb1(13Te) = S A B AR AR AR _ _ 35.8fb” (13 TeV)
il ‘Dileoton. parton level < o 4o w3 g e Data - S | CMS  elu+jpets o Data
o ilepton, parton level s Data, dof - 6 ] % > Vs=13Tev, 140" - - aMC@NLO+Her7.1.3 o 107 3 parton level Sys @ stat
S 10" o POWPYT, £ =5 1 FTE e - Powheg+Herwig7.0.4 3 S Cey Stat
= o FxFx+PYT, X" =7 E °c = - --- Powheg+Pythia8 3 ol E L - i POWHEG P8
= A POW+HER,%* =4 ] k) —! -.(!ﬁ -.- Powheg+Herwig7.1.3 B = 102 o ¢ NNLO QCD+NLO EW
€ 102 v mMC = 1755 GeV, X* =18 —| 3 M g aMC@NLO+Pythia8 | © ;t ot - - - POWHEG H++
o - o miC-1695GeV, X2 =6 J 105 i - Powheg+Pythias (rew.)| - g u X .....MG5 P8 [FxFx]
© _3 S Total unc. ] = ""‘l = Stat error 3 o . B et
-g 10 B Re s [ Stat. unc. _§ C -,m...,..,, Stat ® Syst error ] 10 E_ rueh
~ ~ - — i - C
~— W ;_ < _: e ! _ - rodgsn
10 E § § Lm'ma E 10—5 =
10*5 = E B L—‘“‘"—""““"‘. ’ . r\' L ARt AR
e E er .
B 7 C NG I B ﬁ 1 = 5.4, 2 *’,v‘{‘.“__'}__"j ---------- } -----------
I TTTTTTTTE S [ —
e H et S o,si
. ‘ . i 3 o6k
L A L Lo L ] P AT A T E L L .
1000 1500 2000 oV 200 500400 500 600 700 _ 800 500 1000 1500 2000 2500
ww
m(tt) [GeV] m™ [GeV] M(tf) [GeV]

— good description by theory except for excess in data in threshold region
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SM: tt spin entanglement

= Measured quantity: D “= strength of tt spin correlation” ~ S0mewhatoversimpliied,

more later...
ROPP 87 117801 (2024)
CMS 36.3 fb-' (13 TeV) less correlated Nature 633 (2024) 542
L L BN L B LA
I/ll POWHEGV2 -+ HERWIG++-+n, / /, A
/8 MG5_aMC@NLO(FxFx) +PYTHIAS + 1, / ; —0.1} ATLAS é..
/1! POWHEGv2 + PYTHIAS + 1, / /'s=13TeV, 140 b’
[/ MC Stat.
/I1/11 MC Stat. @ Syst. 02
— Entanglement boundary _
11 Data extr. with PH+P8 m(t‘u)<400 GeV u
181 Data exir. with PH+P8+7; B2(8%) <0.9 % ----------------------- - é.
3 -03f
o [e===c=o==sc=c==saso====d]
1 [}
] =
©
& -04f ., .
-0.491%002%6 o 4 [ | —-—  Limit (Powheg + Herwig7)
’ ---- Limit (Powheg + Pythia8)
l o B Theory Uncertainty
o -05 @ Data
I"H g § @ Powheg + Pythia8 (hvq)
0.480+0.02 % v B Powheg + Herwig7 (hvq)
—Y. -0.029 o
A R E RN BRI RSN B ) 06 340 < my < 380 380 < myg < 500 mg > 500
060 -055 -050 -0.45 -040 035 -0.30 more anticorrelated
D Particle-level Invariant Mass Range [GeV]
< >
more anticorrelated less correlated
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BSM: Two-Higgs Doublet Model

= SM Higgs: complex SU(2) doublet ¢
— becomes real scalar after symmetry breaking

D;, O

neutral neutral
=  What about a second doublet? CP-even CP-odd

— Two-Higgs Doublet Model (2ZHDM)

= Simplest UV-complete extension of the Higgs sector
° 4 additional degrees of freedom: H, A, H*, H-

° Only a starting point — e.g. included in SUSY

charged
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BSM: Two-Higgs Doublet Model

SM Higgs: complex SU(2) doublet ¢
— becomes real scalar after symmetry breaking

D;, O

@0

neutral neutral
CP-even CP-odd

Most models: couplings are Yukawa-like — largest coupling to top quark!
For neutral states A and H: If Mman > 2m;
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{(Events/GeV)

Data — SM

BSM: Previous work

Search for (pseudo)scalars in tt events with 2016 data JHEP 04 (2020) 171

200 CMS st channel ! ! ! 35917 (13 Tev) CMS 35.9fb~! (13 TeV)
-1 < Chet < -0.6 -0.6 < Che < -0.2 -0.2 < Che1 < 0.2 0.2 < Chel < 0.6 § 0.6<cCha<l F . B
" 1 95% CL exclusion ]
250 [ { Data 1z B i
ot S 2-9[1 Observed 95% expected |
200 | : x”g'evt\‘;ptfv T— Expected BN 68% expected |
Post-fit unc. - [T 1—\A—>tE > T'a FA/mA =5% 1
150 | 2.0k -
100 |
50 F
0
—— A (ma =400 GeV, Ta//ma = 4%, gai =0.
5 L
0 ]Lm.]ldnl NI i =
,% i L { l I
-5t
S(IJO 750 10I00 5(I)0 750 10I00 S(I)O 750 10I00 I 5(I)0 750 10I00 5(I)0 750 10I00
my [GeV]

Excess for low pseudoscalar masses (~3c local)
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https://inspirehep.net/literature/1747886

Ig Nnd ode Ing / LY = igag— tystA
Generic heavy v
coupling solely to top quarks it _ o —%EtH
. . . . H — tt
Production in gluon fusion via top quark loop v
g { \
= 35| § PRD 95 (2017) 095012 Scenario 1b |
_ = N | Vs =13 TeV
______ \\ + SM tt (3 f E_ scale uncertainty
7 @ 2.5 +d 2HDM + gii ......... 1
._AH-‘ 2 B / — B
g t S5
Same final state as SM tt — interference 0} _
— IN My 0 L
: 2 1.1EH [Fopm—
Free parameters: masses, widths, R
coupling modifiers ga / gu 09 o !
400 500 600 700 800 900 1000 1100 1200 1300

M tt [GGV]
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https://inspirehep.net/literature/1514275

Modeling: tt bound states

How to calculate bound states of heavy quarks? .~ top velocity
— (Coulomb singularities) in as /5
q 2999080 g 909900 > t g 0909908 > t
t4 + t4 + t4 + ...
g 99090000 —a4— ¢ g 900000 — —— ¢ g 990099~ t
equivalent to solving s 42 lcolowbt€CD potential
momentum space 4rC18lag(|q)) 5
like e.g. hydrogen atom! Vaen(|gl) = — 72 + O(ag)
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Modeling: tt bound states

Need to consider finite top width

— iInstead of multiple narrow bound states
Ty e B
}T(1S) LHCb d E
JHEP 09 (2015) 084 35 [HHLOR _ :
% 3F
© r
& 2s5p

2 F

15 F Y ]
10 ]
05 [

arXivi2412.16685 1
oo v b

do/dMy

& n Or & " 330 340 350 360 370 380

My (GeV)

Short top lifetime — bound state disassociates by one top decaying to Wb
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https://inspirehep.net/literature/804326
https://inspirehep.net/literature/804326

Spin density matrix

Both A/H and n predict tt production in a
1S or 3Pg (from A/ n: resp. H)

Encoded in
R=A+B,0; + B;o; + O'f,;CZ’jEj
/ \/ \ t
Cross section polarization vectors correlation matrix
Choose {k, 7,7}

P direction of flight of the topquark - =-=-=----- .

~and : orthogonal to
T n k

(JHEP 03 (2024) 099)
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https://inspirehep.net/literature/2747788
https://inspirehep.net/literature/804326

Comparison with ATLAS

Different channel definitions in ATLAS and CMS

{+jets resolved:
ATLAS: 1¢, 1b, >4 jets
CMS: 1¢, 2b, 3 jets

— compare pre-fit distributions!
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Comparison with ATLAS

= Different channel definitions in ATLAS and CMS

‘]HEPO8 (2024) 013 138 fb~, Run 2 (13 TeV)

>1OSE—|"'\ T ™ ™ T T T g
B E ATLAS 4 Data Dtt 3 t Data
] B'l‘jEts reSOIVed. (85 107 Vs=13TeV, 140 fo' [ JW+jets [l Multijet E_ 0.9 < |COS‘(9:)| <1.0
o . ; ~ E AH -1, 1-lepton [l Single top [ Z+jets 3 !
ATLAS: 12’ 1b’ >4 JetS % 106_53%?'0‘;98%321 [@Others 7/ Uncertainty _J
- CMS 18, 2b, 3 jetS i ? Pre-fit In the lower panel: ?
) 10° m,=500GeV, tanf=2.4 x 10
mi both 19’ 2b’ 24 Jets —— m=800GeV, tanp=0.4 x5 ]
. . . . 4
- compare pre-fit distributions! 10 E
°  Similar prefit excess in data at low m#¥” E
102 B UncertaintyA
e g T e :
o 1 2 e Ny
: O_Q%f%ﬁﬁ/m zz s
0.8F e
400 600 800 1000 1200 1400 1600 1800 2000

m [Gev] 500 1000 1500
i
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-25/

Comparison with ATLAS

Different channel definitions in ATLAS and CMS JHEPOS (2024) 013
S Faras | 4paa | [Oa 7
{+jets resolved: S 10E f5-13Tev, 1401’ MESngletop [HZsiets =
. A A/H — fi, 2-lepton Il Fakes [JOthers A
ATLAS: 1& 1b, >4 JetS £ 10° ﬁ‘l’ﬁfi?'z 7 Uncertainty E
CMS: 1¢, 2b, 3 jets 08 Int@w\ir:ggggév, tanB=2.4 x 10
— m=800GeV, tanf=0.4 x5 7
10* =
— compare pre-fit distributions! - B
10 a;
dilepton: P
CMS: reconstruct My X Chel X Chan 2 ./,/
drives sensitivity at the tt threshold! 3 2 / 7 =
ATLAS: no top quark reconstruction 0.9 W /ﬁ
instead: Moy X Ady 200 300 400 500 600 700 800 900 1000

M., [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-25/

Comparison with ATLAS

* From internal studies: SM tf, mg < 400 GeV, GEN level
Inclusion of spin correlations in CMS helps
to disentangle signal and systematic uncs.

— m=172.5 GeV
— mt=173.5 GeV
— m=171.5 GeV

= e.g. for downwards shift of top mass:
° More events at threshold — like signal :(
= BUT less spin correlation — unlike signal :)

Ratio to nominal Normalized event count

= Similar for many other uncertainties
e.g. Pythia vs. Herwig in the tt BG

2 (one) reason why CMS dilepton is more
sensitive at the tt threshold
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-25/

Comparison with ATLAS

Similar prefit excess in comparable lepton+jets channel

Very different strategy in dilepton channels
drives the CMS sensitivity at the threshold
subdominant for ATLAS (no top reconstruction)

Some different uncertainty treatment
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List of systematic uncertainties

Experimental Theory
Jet energy corrections - split into 11 subsources Factorization & renormalization scales:
Jet energy resolution tt, tW, tq, Z+jets; n: (BG or signal), A/H signal
Unclustered p'miss (Uncorrelated between years) Uncorrelated between processes
Luminosity — correlated and decorrelated parts tt: including cross section variation
between years Same for initial & final state radiation PS scales
Pileup MC top mass: £1GeV (interpolated from £3GeV)
Trigger efficiencies (separate for 2 / {)) Also including cross section variations
Electron efficiencies (reco. & ID) ME-PS matching (haamp)
Muon efficiencies — split into syst. and stat. Underlying event tune
B tagging and mistagging efficiencies Color reconnection: 3 different samples
B tagging split into subsources PDF: PCA performed on final templates from 100
L1 ECAL prefiring (where applicable) replicas - only leading component considered
Data-driven EW+QCD BG ({+jets) : shape & rate PDF aos
(50%) uncorrelated between channels Electroweak corrections:
Data-driven Z+jets normalization (£) SM Higgs-Top Yukawa coupling (1 +0.11 -0.12)

EW correction scheme (additive v. multiplicative)
Minor BG cross sections: 15% for tW and tq; 30%
for Diboson and tt+X
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List of MC generators
Process QCD order ME Generator
tt NLO PowHEG V2 (hvg)
tW NLO POwWHEG V2 (ST wtch)
Z+jets NNLO PowHEG v2 (Zj MiNNLO)
t-channel single top NLO POwHEG V2 (ST_tch) + MADSPIN
s-channel single top NLO MG5 AMC@NLO
ttW NLO MG5 AMCQNLO
ttZ NLO MG5_AMCQNLO
WW, WZ & 727 LO PyTHIA 8.2
A/H signal LO MG5 AMCQNLO
1y signal LO MG5 AMCQNLO
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Data-driven Z+jets normalization

b jets in Z+jets are known to be badly modeled in MC — might lead to wrong normalization
after requiring >= 1 btag

Take normalization from Z peak sideband (Rinou: method)

Use weaker assumption than standard Rinou (“ratio of ratios”):
Get Rinout In 0 b tag sideband; take “ratio of ratios” for > 1 and 0 btags from MC

>1b
( EI/OM)dam (Rf?g/out)data

0b
SF = (N(iltb)data . (N%,lb)data (Rin/out)MC

(R?il/%ut)Mc (Rg’r?/out)MC T~

; 1 Nee
With Nuata = Nigra = 0.5Nghakee, where ke = .— = [
HE data
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EW corrections to tt

Our EW correction (Hathor) is NLO in EW but LO in QCD
Ambiguity on how to apply EW corrections to (N)NLO simulation

Nominal choice: multiplicative

UNLO EW
rew. _ _LO EW < LO QCD
o — ONLO QCD LO EW
91.0 QCD
Alternate choice: additive
rew. _ _LO EW NLO EW LO EW
0" = ONLO QCD T 0LO QCD — OLO QCD

Difference treated as systematic uncertainty
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