Experimental studies of the top quark pair
production threshold
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The top quark: Heaviest Elementary Particle

® Mwop=172.52+0.33 GeV ~weight of gold nucleus

79 196.9665

~Au

=173.07 GeV/c?

t

top

213

12

@ 79Protons  118Neutrons @ 79Electrons

® large coupling to Higgs boson ~1
important role in EWK symmetry breaking?

o spin1/2

o short lifetime: T~5-10-25 s « A-1qcp:

decays before it fragments
— observe “naked” quark

Is the top quark connected to new physics?

® do they connect to new (pseudo-)scalars?
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Search for Extensions of the Higgs Sector

2 Higgs Doublet Model (2HDM) g %/t
o simplest extended Higgs model LgQQQQ t A/H L _
>— ------ -< + v smt
1, ©2 e t_ EAN
= e S _— = . g t
D C ) O .
6 L & H A & 35l PRD 95 (2017) 095012 S(ﬁng%oTi\t; _
Cns.Lngln ggl_j(t)?cli charged S ST scale uncertainty
- o 9HDM + SM -ooene- :
,&‘.ﬁ SM ——
I
peak-dip
o if couplings are Yukawa-like: structure

strongest couplings to top quarks
® ma, my > 2mM¢ decay to top quark pairs

) — ) 4b0 560 660 7b0 8l()0 QI()O 1600 1llOO 12100 12;00
— search for resonances in tt productlon NNLO QCD K-factors for normalization Mtf |GeV]|
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Event Selection

- - e+’ “+
© exactly two opposite-sign leptons (e/p) » cut away Z peak & require

ptmiss > 40 GeV in ee/uu

o split in 3 categories:
I

ee, ey and N ,
u MU W i/é jet e 1 or more b-jets
/ b
® reject low my, events

® 2 or more jets

Jet

e, lh
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Event Selection

: : e, u’
exactly two opposite-sign leptons (e/u) cut away Z peak & require
prmiss > 40 GeV In ee/pyu
split in 3 categories:
I
ee, ey and pp 4 . _
W | —— |el o 1 or more b-jets
CMS Experiment at the LHC, CERN
t ' % Data recorded: 2018-May-01 03:56:48.141056 GMT
,{é Run / Event / LS: 315489 / 160946765 / 275

reject low me events

;

2 Or morejets . —
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Event Selection and Top Reconstruction

et “+

o exactly two opposite-sign leptons (e/p)

o split in 3 categories:

ee, ey and pp

® reject low my, events

® 2 or more jets .
Jet

Experimental studies of top quark pair threshold

o cut away Z peak & require
ptmiss > 40 GeV Iin ee/up

I
+ | .
W' Jet < 1ormoreb-jets

/ b

e analytic reconstruction of tt system

- 6 unknowns (2 massless neutrinos)
~ 6 constraints: all ptmiss from vv, 2Xx
top mass on-shell, 2xW mass on-shell
— assign b-jets using likelihood, based

OoNn Mep
\ - finite detector resolution: repeat

reconstruction 100 times with randomly
e, U smeared inputs, take weighted average

- Christian Schwanenberger - SM@LHC 2025, Durham 6



Event Selection and Spin Correlation

- - e+, “+
© exactly two opposite-sign leptons (e/p) » cut away Z peak & require

prmiss > 40 GeV In ee/pyu
o split in 3 categories:

ee, ey and . .
1 MU W E/Z jet o 1 or more b-jets
/ b
® reject low my, events

® 2 or more jets

e tt spin correlation

top rest frame antitop rest frame

Jet

e, lh
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Top-Antitop Quark Spin Correlation

JHEP 12 (2015) 026

CMS Simulation 13 TeV

—|— SM tt- e’
—— A resonance ”
\Y
—— H resonance g
g A t
P 00000 b
O b
‘ —
g Q t
W- K

scalar product of charged

0.0 lepton directions in parent
-1.0 -0.5 0.0 0.5 1.0 top quark rest frames

Chel
— separates between pseudoscalar and SM
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Results of the 2016 Data

35.9fb~" (13 TeV)

CMS i channel

- mmm Single top
o W, Z, VWV, ttV
Post-fit unc.
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— pseudoscalar excess at low mu
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Top-Antitop Quark Spin Correlation: Dilepton

CMS Simulation 13 TeV
—4— SM tt
—+— A resonance
—— H resonance e”
W+ Vv
9
g t
". D000C ‘_’
g \“ t 4
" T

scalar product of charged
lepton directions in parent

1.0 -0.5 0.0 0D 1.0 top quark rest frames with
Chan a sign flip in top direction

— separates between pseudoscalar and scalar
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Top-Antitop Quark Spin Correlation: Dilepton

o

’ CMS Simulation 13 TeV
—4— SM tt
—+— A resonance
—— H resonance 4
w- Vv
g
g t
". 0000C ‘_’
g \“ t 4
W- U

scalar product of charged
lepton directions in parent

explore 3 variables -1.0 -0.5 0.0 0.5 1.0 top qu?lljk rest fradr_nes with
simultaneously: Chan 259N Hipin top direction
Mtt, Chel, Chan — separates between pseudoscalar and scalar
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Results and Background Modeling

. Other Bl tX tt Prefit uncertainty t  Data
1 1~ _1 7~ _~1 17 1T 1 1 1 ol 1 1 T T 1 T T T
-1<ch;,,,,<-§ -1<Chan<-3 -1<Chan<-3 3<Chan<3 -5<Chan<3 -5 <Chan< §;§<Chan<1;§<Chan<1;§<Chan<1.

1 1 1 1 1 1 1 1 s 1 1 11
103:_-1<che|<-§ 3 <Che <3 3<Cha<1l -1<Cha<-3 -53<Cha<3 3<Cha<l §'1<Chel<'§é -3 < Chel < 3 .§<che.<1

<Events / GeV>
— —
2 =

Top pair production

» Fixed-Order perturbative QCD
NLO MC (Powheg+Pythia 8)

» reweighting to NNLO QCD and
NLO EW in bins of mg vs. cos9*

EPJC 78 (2018) 537,
EPJC 51 (2007) 37

» hormalize to NNLO+NNLL
Cross section

CPC 185 (2014) 2930
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<Events / GeV>
— —
2 =

Results and Background Modeling

. Other Bl tX tt Prefit uncertainty t  Data
- T S — ——— ————————————
! '1 < Chan < ‘§ '1 < Chan < ‘§ '1 < Chan < '§ '§ < Chan < § '§ < Chan < § ‘§ < Chan < § § < Chan < 1 § < Chan < 1 § < Chan < 1 l
| 1 1 1 1 1 1 1 1 | 1 1 1 1 ~
__-1<che|<-§ 3 <Che <3 3<Cha<1l -1<Cha<-3 -53<Cha<3 3<Cha<l §-1<che|<-§§-§<che|<§ 3 <Chea <1

.. q ‘ Single top production
b W » Wt, t-channel, s-channel
& w 0 » from MC
g & )

» normalised to (N)NLO
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Results and Background Modeling

. Other B tX tt Prefit uncertainty

1 1 1

Data

1 1 .1 1

, | 3
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: — i —_— - —_— 1 — - 1 —_— — — - l - —_— 1 . —_— 1 _ :
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3 .3 S

3 3 3 3

(-
-
w

3 73 Chel < 1

<Events / GeV>
— —
2 =

Drell-Yan+jets production

» MINNLO simulations

» Data-driven normalisation
74 from Z peak

i ‘g
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Results and Background Modeling

. Other Bl tX tt | Prefit uncertainty t  Data
- T S — ———
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Results of the 2016-2018 Data

138 fb' of pp collisions at 13 TeV

1 1 .1 1 1 1 .1 1

-'1<Chan<'§ '1<Chan<‘§ ‘1<Chan<'§ '§<Chan<§ '§<Chan<§ '§<Chan<§ §<Chan<1 %<Chan<1 :%<Chan<1-
| 1 1 1 1 1 1 1 1 1 1 | ~
l<Chea <3 5<Che <35 5<Chad <1l -1<Cha<-3 5<Cha<3 3<Cha<l -1<Che<-3 '§<Chel<%;.%<chel<1_
Postfit (BG + A/H) A(365, 2%), ga=0.75+0.03 H(365, 2%), g4 =0.0 £ 0.27 Uncertainty

vvvvvvv

=
(-

Ratio to background
=
o

O
m v

profile likelihood fit
to 20 bins mg
9 b X 3 bins Chel
5 X 3 bins Chan

— pseudoscalar excess at low mu
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Another Interpretation: tt Bound States

Julia Munstermann, Toponium, 2025, cyanotype, 21 x 29.7 cm

Pl Universitst Hamburg Experimental studies of top quark pair threshold - Christian Schwanenberger - SM@LHC 2025, Durham 17



Another Interpretation: tt Bound States

IS LI BN LA L I ] RTITITY > g 299909 > ¢ 9 08— ¢
"4 T 'NRQCD : A N A N . N
attractive ) ) -2
1.2 [ - g 99999 — { g 9099 < / [ ANITIITY - /
= 1 F b See talk by Maria Vittoria Garzelli
3 - .
5 o8 L 1g (1 pseudoscalar toponium ny: PRl B
= - 0 $———__ 1 1501 spin-0, CP-odd, ,- a2
o } . 1 color-singlet / \
~ 06 7 repulsive /
o) \
°© _ - / \
! |
| \
0.2 LHC Vs = 14 TeV ’ \ !
repulsive - /
: \
o Lot \ /
335 340 345 350 355 360 365 370 375 380 V.S.Fadin, V.A.Khoze, and \ /
T.Sj@strand, “On the threshold N P /
behaviour of heavy top production”, ~
M [GeV Sa o _-"
EPJC 60 (2009) 375 | ] Z. Phys. C 48 (1990) 613 R

— threshold region is dominated by color-singlet pseudocalar toponium
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Another Interpretation: tt Bound States

B =0 === 50— ] B e B B P G I 0ol g—804 I | L L B . L L L ] | B B B B B X I B i g WL .: t g \MMM/ ;?: t g \ww/ (;"‘ ’Cj t
3 [ NLO+NLL, NRQCD singlet, up = Hf = 2 m, _ S &
- NLO+NLL, NRQCD octet, hg = Mg = 2 my - /A + i A + Y S +
" NLO+NLL, NRQCD sum, pg = Uf = 2 m, E— y
25 | g ol —e—7  gamml <7  gumml e 7
& : . See talk by Maria Vittoria Garzelli
> - repulsive:
© 2r color octet -
;& ; pseudoscalar toponium ng:
~ - 1So!1l spin-0, CP-odd,
5 0 color-singlet
© s
G !
© 1
0.5 B attractive: color singlet -
L arXiv:2412.16685
O | e i Bt D B B P I e D Ge B DS B B | I [ I R I B N Y A B A I Dk I Dntd B Ml B Do B DR B Bk B (o DEN B
330 340 350 360 370 380
My (GeV)

— threshold region is dominated by color-singlet pseudocalar toponium
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Another Interpretation: tt Bound States

a0 CMS Simulation Supplementar 13 TeV) s>t Jusmuig—pe—t e
3 m(ny) = 343 GeV 1 e+ et
3 () =2.8 GeV gusml <7  gumml <7 gumwl e 7
2 o(n:) = 6.43 pb . . . .
'Ez See talk by Maria Vittoria Garzell1
S
g pseudoscalar toponium n::
1Soltl spin-0, CP-odd, S
color-singlet Approximating tt bound states
— Powheg NLO | | » simplified model
— Powheg NLO + n, scalar to-ponlum Xt JHEP 03 (2024) 099
NRQCD NLO+NLL 3Poltl spin-0, CP-even, . generic particle with direct
arXiv:2412.16685 color-singlet couplings to gluons and tops,

mass and width from fit to NRQCD

(not shown)
340 350 360 370 380

Myt [GeV]

— threshold region is dominated by color-singlet pseudocalar toponium
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Another Interpretation: tt Bound States

a0 CMS Simulation Supplementar 13 TeV) I —>—1  Juig—p—t  Juasr e
?‘5 m(ny) = 343 GeV gl T T T T T
e 3 I'(r]t)=28 GeV 9 999999 — t g 999999 < t g was e F
= 30k o(n)=6.43 pb - : : :
é= See talk by Maria Vittoria Garzell1
O 25 - .
IS pseudoscalar toponium ng:
2.0 S04 spin-0, CP-odd, -
color-singlet Approximating tt bound states
15 — Powheg NLO | | » simplified model
o . — Powheg NLO + n, scalar t?ponlum Xt: JHEP 03 (2024) 099
; ~ NRQCD NLO+NLL 3Pol1] SP'”‘O, CP-even, . genel_ric partic:e with dijrect
. arXiv:2412.16685 ] color-singlet couplings o g uons anc tops,
mass and width from fit to NRQCD
0.0 (not shown)
340 350 360 370 380
¢ to keep in mind: my [GeV]
details of lineshape well below experimental resolution (15% - 25%) ArXiv:2412.15138

— looks similar to elementary A resonance, but without interference —+ minimal separation

mmuln,:ivm: damburg Experimental studies of top quark pair threshold - Christian Schwanenberger - SM@LHC 2025, Durham



Results and Pseudoscalar Toponium Interpretation

Events / GeV

-
o

Ratio to FO pQCD + BG
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¢+ Data mmm tX

tt

mm Other
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Chan < —
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- N U(Ht) =

8.8%13pb

: NI l-
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Events / GeV
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-
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O
©

CMS

138 fb™

1 (13 TeV)

¢+ Data mmm tX

tf

- Other

Unc.

3

3

— Ny, o(ne) = 8.81173 pb _
400 700 1000 1300
my [GeV]

Events / GeV

Ratio to FO pQCD + BG
o
©

CMS 138 fb~1 (13 TeV)
¢+ Data mmm tX Unc.
tE - Other

-
T T o

— e, o(nt) =

8.8%13pb

400 700

— exciting excess: >5 standard deviations

+ 0.5 (stat) 7173 (syst) pb = 8.8 71 pb.

1300
my [GeV]

1000

arXiv:2503.22382

profile likelihood fit
to 20 bins m«

X 3 bins Chel
X 3 bins Chan

¢ to keep in mind:

modeling of the tt
threshold region
is challenging

and requires
further theoretical
Investigation!

JHEP 09 (2010) 034
PRD 104 (2021) 034023

arXiv:2412.16685

NRQCD: o(ny) = 6.43 pb
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Spin Correlation

CMS 138 fb~1 (13 TeV)
¢ Data mEE tX Unc.
tt B Other
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Spin Correlation

CMS 138 fb~1 (13 TeV)
¢ Data mEE tX Unc.
tt W Other
CMS 138 fo~! (13 TeV) > -
{ Data W tX Unc. 8104;'
X1OZ— | tt' - IOther . ;
0 | mi < 360 GeV e
'IE ° | o q>)
o 3 i
LLl : .
2|
1}

.1t Postfit (FO pQCD + BG + n;) -

j—d
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— Ny, o(ny) =8.8%12 pb _
400 700 1000 1300
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=
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Ratio to FO pQCD + BG
-
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x 104
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% |
c |
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LL]
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Spin Correlation

CMS 138 fb~1 (13 TeV)
¢ Data mEE tX Unc.
tt B Other
2104 '
o |
~
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S 103
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a |
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2. +
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— pseudoscalar bahaviour
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Scalar or Pseudoscalar?

CMS 138 fb~1 (13 TeV)
320 'I""I""I""I""_
a = % FO pQCD + BG
—_ / '

S 15 ¢ ; \.\ 8 Observed

~— : [ '\‘ —— +1 SD

° | [ TN N - #3SD _
10r [/ N\ \ ——*55D ;

: [ \\\ \ I

I
5 F : Vo _
c | . \ o
O Lo x \ \
> \.‘ \\\ ‘l \l
v 0 * "\ Y | ||
O - ’ N\ I’ .
-5 \ \\ K l _

i \ s’ [

i ,\ /

i : / -

—10 7 \’\ 7/
~._.~7
15 Lo 1 A S B S
-5 0 10 15 20 25 30
CP-odd o(nt) [pb]

— data prefers pseudoscalar over scalar

Experimental studies of top quark pair threshold

- Christian Schwanenberger -

SM@LHC 2025, Durham



Scalar or Pseudoscalar?

CMS 138 fb~1 (13 TeV)
0 - -
o ‘ % FO pQCD + BG
<> 15 - 8 Observed
%5 —— #1 5D
--—- +3SD
10T | \ —— *5 5D -
5-_ i -\ -
- D R T -
o < 4= \
> . \
¢ o % |
[ ' |
O Z !
-5 F [ _
| !
Z /
—10 ! -
15 L i A B B B
-5 0 15 20 25 30

CP-odd o(nt) [pb]
— data prefers pseudoscalar over scalar
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Scalar or Pseudoscalar?

o C!VlS S/mullat/on e (13 TeV)
T CMS 138 fb~1 (13 TeV)
i — 20 [
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: —~ i 8 Observed
0.2 >42 15
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Scalar or Pseudoscalar?

) C!VlS S/mullat/on e — (|1 3|Tel\i)
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Systematics Check: Top Reconstruction

@ CMS 138 fb~1 (13 TeV)

¢ Data mE tX Unc.
tt W Other

=
-
NN
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r r -o — r r -, — T ————rrT ————rrr ————rrT

"“' !

Events / GeV
-
<
:

-
-
N

=
o
-

Remove top
reconstruction
— sensitivity
reduced, but
excess remains

(top reconstruction still — N, o(ny) =7.5+1.8pb

used for spin correlation & V%500 200 600 800
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Systematic Uncertainties

—e— Fit constraint (obs.) —— +10 impact (obs.) —— -10 impact (obs.) . _
CMS Fit constraint (exp.) B +10 impact (exp) 7 1o impact exp)  © PD41 generator instead of Powheg:

o) =88415pb  _ pp — bb |+|- vv
PSFSR(f)| | | e e — off-shell effects included
Top quark mass (QCD MC) g L — _ —_
Top quark Yukawa coupling | | ——e—— " . — interference between tt and tW

Pythia vs Herwig (tt)

Supplementary

bb4l (tf + tW)

b tagging (light/charm ratio _
oS Far PS FSR:
Color reconnection (QCD-inspired) . . . .
W correction scheme — O variation in final state
Luminosity (all years, corr.) r ad | at | on

b tagging (gluon splitting)
Luminosity (2016, uncorr.)

PDF
Jet p. scale (PU rem. central, corr.)

Jet P, scale (rel. sample, 2018)

top quark mass
top quark Yukawa coupling

tW norm.

Electron ID eff.
Luminosity (2017, uncorr.)
Jet P scale (abs. scale, corr.)

Jet P scale (b flavor response)

Herwig7 parton shower simulation
instead of Pythia8
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Fit without tt Bound State

CMS 138 fb~1 (13 TeV) CMS 138 fb~1 (13 TeV)
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> 1. 21 i-a <1 A 360 Gev
8 1035_ ‘§+< Chel < 1 5 < Chan <1 | 42 Mg < 3.60 GeV .
hd TR .
= |
> 21
LU |
1}

| _
- Postfit (FO pQCD + BG)

=
= O

FO pQCD + BG

¢ —

O
©

O ;
@ T T T T

\

o 5
Ratio to FO pQCD + BG
-

o

Ratio to
—_
O'

400 700 1000 1300 1
mt [GeV] Chel
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Fit without tt Bound State

CMS e— Fit constraint (FO pQCD + BG + 1)) e— Fit constraint (FO pQCD + BG only) Vi
+16 impact (FO pQCD + BG + nt) —1o impact (FO pQCD + BG + nt) g 22000000 +—»@— {

bb4|(ti+tW)"";'"';"""5—';5-";"";"”= E -
PS FSR (it) — — — y

Top quark mass (QCD MC) . = - g 2200909 <@
Top quark Yukawa coupling I — : oy : i yt

b tagging (light/charm ratio) e, =

PSFSR(Mm)| |  r——
Color reconnection (QCD-inspired : _—p

strong pulls to values beyond

/ the SM prediction

EW correction scheme

uminosity (all years, corr. 5
b tagging (gluon splitting) : ——

Luminosity (2016, uncorr.) =

PDF T T

Jet P scale (PU rem. central, corr.) : ' ° .

Jet P scale (rel. sample, 2018) : . e

tW norm. —
Electron ID eff. _ —
Luminosity (2017, uncorr.) f e
—————i

Jet P scale (abs. scale, corr.)

é g g — observed excess can onl
2 0 12 05 0. 05 e pﬁa'medm by additional
(0-6,)/A6 Ac(n,) [po] contributions to FO pQCD

Jet P scale (b flavor response)
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Alternative fixed order pQCD predictions

L__I_ tt+tW Powheg+Pythia
— tt+tW Powheg+Pythia + n

tt+tW Powheg+Herwig
bb4l Powheg+Pythia

S Simulation (13 TeV)
T T ]

-
-

Ratio to Powheg + Pythia
.
-

T T

OgLI TR B B R
400 700 1000 1300
m [GeV]

|
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Alternative fixed order pQCD predictions

CMS Simulation (13 TeV) CMS Simulation (13 TeV)
-(_U B ' ' : ) : | I - ' ' | m ' l— ' I ! ' ' I ' ' ' I ' '
r= 1.1 mi < 360 GeV "= 1.1 - ti+tw Powheg+Pythia -
> ' ' g — tt+tW Powheg+Pythia + n; -
+ ‘ o . tt+tW Powheg+Herwig
> ' ' + bb4l Powheg+Pythia
P _ -
S 1.0F==-=- e @
S E
O T '
. _ o 1.0
" == tt+tW Powheg+Pythia _ 0
C(E —— tt+tW Powheg+Pythia + n; _8
" ... tt+tW Powheg+Herwig '
0.9} bb4| Powheg+Pythia - 9
—1 0 1 ©
ad
Chel
FO pQCD generator setup o(n,) [pb] 0.9
POWHEG v2 hvg + PYTHIA 8.7+ 1.1 ' AP SR T B
POWHEG v2 hvg+ HERWIG 3.6+1.1 400 700 1000 1 300
MADGRAPH5_aMC@NLO FxFx+PYTHIA 98+ 1.3 -
POWHEG VRES bb41 + PYTHIA 6.6+ 1.4 myi [GeV]
Nominal result 8.8 1% — excess remains
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Alternative Fixed Order pQCD Predictions

CMS Simulation (13 TeV)

(© L
2 1.1t my < 360 GeV - 0
.._, L
g I ] )
O g
: _I_I— :
5 . -
> +
E ; ' @)
1.0f=====i——=m———m— =1 J
o C
Q  [TTTMRLL.. =
o ®
~ . . al
4+ | == tt+tW Powheg+Pythia ]
C(E —— tt+tW Powheg+Pythia + n; _8
.«-« tt+tW Powheg+Herwig '
0.9} bb4l Powheg+Pythia - 9
-1 0 1 ©
ad
Chel
FO pQCD generator setup o(n,) [pb]
POWHEG v2 hvg+ PYTHIA 8.7+ 1.1
POWHEG v2 hvg+ HERWIG 8.6 t1.1
MADGRAPH5_aMC@NLO FxFx+PYTHIA 9.8+1.3
POWHEG VRES bb41 + PYTHIA 6.6 1.4
Nominal result 8.8 1%

CMS Simulation (13 TeV)
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wheg+Pythia
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— @excess remains
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E
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Consistency with other Results: Invariant Mass

arXxiv:2402.08486 JHEP 07 (2023) 141 PRD 97 (2018) 11200
1 CMS 138 fb' (13 TeV) 35.8 fb (13 TeV)
1'_— E 1 l I 1 1 I I 1 I I ) I I I 1 1 I I 1 I I E — B LILILI I L | LI I L L | LI I L LILENLI I_ ‘_'_‘ R -
S = Dilepton, parton level e Data, dof = 6 = > | ATLAS e Data _ > 10°2 __CMS e/u+jets e Data
D C o POW+PYT,X*=5 - = , Vs =13 TeV, 140 fo” - - aMC@NLO+Her7.1.3 o = parton level Sys @ stat
9 10—1 = & MATRIX, ¥ =5 = ::.;. 107 ."". -.. Powheg+Herwig7.0.4 = ol ™ : gg)aVIIHEG P8
— = STRIPPER, X*=5 3  ° - .- --- Powheg+Pythia8 . ol E - -
=) - - S NLOPS. 12 = £ T .,' .. - PownegiHewig7 13 | O| S 100 i NNLO QCD+NLO EW
E 10°F Mt e = S g aMC@NLO+Pythia8 ] - = . - - - POWHEG H++
K=, = @ it i = 10 - | _.. Powheg+Pythia8 (rew.)_ —| 5 L e -« MGS P8 [FxFx]
© 3 @ - 1 - e == Stat error = © al e
O A1 0 = sy = B ' Stat @ Syst error ~ 10 -3 1
o = 3 B — _ =
i -4 I —O00%— N ! L redgTn
107 = E i3 Lo paces E 10 &
= O K - - | . 2
10 = i A _ F samresss T ATARE AT
- oyt 1071 = | =
. — e SRR S ST T T T ST T — oz sogrr ]
8 % ; __: 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 I_
[ ; i § .............. .
1 (\.) I ”-.-.-.-.. ---------------
—“ = | I I I lllllllllll I-m I .
0 1000 1500 2000 0 200 300 400 500 600 72*9[9 SI])O 500 1000 1500 2000 2500
= m e _
m(tt) [GeV] M(tf) [GeV]

— good description by theory except for enhancement in data in threshold region
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Consistency with Other Results: Spin Correlation

: Phys. Lett. B 725 (2013) 115
® quantum entanglement analysis D = —3 <Che|> | (oo ibia. 744 (2015) 413

RPP 87 (2024) 117801

Nature 633 (2024) 542 CMS 36.3 fb~! (13 TeV)
i | 1 1 1 1 I 1 1 I 1 I 1 I 1 1 I 1 1 1 | I I 1 1 I I 1 1 1 1
. ] | /\: POWHEGv2 + HERWIG+++1, / g,
0.1 ATLAS é ol ) I/l MG5_aMC@NLO(FxFx) + PYTHIAS + 7, /
/s=13TeV, 140 fb' _ /! POWHEGv2 + PYTHIAS + 1, / #,
- [/ MC Stat.
ool j /11/!' MC Stat. @ Syst.
- : —— Entanglement boundary .
A ‘. 1 Data extr. with PH+P8 m,(t,t_) <400 GeV
= R ettt - é «®1 Data extr. with PH+P8+7, B.(tt) <0.9
E, -0.3¢
O _ i
O | I |
| [
o
~0.4} - _—
, B —.— Limit (Powheg + Herwig7) .
— _ | -0.491 +0.026 S
---- Limit (Powheg + Pythia8) | -0.025
O B Theory Uncertainty _
-0.5 @ Data - | 0N
é @® Powheg + Pythia8 (hvg) | ”l {':
B Powheg + Herwig7 (hvq) - )
. - o
_ -0.480*3 558 —+—e ®
06 340 < my < 380 380 < mg < 500 Mg > 500 0029
| | 1 | I 1 1 | 1 I | 1 1 | l ] | 1 1 l 1 1 | | l | | 1 |
Particle-level Invariant Mass Range [GeV] -0.60 -0.55 -0.50 -0.45 -0.40 -0.35 -0.30

D
— data requests stronger slope in chel at threshold: ,,our” pseudoscalar excess would fit
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Summary

search for spin-0 scalars and pseudoscalars in top quark pair events with full CMS
Run-2 dataset at +/s = 13 TeV using 138 fb-1 of CMS data

in data at threshold of which remains despite
extensive studies of systematics using all our current theoretical knowledge

excess is consistent with a

extracted cross section is in agreement with NRQCD prediction of 6.43 pb for
pseudoscalar toponium - but no uncertainties on theory value are given yet...

o(n,) = 8.8 = 0.5 (stat) H (syst) pb = 8.8 71 pb.
tt threshold region is difficult to model! We !

the other hand we also cannot exclude BSM contributions, e.g. by a new
elementary pseudoscalar particle

ATLAS needs to confirm...
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It’s exciting...

symmetry follow O

CERNCOURIER s
high-energy physics

STRONG INTERACTIONS | NEWS

CMS observes top—antitop excess

topics

2 April 2025
BT TAKES TW(0O CMS 0BSERVES CERN’s Large Hadron Collider continues to
SamGEN S--0F+7% AT =R A GT2[=0 N i 1i8fbc'1 (1319\/) deliver surprises. While searching for

3 01/3<Chel<1 13< han < oy .

BETWEEN TOP 'OUARK PAIRS £ e T ﬁ additional Higgs bosons, the CMS

> . X collaboration may have instead uncovered

S 10% B other ) ) )

g g} e evidence for the smallest composite particle

S . yet observed in nature — a “quasi-bound”

10*
hadron made up of the most massive and

By CMS Collaboration

shortest-lived fundamental particle known

> o postfit (FO pQCD + BG +1,)
(a8] . . .
i to science and its antimatter counterpart.
,,,,, . . o)
| CMS finds un expected excess of 8 The findings, which do not yet constitute a
o) . .
= discovery claim and could also be
: s : top quarks :
Don t ca“ it toponlum p q o = 8,812 susceptible to other explanations, were
Data from the CMS experiment at CERN’s Large Hadron Collider reveals an ® 09l M o= 8.8714 pb p p )
04/01/25| By Sarah Charley intriguing excess of top-quark pairs, hinting at the first observation of a 400 700 1000 1300 reported this week at the Rencontres de
. . composite particle with unique properties m; [GeV] . . .
A large and unexpected excess of top quark pairs has the physics i Moriond conference in the Italian Alps.
: : : _ : 3 APRIL, 2025
community excited, but the interpretation is still up for debate.
W CMS Experiment at the LHC, CERN
Data recorded: 2018-May-01 03:56:48.141056 GMT
_'é Run/ Event/LS: 315489 / 160946765 / 275
Lo Universitdit Hamburg
DER FORSCHUNG | DER LEHRE | DER BILDUNG QUANTUM UNIVE RSE
TEST BEAM - -
Deutsches Elektronen-Synchrotron DESY -‘_Ltﬁ-???!!!! ﬁl"iit!‘!’q
Ein Forschungszentrum der Helmholtz-Gemeinschaft = -
A o -
ABOUT US| EVENTS & NEWS| RESEARCH| INFRASTRUCTURE| Q \ i B Photo: UHH/Denstorf
EDUCATION & CAREER

CMS collaboration observes a new effect

PARTICLE PHYSICS

Home / Events & News / News / Scientists from the CMS collaboration observe a new effect -

Scientists from the CMS collaboration observe a new effect

Detailed study of collisions with top quarks
points to unknown structure

DESY/UHH-led detailed study of collisions with top quarks point to unknown structure

Event display of the excess of top-quark pairs. (Image: CMS collaboration/CERN)
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Selection and Reconstruction: Lepton+Jets Channel

et o split in 4 categories:
» exactly one lepton (e/p) \/ e vsS U and 3 jets vs =4 jets

I
+ | o,
b
/ » 2 or more b-jets

e Reconstruct tt system with

NeutrinoSolver algorithm
NIM A 736 (2014) 169

- assign b-jets by maximum jet

likelihood - \ d
- energy correction factor u,(/\s

applied for 3 jet events ,
(lost or merged jets) Vet
NIM A 788 (2015) 128 jet

® 3 or more jets

SM@LHC 2025, Durham
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top rest frame

tt Spin Density Matrix

JHEP 12 (2015) 026
Nucl. Phys. B 690 (2004) 81
Phys. Rev. D 58 (1998) 114031

MJ* oc A+ B, 41 4+ By 2 -4 -C- £

¢ = 1op spin vectors
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Inclusive tt cross section (pb)

tt Spin Density Matrix

spin-independent:
Cross section, ms, pTh, ...

top rest frame

N - —

—_
o
w

| IIIIIII

—
o
N

| IIIIIII

10

JHEP 08, 204 (2023)

LA

|

® A« [ B < O @+ X X 0 —

uw/eelep/l+jets 136 TeV (L=1.2110") o

. -1 Yy
l+|ets 13 TeV (L =137 _f1b ) Universitat Hamburg C M s
ep' 13 Tev (L = 35.9 fb ) DER FORSCHUNG | DER LEHRE | DER BILDUNG

t+e/n 13 TeV (L =35.9 fb™)

en8TeV(L=19.7b")
l+jets 8 TeV (L = 19.6 fb™)
all-jets 8 TeV (L= 18.4 fb™)
en7TeV(L=51"

l+jets 7 TeV (L=2.3fb™)

all-jets 7 TeV (L=3.54 fb™)
ew/l+jets 5.02 TeV (L = 27.4-302 pb ™)

900 — .

800F

| IIIIIII

700F .
- === NNLO+NNLL — TR e -
PRL 110 (2013) 252004
E NNPDF3.0, m, = 172.5 GeV, as(mz) =0.118 E
— T T W VR (N TR TN WA T RN SRR NN N SN S [ T
2 4 6 8 10 12 14
Vs (TeV)

¢? = top spin vectors

g t
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tt Spin Density Matrix

JHEP 12 (2015) 026 X
Nucl. Phys. B 690 (2004) 81  _,
Phys. Rev. D 58 (1998) 114031 B,

polarization

top rest frame

/

35.9 fb' (13 TeV)

—e— Data —+— POWHEGV2 + PYTHIA8
—=— NLO calculation —*— MG5_aMC@NLO + PYTHIAS8 [FxFx]
B',‘ :i 0.005 + 0.010 = 0.021
|,v.|
k , . | . .
B — | | 0.007 = 0.010 + 0.021
M
B" — . = -0.023 = 0.011+ 0.013
1 I
g
Br : : . " -0.010 £ 0.011+ 0.017
2 had
}_v..|
g t B - . 0.006  0.009 = 0.010
M
B" . 0.017 = 0.009 = 0.009
2 *?iq
result + (stat) + (syst)
t ] | | | | | ] | | | | I | | ] | | ] | | ] | | | ] | |
g -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08

Phys. Rev. D 100, no. 7, 072002 (2019)

Polarization

{2 = top spin vectors
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top rest frame

tt Spin Density Matrix

JHEP 12 (2015) 026
Nucl. Phys. B 690 (2004) 81
Phys. Rev. D 58 (1998) 114031 C =

tt spin correlation

|M‘20<A-|— élé\l—l-ézé?—él(:@z

X X X
X X X
X X X

=1 | t
f ¢? = top spin vectors
CMS 35.9 fb'' (13 TeV) CMS 35.9 fb'' (13 TeV)
—*~ Data —— POWHEGV2 + PYTHIA8 —e— Data —+— POWHEGV2 + PYTHIA8
—=— NLO calculation —* MG5_aMC@NLO + PYTHIAS [FxFx] —=— NLO calculation —+— MG5_aMC@NLO + PYTHIAS [FxFx]
—— NNLO calculation
O |
C ——e—+— 0.300 + 0.022 + 0.031 C +C H+H—+—e—+— -0.193 = 0.035 = 0.053
kk hHH_{ rk kr ﬁi
C. . i N 0.081+ 0.023 + 0.023 C.,-C. : H—e—+ 0.057 + 0.035 + 0.029
C.. He—H  0.320:0.01220016 C,+C, e -0.004 = 0.028 + 0.024
™ v
-D M 0.237 = 0.007 = 0.009 cC . -C H—i—H -0.001+ 0.028 = 0.025
v nr rn .
lab o 0.167 + 0.003 = 0.010 C +C H—e—H -0.043 + 0.031= 0.026
g 0S@ W nk kn s
A @LH 0.103 + 0.003 + 0.007 C -C T 0.040 = 0.025 + 0.016
IAq)"I }-V{I_*{ nk kn :
result + (stat) = (syst) result = (stat) = (syst)
") | | | ] | | ] | | | | | | | | | | | | | | | | ] | I | | L1 1 1 I L 11 1 | L1 1 1 | | 1 1 1 I I I | | I I | | | 1
g 0 0.1 0.2 0.3 0.4 0.5 -04 -0.3 -0.2 -0.1 0 0.1 0.2 0.3
Phys. Rev. D 100, no. 7, 072002 (2019) Spln correlation coefficient/asymmetry Cross correlation coefficient
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top rest frame

tt Spin Density Matrix

JHEP 12 (2015) 026
Nucl. Phys. B 690 (2004) 81
Phys. Rev. D 58 (1998) 114031 C =

tt spin correlation

|M‘20<A-|— élé\l—l-ézé?—él(:@z

X X X
X X X
X X X

T =1 | t
f ¢? = top spin vectors
CMS 35.9 fb'' (13 TeV) CMS 35.9 fb'' (13 TeV)
—*~ Data —— POWHEGV2 + PYTHIA8 —e— Data —+— POWHEGV2 + PYTHIA8
—=— NLO calculation " MG5_aMC@NLO + PYTHIA8 [FxFx] —=— NLO calculation —*— MG5_aMC@NLO + PYTHIA8 [FxFx]
—— NNLO calculation
O |
C ——e—+— 0.300 = 0.022 = 0.031 C +C +H—+—o—+— -0.193 + 0.035 + 0.053
kk hHH_{ rk kr ﬁi
C. . i N 0.081x 0.023 + 0.023 C,-C. : H—e—+ 0.057 + 0.035 = 0.029
C.. He—H  0.320:0.01220016 C,+C, e -0.004 = 0.028 + 0.024
™ v
-D 0.237 + 0.007 = 0.009 C.,.-C., H—i—H -0.001+ 0.028 = 0.025
v
'aobSCP 0.167 = 0.003 = 0.010 C.,+C.. H—O—H: -0.043 = 0.031= 0.026
lH v
A fort 0.103 = 0.003 = 0.007 C C T 0.040 = 0.025 = 0.016
IAq)"I }-V{I_*{ nk kn :
result + (stat) = (syst) result = (stat) = (syst)
lIlI|lIlI|IIII|lIlI|IIl| |III|IIIIIIIII|IIII|IIII|IIII|IIII|II
0 0.1 0.2 0.3 0.4 0.5 -04 -0.3 -0.2 -0.1 0 0.1 0.2 0.3
Phys. Rev. D 100, no. 7, 072002 (2019) Spln correlation coefficient/asymmetry Cross correlation coefficient
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top rest frame

tt Spin Density Matrix

JHEP 12 (2015) 026
Nucl. Phys. B 690 (2004) 81
Phys. Rev. D 58 (1998) 114031 C =

tt spin correlation

|M‘20<A-|— élé\l—l-ézé?—él(:@z

¢? = top spin vectors

X X X
X X X
X X X

CMS 35.9 fb'' (13 TeV) CMS 35.9 fb'' (13 TeV)
—*~ Data —— POWHEGV2 + PYTHIA8 —e— Data —+— POWHEGV2 + PYTHIA8
—=— NLO calculation —* MG5_aMC@NLO + PYTHIA8 [FxFX] —=— NLO calculation —*— MG5_aMC@NLO + PYTHIA8 [FxFx]
—— NNLO calculation
jm} |
— — 0.300 + 0.022 + 0.031 — — -0.193 + 0.035 = 0.053
Cx . C.+C,. o 0.193 + 0.0
Fr— 3
C. e+ 0.081=x 0.023 = 0.023 cC -C P 0.057 + 0.035 + 0.029
rr H};i_{ rk kr A
I |
C.. |-1—M.—|-; 0.329 = 0.012 + 0.016 C.,+C,, H—:v—H -0.004 = 0.028 + 0.024
-D 0.237 + 0.007 = 0.009 C.,.-C., H—{—H -0.001 0.028 + 0.025
v
lab 0.167 = 0.003 = 0.010 C +C H—e—H -0.043 = 0.031= 0.026
osp nk kn A
b 3
fot 0.103 = 0.003 + 0.007 C C T 0.040 + 0.025 + 0.016
AIAq)ul MH{ . o o nk ~ “kn A ' - -
result + (stat) = (syst) result = (stat) = (syst)
| | | | | | | | | | | | | | | | | | | | | | | ] | I | | | I A | I L 11 1 | L1 1 1 | | 1 1 1 I I I | | I I | | 1 1
0 0.1 0.2 0.3 0.4 0.5 -04 -0.3 -0.2 -0.1 0 0.1 0.2 0.3
Phys. Rev. D 100, no. 7, 072002 (2019) Spin correlation coefficient/asymmetry Cross correlation coefficient
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Top-Antitop Quark Spin Correlation: Dilepton

13 TeV
L

—— SM

—— A resonance

W+ Vv
—+— H resonance
—+-n * By 00000 !
t ‘N 0000C b
- b
g O t
W- '

0.0 =
-1.0 -0.5 0.0 0.5 1.0

Chel
— separates between pseudoscalar and SM
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Top-Antitop Quark Spin Correlation: Dilepton

e+

CMS Simulation Preliminar 13 TeV

—— SM it

—+— A resonance
—— H resonance 4
w- Y
J oo 0 t b
o>10/0]0]0]0
e b
‘ —
g Q t
W- K

1.0 0.5 0.0 0.5 1.0

Chan
— separates between pseudoscalar and scalar
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Top Quark Scattering Angle: Lepton+]ets

6+ . angle between the reconstructed leptonically decaying top quark in the tt ZMF and the direction of the tt system in the laboratory frame e’
w \Y
CMS Simulation Prelimina 13TeV) g
o
) ‘000000
—4— SM tt 9 y b
—+— A resonance g
o f —— H resonance E W- q
t —+= N —
q
g t
A%
. 0.2
g A .,
(1  eaanass -
¢ 0.0
’ . -1.0 -0.5 0.0 0.5 1.0
cosB”

T — separates between scalar/pseudoscalar and SM
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Background modeling

» Major irreducible background: S top pair production NLO EW / LO (%)
-~ Model from NLO MC (Powheg+Pythia) 0 ]TEELJC 51 (2007) 3753 -
- Correct to NNLO OCD and NLO EW from fixed-order i
. . L . - M, = 1000 GeV
predictions by reweighting in 2D bins of mi and cos6* 5 -

- Normalize to NNLO+NNLL cross section M, = 120 GeV

10 |
» Other backgrounds: tW, t channel single- N N
NLO LO O/o]
top, rare processes (from MC) . M, / aw, | _
15 L
q g b — L L ] e ] T ] P L ] A | P .
: : . . \ b 1 2 4

o Z+jets in £22: from MC with data-driver s 000 00& [523;) 000 5000
normalization from Z peak sideband z '

a/ ?t_f} ,_ ?tedu

. : : ’ E c(et)
o OCD+EW processes in Z+]jets: data-driven ié? b<
shape from sideband with no b-tags

¢ Jet
jet
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Results of the 2016 Data

OMS s TEPOAGE) AT i CMS 36.9 b1 (13 TeV)
E 1 < Cpet < -0.6 0.6 < Chet < -0.2 0.2 < Cpet < 0.2 0.2 < Ches < 0.6 0.6 < Cpet < 1 . 95% CL exclusion
g 250 RN 1 529 Observed 95% expected”
5 200 — 3&”3““‘\}3‘;\, : : B Expected B 68% expected

FA—)tE > 1A FA/mA = 5%
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Examples for Interpretations of the Excess
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— stronger limits for a — ¢ than other searches — agreement with the A—1t excess at 400 GeV
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— threshold region is dominated by color-singlet pseudocalar toponium
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CMS Experiment at LHC, CERN
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Results - Dilepton
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Results - Dilepton
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Results of A/H interpretation - Combination
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Results - Dilepton
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Results - Dilepton
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Results - Dilepton
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Results - Lepton+3jets
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Results - Lepton+2=4jets
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Uncertainties

CMS —e— Fit constraint (obs.) —— +1c impact (obs.) —— -1 impact (obs.)
_ ] Preliminar Fit constraint (exp.) | +1c impact (exp.) -1 impact (exp.)
» Uncertainty on n: cross section 4 i) = 1114012
dominated by background Top quark Yukawa coupling [ | eI T T [ ES AEns naas anaen
modeling e e | —
I e B R R =
o the leading uncertainties are: MEu ] 1 0 e b b e
. POF| —e—= |
- Electroweak corrections, POFa,| | e |0
" " _Hh Top quark mass —-— b
InCIUdlng SM TOp nggs Color reconnection (QCD-inspired) . ——— .-—. '
YUkawa: EW correction scheme '—0—' —
Jet P scale (rel. balance, corr.)  —e— ._...
Yt = ]_,()()1'8‘5 EPJC 79 (2019) 421 ME u_ (Z/v") . et .
' EW + QCD shape (u, >4 jets) -—o—- -—-
b tagging (gluon splitting) ——— 5 5 E—.
~ parton shower scales EW + QCD shape (e, >4jets) | | | —e— i [P
_ _ _ Jet p_ resolution (2016pre) ] L
- missing higher orders Jet p_scale (b flavor response) — B =
Jetp scale (rel. sample, 2018) 5 e .
- PDF and Xs Jetp_ e (abs. scale, 2016pre) . i
- top mass Plovp | —e— | [ =
btagging (charmtemplate) | | | eme— | L =
-2 -1 0 1/\ 2 -0.04-0.02 0 0.02_.0.04
(6-6,)/A6 Ap(m)
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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 pmiss (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 £ / {)) *Also including cross section variations
* Electron efficiencies (reco. & ID) *  ME-PS matching (hdamp)
*  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 as
(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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A/H interpretation: Combination

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

é-‘; 95% CL exclusion, 'y = 5.0% ma c;f, 95% CL exclusion, 'y = 5.0% my
95% expected 1 Observed 95% expected 1 0Observed
2.5 B 68% expected [ate > a 2.5 B 68% expected Muie > Ml
------ Median expected ------ Median expected
2.0 | 2.0
1.5R, 1.5
1_0: i |||HHHHH¥: 1.0 R HHHI—:
0.5} : 0.5/ -
_ No tt bound states : No tt bound states
00200 600 800 1000 99%00 " 600 800 1000
ma [GeV] my [GeV]

— excess at low mg is reflected at low A/H masses, but stronger for pseudoscalar A
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Comparison with ATLAS - prefit

138 fb~1, Run 2 (13 TeV)

» 12, 2b, =4 jets category for %108;*"""""'"‘;'D';""",';"""'_% | Dat
$  E ATLAS ata ata
both ATLAS and CMS S 10’k Vs=13TeV, 140" [JW+jets  [lMultijet 0.9 < |cos(6;)| < 1.0
T : < A/H - tt, 1-lepton [l Single top ] Z+jets
— compare pre-fit distributions
pare p % pe gzﬁ:&% 2|51 [ Others  /~ Uncertainty -

° e.g. look at hlgh ‘COSO*‘: AT Pre-fit In the lower panel: . *'*...'

10° & — m,=500GeV, tanf=2.4 x 10 .,
. . . N = — m,=800GeV, tanf=0.4 x5
— similar excess in data at low mg ) )

10

» for dilepton difficult to compare

—~ ATLAS does not reconstruct top quarks 10
- different variables: mygbb vVS. Ay

Uncertalnty

- A(365, 2%), ga=1

—— H(365, 2%), gy = 1

.

| oo‘..0¢0¢0+’+§+* + { . *

Ratio to Bkg.

EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

—— N, m(n) =

.............

500 1000 1500
Mg [GeV] M (GeV)
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limits, combined

CMS Preliminary 138 fb~! (13 TeV)

+ 3.0
> 95% CL exclusion, 'a = 5.0% mj
95% expected ~_ Observed
E 2:5 LSS A S A, 7 | ; | y 2.5 68% expected Mot > [
= ATLAS /'y 7 ' 775 7777 I Median expected
20 YNNI L 2.0
A -, IM=5% IINr”
Ls L i 15! )
1.0 1.0} ]
05 b Observed 95% CL exclusion | 0 5: -
TS Expected 95% CL exclusion | _
(+16 and +20) : No tt bound states |
_ F>F unphysical _ P S S
0.0 . I't> Ttotal (unphysical) 0.07200 600 800 1000
400 500 600 700 800 900 1000 1100 1200 1300 1400
MA [GEV]
Ma [GeV]
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limits, combined

CMS Preliminary 138 fb~! (13 TeV)

e o ot 1 o0 pne -~ 3 | O I
S | | 95% CL exclusion, Fx = 5.0% m,
: 95% expected | Observed
E 2 IS SIS I IIIIS | ; | y 2.5 :- 68% expected [atg > a
= PLEDS 7 1 ' A ~----- Median expected
20 BTN L e 2.0
A—tt, T/IM= 5% I :
1 .5 ........... 1 . 5 | : =
10 1.0l ]
a5l Observed 95% CL exclusion_ 0 5: )
S Expected 95% CL exclusion | _
(¥10 and +20) - No tt bound states °
_ F>F unphysical _ T T T
0.0 . I't> Ttotal (unphysical) 0.07200 600 800 1000
400 500 600 700 800 900 1 OOO 11 00 1 200 1 300 1400
MA [GeV]
Ma [GeV]
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Comparison with ATLAS - limits, combined

— similar expected limits ... - CMS Preliminary 138 fb-! (13 TeV)
é‘: . 95% CL exclusion, 'n = 5.0% mp
: 95% expected | Observed
E 2:5 LSS A S A, 7 | ; | y 2.5 = 68% expected Mot > [
o ATLAS v - Lo . .
- | 1 AL S S oo Median expected
5ol VS=13TeV, 140 fo s, T ol
A—tt, T/IM= 5% I :
LB 150 -

L

1.0

Observed 95% CL exclusion

55 - 0.5 -
0.5K B e - e e Expected 95%-Gl= exclusion 4 - - - - - - == i -
(¥10 and +20) ! No tt bound states |
N I > I unphysical i N R B
0.0 . Ttt> Ttotal (Unphysical) 0.07Z00 600 800 1000
400 500 600 700 800 900 1000 1 100 1200 1300 1400 My [GeV]

Ma [GeV]
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Comparison with ATLAS - limits, combined

— similar expected limits :::iﬁ.:iit.i::f::.?;:% CMS Preliminary 138 fb~! (13 TeV)
— but no excess in ATLAS postfit 530 — . .
— we are comparing... o . 95% CL exclusion, T = 5.0% ma
| : 95% expected | Observed
= 2.5 V777 A / ' / | ) 2.5 E- 68% expected [att > Ta
= PLEDS 7 1 ' A ~----- Median expected
2.0F VEZ13716Y, 140 b S L e 20—
A—tt, T/IM= 5% I :
1 .5 ........... 1 . 5 | : ]

L

1.0

Observed 95% CL exclusion

55 - 0.5 -
0.5K B e - e e Expected 95%-Gl= exclusion 4 - - - - - - == i -
(¥10 and +20) ! No tt bound states |
N I > I unphysical i N R B
0.0 . Ttt> Ttotal (Unphysical) 0.07Z00 600 800 1000
400 500 600 700 800 900 1000 1 100 1200 1300 1400 My [GeV]

Ma [GeV]
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Could it be a pseudoscalar tt bound state?

» excess is located in threshold region at low m« and fits better to
pseudoscalar hypothesis
— could this be interpreted as tt bound state effect (pseudoscalar toponlum)7

Ty e prr Tty IIIIII llllllll Illll

» extract cross section using the n: color-singlet model =5 o
— “cross section” = difference to perturbative prediction

¢ MC@NLO

(U8
T

(\®)
W

[—
. .
LI DL L LI

Jﬂ
1 -
.

do/dm [pb/GeV]
(\]

[a—
L LI

&
)

PRD 104 S T JHEP 09 (2010) 034

: . red I R N N TR TR
° agrees Wlth NRQCD predlcthn O—(nt)p — 643 pb (()iz(z);; 930335 340 345 350m3[5G5V]360 365 370 375 380
=« CAUTION: this model is by far not a complete description of a tt bound state!

— missing e.g. color-octet states, these are expected to be small, but e.g. very soft inital state gluons
can change a color-octet state into a color-singlet one...

- difficult to make quantitative statements
- missing uncertainties
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A/H limits including tt bound state in background

2.0}

1.5}

0.0

1.0}

0.5

CMS Preliminary 138 fb~! (13 TeV) 20
95% CL exclusion, 'y = 5.0% ma c;fw
95% expected [—10Observed
BN 68% expected [ate > A 2+
------ Median expected
2.0;
! 1.5}
L 1.0
- 0.5/
Including SJ! tt bound state n; -
_ PRD 104, 034023 (2021) j
200 600 800 1000 90
Ma [GeV]

CMS Preliminary 138 fb~! (13 TeV)
95% CL exclusion, 'y = 5.0% my
95% expected 1 Observed
B 68% expected Muie > Ml

Median expected

RECLLCH T |

R
||||.'
—

~

Including 'Sg"! tt bound state n; -

PRD 104, 034023 (2021)
A | M

400 600 800

My [GEV]

71000

free-floating
normalization

= since nrlooks similar as pseudoscalar A, no surprise that excess is no longer present
= most stringent limits to date!
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Search for A and H simultaneously

A3.O R D L L
0 2 I CMS 138 fb~! (13 TeV):
1 . Preliminary — 68% CL -
Mm2.5¢+F e 0 ]
T : 95% CL
©
2.0 1 Including 'S\'! tt bound state n; ~
| PRD 104, 034023 (2021)
1.5 -
BSM models (e.g. 2ZHDM) often predict | _
simulataneous presence of A and H 10~ -
» model-independent exclusion contours M\ b
for A vs H couplings to top quarks with 55\ i _
numerical Feldman-Cousins method | E‘} —— Expected (b)

—— Observed
= stringent limits O'OOO' "‘““'5' B '1|0' B '1|5' - zlo - 2|5 B 30 o

JA(365, 2%)
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Definition of chel and Chan

- Start in tt rest frame, boost leptons into rest frames of their parent tops
= Define lepton three-momenta /tand /7~ w.rt {l%, r, n}basis:

© k: direction of flight of the top quark
© 7: orthogonal to & in the scattering plane

° f: orthogonal to k& and 7
chet = —(0T)e(0 ) — (U1 (€7)r — (UD€ ) —-----TL

A A A R A A p
Chan — "‘(g—l—)k(e_)k o (€+)’r(€_)r o (£+)n(€_)n
= It can be shown that they follow a straight line with
1 do 1 1 do 1
= — (1 — D epe — — (1 D) an) JHEP 03 (2024) 099
O dchel 2 ( K 1) 0] dchan 2 M . ( ( ) )
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List of MC generators

Process ' QCD order | ME Generator
tt ' NLO | POowHEG V2 (hvq)
tW NLO POWHEG V2 (ST wtch)
L+jets NNLO PowHEG v2 (Zj MiNNLO)
t-channel single top NLO POWHEG V2 (ST tch) + MADSPIN

s-channel single top NLO MG5 AMCQNLO
tt W NLO MGS5 AMCQ@QNLO
ttZ NLO MGS5 AMCQNLO

WW., WZ & Z7Z LO PYTHIA 8.2
A/H signal LO MG5 AMCQNLO
1 signal LO MG5 AMCQNLO

Experimental studies of top quark pair threshold
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Data-driven Z+jets normalisation

* Db 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
( %/out)data B (Rgg/out)data

>1b o 0b
( » )MC (Rin/out)Mc \‘ QF — (Nci,ltb)data (Nz’zw)data (Rgg/out)MC

in/out

. 1 Nee
With Nyate = Nibia — 0.5N" koo, where kee = — = \/ ‘L‘ﬁa
K N

SM@LHC 2025, Durham
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Electroweak corrections to top pair production

*  QOur 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

Hathor
Powheg O'NLO EW
rew. _LO EW LO QCD
o — ONLO QCD X LO EW
9LO QCD
= Alternate choice: additive MadGraph
o = KOS + oTE %8 — ok B

= Difference treated as systematic uncertainty
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Correlation matrix

® assess uncertainty modeling
further through correlations of
huisance parameters 1 Cross
section dominated by
background modeling

Experimental studies of top quark pair threshold
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reliminary  $Fa8PL NP QAR ENE W G CIEE L0
| 1 | 1 1 | | | | | 1 | 1 | | | | | 1 1-0
u(Nt)
Top quark Yukawa coupling -
PS FSR (tt) -
ME pr (tt)
PDF - -0.5
PDF as - 5
Top quark mass - R
Color reconnection (QCD-inspired) - %
EW correction scheme - 8
Jet pt scale (rel. balance, corr.) - - 0.0 ~
ME pr (Z/y*) A ._8
EW + QCD shape (4, =4 jets) - ©
b tagging (gluon splitting) - g
EW + QCD shape (e, =4 jets) - O
Jet pr resolution (2016pre) - L 0.5 O
Jet pr scale (b flavor response) -
Jet pt scale (rel. sample, 2018) -
Jet pt scale (abs. scale, 2016pre) -
Pileup -
b tagging (charm template) - T ~1.0
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Systematic uncertainties - shape vs normalisation

Uncertainty (# of parameters) Type Process Channel
Jet pr scale (17) shape all all
Jet pt resolution (4) shape all all
Unclustered piiss (4) shapc all all

b tagging heavy-flavor jets (20) shape all all

b tagging light-flavor jets (5) shape all all
Single-electron trigger shape all ej
Single-muon trigger (5) shape all Uj
Dilepton triggers (12) shape all ee, ey, uu
Electron identification (2) shape all ej, ee, ey
Muon identification (10) shape all Hj, eu, uu
ECAL L1 trigger inefficiency (3) shape all all
Pileup shape all all
Integrated luminosity (7) norm. all all
Top quark Yukawa coupling shape SM tt all
EW correction scheme shape SM tt all

m, shape SM tt, @, 1, all
ME ug (5) shape  SM tt, @, single top, Z/y* all
ME ug (6) shape SMtt, @, 7, single top, Z/v~ all
PS ISR (6) shape SM tt, ®,#,, single top, Z/v* all
PS FSR (6) shape SMtt, @, #,, single top, Z/v"* all
Color reconnection (2) shape SM tt all

M damp shape SM tt all
PDF (2) shape SM tt all
Single top quark normalization norm. Single top all
EW+QCD normalization norm. Data-driven EW+QCD ¢
EW+QCD shape (20) shape Data-driven EW+QCD £j
ttV normalization norm. ttVv 00
Z/v* normalization norm. Z/y* ol
Diboson normalization norm. Diboson 7
MC statistical (3920) shape all all

Experimental studies of top quark pair threshold

Table 2: The systematic uncertainties considered in the analysis, indicating the number of cor-
responding nuisance parameters (if not one) in the statistical model, the type (affecting only
normalization or also the shape of the search templates), and the affected processes and analy-
sis channels they are applicable to.

Various sources of uncertainty affect the distributions of the observables used in this analysis,
and are implemented as nuisance parameters in the binned maximum-likelihood fit described
in Section 7. For each considered experimental and theoretical systematic effect, variations
of the predicted signal and background distributions are evaluated. Uncertainties that affect
only the normalization of a process are modeled using log-normal constraints as described in
Section 4.2 of Ref. [90]. Gaussian constraints are imposed for all other uncertainties, which are
referred to as shape uncertainties and can include a log-normal constrained variation of the
overall normalization, by modifying the product of the event acceptance and the cross sections
of the relevant processes. Unless stated otherwise, all uncertainties are evaluated on signal
as well as background processes and treated as fully correlated among the processes, lepton
channels, and analysis eras. The uncertainties are summarized in Table 2, and described in
detail in the following.

Among the experimental uncertainty sources, those due to jet pr scale and heavy-flavor jet
tagging are important. In addition, MC statistical uncertainties, when grouped together, often
outweigh every other individual uncertainty.

SM@LHC 2025, Durham 88
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Systematic uncertainties - shape vs normalisation

The uncertainty in the jet pt scale [35] is evaluated by varying the corresponding corrections
within their uncertainties, resulting in a total of 17 nuisance parameters that correspond to
the absolute and relative jet energy scales, calibration uncertainties in specific detector regions,
pr balance in dijet or Z/+* events used in the jet energy calibration, and flavor-dependent jet
response split into one source for b quark jets and another for all other. Of these, 12 nuisance
parameters affect individual analysis eras. The uncertainty in the jet pr resolution measured
in calibration data is propagated to the scale correction and smearing of the jet p resolution
in simulation. An uncertainty in the unclustered component of p™® is computed by shifting
the energies of PF candidates not clustered into jets with pr > 15 GeV according to the energy
resolution for each type of PF candidate [42].

Uncertainties in the b tagging efficiency scale factors applied to simulated events are evaluated
by varying them within their respective uncertainties [36], independently for heavy-flavor (b

and c quarks) and other (light quarks and gluon) jets. We assign 20 nuisance parameters for the
heavy-flavor jet scale factors that correspond to the parton shower (PS) modeling, the presence

of leptons within the jet, the jet pt scale, the number of pileup interactions, and differences
between different scale factor estimation methods. Of these, 4 nuisance parameters affect indi-
vidual analysis eras. For the light-flavor jet scale factors, 5 nuisance parameters are assigned,
of which 4 affect individual analysis eras.

Uncertainties in the trigger, electron identification, and muon identification scale factors are
considered [39, 41], including also effects from the isolation requirement and the track recon-
struction at the trigger level. For the single-muon trigger and muon identification scale factors,
each uncertainty component is further split into statistical components that are uncorrelated
across analysis eras and a correlated systematic component. The effects of the inefficiency
caused by the gradual shift in the timing of the inputs of the ECAL L1 trigger [29] are con-
sidered by assigning one nuisance parameter each to the 2016pre, 2016post, and 2017 analysis
eras.

The effective inelastic proton-proton cross section used for pileup reweighting in the simulation
is varied by 4.6% from its nominal value. Additionally, the uncertainty in the integrated lumi-
nosity amounts to 1.6% [21-23] and affects the normalization of all simulated processes, and
is split into 7 nuisance parameters with different correlation assumptions between the analysis
eras.

The prediction of the SM tt production is affected by various sources of theoretical uncertainty.
The computation of the NLO EW correction, discussed in Section 3, depends on the value of
the SM top quark Yukawa coupling through interference with diagrams containing virtual SM
Higgs bosons. An uncertainty in the coupling is considered by varying its value by 1.007013,
where the range is given by the experimental measurement reported in Ref. [91]. Furthermore,
the uncertainty in the application scheme of the NLO EW corrections when combined with
NNLO QCD corrections is considered by taking the difference between the multiplicative and
additive approaches, as recommended in Ref. [67]. The uncertainty in m;, is considered by
shifting its value in simulation by £3 GeV, and the induced variations are then rescaled by a
factor of 1/3 to emulate a more realistic top quark mass uncertainty of 1 GeV [92]. The effect of
the choice of g and uy in the ME calculation is evaluated by varying these scales independently

by a factor of 2 and 1/2. The effects of the m;, ur, and ug variations on the acceptance and shape
of the search templates are considered at NLO accuracy, while the effects on the overall SM tt
normalization is considered at NNLO+NNLL accuracy [62, 93]. Decoupling the theoretical
nuisance parameters based on their effects—one each for the acceptance and shape, and one
additional parameter for the overall SM tt normalization—does not alter the conclusions of
this analysis.

The scales used to evaluate ag in the PS simulation of initial- and final-state radiation (ISR
and FSR) are also varied independently by a factor of 2 in each direction. The effect of the
uncertainties in the underlying event tune is estimated by varying the parameters of the CP5
underlying event tune [47]. Two uncertainties are assigned for the color reconnection model,
with one based on the “QCD-inspired” model [94], and the other by switching on the early
resonance decay option in PYTHIA 8.240 [95].
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Systematic uncertainties

- shape vs normalisation

The uncertainty in the matching scale between the ME and the PS is evaluated by varying the

POWHEG parameter fg,m,,, which controls the suppression of radiation of additional high-pr

jets. The nominal value of hg,n, in the simulation and its variations are 1.58”_L8:gg m; [96]. The

uncertainty arising from the choice of the PDF set is evaluated by reweighting the simulated tt
events using 100 replicas of the NNPDF3.1 set. A principal component analysis is performed
on the variations from the PDF replicas to construct base variations in the space of the predicted
event yields in each bin of the search templates, from which the one with the largest eigenvalue
is used as the PDF uncertainty. The second largest eigenvalue is found to be almost two orders
of magnitude smaller than the largest one, thus the base variations corresponding to it and
smaller eigenvalues are not considered. The uncertainty in the ag parameter used in the PDF
set forms a second independent PDF variation uncertainty.

The ur and ug scale uncertainties in the @ signal simulation are treated independently for the

resonance and interference components. Compared to the alternative of varying the scales for

the two components simultaneously, we found this to be the more conservative option. The
effect on the acceptance and shapes of the search templates is considered at LO accuracy, while
the effect on signal cross section is considered at NNLO accuracy. The scales used in the PS
simulation of ISR and FSR are also varied independently by a factor of 2 in each direction and
are treated independently for the resonant and interference components.

The uncertainty in m, for the signal is considered by varying its value in simulation by 1 GeV.
Its effect on acceptance, shape, and cross section is considered in the same way as ur and ug
variations. Given that this is a variation on the same physical parameter, it is treated as fully
correlated across all signal and background processes. Other theoretical uncertainties in the
signal, such as the PDF, are neglected as they are small compared to those already considered.

The 7, signal simulation considers ug, ISR, FSR, and m, uncertainties, affecting only acceptance
and shape. They are handled identically to the corresponding variations in the ® signal simu-
lation, except for the absence of variations on the overall normalization, which is always taken
to be freely floating in this analysis. Since the used model describes effective #, production
via a contact interaction, without the emission of extra partons at the LO ME level, the model
encodes no dependence on ag. Therefore, uy variations have no effect on the #, prediction.

The ug, pgp, ISR, and FSR scale uncertainties are also independently considered for the Z /*
and single top quark production processes. For these processes, the ur and yp uncertainties
affect only acceptance and shape, not normalization.

The expected yields for most of the non-tt background processes are derived using theoreti-
cal predictions for the cross sections at NLO or higher accuracy. The uncertainties assumed
in the normalization of these processes are conservative and always exceed those of the corre-
sponding theoretical computations. For single top quark production, we assign an uncertainty
of 15%, based on relevant cross section measurements [97-99]. In the single-lepton channels,
the normalization uncertainty of the EW+QCD background estimate evaluated from control
samples in data is taken to be 50%, and shape uncertainties as described in Section 4 are con-
sidered as well. The uncertainties corresponding to the change in shape induced by varying
the b tagging requirements are considered separately for the single-lepton channels, but corre-
lated across analysis eras. Statistical uncertainties in the tt and single top quark subtraction are
considered separately for each channel and era. In the £/ channels, the uncertainty in the ttV
production is taken to be 30% [100, 101]. The uncertainty of the Z/«* production is taken to be
5% [102]. To account for the fact that this search probes a restricted region of the phase space
of the corresponding processes, we assign a normalization uncertainty of 30% for diboson pro-
duction, which has little impact on the overall sensitivity due to the small contribution of these
processes.

The nominal background prediction is affected by the limited size of the simulated MC
event samples. This statistical uncertainty is evaluated using the “light” Barlow—-Beeston
method [103], by introducing one additional nuisance parameter for every bin of the search
distributions. These parameters are uncorrelated across all channels and analysis eras.

Several systematic variations, most notably those constructed from dedicated MC samples, are

affected by statistical fluctuations. We suppress these fluctuations with the smoothing proce-
dure described in Ref. [24].

In general, the relative importance of different systematic uncertainties depends greatly on the
signal hypothesis, especially the mass of the scalar bosons. Close to the tt production thresh-
old, the variations in the value of the top quark Yukawa coupling and m, become important,

while for larger mg the PDEF, ug, and up variations in the SM tt background become dominant.
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Search for A and H simultaneously: more scenarios
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» model-independent exclusion contours 20

for A vs H couplings to top quarks with
numerical Feldman-Cousings method

= stringent limits
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Limits for 1% width: A/H interpretation
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CMS Preliminary 138 fb~! (13 TeV)
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— excess at low mgy is reflected at low A/H masses, but stronger for pseudoscalar A
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Limits for 2% width: A/H interpretation

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

S 95% CL exclusion, [ = 2.0% mx E 95% CL exclusion, My = 2.0% my
2.0 95% expected - Observed 95% expected - Observed
B 68% expected M > a 2.5 mmm 68% expected M > Mh
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1.5 2.0
| 1.5/ i
1.0
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_ LI gl
0.5 _ ||||||||||||||||||||||:
0.5/ -
_ No tf bound states . No tt bound states
00200 600 ~ 800 1000 99200 600 800 1000
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— excess at low mq is reflected at low A/H masses, but stronger for pseudoscalar A
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Limits for 5% width: A/H interpretation
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Limits for 10% width: A/H interpretation

30 CMS Preliminary 138 fb~! (13 TeV) CMS Preliminary 138 fb~! (13 TeV)
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— excess at low mq is reflected at low A/H masses, but stronger for pseudoscalar A
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Limits for 18% width: A/H interpretation
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Limits for 25% width: A/H interpretation

OAtt

— excess at low mq is reflected at low A/H masses, but stronger for pseudoscalar A
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Toponium production at the LHC

More complicated than Higgs production:

’l?eakctcv%
”%§:§3> ijg; :}3>"“ "ok -l

“Small” top loop replaced by “blob” of size ~ 1/ (Mtas)

Lo Rete -Size Funchia,

Sommerfeld enhancement of cross section close to ¢ threshold

@ s FEF-
o e reLd MMW

Distorted by gluon interactlons

Prr TR

Dectondion ot wraue fuckion

tt off-shell, unstable, gluon interactions

John Ellis
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Results of A+H interpretation - Combination
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ATLAS uncertainties

Pre-fit impact on ypu.: N
0=0+A0 06=0-A0 02 0 0.2

= ATLAS _co_nsiders different modeling Postitimpacton (i (7T T T T
uncertainties, e.q: — Nuis. Param. Pull | 15 18 G g2

t i ] {f reweighting, NN vs LUX PDFs
 “tt ineshape™ Powheg vs. Powheg+MadSpin . é ._'_;

tT lineshape (1L Resolved 2b, [cos6"|<0.2)

tT PS (shape) (1L Resolved 1b, 0.2<|cose'|50.4)

- Parton shower: Pythia vs. Herwig

tT cross-section (2L)

{7 p’T“‘"’ (shape) (1L Resolved 2b, 0.8<|cose'|s1.0)

> PDFs in EW corr.. NNPDF vs. LUXQED JER (fectve NP 4

(7 p* (shape) (1L Resolved 2b, 0.6</cos6"[<0.8)

tT PS (shape) (1!. Resolved 1b, 0.4<|cose‘|so.6)

“ Some of these are uncorrelated between 5 v e

tT Ngamp (1L Resolved 2b, 0.2<|cose'|so.4)

channels and/or between categories In
COSO* I Aq)% Luminosity

tT PS (shape) (1 L Resolved 2b, |cose’|so.2)

T hgamo (1L Resolved 2b, 0.6<|cos6"[<0.8)

> CMS: modeling uncertainties fully correlated

b-tagging eff. (b, NP 0)

JES (n, modelling)

* Impact plot: e.g. lineshape has high impact s (e o)
an d i S p u I I ed {7 PS (acc.) (1L Resolved 2b, 0.2<|cos6"<0.4)
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Top-Antitop Quark Spin Correlation

—— Standard model

d.

. T T
: tllllll llllllllllllllllll | I B | e+

w Y
- —— A(500, 10%) resonance g A 9 t
0.15 ‘o 00000 4
 —— H(500, 10%) resonance . O n %
P P - _
_ W~ 2
01— pseudoscalar —— v
_ _#—
0.05
scalar
0-
«—
:.A¢ Il|ll|llll
. 0 /6 /3 /2 2t/3 5n/6 T
. A¢"
— existence of a pseudoscalar would lead to flatter distribution
+ = - - n
e in data corresponding to stronger spin correlation
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Top-Antitop Quark Spin Correlation
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— existence of a pseudoscalar would lead to flatter distribution
e in data corresponding to stronger spin correlation
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Azimuthal Angle between Leptons in Lab System
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— difficult to model
— IS a mixture between spin correlation information and kinematics (lab system)
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ATLAS Dilepton prefit
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ATLAS Dilepton postfit
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General Backup
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Spin correlation strength

_ NTT+Nll_ NTL_NlT
Niy+N,  +N; +N

Tevatron LHC
» dominated by qq annihilation e dominated by gg fusion
e tt pairs close to the threshold e tt pairs far off the threshold
e beam axis as spin quantisation axis * helicity basis as spin quantisation axis
NLO QCD: C = 0.78 NLO QCD: C = 0.32

Bernreuther, Brandenburg, Si, Uwer, Nucl. Phys. B690, 81 (2004)

e optimised “off-diagonal” basis * maximal basis

complementary between Tevatron and LHC
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New physics impact on spin correlations

* important test of SM and sensitive search for physics beyond
e analyse the whole chain of top pair production and top decay

+

e
SM . y
7 'o t b
0>10/0]0]0]0
\‘ — b
g O t
_ Phys. Lett. B 702, 16 (2011)
W- H

e

Higgs, KK gravitons, Z’, stop pairs, ... charged Higgs, b’, ...

- Christian Schwanenberger - SM@LHC 2425, Durham
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Template Method

q . Vv
W+
J O 0O 00 C — t...
- b
d t f‘
: W- -
€€, e, uj Vv
0.3 | D'@' a Sttt No s;')in'co'rr. _
Y e SM spin corr. -
B ot :
N 0.2 _
© - _
N - :
o =
Z 0.1_— ________ .
0 05 0 05 1

cos 6, cos 6,

Experimental studies of top quark pair threshold

- Christian Schwanenberger -

with
T. Head
Y. Peters

J:]
N‘\.
b/ “V

correlation strength:

N(T)+NUL) —N(TL) —NT)

C= NI+ N Q)+ NG =N AT

using beam direction
as quantization axis

(assuming 100% polarization power
for charged leptons)
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Top Pair Spin Correlation

Top Spin is basically unexplored (2010)

Tevatron LHC

q t g t
P

q T g t

top pair is produced
far from kinematical
threshold (boosted),
too

top pair is produced
close to kinematical
threshold (~in rest)

Spin quantization axis

e beam axis

* helicity basis: h = S - p. p = p/|pl

e optimized bases
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Search for a Heavy Pseudoscalar

. CMS supplementary gt channel 35.9 7" (13 TeV) CMS 359 fb ! (13 TeV)
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tt production density matrix

determines cross section and distributions

< t q(p1) + q(p2) — t(k1,s1) + t(ke, s2)

t _independent of top spin (e.g. ptr distribution etc.)

|M|2 X A{B_I— -+ S1 + B - So + Cij81i82j (LO)

b1%, b>* = 0: P-violation b3 + 0: only in NLO QCD, “T"-odd
(=0 in LO QCD) (absorptive parts) ATLAS-CONF-2013-101
Xiv:1307.6511 [hep- N :
T e exy / c1, C2, €3, c4: C-even, P-even
~ #0in LOQCD " __.o=

i b1 D

Cs, C6: P-odd, CP-odd

gonly in BSM
+c4(pik; + kip;) + cs€”' Py + ek

— systematic analysis of top quark properties

|
Q
S
SO
4+
Q
DO
S
S
4+
Q
o
o
\?T‘
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Production Density Matrix

I t determines cross section and distributions
independent of top spin (e.g. ptr distribution etc.)
g f/

|M|2 x A -+ B+ -+ S1 + B - So + Cij81i82j (LO)

b1%, b>* = 0: P-violation b3 + 0: only in NLO QCD, “T"-odd
(=0 in LO QCD) (absorptive parts) ATLAS-CONF-2013-101
Xiv:1307.6511 [hep- T :
T e exy / c1, C2, €3, c4: C-even, P-even
~ +0in LOQCD B

— S-ratio ———ir 0.87 £0.11 £0.12
. e
cos(8,) cos(6.) H 25 1049 £ 025
- . —_———————i +0.19 +0.
Z helicity basis | 075
cos(6,) cos(6. :
.( 2 .( ) —————t 0.83 +0.14 +0.17
maximal basis H
H
0 0.5 1 1.5 2
Standard model fraction

~ Ve NV AN

E o= b

Cz" — 5 C AN C kk Cs, C6: P-odd, CP-odd
9 1Y29 2pzp] 3y lvyg 20 onlv |
y in BSM
/ e

‘|‘C4(]3ikj + kzﬁj) + 65670 D + Cﬁéwlkl
— close collaboration with Bernreuther et al. needed
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http://arxiv.org/abs/1307.6511

Polarisation power

spin
analysing ~ charged lepton

1 d O 1 basis
O dcose 2(1+a COSB ) in tt ZMF frame /

dilepton channel promises largest sensitivity Xe"t"""
Brandenburg, Si, Uwer, \
Phys. Lett. B539, 235 (2002) in top quark rest frame

b-quark | W~ I d-quark or §-quark | u-quark or c-quark

a; (LO) -0.41 | 041 1 1 -0.31
a; (NLO) | -0.39 | 0.39 [\ 0.998 0.93 -0.31

1 d’o
1 0 0
o dcos 0, dcos6, @OS 10050,)

where C—Aa1a2 A=C

linear extraction:
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Spin correlation strength

Tevatron

* interpolate between beam and
helicity basis
e optimised “off-diagonal” basis

tan w=+(1—B?)tan 0

NLO QCD: A= 0.78

Bernreuther, Brandenburg,
Si, Uwer, Nucl. Phys. B690, 81 (2004)
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HERWIG+ +
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g —— off-diagonal
5 08 . ...... helicity —
% 1 : - | ——  maximal
= 06_ ...... ...... ...... e v P
u ' ' ' ' ' ' .
= f : f : : f :
& 04\ A
E . ; . . . . .
- 1 .
S o02b. NS i
c :
o . "
= 5 5 ’ : E : :
a 0.O0F----/ /- RRRREE TR~ RRREE e A
_ | | ] | ] |
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Collision Energy / TeV

* there is no “optimal” basis for gg
fusion on an event-by-event basis
e maximal basis

NLO QCD: A = 0.44

Uwer, Phys. Lett., B609:271-276, 2005

- Christian Schwanenberger -

SM@LHC 2025, Durham



New physics impact on spin correlations

* important test of SM and sensitive search for physics beyond
e analyse the whole chain of top pair production and top decay

SM W v

9 t
[J
O 0000C )
\“ t 5
g
wW- W
\Y :T+
I‘Li& Vi
2
g g t b
7 b
g g
W™ I
v,
Higgs, KK gravitons, Z’, stop pairs, ... charged Higgs, b’ ...

Experimental studies of top quark pair threshold - Christian Schwanenberger - SM@LHC 2025, Durham



