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Rare top quark production at CMS:
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https://agenda.infn.it/event/47074/contributions/289072/

Rare top quark production at CMS:
Why Study Rare Processes Involving the Top Quark?

e Direct access to top couplings
- tWZ — top-boson EW coupling

- ttZ — top-Z interaction
- ttH — top Yukawa coupling
- tty(y) — electromagnetic coupling

e Sensitivity to new physics
- deviations from SM predictions could signal:

anomalous couplings
heavy new particles
higher-dimensional operators

But an important challenge... very small Standard Model cross sections
—> require high luminosity and advanced analysis techniques
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Rare top quark production at CMS:

Covered in this talk:

s, | tWZ production
iy 13 + 13.6 TeV; 200 fb™

Phys. Rev. Lett. 136 (2026) 081802

tty and tqy measurement

13 TeV; 138 fb™*
CMS-PAS-TOP-25-003

Chis,| CP violation in tiZ/tZq
. 13 + 13.6 TeV; 173 fb™

Phys. Lett. B 869 (2025) 139857

3-top production

13 TeV; 138 fb™*
CMS-PAS-TOP-24-006

ttW differential cross section

13 TeV; 138 fb™
JHEP 03 (2026) 083

More results in:
- CMS TOP Public Results - LHC Top Working Group
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https://journals.aps.org/prl/abstract/10.1103/rk6w-1pcl
https://www.sciencedirect.com/science/article/pii/S0370269325006021?via%3Dihub
http://cds.cern.ch/record/2957059?ln=en
https://cds.cern.ch/record/2957967
https://cms-results-search.web.cern.ch/?cTIh&code=TOP
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots

N7 CMS: tWZ observation
/ DPhys. Rev. Lett. 136 (2026) 081802

e tWZ extremely rare process, never observed
before

e Offers direct access to top-boson EW
couplings

e Sensitive probe to BSM effects (e.g.
anomalous couplings)

e First evidence (3.46) by CMS in 2024
(Phys. Lett. B 855 (2024) 138815)

e Combination of Run 2 (2016-18) and partial
Run 3 (2022-23) data
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https://journals.aps.org/prl/abstract/10.1103/rk6w-1pcl
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M/ CMS: tWZ observation
e Phys. Rev. Lett. 136 (2026) 081802

Signal regions:

® SR3l-3leptons (e or p), one OSSF (opposite-sign
same-flavour) lepton pair inside 15 GeV Z-mass
window, at least 2 jets (at least 1 b-tag)

® SRl - 4 leptons, exactly one OSSF lepton pair inside
Z window, at least 1 b-tagged jet

Backgrounds:
e CR(ZZ), CR(WZ) to constrain main backgrounds
e CR(Drell-Yan), CR(tt) to control non-prompt
leptons, mis-ID rates free parameters
ML algorithm to separate signal vs backgrounds:

e Transformer based ParT algorithm
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tM>/ | CMS: tWZ observation
DPhys. Rev. Lett. 136 (2026) 081802

Signal strength extracted in simultaneous profile likelihood fit to:

o 3 classifier outputs (tWZ, ttZ, other) in SR3l
o Binary classifier in SR41

->  Separate fits for 13 and 13.6 TeV
=>  pextracted also per year and lepton flavour composition

Combined result:

=1.77 + 0.23 (stat) + 0.22 (syst) fb

Mewz

® Observed significance 5.86 (3.50 expected)

® 230 larger than SM expectation, consistent with
‘evidence’ analysis. Corresponding xs:
o s=13TeV:o,,, - 248 + 38 (stat) + 35 (syst) fb
o s=13.6TeV:o,,, - 242 + 62 (stat) + 46 (syst) fb
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M CMS: CP violation in ttZ/tZ

VZ DPhys. Lett. B 869 (2025) 1398
Run 2 + 2022

e  Search for CP violation in ttZ / tZq

® Needed to explain baryon asymmetry—
SM sources insufficient, motivating

138 fb™' (13 TeV) + 34.7 fb"' (13.6 TeV, 138 fb' (13 TeV) + 34.7 fb™' (13.6 TeV,
T T T T T T T T T T T T T T T T

o 40— %) T
searches for BSM effects £ " Foms oM ERR- oms oM
. o Simulation Linear Q200 [-simufation Linear x 4
® EFT operators vaI s OtZI (CP sensitive) w 30F --Quadratic 4 M -- Quadratic

e Setting EFT limits for ML-based
CP-odd observables

o Keyidea:

CP-o0dd observables:

symmetric around 0— SM o 0, i T
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tw {74
g g g
1 - : -
. . ion: W= Wens + @ % Linear (interference between Quadratic (pure BSM
! EFT interpretation SM zl:."' 12;4‘ SM and BSM) - CP odd effects) - CP even
1
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https://www.sciencedirect.com/science/article/pii/S0370269325006021?via%3Dihub

V5| CMS: CP violation in t€Z/tZg
— | Phys. Lett. B 869 (2025) 1308

138 b (13 TeV) + 34.7 fb' (13.6 TeV)
T T T T T
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https://www.sciencedirect.com/science/article/pii/S0370269325006021?via%3Dihub

M| CMS: CP violation in ttZ/tZq
DPhys. Lett. B 869 (2025) 1398

e EFT limits from maximum likelihood fit to CMS
NN discriminants

CMS

138 fb' (13 TeV) + 34.7 o (13.6 TeV)

40
£
35 «

N

© 10k
e 2 fitting scenarios:
o Linear (considering only linear terms)
o Quadratic (linear + quadratic terms)

30

e Overall good compatibility of observed

limits with SM predictions (within 2c) 8
e Inindividual fits: 6 05
largest discrepancy for thI (1.9-2.50) 4
2 -15
o
-6 -4 -2 0 % 0 2—4 -2 0 2 | 4
Ciw Cow

Results consistent with SM expectations within 2o
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vz [HEP 03 (2026) 083

e Both ATLAS and CMS have reported a higher
cross-section than the current MC predictions

e  ttW is an important uncertainty in ttt(t), ttH, ...

e Goal:
o  First differential cross sections by CMS in
21 and 31 channels
o  First leptonic charge asymmetry of tops by
CMS in 31 channel

2 strategies:

e Counting strategy:
o focus on purity, tight lepton selection
o lower signal acceptance

e  MVA strategy:
o focus on signal acceptance, loose lepton
selection
o more background

—> 2D binning of the BDT and the variable of interest

- separate signal from backgrounds

M/ CMS: ttW differential cross-section
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https://arxiv.org/abs/2509.13512
https://link.springer.com/article/10.1007/JHEP05(2024)131
https://arxiv.org/abs/2208.06485

CMS
[HEP 03 (2026) 083

Signal region selection:
2SS (Same-Sign Dilepton SR):
e Exactly 2 SS leptons

m,,> 30 GeV

Z veto (Im11 - mZI » 10 GeV)

>3 jets, > 2 b-tagged

Optional:

pT"‘i“> 30 GeV (MVA strategy)

3L SR:

Exactly 3 leptons

> 1 opposite-sign pair

m > 30 GeV

Z veto on OSSF pair

> 2 jets, > 2 b-tagged

2 e o 0o o

Backgrounds:

e non-prompt, charge misID
leptons, conversions, ...
e Irreducible backgrounds: ttH, ttZ
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CMS: ttW differential cross-section
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CMS

Charge asymmetry
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CMS: ttW differential cross-section
[HEP 03 (2026) 083

e Normalized cross section measurements consistent
e Absolute cross section with larger values compared
to the SM expectations
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MS/| CMS: tty and tqy measurement
CMS-PAS-TOP-25-003

e Complementary to the dedicated analysis on tqy by ATLAS
(PRL 131, (2023) 181901)

e First observation of tqy by CMS and first differential measurement ever!

tqy production tqy decay tty production tty decay
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http://cds.cern.ch/record/2957059?ln=en
http://cds.cern.ch/record/2957059?ln=en
https://arxiv.org/abs/2302.01283

. 41 CMS Preliminary 138 b (13 TeV)
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CMS Ppreliminary 138 fb™ (13 TeV)
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M| CMS: 3-top production

CMS-PAS-TOP-24-006 138 fb™ l

e Very rare production mode O(2 fb)
o sensitive to FCNCs and BSM effects

e Employing two channels:

o Single-lepton (SL):
- >1lepton +jets
- typically > 6 jets and > 2 b-tagged jets in
signal region

o Multilepton (SSDL + ML):

- 2 same-sign leptons or > 3 leptons
- additional jets and b-tagged jets

e largest backgrounds: ttW/Z and non-prompt leptons

u 4
3
8 t
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CMS: 3-top production

CMS-PAS-TOP-24-006 Single lepton channel
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CMS: 3-top production

CMS-PAS-TOP-24-006 138 fb™ l

e Upper limit on signal strength at 95% CL.:

e o (SM)=21fb

ttt
e Measurement limited by statistical uncertainty

95% CL upper limit on oy (fb)

100

2501

CMS

3001 Preliminary

138 b~ (13 TeV)
T

95% expected
Il 68% expected
- Median expected
- Observed

0

Single Lepton

Di-/Multi-lepton Combined
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Summary:
e Presented the most recent results on rare top quark production by the CMS

Collaboration
e CMS making really good progress in understanding rare top quark processes

e New observations:
O tWZ: advanced ML techniques and combination with Run 3 data finally achieve
observation
O  tqy: first observation achieved, including the first differential measurement, consistent
with SM expectations

e No significant deviations from SM.:
o tty/tqy results consistent with predictions
o CP violation limits compatible with SM
o ttW differential cross-section within expectations

Measurements of top quark associated production and rare processes 20
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ATLAS+CMS Preliminary
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ATLAS+CMS Preliminary
LHCtopWG
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ATLAS+CMS Preliminary Vs = 13 TeV, November 2023

LHCtopWG
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M| CMS: tWZ observation '»——p~~w b W
Phys. Rev. Lett. 136 (2026) 081802 ' sm 1 . BSM . i
1
| Y |
| g a0} ———¢ g t
Combined result:

200 fb* (13 and 13.6 TeV)

’%‘3-5_""I""I""I""l""I""I""I""I""_

Bz = 177 + 0.23 (stat) + 0.22 (syst) fb ~F  [CMs —eewcL ]

3k —95% CL -]

e Observed significance 5.86 (3.56 expected) T 9;;4 ct ]

e 2.30 larger than SM expectation, consistent with ‘evidence’ 251 # Bestfit 1

analysis. Corresponding xs: ]

o As-= 13 TeV: Gy = 248 +38 (stat) + 35 (syst) fb 2F ]

o As= 13.6 TeV: Oz = 242 + 62 (stat) + 46 (syst) fb _

e Uncertainty dominated by statistics, major systematics: 15 ]

o  Normalizations of tt Z (14%), WZ+b (9%) and jet energy r ]

corrections (6%) 1F Y .

e Signal strengths of tWZ and ttZ determined in simultaneous N ]

fit without constraints on ttZ xs —consistent with dedicated [o )] YU FFETE PR P FET FAET FETE P R
measurement 0.6 0.8 1 1.2 u 14

tiz
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CMS

DPhys. Lett. B 869 (2025) 1398

2 equivariant Neural Networks
(separately for ¢ tZI s Coy D)

WZ included in NN training -
separation of signal from main
background (enhanced sensitivity)

EFT limits from maximum likelihood
fit to NN discriminants

2 fitting scenarios:

o Linear (considering only linear terms)
o Quadratic (linear + quadratic terms)

CMS: CP violation in ttZ/tZqg

-2AInL

-2AInL

138 fb” (13 TeV) +34.7 fb' (13.6 TeV)

138 fb' (13 TeV) + 34.7 fb”' (13.6 TeV)

0 10

of CMS Linear fit = gL CMs Quadratic fit

of 0, dm-oariy ||| o o,

7E  qquanties chy=-1333 " 7b  qaquanties Cly=-07713

6F 6F

5F 5F

af af

3F 3F

2F 2F

1 = 7 1 . ~

R g L R I R R
ch C(W

0 138 fb”' (13 TeV) + 34.7 b (13.6 TeV) 10 138 fb' (13 TeV) + 34.7 fb”' (13.6 TeV)

97(:MS Linear fit c 97(3MS Quadratic fit

o 0, a2t ||| e 0, &= 1323

7E — qquanties o= 478 ' 7E — qquanties = 12163

6F 6F

5F 5F

4F af

3F 3F

2F 2F

3 1 \
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M5/ CMS: CP violation in ttZ/tZq
DPhys. Lett. B 869 (2025) 1398

CMS  1387(13 TeV) + 34.7 b (13.6 TeV) CMS  1387(13 TeV) + 34.7 b (13.6 TeV)
S 138 (13 Te

N 20 _ 40
(¢

e  Wilson coefficients fitted individually and 10] 355

simultaneously R

30
e  Overall good compatibility of observed limits

with SM predictions (within 2c)

e Inindividual fits:

largest discrepancy forc , ! (1.9-2.56 in positive 8
values), due to slight asymmetry in g(c I) and 6 -0.5
excess of observed data (compatible w1th recent 4
ttZ measurements)

2 -15

E
6 4 2 0 2 0 2 -2 0 2
Ciw Ciw

Results consistent with SM expectations within 2o
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