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Effective field theory

Where is the new physics?

Standard model is known to be incomplete, new physics has to exist somewhere

* No clear guidance on where to explore
 EFT provides relatively model-independent and structured approach
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A: New physics scale (typically set to 1 TeV)

EFT allows to explore heavy new physics over the LHC limit on direct search

DESY. | Jiwon Park

Page 2



Recent top quark related EFT analyses in CMS

t(t) + X production — boosted ttZ/H (PRD 108 (2023) 032008), t(t)+leptons (JHEP 12 (2023) 068),
4 heavy quarks / 2 heavy quarks and 2 light quarks / 2 heavy quarks and 2 leptons / 2 heavy quarks and boson
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Baryon number violations (Phys. Rev. Lett. 132, 241802)
Lepton flavor violations — trilepton (Phys. Rev. D 111, 012009) and ut final states (arxiv:2504.08532)

Flavor changing neutral current interactions — Hqt, H - WW/ZZ/t7 (arXiv:2407.15172)

Flavor structure (CMS-PAS-TOP-23-009) and CP violation (arXiv:2505.21206)
— Sergio's talk later in this session

CMS collaboration has investigated a variety of EFT programs
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https://doi.org/10.1103/PhysRevD.108.032008
https://doi.org/10.1007/JHEP12(2023)068
https://doi.org/10.1103/PhysRevLett.132.241802
https://doi.org/10.1103/PhysRevD.111.012009
https://doi.org/10.48550/arXiv.2504.08532
https://doi.org/10.48550/arXiv.2407.15172
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-23-009/index.html
https://doi.org/10.48550/arXiv.2505.21206

Arbitrary units

Search for new physics in tt + boosted Z/H

Phys. Rev. D 108, 032008

Several WCs strongly affect high pt (Z/H) region

« Events with one isolated lepton and jets

» AKS jet for boostd Z/H — bb decay, identified with DeepAKS8 bb-tagger
« Deep neural network (DNN) for boosted ttZ/H vs backgrounds
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Search for new physics in tt + boosted Z/H
Phys. Rev. D 108, 032008

CMS 13 TeV
Profiled likelihood fit and set EFT constraints == This work, boosted ttZ/H, 138fb"!
_ _ _ _ — JHEP 03 (2020) 056, ttZ, 77.5fb™
« Vary the ttZ/H signal and tt+bb background as functions of the WCs — JHEP 03 (2021) 095, 12 /W/H, 41.5 "
. " . ¥ _1
- 2D/ 1D likelihood scans are performed to check correlations between WCs JHEP 12 (2021) 083, t(t)Z, 1381b
. . — JHEP 05 (2022) 091, tt, 138fb
« Consistent with SM at 95% CL Cep ——
A2
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& T T T T T Z ! ' ! ! !
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-3 3L | | | |
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t signal strengths 95% CL interval [TeV 2]
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Search for new physics in t(t) + additional leptons
JHEP 12 (2023) 068

Explore leptonic final states including top quarks Differential analysis
- Event categories for tttt, ttW, ttX, and tXq (X=Z,H) « Bins in lepton charge sum, jet and b-jet multiplicities

° 2lss:  itH and ttW « Kinematic variable in each bin
« 3lonZ: ttll (2b), tliq (1b) « pr(l)max: Pt Of leading lepton + jet pairs
* 3loff Z: non-resonant ttll and tlig « pr(Z) : where Z kinematics are sensitive
« 24| ttH and ttll s
« Total 178 analysis bins pr(£)
\
[ |
. CMS Supplementary  postfit 138 b (13 TeV)
51 03 |:|Charge misid. I:lMISId leptons .leoson |:|Tr|boson |:|Conv .tWZ .ttH
L Wi By [tiq  HtHq .tttt 7 Total unc. $ Data

mmu , m i

3/ on-Z | 3¢ on-Z
) 1op 23 40 3¢ on-Z 1b 2 4j5] Page 6
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Other WCs profiled (20) 138 fb1 (1 3 TeV)
. . — Other WCs profiled (10)
<<<<<<<<<<<<< Other WCs fixed to SM (20)
Search for new physics in t(t) + leptons .. cMs
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Search for baryon number violation
Phys. Rev. Lett. 132, 241802

High sensitivity for potential high-energy BNV processes involving the top quark at LHC

- General effective Lagrangian for BNV: L4 = %G‘W [ted, ] [ug?] + %eaﬂy[t(‘;ﬂ ugd,] +H.c.
« Total 2*6 * 2 =24 couplings
« C, C;: s andtchannel couplings (2)
* Quarks: (u,c)® (d, s, b) (6)
» Leptons: eoru (2)

« ST modes are the leading BNV processes

Search strategy ST mode

« Leptonic final state of SM top quark
- Events with OS lepton pair, one b-jet, and p;***
« Signal discrimination in each lepton channel (ee, eu, uu)

« Perform fit for individual coupling
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Search for baryon number violation cs 138 10" (13 TeV)

§ F Wy.ibtagged ¢ Data  EEE E
Phys. Rev. Lett. 132, 241802 2 moter  ESmosst |
o o ---- BNV tdup ]
it E
Signal discrimination with BDT e §
» Top quark reconstruction o B 000 E
» Leading lepton is directly produced from the vertex in the ST mode
» Use subleading lepton, neutrino, and b-jet for top quark 8 11
[a T Ao, oo
% 09 .......... e I I ............... e I II ............... e I ...........
o -1 -08 -06 -04 -02 O 02 04 06 038 1
« Train boosted decision trees (BDTs) for BDT discriminant
signals vs background (tt, tW and Z+jets) e s iﬁ1.3.8.f.b'.1.“.37-e-v-_
- Inputs: Kinematic properties of leptons, top quark candidate, > 7t brasged W DY e e
and dilepton system g - — BNVtdue - BNVtdup .
L E
- Postfit distributions of SM prediction and of BNV signals o E

» Signals are normalized to C;= C;= 1

» teud (solid gray line) and tuud (dashed black line) are shown

Data/Pred
o a
© 4

1 208 -06 -04 02 0 02 04 06 08 1
BDT discriminant
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Search for baryon number violation
Phys. Rev. Lett. 132, 241802

Results
 Simultaneous binned maximum-likelihood fit on BDT distributions

* No significant deviation from the SM prediction

« Upper limits on the BNV couplings and branching fractions
for the BNV top quark decays are set

- Limits on branching fractions range from 10-6 to 10-8

* Improved limits on branching fractions of 0(10-3) from 8 TeV results
by multiple orders of magnitude (Phys.Lett.B 731 (2014) 173)
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Search for charged-lepton flavor violation in tqurz interaction
arXiv:2504.08532 (submitted to JHEP)

¢
Inspired by excessive T decays observed in B physics results (HFLAV 2025) A /,/1/ v
« Can be explained by CLFV with t lepton (e.g. leptoquark) . [ > - - J R —
* It might be visible in top quark interactions - - S

_ q q UZH LHCb
— Use EFT for generalized approach Semileptonic B decay in SM
Signals are categorized by Lorentz structure of EFT operators b) S Scalar leptonquark S;
1

« Scalar/ vector / tensor types in tqur interactions

« ST CLFVs are the leading contribution
« Highly energetic u and t

» Larger production rate in u-channel

Search strategy
« Select events with OS ur + jets
« Signal discrimination using DNN

 Perform fit for individual WC
ST CLFV
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https://hflav-eos.web.cern.ch/hflav-eos/semi/spring25/html/RDsDsstar/RDRDs.html
https://www.physik.uzh.ch/en/researcharea/lhcb/B-physics/semileptonic-decays.html
https://doi.org/10.1007/JHEP07(2019)025

Search for charged-lepton flavor violation in tqurz interaction

arXiv:2504.08532 (submitted to JHEP) x10° 138 fb” (13 TeV)
%) . t -Slnglet
. . . . . = = (g ST CLFVVector
Signal discrimination with multiclass DNN ) TTCLFVyer | ST CLRV,
* {ITTCLFVyiy, ¢ Data
« Hadronic top quark is reconstructed targeting signals 5 7 statssyst
L

* Multiclass DNN for ST CLFV / TT CLFV / backgrounds
» Inputs: Kinematic variables of u, t, jets, MET, reconstructed top quark

0.1p(TT CLFV) + 0.9p(ST CLFV)

« Final distribution: DNN score = B o
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o o y )
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Search for charged-lepton flavor violation in tqurz interaction
arXiv:2504.08532 (submitted to JHEP)

Results

* Perform a profile likelihood fit for each WC

« Limits on branching fractions range from 10 to 10-8

« Set the most stringent limits on the tqur CLFV interactions

Observed (expected) limits and 68% interval containing expected limits

Interaction ~ Type o [fb] thW/A2 [TeV 2] B(t — utq) [107°]

s 2092337 0182(0.194) 0.040 (0.046)
[1.574,3.594]  [0.160,0.241] [0.031, 0.071]
WpT vy 2384(2746)  0.090(0.09) 0.078 (0.090)
[1.857, 4.213] [0.079, 0.119] [0.061, 0.138]
2.834(3.326)  0.045 (0.049) 0.118 (0.138)

Tensor
[2.257, 5.063] [0.040, 0.060] [0.094, 0.211]
ceaa 426950200 0817 (0.886) 0.810 (0.953)
[3.291,8.142]  [0.717,1.128] [0.625, 1.545]
7213(8552)  0.419 (0.457) 1.710 (2.027)

teut Vector
[5.663,13.734]  [0.372, 0.579] [1.342, 3.255]
foneor 79270633 0188 (0.207) 2.052 (2.494)
[6.427,15200]  [0.169, 0.260] [1.664, 3.936]
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Outlook

EFT approaches are widely used in CMS to search for new physics in the TOP sector
Results remain consistent with Standard Model predictions

« Global EFT analyses simultaneously constrain multiple Wilson coefficients and probe their correlations
« Searches targeting final states from new physics set stringent limits on interaction couplings

Many EFT analyses on rare top quark processes are still limited by data statistics
CMS collaboration is analyzing data from the ongoing Run 3 (2022 - 2026) data-taking period

Exciting updates coming soon — stay tuned!

DESY. | Jiwon Park
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Overview

EFT measurements, searches, and their fits by the CMS collaboration

A

Effective field theory (EFT) in top quark physics SM distribution
« Whatis EFT?
 Why are EFT approaches important?

Possible excess
over SM prediction

Global EFT analysis with rare top quark processes

n
>

 Focus on the top quark production + other particles Variable X
» Probe discrepancies between data and the standard model with multiple EFT operators

« tt + boosted Z/H (PhysRevD.108.032008) and t(t) + additional leptons (JHEP12(2023)068)

Searches for beyond-the-SM with EFT
» Directly model BSM event signatures and search for new physics

« Use multivariate techniques to maximize signal sensitivity
« Baryon number violation (PhysRevlLett.132.241802) and charged lepton flavor violation (arXiv:2504.08532)
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https://doi.org/10.1103/PhysRevD.108.032008
https://doi.org/10.1007/JHEP12(2023)068
https://doi.org/10.1103/PhysRevLett.132.241802
https://doi.org/10.48550/arXiv.2504.08532

Searches for new physics in tt + boosted Z/H
PhysRevD.108.032008

List of EFT operators and corresponding WCs

Operator Definition WC

tofl) g (9'9) Cip +ich,

og) (¢! sz(q 1) g+
03 (" ZDyfp)(q lq) g

oy (9" szq))( YY) e

00, (MD,e) (@) co +ichy,
iol(,li{/)v (qiawﬂflu]‘) (PWLV Cow + iChy
ioéi{/)v (o™ 7'd;) G"WLV cow T ichy
10 @) gs, St

Results in table

— ﬁ(ctz +icl,)

WC/A2 95% CL interval [TeV 2]
(Others profiled) (Others fixed to SM)

Crp/ N [0.56, 30]
€0 /A? [-8.3,9.9]
cg;Q / N? [—4.4,3.9]
Cor/ A [—13,7.9]
Cotn/ N2 [-10,12]
cow /A? [-1.6,1.6]
cow /A? [—4.3,4.3]
iz / A? [-1.7,1.7]
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[0.20, 30]
[—6.6,8.7]
[—4.1,3.0]
[—12, 6.3]
[—9.9, 11]
[—1.0, 0.96]
[—4.2,4.2]
[—1.0, 1.1]

EFT effects on p1(Z/H)

OEFT/OsM

OEFT/0SM

CMS Simulation 13 TeV
0004 Cow/ A [TeV™2]=
—0.0 6.0 10.0 -—12.0
1.75 -
1.50 -
1.25 -
1.00 : : : .
100 200 300 400 500 600
p! [GeV]
CMS Simulation 13 TeV
900 - cz /A2 [TeV™2] = )
—00 06 1.0 -—1.2
1754 g t
1.50 - )
g t /////
1259 e
1004

100 200 300 400 500 600

o2 [GeV]
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Searches for new physics in tt + boosted Z/H
PhysRevD.108.032008

List input variable for DNN

Name Description

tt system

b pr pr of the leading (subleading) b jet

b score DEEPCSYV score of the leading (subleading) b jet

qpr pr of the leading (subleading) non-b jet

q score DEEPCSYV score of the leading (subleading) non-b jet

AR(b,q) minimum AR between the leading (subleading) b jet and any non-b jet

AR(q,q) AR between the two non-b jets closest to the leading (subleading) b jet

m(q+q) invariant mass of the two non-b jets closest to the leading (subleading) b jet

AR(b,q+q) AR between the leading (subleading) b jet and the sum of the nearest two
non-b jets

m(b+q+q) invariant mass of the leading (subleading) b jet and the nearest two non-b
jets

AR(Z/H,b+q+q) AR between the Z or Higgs boson candidate and the sum of the leading
(subleading) b jet and the two non-b jets nearest to the leading (subleading)
b jet

AR(Z/H,b+b+q+q+¢) ARDbetween the Z or Higgs boson candidate and the sum of the leading and
subleading b jets, the two non-b jets nearest to the leading (subleading) b jet,
and the lepton

mrp(b + ¢, piriss) transverse mass of the subleading b jet and the lepton

m(Z/H +b) invariant mass of the Z or Higgs boson candidate and the nearest b jet

m(b+b) invariant mass of the leading and subleading b jets

AR(b,b) AR between the leading and subleading b jets

AR(Z/H,q) AR between the Z or Higgs boson candidate and the leading non-b jet

AR(Z/H,b) AR between the Z or Higgs boson candidate and the leading b jet

AR(Z/H,?) AR between the Z or Higgs boson candidate and the lepton

m(Z/H+ () invariant mass of the Z or Higgs boson candidate and the lepton

AR(Db,¢) AR between the leading (subleading) b jet and the lepton

m(b +¢) invariant mass of the leading (subleading) b jet and the lepton

N(byy) number of b jets outside the Z or Higgs boson candidate cone (AR > 0.8)

N(qgut) number of non-b jets outside the Z or Higgs boson candidate cone

DESY. | Jiwon Park

(AR > 0.8)

Event topology
N(AKS jets)
N(AK4 jets)
N(zZ/H)

AKS mgp

HT (bout)

Hr (b s Qo )

out’ qout’

sphericity
aplanarity

(AK > U.8)

number of AKS jets, including the Z or Higgs boson candidate

number of AK4 jets

number of AKS jets with a minimum AKS8 bb tagger score of 0.8

maximum mgp, of AKS jets, excluding the Z or Higgs boson candidate

Hr of the b jets outside the Z or Higgs boson candidate cone (AR > 0.8)

Hr of all AK4 jets outside the Z or Higgs boson candidate cone (AR > 0.8)
and the lepton

sphericity calculated from the AK4 jets and the lepton [89]

aplanarity calculated from the AK4 jets and the lepton [89]

Z or Higgs boson candidate substructure

b;,, score

AR(b bout)

m/

N(bin)

N(qin)i
Z/H bb score

maximum (minimum) DEEPCSV score of AK4 jets within the Z or Higgs
boson candidate cone (AR < 0.8)

AR between one b jet within the Z or Higgs boson candidate cone (AR < 0.8)
and the leading b jet outside of the Z or Higgs boson candidate cone
number of b jets within the Z or Higgs boson candidate cone (AR < 0.8)
number of non-b jets within the Z or Higgs boson candidate cone (AR < 0.8)
AKS8 bb tagger score of the Z or Higgs boson candidate
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Search for new physics in t(t) + additional leptons

JHEP 12 (2023) 068

Event categorization

Lepton & within b jet
multiplicity Z window multiplicity
2b
2¢ss
3b
1b
onZ
2b
37
1b
off Z
2b
4¢ 2b
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¢ charge
sum

+

SJegse degs oo

Sea s

2

2
3
4

WC and their categories

Operator category

Wilson coefficients

Two-heavy (2hqV)
Two-heavy-two-lepton (2hq2/¢)
Two-heavy-two-light (2hq2lq)

Four-heavy (4hq)

- 3
Ctpr CoQr CpQy Cpty Cptby CtW CtZy CbW CtG

3(6) =€)

0) (&) S T()

CQe's €t > €Qes Cir s Cre s Gt s C

31 38 11

1 8

Qg €Qq» “Qq» €Qq» tq» Ctq

1 1 8 1
€QQs €Qty €Qt Ctt

Grouping of WCs WCs Lead categories
2hq2/ C?’Q(f), céy), cgg, Cp'r 3l off-Z
[ SO 10
4hq CéQ, Cét, C%t, cl 2/0ss
2hq2lq “ttlv-like” Clqu, cgq, cth, ct8q 20ss
2hq2lq “t¢fq-like” Coqr €Oy 3¢ on-Z

2hqV “ttll-like”
2hqV “tXq-like”

2hqV (significant impacts
on many processes)

Ctzs Cots c(;Q
3 Co,C
(pQ/ gotb/ bW

CtGr Crgpr CtW

3¢ on-Z and 2/ss
3¢ on-Z
3¢ and 2/ss
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Search for baryon number violation
PhysRevlLett.132.241802

Effective Lagrangian and operators (PhysRevD.85.016006)

5

im= 1 )

Lo = A2 ZCiO( )
i=1

O(S) = Eaﬂv[g(aPL + bPR)Dﬂ][U_,?(CPL + dPR)E],
O = e*PV[Eg,(a’' P + V' PR)E][US(c' P, + d'Pr) D,

Process oc(C, =1) [pb] c(C, =1) [pb]

ST (tfud) 31.5+21+1.0 10.7+0.7£04

ST (tfus) 8.14+034+0.5 28+0.1=x0.2

ST (tfub) 33140134006  1.1440.054 0.02

ST (tlcd) 2.774+0.22+0.01 0.96 + 0.01 £0.07

ST (tlcs) 0.794+0.02 £0.11 0.27 £0.01 £0.04

ST (tfcb) 028+0.03+0.04  0.1040.01 4 0.01
TT 0.007 £0.002 = 0.001  0.007 £ 0.002 £ 0.001

The (s), (t) labeling reminds that the scale A maybe linked to the mass of a heavy mediator (with electric charge

1/3) exchanged in s or t channels, respectively

DESY. | Jiwon Park
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https://doi.org/10.1103/PhysRevD.85.016006

Search for baryon number violation

PhysRevLett.132.241802  Vertex G, GJ/A* GJ/A* B B,
[TeV™?] [TeV?] [107°] [107]

Exp. Obs. Exp.  Obs.

R I | s 0055 0048 0015 0011
esult (table) teud 5031 0027 0005 0.003

s  0.046 0.036 0.010  0.006

thud 05 0020 0003 0.002
veeq S 0207 0184 0208 0.164
ec t 0114 0102 0063 0.050
ceg 0178 0141 0153 0.095
H t 0100  0.080 0048 0.030
reys S O115 0101 0063 0050

t 0064 0056 0019 0.015
s S 01020079 0.050  0.030
H t 005 0043 0015 0.009
. s 0448 0403 0973 0.786
€CS 4y 0243 0218 0286 0229
es S 0394 0311 0752 0468
H t 0217 0169 0228 0.138
eup § 0199 0178 0191 0154

£ 0109  0.097 0057 0.045
oo S 0168 0134 0136 0.087
H £ 0095 0076  0.044 0.028
e, S 0718 0657 2503 2090
€Dt 0405 0367 0795 0.652

thch s 0703 0.564 2393 1.521
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Signal cross sections

Predicted event yields

(with scale uncertainties)
Process Lorentz structure Cross section [fb]
Scalar 59.1 Tit1
ST CLFV tuut Vector 276 39
220
Tensor 1272 155
0.63
Scalar 3.74 0%
ST CLFV tcut Vector 19.5 134
14
Tensor 9 15
Scalar 2.69 1073
TT CLFV tqut Vector 215137
Tensor 129 132

DESY. | Jiwon Park

Process Event yield
ST CLFV tuput Scalar ~ 535+1

ST CLFV tupt Vector 2327 +3

ST CLFV tuut Tensor 9909 £ 13
ST CLFV tcut Scalar 32+ <1
ST CLFV tcut Vector 129+ <1
ST CLFV tcut Tensor 701 £1

TT CLFV tuput Scalar 1.1+ <0.1
TT CLFV tuput Vector 8.2+ <0.1
TT CLFV tuut Tensor 48 £ <1
TT CLFV tcut Scalar 1.1+ <0.1
TT CLFV tcut Vector 79+ <0.1
TT CLFV tcut Tensor 45+ <1
tt 4573 +13
Single t 306 +9
Other 258 +5
Total 5136 £17
Data 4810

DNN input variables

Group Variables Description
Muon (u) PTus M pt and 5 of selected muon
Tau (17},) PTe, s ey Me, p1, 11, and mass of selected Ty,

Muon+Tau (uty,)

Jets

Event

t and W reco.

mVTh’ AUVTh’ Agb}”h, AR

Pt1, P12/ P13
M 12,13
My, My, M3
blr b2/ b3

miss
Pt

2
X it M50

Aﬂjj/, A¢jj” ARjj/

Ty Mass and angular differences of u T, system

pr of jets ordered in decreasing pr
1 of jets ordered in decreasing pr
Mass of jets ordered in decreasing pr
b tagging discriminant of jets ordered in decreasing pt

Missing transverse momentum

Minimum x? and reconstructed t and W masses

Angular differences of jets used in W reco.
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Events / 20 GeV

Data/Pred.

DESY.

Rate of jet -> t;, misidentified events is non-negligible

Normalizations of such backgrounds are calculated using a data-driven method

ABCD method is utilized by inverting 7;, ID and ut charge, for each year and tau decay mode

D
SF leS—
NP — NP
tot. bkg. genuine
x10° 138 fb™ (13 TeV)
2'2 CMS Bt Il Single t
Preliminary Other []STLFV
1 8 Vector
1 .6 % -I_r LFVt\;J:CtOF D ST LFVS:;OF
7 tcut
14 T LFVVeclor + Data
1.2 7/ Stat+syst
1
0.8
0.6
0.4
0.2
0
1_5:' T T |/ s lV/// Tz V/Vz
15 WA {/( Af 7 /i
F g
0.5 e rl.
0 100 200 300 400 500
Muon P, (GeV)
| Jiwon Park

600

Events / 20 GeV

Data/Pred.

where N' = ! obs —
N
D _ C
Nmis—ID N NA
«10° 138 fb” (13 TeV)
""" NS UL L BLELALEL BUSLELEL NI BLELELELE ELRLEL G
- CMS B .Smglet
3 - Preliminary Other I:IST LFVUJ::tor
25 % T I-FVVector D ST LFV:(/:::tor
’ TTLFVy, ¢ Data
2

/ Stat+syst

E
=
0 50 100 150 200 250 300 350 400

T P, (GeV)

N’L

genuine »

= N(OS looselD) x

Events / 20 GeV

Data/Pred.

and

N (SS tight ID)

x10°

1.6F
1.4F
1.2
1
0.8
0.6
0.4
0.2

0

1.5F

1

0.5E

N (SS looselD)

138 fb™! (13 TeV)

= CMS

[ Preliminary

. Smgle t
[]sTLFV

tuut

Vector
tcut

Vector

Other

TT LFvVector [ ]sTLFV

tcut

TTLFVy,y, ¢ Data
// Stat+syst

050

100 150 200 250 300 350 400
Leading jet P, (GeV)
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