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Introduction and overview

e Test universality of couplings to leptons and possible violations of the SM using top quarks

* New results in the last year:
e Lepton flavour universality e/u
e Searches for charged-lepton flavour violation

(ep trilepton, ur trilepton, put hadronic | New! |)

e Search for baryon number violation

e Search for heavy right-nanded Majorana neutrinos | New!

o All results shown here use the full Run 2 datasets £ = 138-140 fb-!, Vs = 13 TeV
* Detailed tables of results are given in the backup slides
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Lepton flavour universality e/p |  arxiv:2403.02133, accepted by EPJC ATLAS

EXPERIMENT

Lepton flavour universality (LFU) is a fundamental axiom
of SM:

e Couplings of charged leptons e, pyand t to W, Z are
independent of the lepton masses

Hints of departures from LFU in various sectors

Test at high momentum in W bosons from top

Overall scheme

o Measure ratio 'Y = 4 \ e

e =)
e R (800 w) [ Bz eo e
wz - ee ) W B Z 7
Ruu/ B(W — ev) \ (Z - ,u,u))
\ / _ e+,u+)

» Ratio reduces impact of lepton identification uncertainties
e Select tt events with eu / ee / up and 1 or 2 b-tagged jets
 Select inclusive Z events with ee / upu

Q«iriam Watson, TOP2024
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4 Lepton flavour universality e/p |  2rxiv:2403.02133, accepted by EPJC ATLAS

EXPERIMENT

. . . . . ATLAS Simulati =13 TeV
o Apply muon reweighting in (pr, |n|) to reduce kinematic _ o5 ATLAS Simulation  Vs-13Tev
. = [ B =
differences between e and u S :I 0
= 20 — c
L I o
L 1 —os=
. . . . . 1.5
* In-situ measurement of lepton isolation efficiencies 1.

o Particularly important due to different tt and Z environments 1

<
~

» Measure efficiency vs lepton p, |n] 0.5

o
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Lepton flavour universality e/u arxiv:2403.02133, accepted by EPJC &:IE-I!TI\ﬁNST
0 >_<103 T T = (22} E T 1 3 > L B L L L B B L BN
€ u ¢ Data . g = ° ° s ® [ ATLAS ® Data .
3 5001 ELLSAT‘zV,MO " — {[,)tvtt B s FATLAS 2 gize,w 1 ZD\B 10° - Vs=13TeV, 140 fo" = 5
8 400 =~ ° s e B 8 10E s Tev, 14010 —Fhc E T = Bioeon ]
S F mm MisDlepton 3 % -zl = ] TP mm Mis-Dlepon  _
g 3002_ Systematic unc. _Z = 106 _ = Mits-ID lepion - E Systematic unc. §

E E ; Systematic unc. ; 10° I _;
200}~ * 10°E E
100F- . : : 10’
N —— 5 I
i 1.02F ' E iC 1.005F ' ' E iC 105F @ i
Es 1 E—— e @ = E | W @ E Es | O —o—E0=——= L S =
8 ossf , , 3 S 0.995F . . 3 S 09sf . . . . . . . .
1 2 Z—ee Z—up 40 60 80 100 120 140 160 180 200
Np.-tag Z-channel Mee [GeV]
: , SRT : - “ Aver
« Simultaneous maximum likelihood fit to tZ events (“b-tag preedigtj:d
counting method”) and Z counts: BR in SM
e Yields in tt —» eu 1b/2b and Z—ee/uu regions BW — ) W(l+Aw)
e m,, spectrum in tt—ee/uu 1b/2b regions BW = ev) = Wl - Aw) ~
» Parametrise fitted yields using deviations in BR _ Deviations
B(Z > pp)  Z(1+Az) «

B(Z—ee) Z(1-Az) o
y/

Q«iriam Watson, TOP2024
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Lepton flavour universality e/u

* Apply the precise external LEP+SLD Z measurement to
the fitted ratio:

RA#EC — 1.0009 +0.0028

ple _.u/e / pp/ee
RW _ RZ—ext

= 0.9995 + 0.0022 (stat)
+ 0.0036 (syst) =+ 0.0014 (ext)

[ BW — uv)/B(W — ev) =0.9995 + 0.0045]

e Most precise e/u universality test (0.45%)
e Improves on the previous PDG average
* No evidence for LFU violation

Wiriam Watson, TOP2024

, accepted by EPJC ATLAS

EXPERIMENT
I I I I I I I I I I I I I I I I

| 1 I I
ATLAS
LEP2 : =
e*e ->WW, Vs=183-207 GeV

ATLAS :
pp—W, Vs=7 TeV, 4.6 fb” T

LHCb 1 I ‘
pp—W, Vs=8 TeV, 2 fb

CMS T
pp—tt, Vs=13 TeV, 36 fb’ :

PDG average '—"‘—'

ATLAS (this result) —Co
pp—tt, Vs=13 TeV, 140 fo'
I 1 1 I I | I | 1 |

1 | | 1 | 1 i | | | I |
0.92 0.94 0.96 0.98 1 1.02
B(W—uv)/B(W—ev)

e Measurement dominated by
systematic uncertainties: PDF,
modelling, lepton uncertainties

CMS result Phys. Rev. D 105 (2022) 072008 G/
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4 Charged lepton flavour violation (cLFV) ATL ngMS\

EXPERIMEN .

—~,

e cLFV via neutrino oscillations is highly suppressed (BR~10->°)
* Some BSM processes (leptoquarks, SUSY, 2HDM) involve cLFV

Wilson
» Experimental evidence for cLFV — indication of BSM physics coefficients
e Model-independent EFT approach /
e Mass scale of new physics A » LHC energy
scale L =7 Lo =1L 3()
o = LSM t Leff = LSM T >y Ux +
e Limits on vector, scalar and tensor tg#¢' - A
interactions from dimension-6 operators \
Operators
Single top tt decay \
Consider production
production
and decay o
channels

w {! -
Q’liriam Watson




T

Charged lepton flavour violation (cLFV)

Analysis

cLFV vertex | teuq (g=u,c) tutq (g=u,c) tutq (q=u,c)
cLFV leptons | eu® pEet T

SM W decay |eforpu* (+v) ut o (+v) qq’

Signature eutl W Thag " W Thaa™ Ji

+ b-tagged jets | 1b 1b 1b

All jets 1 or2 > 1 >3

Non-prompt £ | Matrix method e, u | t scale factors, u CR | t ABCD method
S/B separation | BDT Hy DNN

wiriam Watson, TOP2024
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q/ Hadronic

e Production and
decay channels
included

» Profile likehood fits
with systematic
uncertainties as
nuisance
parameters

O
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cLFV in eu trilepton channel | arxiv:2312.03199, submitted to PRD

u/c
13810 (13 TeV)

eu - ';‘lﬂéla ' [:|t( +X(X) -
W) EINonprompt 3

Isz’rF}e’-;l!:‘(eu) <150 GeV mwz ZStat. © syst. _J
— CLFV (u5 =3) E

Events / bin

» Boosted decision trees (BDT) used to separate
background from signal

§m151§;,¢9«/w/%//// —— //}/% e Trained in 2 regions
05,: : E . .
0 0.1 02 03 04 05 06 07 08 09 1
NN e m(eu) < 150 GeV, enriched in cLFV top decay

_ cms 13810 (13 TeV) e m(eu) > 150 GeV, enriched in cLFV production
S 100 T T T N epam X0 o
é o %iRlé_m(eu)uso Gev BN e _
g) —— CLFV (u:ff" =0.05)

— e Binned likelihood fit to BDT discriminant
e Production+decay processes combined
e Each of 6 Wilson coefficients considered separately

3
E%% (%W%/////%/ iy //%(///WZ%

bl pe
|
a

CL05
o 01 02 03 04 05 08 07 08 09 1

BDT discriminant °
\_Miriam Watson, TOP2024 4
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4 - - CMS
cLFV in eu trllep‘ton channel arxiv:2312.03199, submitted to PRD )

o Extract 95% CL upper limits on signal strength p, F—
equivalent to (C/A\?)? Analysis q ep trilepton
» Convert to branching fractions, B(t — euq) with g = U or C | ¢[FV vertex tepq (q=u,c)
c/A? [GeV?] u 0.02-0.10
 No significant excess over SM . 0.09-0.42
e Largest post-fit uncertainty from limited number of BR(t—qe) [10°] u 0.012-0.032
simulated events
C 0.22-0.50
CMS 138 fo'' (13 TeV) CMS 138 fb™' (13 TeV) o
Q;\ 05_ 95% CL upper limits CLFV Exptic Obs “:C_’ 0.65 95% CL upper limits CLFV  Exptic Obs 95A) CL
é T Tensor --------o X 0.5 Tensor --------- |ImItS
N< B Vector -=-mooees E— %_ ' : Vector = :=--=moee- —
\§ 0-4: Scalar ------e- —_— :11 ol Scalar ---------- e
©) - o0 L
03 03:—
0.2k 0.2_
0.1 0.1;
% Y 05005 "’5.01' 4331'5.?” 002 032% 505 0035 .04
Cou/A? (TeV?) B(t—euu)x 10°

wiriam Watson, TOP2024



http://arxiv.org/abs/2312.03199

ATLAS

EXPERIMENT

/CLFV in ut trilepton channel | Phys. Rev. D 110 (2024) 012014 :

 Fit regions binned in
HT = z pT(IeptonS)+pT(jetS) %35- ATLAS ' " o Data ' \:lISignal (dec) ATLAS I " 4 Data I Déignal (dlec.) ]
] ] o 20l \FEF=13 TeV, 140 fo’! \jgigknal (pr’?“(i.) -C%ks \7v \FE;V13 va,140 fo! DtS?ig)r(lal (prod.) g:/h,vvv
e cLFV single-t production produces | SoelRegon  mex ' miX cri ms  mraee
] . Post-Fit ,O:::irrtaint WNPp Post-Fit 7z Uncertainty
high-p; leptons — high Hy 20} sy .
ffffffffffffffffffffffffff v tt CR
% Non-prompt n
5
* No significant excess in data (1.6c %o .
g . ( - ) %; 33 ks +/ ,//////////%/ //%//// A, ;éié/ //;%/7%//%7
o EXtraCt ||m|tS on effeCtlve COUplIng Strengths §0'50 100 200 300 400 500 700 800 100 200 300 400 500 600 700 800
. . . .. Hy [GeV] H, [GeV]
o 7-41x better than previous indirect limits
« Statistically limited SLITY e tuTg (g=u,c)
. . 2 -2 _
e Largest systematics from signal c/A” [GeVT] B 0.10-0.44
modelling, ttW and diboson C 0.36-1.8
BR(t—qut) [10-] u 0.20-0.52
C 3.4-6.7
95% CL

limits @
\_Miriam Watson, TOP2024 4
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4 cLFV in prt trilepton channel | Phys. Rev. D 110 (2024) 012014 ATLAS

EXPERIMENT

» Use same SR/CR to search for scalar leptoquark S,
» Assume fixed hierarchical couplings, spanning generations

/ll“[' /lcr Am‘ 10 1 0.1
i € | Ay Adew A |= 29[ 101 001 | [1coupling A,
lie Aee Aue 0.1 0.01 0001/ [1LQmassms,

* Limits are set on S, cross-section & T L T g otimits | % G Ln I T T T
. . . . . o 0.04F — Observed 4 o °p | ATLAS % CL limi -
using profile-likelihood fit AR AL - Expeced S5 F|veraTev, téom — Observed |
0.035 = CLFV pret [ Expected+ 1o E é 5| AR P Expectedt 6 | —
» Upper 95% CL limits on LQ 0085 | SikTe1S e - A Expected+ 20 | -
. 0.025E- ! = 4| ScalarLQ S, [_] Excluded region|
coupling strengths N E E .
0.02 — B 3
from A q=1.3t0 A o= 3.7 for Sorsh oo T
masses 0.5 10 2.0 TeV 001 R E
0.0055 = e ]
H L L L L e —— — - 1:;- ]

%0 600 800 1000 1200 1400 1600 1800 600 800 1000 1200 1400 1600 1800 2000

ms, [GeV] mg [GeV]

Q«iriam Watson, TOP2024 @j
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cLFV in pt hadronic channel | cvs-PAs-TOP-22-011 [New!

: fb (13 Tev
* Reconstruction of SM top and W mass > 2;1°CMS ""i'ﬁ"""1'32 .Sm.gli‘t.‘.". V)
. . (D 2 reliminar)
e Background mostly from dileptonic g 18 o T e
r — 16F = Vector Vector
tt channel 2 14 TTLFVyeger § Data
. . ch 1.2E 7/ Stat+syst
 Hadronic decay reconstructed using x* @ It
2 2 aE
X =|—| + 0.2E
o Ow 0=
8 15: T I I I L I T I
D\G_S 1?/114//7 AN yq/&ﬁ/%/g%%ﬂ%/y C 10 138fb (13TeV)
T 055 o) ingle er
e Multiclass deep neural network (DNN) S 7169 200 300 400 500 600 700 800 2 1o EMSW B Wsroe: /om
to classify 3 nodes: mE(GeV) g 10 [hiia 4om Fste
b >
L
e single top (ST) cLFV signal
e tt (TT) cLFV signal
e tt background events
e 28 kinematic variables, including R i —— A —
g , = b )
individual particles and global features < 0;5 L / // .
@ il T R . |
(@)
1072 107 1 10 102
DNN score — 0.1p(TT CLFV) + 0.9p(ST CLEFV) DN score

p(background)
\_Miriam Watson, TOP2024 @/



https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-011/index.html

/ _ _ 138 fb (13 TeV) . 138 fb” (13 TeV)
cLFV in 1T hadronic channel o5 45 cMS CLFV 68%exp. Obs L [ CMS 'CLFV' 68% exp. Obs. ]
iy Preliminary Scalar e —— 4 o - Preliminary Scalar e N
ji 4 Vector  -ooeaa-  — L—/ 1.2 B Vector e —_—]
(&] Tensor  Fe==sess ] ~ L Tensor  F==ee
CMS_PAS_TOP_22_011 g 9 95% CL upper limits SP 1E 95% CL upper limits
.I- B 0‘3 -

e Data are found to be consistent
with the standard model
expectation.

» Upper limits at 95% CL are set R

for different interaction operators R
(t— putu)x 10

e Converted into branching
fractions for t - utq process

cLFV vertex tutq (q=u,c)
e Improvement by factor ~2 on c/A? [Ge V2] u 0.045-0.18
previous limits . 0.19-0.82
BR(t—qut) [10-] u 0.04-0.12
C 0.81-1.05

95% CL

limits
Q«iriam Watson, TOP2024 @/
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Baryon number violation (BNV)

Phys. Rev. Lett. 132 (2024) 241802

Baryon number is conserved in SM but not a
fundamental symmetry

Can be violated by non-perturbative effects (small)
BSM processes can enhance BNV
tqq'¢ vertex in 4-particle effective interaction —» also LNV

BNV contribution to single top quark productionis __

iIncluded and dominates

Multiple quark flavour combinations are considered:
t(d,s,b)(u,c)?

Dilepton signature with W — #v from the SM top

Q«iriam Watson, TOP2024

Previous result: Phys. Lett. B 731
(2014) 173 [arXiv:1310.1618]
8 TeV, lepton+jets channel

Only BNV in top quark decay @



http://dx.doi.org/10.1103/PhysRevLett.132.241802

/ Baryon number violation (BNV) Phys. Rev. Lett. 132 (2024) 241802 @\S\
_oows ' sTe
» Exactly one opposite-sign lepton pair (eu, ee and uu ) § P &E?Y; gétit.@syst. _
» Exactly one b-tagged jet g T E

e my,>106 GeVand MET>60GevV L. B :

10°

& 1.:5-“ RPN
e Single BDT used to discriminate signal T oy e
. : : BDT discriminant
o Max. likelihood fit to the BDT output, all 3 channels
o . ) CMS 138 b (13 TeV)
e Uncertainties included as nuisance parameters § '
. . g g B2 Stat. @ syst.
e No significant excess over expected background g, y
10°
g 1 : . :
% O-; .. 258 | | I :
O 41 08 -06 -04 -02 0 02 04 06 08 1

BDT discriminant

Q«iriam Watson, TOP2024 @
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T

Baryon number violation (BNV) | ~hys. Rev. Lelt. 132

(2024) 241802

Limits set for each BNV coupling separately
Couplings include s-channel, t-channel exchange
Main common sources of uncertainty:

e tW normalisation

* muon energy scale

e top quark p; modelling

Derive limits on branching fractions for BNV top
quark decays

Coupling limits 103 to 10° better than previous
measurement at 8 TeV

Q«iriam Watson, TOP2024

CMS 138 fb' (13 TeV)

95% CL upper limit
A Obs. (I=p, CS) O Obs. (I=e, CS)
A Obs. (I=p, Ct) e Obs. (I=e, Ct)
+ 16 exp. £ 20 exp.
6 =
tsdul| o o~ 7
.
e
t - dol Lo
—e i
woo-
t — bul e T
—e =
. -
t > bol o
—e
- -
t — scl P
R —
L
=0 -
t — sul R
-
| |||||||i | |||||||i | |||||||i L 1 LIl
10° 102 10" 1 10

Branching fraction [107]

"
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Heavy neutral leptons (HNL)

arxiv:2408.05000, submitted to PRD | New!

Neutrino mixing = neutrinos have mass

Type-l seesaw model adds 3 heavy right-
handed Majorana neutrinos Ny, Ny, N

N; couple to SM leptons with strength Vi

Very active research field in HNL
searches at the LHC

tt is novel channel to search for HNL

Consider only diagonal mixing terms:
single N couples to one of e/u/t

Von 0 0
Ven=| 0 Vun 0
0 0 Vin

Q«iriam Watson, TOP2024

ATLAS

EXPERIMENT

Neutrinoless double-beta decay:
LNV of |AL| = 2 with Majorana
neutrino exchange

qi1

Two W bosons
(W, W)

Signal process: SM and BSM decays in tt

2
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Heavy neutral leptons (HNL)

arxiv:2408.05000, submitted to PRD

* Require:

Q«iriam Watson, TOP2024

e One same-sign e*e*, pu*ut
e 2 2 b-tagged jets, = 4 other jets
* Dominant backgrounds ¢t , tt+\W/Z/y/H

» Minimise y? for 4 masses to give best
combination: SM (t, W), BSM (t, W)

* Final state: 2 leptons, hadronic decays of W, W*

Events / 10 GeV

* 10 signal mass points for HNL: 15-75 GeV

» BDTs for low/high my to separate HNL signal
using kinematic variables

Data / Bkg.

40

3

5]

2 _ (m(ty) — m;)* s (m(W?F) — mw)?

2
gy

ATLAS

EXPERIMENT

(m(Wy) —mw)*

o

2
W

+ 2

30

25F

15

10F

o
B B TR LR R R T AR AL L AL
- ATLAS ¢ Data [tidec e
- Ys=13TeV, 140 fb™ Miafip [tidecu
SR ee+up (merged) Wt y-conv W
Rieas Otz Wl Top other
[JvVEW Wi+
Fos 7~ Uncertainty
: ~my = 15 GeV

......

1.5

o
o O
TITTTTIOT

20 40 60 80 100 120 140
EMS [GeV]

Events / 20 GeV

Data / Bkg.

25

20

(m(f) — mt)2 +

351

F 5 =13TeV, 140 16" gt o-fiip
a0k iR ee+up (merged) Wt y-conv  [tw =
L Post-

15 |

10F

Fit

¢

Data

[tz

O

~-my =15 GeV
~-my =75 GeV

VEW
Uncertainty

[Jtidece -
[t dec n

Wl Top other
Bt F
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Heavy neutral leptons (HNL)

for uu

e Profile likelihood fits across SR+CRs

* ee/uu channel fitted separately

1SR + 4CRs (charge flip, heavy flavour,
y conversion and ttW ) for ee

1SR + 2CRs (heavy flavour and ttW)

1u channel
95% CL limits

Ys =13 TeV, 140 fb"

[ Expected £ 1o

[ Expected £ 26
JHEP 10 (2019) 265 [ATLAS 36.1 fb)
arXiv:2403.00100 [CMS 138 fo)

Q«iriam Watson, TOP2024

Events

Data / BKkg.

arxiv:2408.05000, submitted to PRD

801

70f

60[

50

40fF

|||[|||[|
ATLAS ¢ Data [ Jtidece

= f_ 2’30.4'-6\:) 140 o’ [t Q-flip [t y-conv =
p! ]

3 SR s [tz Hiw E
C Post-Fit [JvEw [WTopother I
o BtH 7 Uncertainty 7
m, =50 GeV ]

- m, =75 GeV 7

307

1.5§
0.5
% 01 02 03 04 05 08 07 08 09 1

High-mass BDT output

Set limits on HNL cross-sections and
coupling parameters for all 3 generations

(reinterpret for 1t — ee or 1T —= up)

Events

Data / Bkg.

ATLAS

EXPERIMENT

104 =

10° Ee

102

10

ATLAS ¢ Data
E s =13TeV, 140 1b” g o-fiip
o Chisien [t y-conv
I Post-Fit _Y
Ettw
[l Top other

Uncertainty

T
[(ttdece —=
[Ctt dec §
Otz
[JvVEW
WtH

First search for HNL in tt

ee/uu limit extends the ATLAS results

beyond 50 GeV to 75 GeV

Scope for future EFT interpretation @/
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Summary

LFU tested very precisely via top processes: B(W — uv)/B(W — ev) measured to 0.45%

e Alarge programme of top BSM searches is in progress, including:

e Charged lepton flavour violation _ Typical BR bounds for cLFV

e Baryon number violation and BNV are 10° - 10®

e Heavy neutral lepton production

o Effective Field Theory is a useful tool for model-independent BSM searches

 Run 3 datasets will allow new probes of the top quark interactions with improved techniques
and precision

Wiriam Watson, TOP2024 @/
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Lepton flavour universality e/u

arxiv:2403.02133, accepted by EPJC

||||| LA IR LA L LI L L L L L O TT 1T 14

i l
© 14000 ATLAS Simulation _ _ \s=13 TeV, 140 o™
o - S o, ]
S 12000 | E
Q- B —
g - N
10000 E
8000 -
6000 -
4000F -, °lt—ee E
L ctt - up 7
2000 — tt - up (weighted) .

Q«iriam Watson, TOP2024

Number of selected leptons as a function of n in
simulated tt events with at least one b-tagged jet

Summary of the common object selection,
and event selections for tt and Z final states

ATLAS

EXPERIMENT

Object selection

Electrons
Muons
b-tagged jets

pr > 27.3GeV, |n| < 1.37or 1.52 < |n| < 2.47

pr > 27.3GeV, |n| < 2.5

pr > 30.0GeV, |n| < 2.5, b-tagging DL 1r 70%

Event selection tt — Cbbvv Z —
Dilepton flavour (£*¢7) ee, e, U ee, Ui

Dilepton invariant mass mee > 30GeV 66 GeV < mypr < 116 GeV
b-tagged jet multiplicity 1 or2 —

2
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Lepton flavour universality e/u

" x10° | |

S [ ATLAS ¢ Data ]

q) — ¥ p—

& 2005 s-13Tev, 140 0" = Wt ]

B Coen == Z+ets -

= 400 ® 1 Diboson ]

= C I Mis-ID lepton ]

(] - . -

- [ Systematic unc. ]

= 300 3

200~ ° .

100 3

N - ]

iT 1.02 ' =

s 1 TS .

S 098 . . 3

1 2

Nb-tag
ﬂ E I T =|
c = ® ® =
% C ¢ Data 7

[ Z—ee/pp
T 10 ATLAS . 3 Diboson =
2 = s=13TeV, 140 fb m Zotc 3
2 -zl = it 3
2 T mm Wt 7
= 10 & = Mis-ID lepton —=
E [ Systematic unc. 3
10°
10*
iC 1.005F ' E
& AR O @ E
3 0.995 |- . . =
Z—ee Z—pu

Wiriam Watson, TOP2024

Z-channel

> LI L N il
8 - ATLAS ‘:¢’ tDfata .
~ 5 [ — -1 _
5 10°E {s=13 TeV, 140 fb o Wt 5
s E ee 1b B Z+jets 3
Q C 1 Diboson ]
W 4ot Em Mis-ID lepton _
= [ Systematicunc. 3
10° —
10
E
~
S
]
D 1 1 1 1 1 I 1
40 60 80 140 160 180 200
Mee [GEV]
> :l T 1 rrr LA L | T T j
& [ ATLAS \:¢| Data ]
g 5| _ -1 1
5 10°E Vs=13 TeV, 140 b = W -
c Eoup, b = Z+jets 3
2 = 1 Diboson ]
® q0'E @l Mis-ID lepton _
E S [ Systematic unc. 3
s F ]
z 10 =
107
E
]
©
a

Results of the fit to data
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Lepton flavour universality e/p

arxiv:2403.02133, accepted by EPJC

uncertainties

Breakdown of the statistical and systematic

Uncertainty [%] i Ozt Ra/é‘ R e
Data statistics 0.13 0.0l 0.22 0.02
tf modelling 1.68 0.03 | 0.10 0.00
Top-quark pr modelling 142  0.00 | 0.06 0.00
Parton distribution functions 0.67 0.68 0.15 0.03
Single-top modelling 065 0.00 | 0.05 0.00
Single-top/t7 interference 054 000 | 0.09 0.00
Z(+jets) modelling 0.06 0.73 0.13 0.20
Diboson modelling 005 0.04 | 0.01 0.00
Electron energy scale/resolution 005 006 | 0.10 0.11
Electron identification 0.10 0.07 | 0.04 0.13
Electron charge misidentification | 0.06  0.06 | 0.01 0.13
Electron isolation 0.09 0.02 0.08 0.04
Muon momentum scale/resolution | 0.04  0.02 | 0.06 0.04
Muon identification 0.18 0.12 | 0.11 0.23
Muon isolation 0.09 0.0l 0.07 0.01
Lepton trigger 0.09 0.12 | 0.01 0.23
Jet energy scale/resolution 0.08 0.00 | 0.03 0.00
b-tagging efficiency/mistag 0.14  0.00 | 0.00 0.00
Misidentified leptons 0.17 0.02 | 0.15 0.05
Simulation statistics 0.04 0.00 | 0.06 0.00
Integrated luminosity 093 083 | 0.00 0.00
Beam energy 023 0.09 0.00 0.00
Total uncertainty 266 132 | 042 0.45

Q«iriam Watson, TOP2024

Ot
O7¢f

Rﬂ/e

Fit results

809.5+1.1+20.1+ 7.5
2019.4 £ 0.2 £20.7 £ 16.8

0.9990 + 0.0022 + 0.0036

H

ATLAS

EXPERIMENT

1.9pb
1.8 pb
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cLFV in ey trilepton channel

Backgrounds

method”

wiriam Watson, TOP2024

Opposite-charge eu pair from cLFV vertex
3 lepton from top decay (euf) — exactly 3¢+
1 b-jet; 0/1 light jet (u/c)

Exclude window around Z mass

e Prompt backgrounds from simulation
e Non-prompt backgrounds from data-driven “Matrix

e Estimated events are validated using control/validation
regions (e.g. eee, uup)

arxiv:2312.03199, submitted to PRD
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cLFV in ey trilepton channel

arxiv:2312.03199, submitted to PRD

Summary of relevant dimension-6 operators

Lorentz structure Operator
1)ijkl n _
Ol<q); (L lj)(CIk’YyQZ)
Vector O/ (L") (e yuy)
ikl _ _
Odg (€7"e;) (k7
jkl _ _
Oé]u (ei,-),ﬂe],) (uk’)’yul)
1)ijkl T -
Scalar Ol<ec)111]1 (Lie;) & (qxu)
Tensor Ofszlzkl (Liotve;) e (quoyuy)

Qﬁriam Watson, TOP2024

Theoretical cross sections for top quark production

and decay for each CLFV coupling

Signal mode Tensor Vector Scalar
Production (eptu) 2140750 +30fb 460t +6fb 97t +11b
Production (eptc) 164722 + 27 fb 3312 +6fb 63703+ 141b
Decay (eptq, whereq=u/c) 18772 +8fb 32070+ 13fb 4.07071+02fb

)
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cLFV in ey trilepton channel

Summary of systematic uncertainties

Systematic uncertainty Background Signal

m(epu) < 150 GeV m(eu) > 150 GeV
Background Signal

arxiv:2312.03199, submitted to PRD

Pileup <0.1% 0.4% <0.1% 0.3%
Lepton reconstruction <0.1% 0.6% <0.1% 1.7%
Lepton identification and isolation 1.0% 1.4% 1.0% 1.3%
High-pt lepton <0.1% 0.2% <0.1% 3.4%
Muon momentum scale and resolution <0.1% 0.3% <0.1% 0.1%
L1 prefiring <0.1% 0.4% <0.1% 0.4%
Jet energy scale and resolution <0.1% 1.0% 1.0% 0.4%
b tagging <0.1% 0.9% 1.0% 0.5%
Jet modeling 6.0% — 7.0% —
Ilf]g;p rompt iloq// 5 39, <9(’)01/§/0 Lo, Upper limits at 95% CL on Wilson coefficients
QCD scale 4.0% 5 8%, 50, 1.4% and branching fractions for tensor-, vector-,
Initial- and final-state radiation — 7.6% — 1.0% and scalar-like CLFV interactions
CLFV  Lorentz Ceptq/ A* (TeV™?) B(t — euq) x 107°
coupling structure Exp. (68% CLrange) Obs. Exp. (68% CLrange) Obs.
Tensor 0.022 (0.018-0.026)  0.024  0.027 (0.018-0.040)  0.032
eutu Vector 0.044 (0.036-0.054) 0.048 0.019 (0.013-0.028)  0.022
Scalar 0.093 (0.077-0.114) 0.101  0.010 (0.007-0.016)  0.012
Tensor 0.084 (0.069-0.102) 0.094 0.396 (0.272-0.585)  0.498
eutc Vector 0.175 (0.145-0.214) 0.196  0.296 (0.203-0.440)  0.369
\ Miriam Watson, TOP2024 @ Scalar  0.385(0.318-0.471) 0.424  0.178 (0.122-0.266)  0.216
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4 cLFV in prt trilepton channel | Phys. Rev. D 110 (2024) 012014 ATLAS

EXPERIMENT

e Signal region (SR): 2.0999999 -
e pput signature Al
e Same-sign p*u*to suppress backgrounds Leptonic Production
 Hadronic t candidate (t,,.4) N < S+ and decay
: ’ channels
o =1 1 b- .
jet (1 b-tagged) included
u, ¢ -
* Fake lepton estimates: N
. . :zj 1402_ %T:?gTeV 140 fb! ;E:lt(ae T _Z
* Fake t estimates from t control region (CR) " crvywa” SN Bosof amas T ebae DS e
Loent s : o s=13TeV, 140 fb”' Signal (prod. vV,
Scale factors derived using tau-jet width 100f- " L 4 800F CLFV gt S 0 motrer
1_ 3_ ron ’ 80:— M Other ] 250¢ grzt-tll:lit zsscirtainty mrake e
;0P g - '-EEchtainty 1 200

150

e Non-prompt muons from b-jets in tt CR
Normalisation controlled in likelihood fit

100

(&)
o

g.

-

O(J'I(J'I_;(J'I(D

Oy i

Data / Bk
o

e Binned profile-likelihood fit over across SR +
tt CR with systematic uncertainties

3 100 200 300 400 500 600 700 800
0.25 H; [GeV]

T1.aq €T Width

Q«iriam Watson, TOP2024
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Phys. Rev. D 110 (2024) 012014

CLFV in ut trilepton channel

Fit regions binned in Hy (scalar sum of
lepton and jet py)

H; separates EFT signal from SM
backgrounds: cLFV single-t production
produces high-p+ leptons

No significant excess in data (1.6c)

Extract limits on effective coupling

strengths (Wilson coefficients)

e Factor 7-41 better than previous indirect
limits

e Statistically limited

e Largest systematics are signal
modelling, ttW and diboson

Q«iriam Watson, TOP2024
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EXPERIMENT

CLFV in ut trilepton channel | Phys. Rev. D 110 (2024) 012014

EFT operator basis Theoretical cross-sections
: . [
Operator | Interaction Lorentz Structure Cross-section o> © + PDF [fb]
(i kD) = (iik3) 1(ijk3) Aiik3)
04" (v (k) Vector ector lequ logu
i - ) Production £€ut | 1182 + 1 101+2L + | 2150+410 + 20
O 7" | (iy*a"1))(@kyuorar)  Vector e " =y -
k) Production £€ct | 7970 £1.6  6.17,;c £ 1.5 153775 = 29
;Y e )(Qr Vector ’ ' ' .
Oeq (&iv"e;)(Akyua) eat Decay £€gxt | 6918 £0.1 34609 £003 1663 +2
(i kD) _ . 8 € 32
0|u” (I:y#1;) (Qxyeup) Vector
Oéf,jk') (€iyHe;)(Uxy.ur) Vector Requirements for each analysis region
OIL;{L{ k) (I;e j)e(Qrur) Scalar SR CRr CRitp
- = Lepton flavour 21 Thag 2ule ({3 = pu)
3(ijkl) = , a
0|eq'd ' (lioc""ej)e(qrouyu)  Tensor Niess > 1 52 -
Nb—lags 1 1 <2
Thad PT > 20 GeV | > 20 GeV -
Muon pr > 15GeV | > 15 GeV > 10 GeV
Higher pt muon Tight Tight Tight
Lower pt muon Tight Tight Loose
Muon charges SS OS -
mgs - - >15 GeV
ImG — Mz| - <10Gev |  >10GeV
\_Miriam Watson, TOP2024 3ph' + X myy - - < 400 GeV '
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CLFV in ut trilepton channel

Phys. Rev. D 110 (2024) 012014

Expected and observed 95% CL upper limits
on Wilson coefficients

95%, CL upper limits on |c|/A2 [TeV~2]

Expected and observed 95% CL upper limits on
the branching ratios for specific Wilson coefficients

ATLAS

EXPERIMENT

95% CL upper limits on B(t — urq) (x1077)

—(ijk3) (ijk3) (ijk3) (ijk3) 1(ijk3) 3(ijk3)
Clq eq Clu Ceu Clequ Clequ
Expected (u) 2.3 2.0 1.9 2.2 1.2 3.0
Observed (u) 4.0 3.6 33 3.8 2.0 52
Expected (c) 33 32 32 33 20 41
Observed (c¢) 56 54 53 54 34 67

Q«iriam Watson, TOP2024

—(ijk3) (ijk3) (ijk3) (ijk3) 1(ijk3) 3(ijk3)
Clq Ceq iy Ceu lequ lequ
Previous (u) 12 12 12 12 18 2.4
Expected (u) 0.33 0.31 0.3 0.32 0.33 0.08
Observed (u) 0.43 0.41 04 0.42 0.44 0.10
Previous (c¢) 14 14 14 14 21 2.6
Expected (c¢) 1.3 1.2 1.2 1.2 1.4 0.28
Observed (c¢) 1.6 1.6 1.6 1.6 1.8 0.36
ms, [ GeV ] | Limit on 2"Q (95% CL)
Observed Expected

500 1.3 1.1

750 1.7 1.5

1000 2.1 1.8 Observed and expected

1250 2.5 22 exclusion 95% CL upper

1500 2.9 25 i the lent "

1750 13 29 imits on the leptoqua

2000 37 35  coupling strength

Expected and observed 95% CL upper limits
on the inclusive branching ratio

95% CL upper limits on B(t — utq)

Stat. uncertainty Stat.+syst. uncertainties
Expected 4.6x 1077 5.0%x 1077
Observed 8.2x 1077 8.7x 1077

2
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cLFV in ut hadronic channel | CMS-PAS-TOP-22-011

* Event selection:
e 1u, 11,4, Opposite charges
e = 3 jets (hadronic W decay), 1 b-tagged jet

e Background estimation:
e Prompt backgrounds from simulation
e Data-driven estimation of jets misidentified as 7,4

- x10° 138 b (13 TeV)
. 22F TR T
e Reconstruction of SM top and W mass $ 2 _cms m E;i'wtw
© 1.8F ot M
e Background events mostly from S A T 12 P 3
dileptonic tt channel. g 12¢ . E
L g E
e Hadronic decay reconstructed using 2 i E
04 =
m —m ./ m —m../ .

X2 _ t bjj 4 w ji 3 1.5-

Ty Ow T g

g 0.55

100 200 300 400 500 600 700 800
m?adromc (GeV)

Q«iriam Watson, TOP2024

Events / 20 GeV

Data/Pred.

q
q ™ Hadronic
+
v
- Production and
T decay channels
included
<0 138 fb™! (13 TeV)
1.8¢ CMS B .Slnglet ]
1.6 | Preliminary Other []sT LFVVedO E
1.4 TT LFVymoo [ JSTLRVE
1.2F TT LFVyheo, ¢ Data =
1E 7/ Stat+syst =

50 100 150 200 250 300 350 400
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cLFV in ut hadronic channel | CMS-PAS-TOP-22-011

* A deep neural network (DNN) is
used to classify signal and
tt background events

* Includes single top (ST) and
tt (TT) cLFV channels

e 28 kinematic variables, including
individual particles and global

oo 138 07 (13 TeV)
CMS lti lSingIet Other

6
10 Preliminary

o138 07 (13 TeV)
CMS lt{ lSingIet Other

6
10 Preliminary ot .
[JLrvit . ¢ Data 7 Statssyst

Vector

[JLrvit ¢ Data 7 Statesyst

Vector

Events / bin
801

Events / bin
aLU‘I

features

S ST - | 5 of , S—
I , ) I , , Z
* DNN score is weighted towards 3 0;?‘/’“ iy }A// ; 5 0;; . éjy// O
single top Qi nnd R Tl il il nnd
10 10 1 10 10 10 10 1 10 10
DNN score DNN score

0.1p(TT CLFV) 4+ 0.9p(ST CLFV

DNN score = P ) +0.9p( )

p(background)

Q«iriam Watson, TOP2024 @/
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cLFV in ut hadronic channel

e Data are found to be consistent
with the standard model
expectation.

» Upper limits at 95% CL are set

for different interaction operators Bt e 1) x 10° A% (Tev)
tuu

e Converted into branching Interaction ~ Type o [fb] Coque/A2 [TV B(t — ptq)[1079
fractions for t » ptq process Seal 2.039 (2.337) 0.182 (0.194) 0.040 (0.046)
At 11,574, 3.594] [0.16, 0.241] [0.031, 0.071]
tunt 2.384 (2.746) 0.09 (0.096) 0.078 (0.09)
e Improvement by factor ~2 on Vector 1) g57 4213 [0.079, 0.119] [0.061, 0.138]
previous limits Tencgr 2834 (3.326) 0.045 (0.049) 0.118 (0.138)
[2.257, 5.063] [0.04, 0.06] [0.094, 0.211]
Sealar 4269 (5.02) 0.817 (0.886) 0.81 (0.953)
[3.291, 8.142] [0.717, 1.128] [0.625, 1.545]
teut Vectop 7213 (8:552) 0.419 (0.457) 1.71 (2.027)
[5.663,13.734]  [0.372, 0.579] [1.342, 3.255]

N Tenaop 7927 9.633) 0.188 (0.207) 2.052 (2. 49#
\_Miriam Watson, TOP2024 eSO 16.427,15.2] [0.169, 0.26] [1.664, 3.93618 /

138 fb (13 TeV)

(IO Frrrr 111 (\,I-\ 1_4
o 45 CMS CLFV 68% exp. Obs. S
iy F Preliminary Scalar e —— 4 ()
X 4F Vector s — k= 127
) F Tensor  Fe==sess ] « L
= 3.5 E_ 95% CL upper limits E Sg 1 :_
‘_ A o L
"\I/ 35 7 O
M 258 =
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T
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cLFV in ut hadronic channel

CMS-PAS-TOP-22-011

EFT operators and their definition

Q«iriam Watson, TOP2024

Structure Operator Definition Wilson coefficient
1(ijkl — _
Scalar Oegl(]]u) (K-e-)s(qkul) Crequi
1(ijkl -
O™ =04 (@) @7"q)) Ceq
i1kl — _
Vector o%z_klz (Tt (@) Cra
Y a.vHhe N (g, VI
O‘Ziq.kl) CHUCTYET Ceq Predicted cross sections for
@)% (&"e;) (Tpy'yy) Cou CLFV signal processes
3(ijkl) ) el
Tensor Ofequ tio Zj)e(chfwul ) Cﬂequg’ Process Lorentz structure Cross sections ( fb)
Scalar 59.14
ST CLFV tuurt Vector 276.1
Tensor 1272
Scalar 3.74
ST CLFV tcut Vector 19.51
Tensor 96.18
Scalar 2.69
TT CLFV tqut Vector 21.5
Tensor 129.0
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cLFV in ut hadronic channel

CMS-PAS-TOP-22-011

Input features of the DNN

Group Variables Description
Muon (u) PTus My pr and 7 of selected muon
Tau () PTey s Moy s Me, p1, 17, and mass of selected Ty,

Muon+Tau (uty,) My, Atye , AP, AR

- Mass and angular differences of 3 7}, system

P11, P12/ P13

pr of jets ordered in increasing pr

Qﬁriam Watson, TOP2024

Jet 11, 12, 13 1 of jets ordered in increasing p
ets
my, My, My Mass of jets ordered in increasing pr
b1, by, bs b tagging discriminant of jets ordered in increasing py
Event pimiss Missing transverse momentum
)(2, My, M minimum)(2 and reconstructed t and W masses
t and W reco.
Aty Ay, ARy Angular differences of jets used in W reco.

Events / 20 GeV

Data/Pred.

Events / 20 GeV

Data/Pred.

x10° 138 fb™' (13 TeV)
2‘2 CMS Wi M single t E
18 Preliminary Other I:IST LFV:J::tor _E
16 7 T LFV?%;O, [IsTLFVIG, =
14 TTLFVyhe, ¢ Data £
1.2 7 % Stat+syst —;
1wl -
0.8 E
0.6 % E
0.4 ” E
0.2 -, E
0 - !
1.5:' LI SOOLJ000 UL OO SO O NSO SOOI | ' T \/' T V/// y//y/;
1 ; WRGAEE {/f/ /f ;'v // ¢ i
0-5:IIII|AIII|IEA |-|r|I/I||xﬂ||/|||( /(I///fé
0 100 200 300 400 500 600
Muon P, (GeV)
x10° 138 fb™" (13 TeV)
- CMS | | [l single t
3 " Preliminary Other [Jst LFV:J::tor
2.5 7 T '—Fch;or I:IST LFVi/C:cTtor
TT LFVyhr,, ¢ Data

2
1.5
1

o
ol

—_
-4 O10

o
ol

Compact Muon Solenoid

7/ Stat+syst

- 7 7
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Charged lepton flavour violation (cLFV)

Leptonic

Analysis NI T hadronic gt
cLFV vertex teuq (q=u,c)‘ tutq (g=u,c) tutq (q=u,cj
c/A? [Ge V2] 0.02-0.10 0.10-0.44 0.045-0.18
0.09-0.42 0.36-1.8 0.19-0.82
BR(t—q#?’) [10-¢] 0.012-0.032 0.20-0.52 0.04-0.12
0.22-0.50 3.4-6.7 0.81-1.05

Q«iriam Watson, TOP2024

™

. Hadronic

e Tight limits on
Wilson coefficients

e Branching ratios
106 - 108

2




T

Baryon number violation (BNV)

Phys. Rev. Lett. 132 (2024) 241802

Vertex C, C,/A> C./A*> B, B,
o _ _ . [TeV 2] [TeV 2] [107¢] [107€]
Theoretical inclusive cross sections for single top quark Exp.  Obs.  Exp. Obs.
production (ST) and top quark-antiquark pair production teud i 88;? 88‘215 88(1)2 882);
with the decay (TT) via BNV interactions ' ' ' '
guud 0046 0036 0010 0006
02 02 . 002
Process _ (G —Dpbl ___o(C, = 1) [pb] Coar o o ol
S . . . .
ST (tfud) 31.5+21+1.0 10.74+0.74+0.4 teed U T4 0102 0063 0.050
ST (tﬁus) 81+03+05 2.8+01+0.2 t],tcd S 0.178 0.141 0.153 0.095
ST (tfub) 3.31+0.13 £ 0.06 1.14 + 0.05 + 0.02 £ 0100 0080 0043 0.030
s 0115 0101  0.063 0.050
ST (tlcd) 2.7740.224+0.01 0.96 + 0.01 & 0.07 teus oo 0056 0019 0015
ST (tfcs) 0.79 £0.02 £0.11 0.27 +£0.01 £0.04 uus s 0.102 0.079 0.050 0.030
ST (tfcb)  0.28 & 0.03 % 0.04 0.10 & 0.01 £ 0.01 £ 005 0043 0015 0.009
s 0448 0403 0973 0.786
TT 0.007 = 0.002 4 0.001  0.007 4 0.002 + 0.001 tecs L 043 0218 0286  0.229
. s 0394 0311 0752 0.468
HES 4 0217 0169 0228 0.138
ogp S 0199 0178 0191 0.154
Expected and observed 95% t 0109 0097 0057 0.045
CL upper limits on the BNV tpub s 0.168 0.134 0.136  0.087
effective couplings and top 83?2 82;5 223;1 2823
. . S . . . .
quark BNV branching fractions tecb 0405 0367 0795 065
. s 0703 0564 2393 1521
\ Miriam Watson, TOP2024 teb 0386 0307 0722 0.455
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ATLAS

Qﬁriam Watson, TOP2024

Heavy neutral leptons (HNL) | arxiv:2408.05000, submitted to PRD Al LAY
my [GeV] 15 25 35 40 45 50 55 60 70 75
Expecr_ed_and ot;seryed . BponIf] 20 98 73 69 69 67 72 85 18 36
upper limits on t 99 ;‘)?”SL Obs. ooy [fb] 26 12 82 78 10 97 10 12 26 52
ross-sections at
cross-sections a ° Exp. o~ [fb] 9.3 5.0 3.7 3.5 3.2 3.1 3.2 4.0 8.2 15
Obs. o, v [fb] 7.5 3.9 2.8 2.6 3.2 3.1 3.3 4.2 8.3 15
Exp. o n [pb] 8.9 2.6 2.1 1.7 1.8 1.8 2.0 3.7 7.0 19
Obs. o n [pb] 13 3.6 2.7 2.3 2.5 2.2 3.2 5.5 7.3 20
§_ 1|||E|td 7 - g =
z ATLAS xpecte g ]
Z gl 1= 18TeV, 140" ngsfgfgfgz = 1oL E
geg /chgm.el < JHEP 10 (2019) 265 [ATLAS 36.1 fb} - 3
%o imits arXiv:2403.00100 [CMS 138 fb™ -2 :
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