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https://indico.cern.ch/event/727396/contributions/3018244/attachments/1659083/2657194/EFTforTop.pdf

Target 2Q2L EFT operators llS

OF SUSSEX

Operator | Interaction Lorentz Structure

O™ | Gy 1) @kyuan) Vector t q
Oy M| (Qyo 1) @xyuoar)  Vector

Oégjk” (€;y"e;)(Ary.r) Vector (6)
Olgjkz) (liyH1) Gy ulp) Vector O‘E
Oéﬂjk” (€;yHe;)(Uryuur) Vector

Ot | (iej)z(@ruw) Scalar

Oigjk” (T,;o'”"ej)s(qkaﬂvu;) Tensor l‘L T

(Same family that enter into the B-anomaliese.g. b — slli)

Jacob Kempster - University of Sussex ‘ 24 April 2024 ‘ 3



Top 2Q2L operator effects llS
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Four-fermion / 2-quark-2-lepton (2Q2L) operator US
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family’ in context
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Larger picture
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https://moriond.in2p3.fr/2019/EW/slides/6_Friday/2_afternoon/4_straub-moriond-2019.pdf
https://link.springer.com/article/10.1140/epjc/s10052-019-6977-z

Production

qg — tll’

Decay
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Neutrino Oscillations / New Physics s

OF SUSSEX

Neutrino oscillations — LFV in lepton sector but q q
far beyond any experimental sensitivity

New physics which introduces additional terms involving lepton fields in
@ Lagrangian can lead to LFV, e.g. SUSY, leptoquarks, 2HDMs
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Recent history s

Limits on CLFV branching ratio of fop (95% CL):

B(t > 1l'qg) <1.86x 107> ATLAS-CONF-2018-044

B(t - euq) < 6.6 x 107° (3-lepton final state, 80 fb~1)

B(t > euq) < 0.009 — 0.258 X 10  CMS-PAS-TOP-22-005
(3-lepton final state , 138 fb~1)

This analysis is first direct search for CLFV utqt coupling.

BSM models predicting CLFV with electrons/muons also apply to
taus, often additionally enhanced due to larger mass
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https://cds.cern.ch/record/2638305
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-005/index.html

Charged Lepton Flavour Violation B

Cross-section o'i'z‘é:ﬁ + PDF [fb]
(ijk3) L(ijK3) (3(ijk3)
vector lequ lequ
Production ££'ut | 1187 + 1 1012b+1 215040 + 20
Production ££ ct 7.9tll'.% + 1.6 6.1%‘% + 1.5 153t2;lg + 29
Decay £f'qxt | 6.9*13 £0.1 3.46"0% +0.03 166" +2
- My (MY [ =Gk 2 K32 gy (K32
D(t = 616010 = == (5] {3leg 1+ 41eld P +4le7)
Jk3) 2 1(ijk3) 2 3(ijk3) 2
41l 4 202 4 96| 2
JHEPO4 (2019) 014

@ Using dimétop, found to agree with SMEFTsim 3.0
|
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https://arxiv.org/abs/1802.07237
https://doi.org/10.1007/JHEP04(2021)073
https://link.springer.com/article/10.1007/JHEP04(2019)014

Charged Lepton Flavour Violation e

OF SUSSEX

e Single lepton triggers

e Definition of analysis regions including dedicated CRs for fake { J
Region definitions

backgrounds
— Select events with electrons, muons and
hadronically-decaying tau leptons (Tj.d.yis) ,
— Trilepton selection: ppiTy.q.is/ e LF;.ka_m E-stimatinn}
e Prompt/real backgrounds estimated in MC (tt V/, diboson, i
tW)
e Data-driven estimation of fake lepton backgrounds (CRS) [Pmﬁh ikelibood Ft NP estimation ]
— Fake Tj.q.is (+ 2 prompt p): scale factor method \ """""" S
— Non-prompt muons: template fit method (takes place in ’ ‘
Pl ﬁf) Limits on signal pm-l:ess] EFT interpretation

e Profile likelihood fit to SRs and non-prompt muon CR
e EFT interpretation
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Event selection with 139 fb~1
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SR CRt CRtfu
Top quark decay and
production diagrams differ by Lepton flavour 241 Thag 2ule (&= p)
]_jef Njets > 1 >2 >1
Nb—tags 1 1 < 2
i X 20 GeV | > 20 GeV -
Trlepton eventselection Thad PT >
inclSding hadronic taus Muon pr > 15GeV | > 15 GeV > 10 GeV
Higher pt muon Tight Tight Tight
Same-sign muons produce Lower pt muon Tight Tight Loose
o Muon charges SS OS -
significant background ;08 ~ ~ 15 GeV
i HHU
reduction mS — My| - <10GeV |  >10GevV
3pht + Y m - - < 400 GeV
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Yields
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Process | R | CRtiu
tt + NP u 7.9 + 34 164 + 14
W 3.5 + 1.8 1.2 + 0.6
ttH 3.1 + 04 1.26 + 0.14
1tz 2.9 + 0.5 088 + 0.33
+X 2.48 + 0.18 —
wWZzZ 3.6 + 1.3 7.3 + 2.4
ZZ 0.59 + 0.22 1.8 + 0.6
VvV 0.01 + 0.05 047 =+ 024
Fake electron — 7 + 4
Fake v 3.3 + 04 —
Fake 7 + NP u 3.7 + 2.7 —
+X + NP u 0.29 + 0.31 15 + 5
Z +NPpu 0.192 =+ 0.010 1.8 + 1.0
Other NP u 0.051 + 0.010 -
Other 0.23 + 0.11 1.1 + 0.6
Signal (¢7) 0.19 + 0.14 0.025 =+  0.019
Signal (single-top) | 6 + 4 0.022 + 0.023
Total 38 + 5 201 + 14
Data | 37 | 202

Post-fit yields

Jacob Kempster - University of Sussex
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Fake-tau estimation

Fakes are usually due to mis-identified
jets

Dedicated CR (does not enter the fit)

Scale factors (SF) are used to correct
the rate of the fake-tau background

SFs are parameterised by:
« Track multiplicity (1-prong / 3-prong)

« Tau-jetwidth
« This is a good proxy for the quark-
gluon fractions which may differ
slightly between SR/CR and between
data and MC

« Systematics for SM backgrounds are
propagated to the SFs and correlated
appropriately in the fits

0
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100 14X e
L | Other

Data / Pred.

T, Jt width

0.2 0.25
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Fake/Non-prompt (NP) muon estimation llS

7 e
5350- ?TLAS . #Daa JSignal (dec.)
. . s=13TeV, 140 fb []Signal (prod. VV,VVV
Dedicated CR (enters the fit) “300F LRV et o (prod.) W Other
CRitiu BNP u W Fake e
) 250F pre-Fit 2~ Uncertainty
Targeting non-prompt muons 200

from b-jetfs in tt events 150

. . . 100
Normalisationis controlled by a

profile-likelihoodfit (next slides)

a
o

g.

—

100 200 360 400 500 600 700 800
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Signal region llS

OF SUSSEX

Binnedin HT to capture energy
growth behaviourof EFT

¢ Data

o
a

- ATLAS Signal (dec.)

operators 5 1
& 40F Vs=13TeV, 140 fb []Signal (prod.) BFake t
35k gI..FV ﬁ;m _ =tFa>Ize T+ NP u ;%V,)\(/VV
; Tel : _ ignal Region + +
Signalshownisinclusive EFT (up a0f Pro-Fit B Other mNP 1
inifiated, charm-initiated, all o5l 7 Uncertainty
operators) o0t :
15 2% : g

—_
o

For up-quark operators, the

L

production mode (blue) > S

dominates the cross-sectionand %_zg. BCER _

sensitivity 207 51 {/%;{/%W/W///////y*///%////%////%////%////%////////f_
S %% ""f00 200 300 400 500 600 700 800

For charm-quark operators, the H; [GeV]
production and decay modes
are more balanced
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Profile-likelihood fit WS

OF SUSSEX

w T T T T T T T n T T T T T T T
5 450 aTLAS ¢ Data []Signal (dec.) S 35f ATLAS ¢ Data [Signal (dec.) 1
o 40F Vs=13TeV,140fo" [JSignal (prod.)  MFake 1 3 o Vs=13TeV, 140fb"  [JSignal (prod.)  MFake t
a5l CLFV urgt WFake t+ NP WV, VWV ] 30F LRV pqt WFake T+ NP WAL ]
Signal Region Wi+X t+X Signal Region m+X fE+X
30f Pre-Fit B Other m\Pp ; 250 Ppost-Fit B Other mN\P
o5t ~-Uncertainty ) ] o0k 7z Uncertainty ]
20F 7 15 ]

—_
o

5 5
2 2(5) B 22
X1. 1.25
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200 ] 200F
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100 1 :
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2 2g L A B 22 T
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Profile-likelihood fit WS

OF SUSSEX

S 350 ATLAS ¢ Data []Signal (dec.)
o 30! Vs=13TeV, 140fo" []Signal (prod.)  WFake t
 CcLFV urqt I Fake t+ NP VV,VVV
Good agreement between data 5| SignaluRggion X ST X
_ - Post-Fit W Other BNP u
and background-only model o 7 Unoartainty
Statistically limited result 15}
Largest systematics are signal, ttW 1o

and diboson modelling

k55555 /;?%/ i, J/////%%/////

Datg{ Pred.
Oy o

5
0 100 200 800
HT [GeV]
‘Inclusive’ BR limits set 95% CL upper limits on B(t — utq)
assuming all EFT Stat. uncertainty Stat.+syst. uncertainties
operators are of equal gy yected 4.6% 1077 5.0% 1077
magnitude - .
Observed 8.2x 10 8.7 % 10
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EFT Result breakdown WS

OF SUSSEX

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

—(ijk3) (ijk3) (ijk3) (ijk3) 1(ijk3) 3(ijk3)
Clq eq Clu Ceu lequ lequ
Expected (u) 2.3 2.0 1.9 2.2 1.2 3.0
Observed (u) 4.0 3.6 3.3 3.8 2.0 52
Expected (c¢) 33 32 32 33 20 41
Observed (c) 56 54 53 54 34 67

95, CL upper limits on |c|/A2 [TeV~2]
—(ijk3) (ijk3) (ijk3) (ijk3) 1(ijk3) 3(ijk3)
Clq Ceq Clu 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

EFT limitsimprove upon previous results (re-interpretation of ATLAS
FCNC tZg analysis):
3(2323)

- From factors of 7.2 for ¢, (for utct) fo 41 forc

1(2313)

lequ (for utut).
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https://link.springer.com/article/10.1007/JHEP04(2019)014
https://link.springer.com/article/10.1007/JHEP04(2019)014

EFT Result breakdown
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2 10__ATLAS 95% CL limits ] 50 o5l ATLAS 95% CL limits -
x h— - .. -
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e 8f-cLFVunt Obs. - Bxp-xio | " cLFV ptqt (A=1 TeV) —Obs. - Exptio A
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T C Obs. -- Exp.t1o N — Obs. #= Exp.t1c
% 6 R Tensor ] s TR Tensor ]
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0_ L1 ‘;-'1*-| e Lo g [ R S R i W 1) , , o, 4 | |“'| | I T R
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) ut
B(t —ut u)x 10° [
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Leptoquark interpretation s

Scalarleptoquark with cross-generational couplings could produce CLFV
processes.

/lt‘r /lCT /luT 10 1 01
i € |y Aepw Aup|=2"2 1 0.1 001

Ate  Ace Aye 0.1 0.01 0.001
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Leptoquark interpretation s

Cross-generational couplings infroduce many degrees of freedom, which
may be simplified with a hierarchical modal:

Az Aer Aur 100 1 0.1
ki € |y Aoy Aup |=A221 1 01 0.01
Adie Ace Aue 0.1 0.01 0.001

Thisreduces 10 degrees of freedom (? coupling, 1 mass) into 2 (1 coupling, 1
Mass).

Various theory papers apply hierarchical coupling models, with different
magnitudes spanning steps of V2 to 1—16 [1.2,3.4,5]

§§ ‘ Jacob Kempster - University of Sussex | 24 April 2024 22



https://doi.org/10.1103/PhysRevD.99.095004
https://doi.org/10.1103/PhysRevD.96.115011
https://doi.org/10.1140/epjc/s10052-019-7047-2
https://doi.org/10.1007/JHEP10(2016)106
https://doi.org/10.1140/epjc/s10052-023-11304-5

Leptoquark interpretation s

Analysisis not re-optimisedfor LQ signal, but HT is already a very good
discriminating variable. Signals 0.5 <mp o <2.5TeV,and 0.5 < ALQ < 3.5 are fit

independently:

[%2] T T T T T T T w T T T T T T
¢ 35[ ATLAS ¢ Data []LQ (1000 GeV, \-9=2) ] & 350 ATLAS ¢ Data [1LQ (1000 GeV, A-°=2)
w Vs =13 TeV, 140 fb" BFaket [Faket+NPu w Vs =13 TeV, 140 fb BFaket [Faket+NPp

300 cLFV prct VUATVATAN (9 ] 30F LRV prct VW, VW X

o5t Signal Region tT+X W Other ] o5} Signal Region T+X [l Other

Pre-Fit NP 1 “Uncertainty Post-Fit NP “Uncertainty

20f W : 20fF

15 7 15

0 [ 0 %

5

& 0 y ¥ 5 0 . !
g}z W/W/f////*///%//ﬂ%////7‘////7‘////%////7‘///% “L 1 ,};WW W,,é////////%/ //%//%
=05 100 200 300 400 500 600 700 800 205 100 200 300 400 500 600 700 800

H; [GeV] H; [GeV]
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Leptoquark interpretation u

OF SUSSEX

E‘ 0-045 j— T T T I T T T I T T T T T T | T T T I T T T I T T T —': 3‘ N I T T T I T T T T T T I T T T I T T T I T T T I T T T T T T T |_
= . 045 ATLAS 95% CL limits 1 2 004 aras 95% CL limits E
© V4 — - © - N .
- =13 TeV, 14067 Evscted 1 0.035F (5=13TeV, 14016" ___ Exscted =
0.035[- CLFV prct [ Expected+ 1o = 0 035_ CLFV ptct [ Expected+ 1o E
0 03:_ g% 5 [ ] Expected+ 2¢ = YE S mg=750 GeV [ 1 Expected+ 2c .
Ve ! — Theory (S) ] 0.025F- ' —— Theory (S) E
0.025F - R -
0.02F- = I J 3
0.01 = 0.01E E
0.005F- 3 00055 =
0 :| oo by by by by b T 1—; 0 - ] T 111 L1 [ 1 L1 [ 1 3

400 600 800 1000 1200 1400 1600 1800 04 06 0.8 1 12 14 16 1.8 2
mg, [GeV] AL
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Leptoquark interpretation u

OF SUSSEX

g N L (R et S L A [ |
S 6F|arLas 95% CL limits | ] o
S | Vs=13Tev, 140 " — Observed ] ms, [ GeV ] | Limit on A~% (95% CL)
e S5 . s Expectedt i | Observed Expected
© B cLFVpmt N e Expected+ 20 ]
4| Scalar LQ'S, [ Excluded region | 7 500 1.3 L1
E ] 750 1.7 1.5
R — 3 1000 2.1 1.8
R — g i 1250 25 2.2
N E 1500 2.9 2.5
[ . 1750 3.3 2.9
= - 2000 3.7 3.2

C 1 I 1 1 1 l 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 l 1 1 1 I 1 1 1 1
600 800 1000 1200 1400 1600 1800 2000
mg, [GeV]
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Summary s

 Top CLFV search with muons and tau-leptons
« Optimised beyond previous CONF note (ATLAS-CONF-2023-001)

Improving sensitivity by a factor of two
 LQ interpretation added

« Resultsare consistentwith SM within 1.60 — smalldeviationin highest HT bin

» First direct limits set on relevant EFT couplings with muon and tau flavour
indices

« Analysisis heavily statistically limited
« Leptoquark Interpretation — first attempted at setfting limits on single-LQ
production for a model with multi-generational couplings

« Coupling hierarchy utilised to simplify interpretation
« Limitssetas a function of leptoquark mass and coupling strength
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https://cds.cern.ch/record/2845451
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Top-EFT and the B-anomalies (quick aside)

US

UNIVERSITY
OF SUSSEX

0.00 - * — Rk
- Rp
| —0.02 -~ —— global b — st/
> \ ———

b} global
= —0.04 - \ \
S ve \ 1 i
¢ /7 ,'lI !
o / Il ’I
B —0.06 / iy

2] ‘\ ¥ o
@) \
~— —0.08 A

I ,
) N
%S —0.10 4 I:
O -0.121 !

—0.14 | i
—0.0002 0.0000 0.0002 0.0004 0.0006

®  SM prediction

(Ch)

7 = (Co

/ TeV~2

% Best fit 2021 R, (LHCb arXiv:2103.11769, 3.10)

0.0008

« But remember 2022 result (LHCb arXiv:2212.09152) brought thisinline with SM

€ Best fit pre-2021 Ry

arXiv:2104.00015
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https://arxiv.org/abs/2104.00015
https://arxiv.org/abs/2103.11769
https://arxiv.org/abs/2212.09152

Top-EFT and the B-anomalies (quick aside) 119

0}, = Q.QL L, JHEP 06 (2021) 010
01(3) = Qv 7' QLy*7T'L

SLYbLALY i e

b — sll transitions

e Flavour Changing Neutral Current (FCNC) b — s(d)I"1~ decays, such as
BY — K*Ou* i~ are forbidden at tree level in the SM

P. Cartelle
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https://link.springer.com/article/10.1007/JHEP06(2021)010
https://cds.cern.ch/record/2311960

EFT Result breakdown WS

OF SUSSEX

Pre-fit impact on u.: A
~10=0+A0 10 =0-A0 432101234
Post-fit impact on y.: AL A A
Mo =0+A0110=0-A8 ATLAS

— Nuis. Param. Pull Vs =13 TeV, 140 b

Signal (p) parton shower

[TW cross-section
v (SR bin 2)

WZ cross-section

ttW QCD generator

ftZ PS

wz uH/ o

ftZ ISR

Tau RNN ID eff. syst

Tau eBDT True Had Tau eff.
ft NLO (CRittu)

{1Z cross-section

ftH cross-section
Muon isolation eff. (syst)

ﬁ hdamp

Muon identification eff. (syst)
v (SR bin 1)

Luminosity

k(NPu)

ttH PS

2-15-1-050 05 1 15 2
(6-6,)/A6
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EFT Result breakdown WS
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Fake tau estimation region

Process CRt (1p) CRt (3p)
Fake 1 1150 + 80 364 + 28
Fake 7 + NP u 1.6 + 1.2 0.3 + 0.5
WZ 22 + 7 6.5 + 2.0
/77 11 + 4 3.1 + 1.0
1+X 12.0 + 09 3.41 +  0.28
1tz 16 + 7 4.8 + 2.3
W 0.65 + 0.34 025 + 0.15
ttH 0.84 +  0.12 026 + 0.04
VVV 0.12 +  0.06 0.027 + 0.014
tt+ NP u 1.0 + 0.8 0.16 =+ 024
Z + NP u 0.022 +  0.009 —
Other 17 + 9 6.1 + 3.1
Total 1230 + 90 389 + 30
Data 1324 373
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