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Introduction

« SM has been successful for many years, but recently several excesses are reported
 Lepton flavor violation: Combined result of R(D) and R(D*) anomalies, 3.3¢ deviation from SM 1]
« W boson mass measurement from CDF Il [2] reported 7.0¢ of deviation
« Muon g-2 measurement 3! recently showed 5.0¢ discrepancy

« FCNC is highly suppressed in SM, due to Glashow-lliopoulos-Maiani mechanism

« FCNC top quark branching fractions (BF) ~ 1072-10""7in SM, can be enhanced as high as 104 -10"° in BSM
e Theory predicts BF close to the sensitivity of LHC

« Considering recent experimental results, as well as theoretical motivations, various
anomalous interactions have been explored in the top quark sector

e Flavor-changing neutral currents (FCNCQ): (ATLAS), (CMS), (ATLAS)
e Lepton flavor violation (LFV): (trilepton, CMS), (ATLAS)
 Effective field theory approach to the new physics -> given by Andre, Aug 24

[1] HFLAV, Semileptonic B decay, 2023 (link)
[2] CDF Collaboration, Science 376 (2022) 6589, 170-176
[3] Muon g-2 Collaboration, arxiv:2308.06230



https://indico.desy.de/event/34916/contributions/147201/
https://hflav-eos.web.cern.ch/hflav-eos/semi/summer23/html/RDsDsstar/RDRDs.html
https://arxiv.org/abs/2308.06230

Search for tgqH FCNC in H->1t ATLAS

EXPERIMENT
« tgH FCNC where H->tt, in hadronic and leptonic T decays

. . . e . C ~
e Decay and production modes, interpreted in EFT: LEFT = /{‘2"’ (¢ )(Jit)d + ALf(ng(p)(z‘q,-)(p
« Signal channels (t,: W->qq, t;: W->1v, 1444: hadrons + v, Tjep: 1 + v, + v;) Decay: t -> u/c + H
Production: u/c -> t + H
: Leptonic channels Hadronic channel
Requirement
'h Tlep Thad I ¢£Thad Thad £ Thad ! h Thad Thad
Trigger single-lepton trigger di-7 trigger
Leptons =1 isolated e or u =0 isolated e or u Further divided into
Thad | =1 Thad =2 Thad =1 Thad | =2 Thad
Electric charge (Q) | Qe XQrpyy =1 Orpyy XOrp =—1 Q¢ X07,, =1 | Qs X Oy = 1 |7 SI‘]Rs'based|o-n|- :
Jets | >3 jets >1 jets >2 jets | >3 jets Ight-jet multiplicity
b-tagging | =1 b-jets | =1 b-jets

* Tnaq IS identified against jets with RNN based tagger, and e->1;,,4 fakes are suppresed by BDT

e Background estimation

« Fake t-leptons: Data-driven SF from tt CR (leptonic channel) or fake factor with loose t identification
« Fake light leptons: Data-drive ABCD method using loose identification and EJSS



Search for tgH FCNC in H->tt

 Signal extraction

« 9 BDT for 7 SR + 2 validation region (SS ;4 pair)

e Postfit distributions
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t; Thad Thag IS the most sensitive channel

TOPQ-2019-17, JHEP 06 (2023) 155
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=390 SWATLAS
EXPERIMENT
e Results
e BF(t->uH) < 0.069% and BF(t->cH) < 0.094%
ATLAS {s =13 TeV, 139 fb™
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Leptonic

Combined
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ATLAS {s=13TeV, 139 fb™

. Expected £ 1o

----- Expected * 20
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95% CL limits

B(t - uH)107°

3.5

Hadronic

Leptonic

Combined

. Expected+ 16—

Expected * 26

Observed

95% CL limits

B(t > cH)10™2

e Limits on the Wilson coefficients:
Cup < 1.35, Cpgp <116 ((Cao=(C1)7+(CF,7)

e Factor 2-4 improvement compared to previous
ATLAS analyses [1,2] including T leptons

[1] ATLAS tqH, H -> 7}/ .4 Thaq’ JHEP 05 (2019) 123
[2] ATLAS tgH, H -> multilepton: Phys. Rev. D 98 (2018) 032002



https://link.springer.com/article/10.1007/JHEP05(2019)123
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.032002

CMS /!

Search for tqy FCNC

« FCNC search in tgy coupling in single lepton final state

e Event signature ulc

Lo = —e Z Ktq'yq tq'yPL+/\tq'yPR) t
=t

iy
o thA + h.c

« 1eory, 1barrel y, Z mass veto (e channel)
e SR1: 1 b-jet (DeepCSV) g
« SR2: = 2 jet, among which exactly 1 b-tagged SR1 (production) SR2 (decay)

v+e, >1jet [1 b jet], 138 fb™' (13 TeV)

w —
S - CMS + Data [ Zyjets
{Z110000f— Preliminary xx Stat®syst. @VVy

e Background estimation
« tty (=2 b-jet), Z/Wy (=1 light jet) CR-> Fit to data gives normalization SF
« Jet-> y fake: ABCD using photon isolation and shower shape ool B -
« Jet-> lepton fake: Fake rate using loose lepton identification _
« ¢ > y fake: Correction factors are calculated in CR with Z mass window

mty(t-,tW-s-) mme — v
1 Wyjets [jet —e
mjet — v

AAAAAAA

Data/Pred.

0 50 100 150 200 250 300 350 400 450 500
m.... [GeV]

jet+y

SR2, e channel 5



Search for tqy FCNC

« BDT for each channel (e/u), scenario (u/c), and SR
« Postfit distributions show the benefit from SR1 in tuy channel

y+e, 1jet [1 b jet] 138 fb™ (13 TeV)

[%)) 8 LIS B S L = R (%)) - L L = L L I I B n
< 10 ¢ Data mm tty < 10 ¢ Data mm tty 2
o 107 cms &) Stat.®syst. Zyjets ) 107 cms X} Stat.®syst. Zyjets o
|_|>J . Preliminary -W(t_-,tw-,s-) m VVvy |_|>J . Preliminary -W(t_-,tW-,s-) mm VVy |.|>J

10 ] Wyjets Wl jet — v 10 1 Wyjets mmjet — v

5 mme — vy jet —e 5 mme — vy jet — u
10 — ST «,,=0.1 10 — ST K, =0.1
10* 10*

y+u, 1jet[1 b jet] 138 fo™' (13 TeV)

Data/Pred.

CMS TOP-21-013 |8 |
L=138 fb-1 [

y+u, >ljet [1 b jet] 138 fb™ (13 TeV)

Data/Pred.

e Results

* Limits on kg, and BF

* Best limit in tcy channel

X Stat.®syst.
Preliminary Il W(t_-,tW-,s-)

] Wyjets

mme — v

—TT Ky, =0.01

Data/Pred.

|

Combined Obs. limit | Exp. limit
Kiun 62x107° | 6.9x107°

s, 7.7 %1072 | 7.8 x 1073
B(t—u+v)[095x107> | 1.20 x 10>
B(t—c+7) |151x107 | 1.54 x 107>




Search for tgZ FCNC

« Signal model based on EFT with dim-6 operators
« 3 |leptons, OSSF in Z mass window, jets, and b-tagging with DL1r algorithm
Woulc Z

ATLAS

EXPERIMENT

Coupling | Left-handed (LH)

Right-handed (RH)

b |tuz O, )

(31, ~(31)
CuB +CuW

tez cED, @

(32), ~(32)
CuB +CuW

Decay (SR1) . g Production (SR2)
ulc
 SR1: > 2 jet, exactly 1 b-tagged, SR2:1or 2 jet, exactly 1 b-tagged
« top quarks and W boson are reconstructed by y? minimization

e Reconstructed top quark masses are required within the 2 * resolution
« Backgrounds are estimated by MC prediction

 CR and side bands to handle normalization and systematic uncertainties

o tt (OSOF), ttZ (> 4 jet, == 2 b-jet), and two side bands by inverting constraints on reconstructed mass



Events /0.18

Data / Bkg.

Search for tgZ FCNC

 Signal extraction using BDT
e SR1: One BDT - tt signal vs all backgrounds (bkg.)
e SR2: Separately for tuZ (st vs bkg.) and tcZ (st+tt vs bkg.), considering signal compositions
e Cuts are applied to the BDT distributions to define validation regions to check fit stability
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ATLAS

EXPERIMENT

e Factor 2-3 improvements compared to 36.1 fb™!
ATLAS results

Observable  Vertex  Coupling Observed Expected

SRs+CRs
B(t—Zq)  tZu LH  62x107° | 4971 %107
B(t —> Zq)  Zu RH  6.6x10° 51775 x107
Bt — Zq)  tZc LH 13107 | 117 %107
B(t—Zq)  tZc RH  12x10°  10*% %107




Summary of top FCNC result at LHC

« FCNC in top quark interaction couplings: tgH, tqy, taZ, tqg (q = up or charm)
e Run 2 (137-139 fb™") are presented, unless specially marked
e Only left-handed interactions are quoted

« All observed limits approach the order of 104-10->

Process SM ATLAS CMS ATLAS ref. CMS ref,
_ 1.9 x 10 (yy)
t->uH 2x107" _ ) Phys. Rev. L 129 (2022
7.7 x 1074 (bb) 7.9 x 1074 (bb) JHEP 06 (2023) 155 (1) 033;(')01(9\(/]'/]:&' 9 (2022)
12 x 1074 (bb) 9.4 x 104 (bb)
t->u”Z 8 x 10777 2.4 x 1074 (36 fb1) .
arXiv:2301.11605 CMS PAS-TOP-17-017
t->cZ 1x1014 45 x 1074 (36 fb?)
t->uy 3.7 x 1076 0.85x 10~
Phys. Lett. B 842 (2023) 137379 | CMS PAS-TOP-21-013
t->cy 46 x1074 4.2 x 107
t->ug 3.7 x104 0.61x 104 0.2 x 1074 (748 TeV)
Eur. Phys. J. C 82 (2022) 334 JHEP 02 (2017) 028
t->cg 4.6 x 10712 3.7x10% 41x 1074 (7+8 TeV)



https://link.springer.com/article/10.1007/JHEP06(2023)155
https://link.springer.com/article/10.1007/JHEP07(2023)199
https://doi.org/10.1103/PhysRevLett.129.032001
https://doi.org/10.1103/PhysRevLett.129.032001
https://doi.org/10.1007/JHEP02%282022%29169
https://arxiv.org/abs/2301.11605
http://cds.cern.ch/record/2292045?ln=en
https://doi.org/10.1016/j.physletb.2022.137379
http://cds.cern.ch/record/2851857?ln=en
https://link.springer.com/article/10.1140/epjc/s10052-022-10182-7
https://link.springer.com/article/10.1007/JHEP02(2017)028

CMS

CLFV in euf channel

e Charged Lepton Flavor Violation (CLFV) in trilepton channel

« Event signature: eutu and eutc vertices

ijkl
Ve vector Ol_u

(1)ijkl
Ole u

O BJilkl

scalar

u/c g _ b tensor Oy, LiotVe;) e (Groyuiy)
Decay ot Production ot
i . ] S CMS Preliminary ' 138 fb '(13 Tev)
* 3 leptons with OS eu pair, leading lepton p > 38 GeV 2 e +Dala  EW(Y) E
- : 0 405 SR AW b E
* SR (enl'll) Off_z’ 2 1J6tl S 1 b_Jet (DeepJet) < 350; —CLFVtopproductlon(u VVVVV =0.05)7
*g 300 00000 e CLFV top decay (u'*" _3) i
L%J 250F =

e Background estimation
e Prompt backgrounds rely on the simulation

200}
150F
100F

« Nonprompt backgrounds estimated by data-driven “Matrix method” 5;’?
e Estimated events are validated using control/validation regions

Data

20 40 60 80 100 120 140 160 180 200
LFV electron pr (GeV)

10



Events / bin

CMS

CLFV in eu# channel

e BDT for signal extraction
« Separately trained for top decay (m(eu) < 150 GeV) and production (m(eu) > 150 GeV) enriched regions

cemu//\2 (TeV?)

CMS Preliminary 1381 (13 TeV) CMS Preliminary 138 fb" (13 TeV)
e o T Vo w1 ] S T o waw g
+X(X) [[JNonprom 4 B)+X(X) [[JNonprom = . .
8 B A COEEe Sl oty A I -+ CICIERECLECY "l » Tensor structure gives best constrains on
—— CLFV (= = 3) = —— CLFV (= = 0.05) E . ]
o ERL E operators due to higher cross sections
3 250 —
250 E . .
200 200 =  Interpolated limits are calculated
150 1508 E ) )
100F 100f E « One order of magnitude improvement
F " compared to previous CMS analysis [1]
< 15E Y mpg s - - 4
&)o.;%‘ S VO SO %7 830.;% . ! | J( é _ 0_4:CMSPre/:mmary c 138 fb (103TeV)
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 08 1 %0_35; T:::O, el o
BDT discriminant BDT discriminant (';F B Vector fimmzis ——
2 2 -6 5, O 5% CL upper imit
CLFV Coupling Lorentz structure Ceytq/A (Tev ) B(t — e‘uq) x 10 050_25 -------------------- 35% CL upper limits
exp (—o, +0) obs exp (—o, +0) obs
tensor 0.019 (0.015,0.023) 0.020 0.019 (0.013, 0.029) | 0.023 B
eutu vector 0.037 (0.031,0.046) 0.041 0.013 (0.009, 0.020) = 0.016 B —
scalar 0.077 (0.064, 0.095) 0.084 0.007 (0.005,0.011) | 0.009 o1
tensor 0.061 (0.050, 0.074) 0.068 0.209 (0.143,0.311) | 0.258 "o Ny
eputc vector 0.130 (0.108, 0.159) 0.144 0.163 (0.111, 0.243) | 0.199 %007 002 003 004 005 006 007 008 009 01
(

scalar 0.269 (0.223,0.330) 0.295 0.087 (0.060, 0.130) | 0.105



CLFV in uttq channel ATLAS

EXPERIMENT
e CLFV in the final state muons and hadronically decaying tau lepton

u,c

e Similar set of EFT operator as
CMS TOP-22-005

. —(ijkl) _ 1(ijkl)  3(ijkl)
. ’ Defined ¢, = (g — (g
i a » Scalar, vector, and tensor structures
ST production modes tt decay mode v
« Hadronic tau with BDT (vs ¢) and RNN (vs jet) based identifications § (o ATASTremnay ebaa T
T cLFV B ii+faket  VV/VVV ]
« SS muons, 1 hadronic 7, > 1jet, and exactly 1 b-jet "OF o a) e i e
Not distinguish up and charm quark experimentally e - % :
. imati Wy -
Background estimation // 3 {/ i
« Measured SF of fake tau events in CRt (OS muon) a0~ _ %// -
« Nonprompt muon contribution estimated by the fit in CRttu (euu) | ZZ ol B E
%’ 1.25 /
Prefit CRt for & 0751%%///%%///;% :
3_prong tau 0'5 0.05 0.1 0.15 02 0.25

T-jet width 1 2



Events

Data / Pred.

CLFV in uttq channel ATLAS

EXPERIMENT
 Signal extraction

LA L I L L I L ) L
140 I

g :_ ATLAS Preliminary ¢ Data 1
« Signal and nonprompt muon contributions are estimated from the fit to data ol 5na rod)
r CRttu. V_VNVV 5
 Single bin for each SR and a HT distribution for the CR 1oop FostF B Other E
.. . . . i r M {7+NP a

« Set upper limits on each EFT coupling, and BF(t->utq) is calculated with total signal %o , :S;trgm

T 7 Uncertaint
10¢F ATLAS Preliminary ¢ Data [“]Signal (dec.) []Signal (prod.) 7 y

{s =13 TeV, 139 fo”' WiFake © VVIVVV Wt+X
CLFV tT+X [ Other W (T+NPy

Pre-Fit W Other+NPu [l Fake e 77 Uncertainty

e Yields BF ~ 107 - 1077 for each Wilson coefficient

x?/ndf =2.8/4 x2prob = 0.59

e Improve previous constraints [1] on Cl_q(2323) (uttc)

Data / Pred.

‘ and ¢, 2313 (urtu) by factor 8 and 51, respectively * ofs s aswss w0
W////////////%/////////W | [1] ATLAS tqZ FCNC: JHEP 07 (2018) 176 Postfit Hy in CRtty

S| SR2

" Prefit SR and CR

CRitiu

95% CL upper limits 0%1 BR(t — ptq) i(x 10°7)

—(1jk3 ijk3 1jk3 1jk3) ! 1(ijk3 1(253k) ! 3(ijk3 3(ij3k 1 1

clq( IRB) - Ligk3) (kD) (k) : le(qZL ) le(qZL ) : Cle(q?u ) Cze(quu ) 95% CL upper limits on BR(t — pu7q)
Expected (u) | 4.6 4.2 4.0 45 25 25 | 58 5.8 Stat. only ‘ All systematics
Observed (u) 5.1 4.6 4.4 50 . 2.8 28 | 6.4 6.4 Expected 8% 10~ 10 x 107
Expected (c) | 54 51 51 52 1 35 35 61 61 Observed 9x 1077 11 x 1077
Observed (c) 60 56 56 57 . 38 38 | 68 68

Vector ' Scalar ' Tensor 13


https://link.springer.com/article/10.1007/jhep07(2018)176

Conclusion

e ATLAS and CMS continue searching for FCNC and LFV in top quark interactions
« With Run 2 (137-139 fb") data set, SM has been tested at higher precision

e No sign of new physics beyond SM prediction so far
« FCNC branching fraction limits at the order of 1074 -10™
e Constraints on BF of top quark CLFV interactions up to 107 - 108 using EFT

e Still unfilled final states exist!
More results will come with the full Run 2 data set as well as fresh Run 3 data

14
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FCNC Summary plot

e As of June 2023 ATLAS+CMS Preliminary 95%CL upperlimits <@ ATLAS <—@ CMS  prgiminary
LHCtopWG [1] arXiv:2208.11415 [2] PRL 129 (2022) 032001
[3] arXiv:2205.02537 (LH) [4] CMS-PAS-TOP-21-013*
June 2023 [i] EF;(%C_2832022$122):3::LH) [6] JHEP 02 (2017) 028
[7]:arXiv:2301. (LH) [8] CMS-PAS-TOP-17-017*
Each limit assumes that [9] JHEP 07 (2017) 003
all other processes are zero Theory predictions - SM 2HDM(FV) [E]2HDM(FC)
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FCNC Summary plot

« CMS only, as of August
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Search for tgH FCNC in H->tt

TOPQ-2019-06, JHEP 06 (2023) 155

L=139 fb-!
EXPERIMENT
e Tau decay modes
Decay mode Resonance B (%)
Leptonic decays 35.2
T — e Velr 17.8
T = U Vyvr 17.4
Hadronic decays 64.8
T~ —h v 11.5
7~ — h v, 0(770) 25.9
T = h v, a1 (1260) 9.5 Regions b-jets | Light-flavour jets | Leptons | Hadronic 7 decays Charge
T~ —h " hth v, a1(1260) 9.8 o TerT 1 >0 1 5 1 OS
T h_h+h_7'[01/—[ 4.8 ¢ thad ha.d = had ‘had
Other 33 1y Thad- 1J' 1 1 1 1 1¢Thad SS
¢ Thad-2] 1 2 1 1 trThad SS
SR l‘h‘l’lep‘l’had—zj 1 2 1 1 TlepThad OS
tthepThad-3j 1 >3 1 1 Tlep Thad OS
o th Thad Thad-2] 1 2 0 2 Thad Thad OS
i SR, VR, and CR dEflnlthnS thThadThad'3j 1 > 3 0 2 Thad Thad OS
VR 1r Thad Thad =SS 1 >0 1 2 ThadThad OS
thThadThad-3] SS 1 >3 0 2 Thad Thad 99
tetp1bThag 1 >0 2 1 tety OS
tete2bThag 2 >0 2 1 tety OS
CRit t[chbThad—ZjSS 2 2 1 1 1¢Thad SS
tgchbThad—szS 2 2 1 1 t¢Thad OS
tgthszhad—3jSS 2 >3 1 1 toThad SS
tetn2bThag-3jOS 2 >3 1 1 trThad OS
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https://link.springer.com/article/10.1007/JHEP06(2023)155

Search for tqy FCNC

o tuy (left four) and tcy (right)

v+e, 1jet[1 b jet] 138 fb" (13 TeV)

Y+, 1jet [1 b jet] 138 b (13 TeV)

SR1 (production, up)

y+e, 1jet[1 b jet] 138 fb™' (13 TeV)

CMS TOP-21-013 [oius,

Y+u, 1jet [1 b jet] 138 fb™ (13 TeV)
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EXPERIMENT
BDT distributions in mass side band (up) and SR (down) SR1: Decay, SR2: Production
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Search for tgZ FCNC

e Limits on B (LH, RH separately, SRs together or separately) and Wilson coefficient

Observable Vertex Coupling Observed Expected
SRs+CRs
B(t — Zq) tZu LH  62x10° 49! %107
B(t — Zq) 1Zu RH  6.6x107 51%1x107
B(t — Zq) tZc LH 13107 1153 %107
B(t — Zq) tZc RH 12107 107 x 107
|@ S and]e: ] tZu LH 0.15 0:13 ¥
(31) (31) +0.03
Ic&) | and |C5)) tZu RH 0.16 0sid *
[@° Fland]le% "] tZc LH 0.22 02002,
1)) and || tZc RH 0.21 0.19 700
SR1+CRs
B(t — Zq) tZu LH  97x107 8.6%¢x107
B(t — Zq) tZu RH  95x107 82%3x107
SR2+CRs
B(t — Zq) tZu LH  78x107 6.1%1x107
B(t — Zq) tZu RH  9.0x107 6.6 %107
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: CMS TOP-22-005 {86
CLFVin euf channel L=138 fb! A%

e Prefit BDT distributions

c CMS Preliminary 138 fb' (13 TeV) - CMS Preliminary 138 fb' (13 TeV)
- ”ég‘l‘”“‘”“””"”‘+‘b‘a‘t;‘”‘.‘\/\)(\/>“”“”‘; S 450 ”ég‘l‘”“‘”“””‘““Jb‘a‘t;‘”.“v\)(\/ﬂ”“””—:
=~ CJt®+X(X) [[JNonprompt E -~ 400 CJt®+X(X) [[JNonprompt é
L 400 SR MEW) <180 GeV oy ™ satosyst. o 2 SR, m(ew) > 150 GeV 7 ™ st syst.
0 —— CLFV (e =3) = Q —— CLFV (" = 0.05) =
| uty b= 1T} euty b
2
m-c.1.5E T T T T T T T T Il j m-c.1.5E T T T | T I T T | I T T Ij KtqH thH : B(t % qH) Ft
gg 1%/////%/////////%/////%/////////%/////%//////{//}///% gg 1%//////////{///////)%///////////////////47/////////// /////4//////)/%
05'? ! ! ! ! ! ! ! ! ! 05'? ! ! ! ! ! ! ! ! ! 3
0 01 02 03 04 05 06 07 .0.8 . 0..9 1 0 01 02 03 04 05 06 07 .0.8 . 0..9 1 CMS Preliminary 138 fb1 (13 TeV)
BDT discriminant BDT discriminant ©
9 0.3 CLFV Exp:1s Obs
X B Tensor -===---
- N Vector =------- —_—
:)3).0.25_ Scalar  ------- _—
l E 95% CL upper limits
o 0.2k~

« 2D limit interpolation for branching fractions

0.15—

Illll,llll

0.1

0.05

““llll'l

- ..
1 I TR | 1 I~’ I 11 1 I ) — |

0.01 0.015 0.02 0.025 0.03
B(t—>euu) x 10° 22

L
o

o

S -
KL -



CLFV in uttq channel

e EFT operators and width & cross section calculations

Operator | Lorentz Structure

Ozlq(ijkl) (Liy*1;)(Grypar) Vector
Ol3q(i]kl) (liy*o'1)(Gryuo"qr)  Vector
Oe(izjkl) (eivte;)(Gryuqr) Vector
O | oyt 1) @y ) Vector
o5 (éiytej)(tryur) Vector
iOlle((i{tkl) (liej)e(qGrur) Scalar
iO;e(;{tkl) (lic" e;)e(Gropuyur)  Tensor

» Postfit of observed yields
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