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Introduction

In Standard Model (SM), top quark decays to b W “almost” with a branching
ratio ~1.

Rare top quark decays such as flavour changing neutral current (FCNC) are
highly suppressed, due to Glashow-Iliopoulos-Maian1 mechanism

SM has been successtul for many years, but recently several excesses are
reported.

e Lepton flavour violation: Combined result of R(D) and R(D*) anomalies, 3.3¢ deviation from SM [1]
«\WW boson mass measurement from CDF Il [2] reported 7.0¢ of deviation
Muon g-2 measurement [3] recently showed 5.0¢ discrepancy

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



https://hflav-eos.web.cern.ch/hflav-eos/semi/summer23/html/RDsDsstar/RDRDs.html
https://arxiv.org/abs/2308.06230

This talk covers ... not covers ...

See talk from Robert Orr

Measurement of Higgs FCNCs

Flavour-changing neutral currents (FCNC) and anomalous couplings

+tqZ ATLAS TOPQ-2019-06 L=139 fb-
+tqy CMS TOP-21-013. L=138 fb-’ *tqH (H->77) (ATLAS)

See talk from Maria Moreno Llacer

Single top measurements including
CKM measurements

Charged lepton flavour violation (cLFV)
1 7iq ATLAS-CONF-2023-001 L=139 fb-

s¢11tq CMS TOP-22-005 L=138 fb-"

* All signhal models based on EFT with dim-6 operators
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FCNC involving a top quark
1 %Z 1 %w/% - @g
Y Z \I\f\\ g

eBranching fractions in SM ~ 10-12-10-17
«Any excess is a hint for Beyond the SM




TOPQ-2019-06
Search for tgZ FCNC | =130 b ATLAS

Phys. Rev. D 108 (2023) 032019. EXPERIMENT

«SR1: Targeting FCNC process in tf decays
3 leptons, invariant mass of the opposite-sign > 2 jet, exactly 1 b-tagged
leptons is within the Z mass window, jets, and b-
tagging with DL1r algorithm

*top quarks and W boson are reconstructed by )(2
minimization

* Reconstructed top quark masses are required to
be within 172.5 GeV +/- 2 resolution

*Backgrounds are estimated by MC prediction ulc

*CR and side bands to handle normalization and
systematic uncertainties

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

«SR2 : Targeting single top production
1 or 2 jets, exactly 1 b-tagged

ulc YA




TOPQ-2019-06
Search for tgZ FCNC | =130 b ATLAS

Phys. Rev. D 108 (2023) 032019. EXPERIMENT
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Search for tqy FCNC

 Final states including the muon and electron

FCNC decay in top pair

Single top production ->t + vy production ->t + y + g

SR1(Njets = 1;Nb = 1) SR2 (Njets = 2:Nb = 1)

v+u, 1jet [1 b jet], 138 fb' (13 TeV

CMS PAS TOP-21-013
=138 fb-

e Compact Muon Solenoid

Data based background estimation

o tty (=2 b-jet), Z/IWy (=1 light jet) CR-> Fit to data gives normalization SF

 Jet-> y fake: ABCD using photon isolation and shower shape
 Jet-> lepton fake: Fake rate using loose lepton identification

« ¢ -> y fake: Correction factors are calculated in CR with Z mass window

1000
500

2 —
GC’ 3500; CMS : gtatta@ t D\Zl\\(ljets
T - Preliminary Bty (t-tW-s) pme — v
2500 [ [ Wyjets ljet — w
= I tty Bl jet — v
2000 — — ST Ky o= 0.2—ST Ktyu=0'2
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1000
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Events

Data/Pred.

Events

Data/Pred.

Search for tqy FCNC

v+e, 1jet[1 bjet] 138 b (13 TeV)
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v+u, 1jet[1 bjet] 138 b’ (13 TeV)
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CMS PAS TOP-21-013
=138 fb-

) %ct Muon Solenoid

MVA (BDT) are used to better separate signal
from background events in the SRs

* No significant deviation is observed over the
predicted standard model background.

« Observed (expected) upper limits are set on the
branching fractions of top quark decays.

 Limits obtained by combining two signal regions

Combined Obs. limit Exp. limit +10 (exp. limit)
Pl 62x 1077 [ 69x107>  (59-84)x107
Kicy 77 %1073 | 7.8 x 1073  (6.7—9.7) x 1073
Bt u++)]095x10° | 1.20 x 10> (0.89 — 1.78) x 107>
w*w' v) [ 151 1075 | 154 x 10-5  (1.13 —2.37) x 1073
Best limits




Summary of FCNC involving top quark results at LHC

» Couplings: tgH, tqvy, tqZ, tqg (q = up or charm)
e Results with Luminosity 138-139 fb-! are presented
« Only left-handed interactions are quoted
« All observed limits approach the order of 10-4-10-5

Process SM ATLAS CMS ATLAS ref. CMS ref.
6.9 x 104 @7 1.9 x10-4({7)
t ->uH 2 x 1071 ) )
I 9.4 x 104 @7 73x 104y |[ZHEP07(2023)199 (bb) JHEP 02 (2022) 169 (bb)
12 x 10-4 (bb) 9.4 x 10-4 (bb)
t->uZ | 8x10-7 2.4 x 10-4 (36 fb-1)
t->cZ | 1x1074 4.5 x 10-4 (36 fb-1) |932019
t->u 3.7 x 10-16 0.85 x 105
Y 1Phys. Lett. B 842 (2023) CMS PAS-TOP-21-013
t->cV | 4.6 x10-14 4.2 x 105 37373
-4
t->ug 3.7 x 1074 0.61x 104 0.2 xT10V (748
ev) Eur. Phys. J. C 82 (2022) 334  |JHEP 02 (2017) 028
t->cg | 4.6 x1012 3.7 x 10-4 4.1 x 10-4 (7+8 TeV)

9 e Table is taken from Jiwon Park’s presentation



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/10.1007/JHEP02(2022)169
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032019
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
https://indico.desy.de/event/34916/contributions/147215/

cLFV In top quark sector

[

f% t% u/c/4 u/c/i

*Observation of Neutrino oscillations -> neutrino mass & neutral lepton flavour violation.
*The neutrino mass terms predict charged lepton flavour violation
*Branching fractions in SM ~ 10-55, extended SM ~ 10-6

*Any excess is a hint for Beyond the SM

Lepton flavor non-universality in B Physics [link]

Interpretations of some flavor anomalies also predict
0 a reachable CLFV rate in the top quark sector [link]


https://arxiv.org/abs/1506.08614
https://arxiv.org/pdf/1812.08484.pdf

Search for cLFV

top-quark pair production
with a cLFV top-quark
decay process

SR1

SS muons, 1 hadronic ¢

exactly 1 b-jet
> 1 et

ATLAS-CONF-2023-001

L=139 fb-"

ATLAS

EXPERIMENT

b
4
g > w+  ut
A! 47 g
u >
u, C T~ u, C/
| single-top-quark
single-top-quark production with a
production with a cLFV cLFV process in
process in the t-channel the s-channel
SR2

SS muons, 1 hadronic 7

exactly 1 b-jet
=1jet
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Operator | Lorentz Structure

Ozlq(ijkl) (Liy* 1) (Gryuqr) Vector
013q(ijkl) (l_iY”O'Ilj)(CIk’}’MO'qu) Vector
Oe(iljkl) (e;v'e;)(qryuqr) Vector
Ol(;jkl) (LiyH1;) (Akyur) Vector
Oe(;f <D (e;yte j)(ﬁk?'ﬂuz) Vector
iOlle(Z,kl) (liej)e(Grur) Scalar
; ;e(;{,kl) (lioc"e;)e(Groyyui)  Tensor




ATLAS-CONF-2023-001
=139 fb-

Search for cLFV: tqut

ATLAS

EXPERIMENT

Data based background estimation
« Measured SF of fake tau events in CRz (OS muon)

« Non-prompt muon contribution estimated by the fit in CRtty (euu)

..(L) | I | | I I ] | | I | | | | I | I | | | I 1 | | - .'(L) 180_ I | | | I | I | I I | I | | I I 1 | I I 1 _
g ~ ATLAS Preliminary ¢ Data tT+X 1 @ - ATLAS Preliminary ¢ Data tt+X ]
W 500~ Vs =13 TeV, 139 fo' ] Z+fake [l Other - W 160 {s=13TeV, 139 fb™ [l Z+fake = [l Other .
- cLFV Pit+faket  VV/VVV - _ cLFV P it+faket  VV/VVV I
" CR (1p) X I Other fake < - 140E" CRe (3p) WX I Other fake 7 - CRt CRttu
400:— Pre-Fit 72 Uncertainty —: 120:_ Pre-Fit %gncenalnty _: Lepton flavour 2,u le (65 = #)
: : 100:_ // _: Njets Z 2 Z 2
300~ i - . Np—tags 1 <2
i i 801~ ~ Muon pr cut > 15 GeV > 10 GeV
200:— —: 601_ - Lowest pr muon selection Tight Loose
- . E - Muon charges OS -
I i - — oS _
o0 - 40F - im;,; — Mz| <10 GeV >10 GeV
v17444 | 20:_ _:
g 0 %/ o —"———_—‘__——= % 3 —_===_—_==—-__—_______
£ 1.25F , // £ 1255 | _ /
] 0.75 ’ S 0.75F ' —
D O 5E N / ............. ‘ N N + 1 N N .//é D O 5E ..................... v ./ N N
"0 0.05 0.1 0.15 0.2 0.25 "0 0.05 0.15 0.2 0.25
t-jet width t-jet width



ATLAS-CONF-2023-001

Search for cLFV:- Il/tth | =139 fb-1 ATLAS

EXPERIMENT

@ - :
2 10f %TiﬁgTZ:f"gga& ; [F’:iz ) D\S;‘\%’\‘f‘\'/\(/dec-> Elﬁjina' (prod) - 95% CL upper limits on BR(t — urq) (x10~7)
- GLFV 14X B Other B {7+NPy f c(k3) o Gk3) o (jk3)  (ijk3) - 1Gjk3) o 1Gj3k)  3(ijk3) - 3(ij3k)
- Post-Fit B Other+NPu [llFake e 77 Uncertainty - lg €q lu eu lequ lequ lequ lequ
i Expected (u) | 4.6 4.2 4.0 4.5 2.5 2.5 5.8 5.8
' ' Observed (u) 5.1 4.6 4.4 5.0 2.8 2.8 6.4 6.4
10°F
E Expected (¢) 54 51 51 52 35 35 61 61
Observed (¢) 60 56 56 57 38 38 68 68

10 &

95% CL upper limits on BR(f = utq)

—

? 1.25 , Stat. only All systematics
E N ; ///////W////////////%/ //%//%////%///M////%//// S ¢ % 107 0% 10-7
0.5 SR1 | SR2 | CRtfu Observed 9x 1077 11 x 1077
Observed event yields in SRs No evidence for a signal is found and tight limits on Wilson
and CRtt u are compared to coefficients were achieved. The Wilson coefficient limits are
post-fit expectations from translated into an observed upper limit on the t = utq decay
Monte Carlo simulations. branching ratio, which is set at the 95% confidence level:

BR(t = urq) < 11x10-7
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. CMS TOP-22-005
Search for cLFV: eutq 2138 fo

N
33399939’L./<: t

S b
ut
Decay Production
Model-independent, effective field theory (EFT) approach Lorentz structure Operator
(1)ijkl 1 AU = {
_ @4 1 (6) (6) 1 Oy = L") (qr"q)
ﬁSMEFT — [’SM | A2 Za Ca Qa + O(A_4) (}jkz T l}, ]_ "
vector Op, = (Liy 1j)(uk7 u;)
7kl 5 . AH = L
Oéfgl = (€7"¢;)(qr"q))
'] — (6.vHe. 1 H
Analysis signature Ocu = (&;7";)(Tx7"u;)
Opposite-Charge ep pair ikl _ (7 o, _
Third lepton coming from leptonic top quark decay scalar (3)?}56111 ) (liej) & ()
One b-jet, tensor Oleqi = (;0"e;) € (qyo,, ;)

one/zero light jet (u/c)

14



Search for cLFV: eutq

Data based background estimation

« Prompt backgrounds re

« Nonprompt backgrounc

y on the simulation

s estimated by data-driven "Matrix method”
« Estimated events are validated using control/validation regions

C |V|S Prellmmar 138 fb™ 13 TeV
CMS Prellmmary 138 fb (13 TeV) > — Y e A ):
3 1400 T s Data | mwoy i 8 450~ eul ¢ Data  EVV(V) =
= :_ eee [CJt@®)+X(X) [[]JNonprompt _: v 400 SR t(t)+X(X) [JNonprompt —
; 1200— VR .WZ Stat @ syst - ~— - -WZ Stat. @ Syst. -
*qc-; 1000:_ T ' B 3505— —— CLFV top production (" = 0.05)
> - 1 ¢ 30~ CLFV top decay (u:** = 3) =
- 800__ % _ g) 2 07 =
- v —_ 5 ]
: Y i W %ﬁ//// :
600— X 4 — 200— H —
- 7/ 7 - = 7., =
400 % — 1505 22 E
- : 100 e =
2 7 ) L
oo " Z

0 | =P I - ——

LT o ikhk = g 1SE T T T
R i - B %W/W/ Wz
0.5 s e o (A 05__( .......... E
25 -2 -1 -1 050 05 1 15 2 25 20 40 60 80 100 120 140 160 180 20(

LFV electron ok (GeV)
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CMS TOP-22-005
| =

Compact Muon Solenoid

138 fb-

- CMS Prellm/nary 138 fb™ (13 TeV)
[eb) 4505_ | + Data -|VV(V)| | _5
O 400 gﬁ% t(t)+X(X) [JNonprompt —
,"9 3505_ [mwz Stat. @ syst. E
; = —— CLFV top production (u'** = 0.05) =
= 300— e CLFV top decay ( :ef“’f—S) —
) — H -
> = =
o 250 -
200 7777 =
150F- 7 =
= 4/////////% -
100 ///V//////// =
L 7t
50 —
0 ...........
|5 15 - rororooTotrooTTrooooTrooTorrooroo —i
cDu B AP, ////{////////
al 0_5__ ...................................................................................................... @ e, _f
20 40 60 80 100 120 140 160 180 200

LFV muon o (GeV)



Search for cLFV: eutq

* The analysis utilizes boosted decision trees to separate

CMS TOP-22-005
=138 fb-

background processes from a possible signal. The one-dimensional limits

» Separately trained for top decay (m(eu) < 150 CXY\ oren

Coptq/ N2 (TeV

_2)

~~ Compact Muon Solenoid

B(t —euq) x 107°

coupling structure  Exp (68% range) @ Obs  Exp (68% range)  Obs
GeV) and production (m(eu) > 150 GeV) tensor  0.019 (0.015-0.023) 0.020 0.019 (0.013-0.029) 0.023
scalar  0.077 (0.064-0.095) 0.084 0.007 (0.005-0.011) 0.009
: : tensor  0.061 (0.050-0.074) 0.068 0.209 (0.143-0.311) 0.258
The data are found to be Con_S'Stent with eutc  vector  0.130 (0.108-0.159) 0.144 0.163 (0.111-0.243) 0.199
the standard model expectation. scalar  0.269 (0.223-0.330) 0.295 0.087 (0.060-0.130) 0.105
The two-dimensional limits
c :CMSP reliminary 138 o (13 Tev)  _ QMSH/'T’(G/(O?IOE{Q/ IIIIIIIIIIIII 138 fb (13 TeV) CMS Preliminary 138 fo'' (13 TeV) CMS Preliminary 138 fo'' (13 TeV)
é 450 eyl é? e E\N/:)/n\r?rompt = S 4502_ eul ~ $Daa WV _E T CLFV  Expz1o Obs © 0.3 CLFV Exp=10 Obs
..UE) 4002_ SR (eM) <150 GeV jwz Stat @ syst. —i ..UE) 400;_ SR m(eu) > 150 GeV %:/(V)Z X(X) gtoart]péoglz _; E) 0 35f_ Tensor =------- 1; . E Tensor =-------
L%) 350 — CHRVLT=3) = 2 %0 — CLFV (@==005) 5 o, F o 9 .25 o
300:% = E So e 95% CL upper limits 9[‘) - 95% CL upper limits
250 E 25057// = 6 = k
= 7 - . 2k
200?%/ — 2002—% = 20 - 025
150:__ E 150 = = o2 0.150
- %MW ERNN ERL E
505 E 50 = 0.18
Nom— — == - - 01
R TR = INUIPINY! SRR AR AR A ARSRE NSRS AR AR 0.05 0-05;_
T2 BRI )///M//(/////////% SO B //////)(////// ) - ‘ : D |
0502- T T T T A 0-502—. """""" i P et Te e % 007 002 003 004 005 006 007 "c').oé2 009 ';0.1 % o005 001 0015 002 0025 'oéos
BDT discriminant BDT discriminant Co/ A" (TEVT) Blt=euu)x 10
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Conclusion

LHC as a top quark factory provides excellent opportunity to search for rare top
quark decays.

We searched for FCNC and cLFV, so far the results are in agreement with SM.

ATLAS and CMS collaborations continue analysing events with top quark
production and decays.

There are still channels to be checked.

Stay tuned for up coming analysis !
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