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FCNC and LFV from CMS

27 Sep. 2023 in Traverse City, Michigan, USA




Motivation

» Searching for rare processes such as charged-Lepton Flavor
Violation (cLFV) and Flavor changing Neural Current (FCNCQC) is
one of the most interesting research topic in top quark physics
t(0) L S1  [R] c
 cLFV can be the culprit for the anomalies hinted in B meson U ’
decays \my)\ -

JHEP 07 (2019) 025

« FCNC is suppressed in the SM by the GIM mechanism -

. T AAE . L
branching fraction ~ 10-1> not accessible within the LHC i M B

cC,u

 However, many scenarios beyond the SM predict enhanced
branching fraction by many orders of magnitude

 cLFV and FCNC should be sensitive to new physics!



cLFV In dilepton final state 138 o' JHEP 06 (2022) 082

Assuming the mass scale of new physics is larger than the energy scale at the
LHC, a model independent EFT is followed
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The result is integrated in terms of limits on vector, scalar and tensor four-fermion
interactions from dimension 6 operators within the EFT

Final states: an oppositely charged ey pair and a top quark decaying hadronically
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cLFV In dilepton final state

e Event selection

* | eptons should have opposite charge
and at least one b-tagged jet

Signal extraction

 Boosted Decision Tree (BDT) was used
to extract the LFV signal

5 variables: p+ of leading lepton, p of
jet, distance between e and i, MET, njet

 cLFV single top production plays a
leading role

138 fo ' (13 Tev)

Stat. @ syst. =
— eutc-Vector x 10 =
----- eutu-Vector

ol

3 P22
&:: /7///7///’//’/ / //7/7/7 ////////// 7/7////
g5 1\ R
O O 0.8 By
8 12 MR LU AU U S S O SO O AU LA U UL Y DU N O L S S DU
< ol . PR O e
—

CDU no_ O 8 PR O I S I e O IR

01 02 03 04 05 0.6
BDT discriminant

-04 -03 -0.2 -01 O

Exactly one b-tagged jet
Signal region

138 fb-1

JHEP 06 (2022) 082

_CMS 138 fb™' (13 TeV)
_910 """ IR R I LU BRI IR R I L E
6_ __|
m1°_> -jets -
10° Stat. @ syst. =
- — eutc-Vector x 10 =
----- eutu-Vector

-O- T T T T T T

@ T B
DL_ — N I, / I s
S5 1 ////4/////;//@//;%% -/-/4/4%/%%%%%%-
50 e ’ G222
QO QO 0.8 By
8 1.2 MR A U A . O A LA L O O LA D O O
D?E ol . .o WGS555555555555555555
-'C_U' 8 0.8 S A S I S I + T
O a8 B L L L

0.1 02 03 04 05 0.6
BDT discriminant

-04 -03 -0.2 -01 O

More than one b-tagged jet
tt control region



cLFV In dilepton final state

 Main systematic uncertainties
* b-tagging, ISR/FSR scale

* The limit on the tensor cLFV Wilson
coefficient is more stringent than
others due to its large cross section

e [ranslating into limits on the branching
fractions, more stringent limits on

scalar operator

138 fb-1
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B(t— euu ) x 10

Vertex — Int.  Ceutq/ A% [TeV 2] B(107°)

type  Exp Obs Exp Obs

Vector 0.12 0.12 0.14 0.13

eutu  Scalar 0.23 0.24 0.06 0.07
Tensor 0.07 0.06 0.27 0.25

Vector 0.39 0.37 1.49 1.31

eutc  Scalar 0.87 0.86 091 0.89
Tensor 0.24 0.21 3.16 2.59




138 fb-1 TOP-22-005

cLFV In trilepton final state

* Follows the same strategy in EFT as cLFV search in dilepton channel

' ' ' CMS Preliminar 138 fo! (13 TeV)
Considering W boson from top quark decays leptonically 8 b T .y.+.b_éié._i.vlv.(.v.) ................ :
5 - SR = NA N
* Event selection 8 o e e =0

- Exactly three leptons with p+ > 38 GeV (eul)

« MET > 20 GeV

* At least one jet and at most one b-tagged jet e R R T R BN R

Leading lepton n

» Signal region : OffZ - (50 GeV < m;.;- < 106 GeV) in eul channel

o €€, uuu channels : estimate background composition



cLFV in trilepton final state 138 fb-! TOP-22-005

> _CMS Preliminary 138 fb’ (13 TeV) - CMS Preliminary 138 fb (13 TeV) _ CMS Preliminary 138 fb (13 TeV)
8 400 E_ ep,l ’ Data .W(V) _E (O] 450 E_ o I ¢ Data iw(v) —E B 1400 __ e | ’ Data -W(V) o
o - SR CIt®+X(X) D Nonprompt = O 400F S"ﬁ T Jt(®)+X(X) [[]Nonprompt - = u S,;i T tR)+X(X) [] Nonprompt n
™ 350 Ewz 7| Stat. @ syst. — L. = mwz 77, Stat. ® syst. = o 12001~ mwz 7, Stat. ® syst. B

@ - = — gtg :Op PdeUCt'On (P =0.05) > 350 g_ —— CLFV top production (' 05)—-; S = —— CLFV top production (u**" = 0.05)

c - e op decay (u""" = 3) = £ 300 0 e CLFV top decay (" = 3) - - e CLFV top decay (" = 3) -
$ 250 = o _E, = - M E
(L = = o 25024, E .
200~ / = 9 E 5
190" 7 '/;//'/'/'/ 2% 7 - = Z

- : ¢ - ///////////////////6////////////////
100 = LI — E -
50 [ - N
N___ e .
m - 1 5 g_ .............................................................................................................................................. ._.;‘ .5 - m . 1 5 ";'_ ...... _;'
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BDT was trained in two different signal regions

 M(eu) < 150 GeV: top decay enriched, M(eu) > 150 GeV: top production enriched

* |nput variables : Invariant mass of the Z boson, number of b-tagged jets and
invariant mass of LFV top quark pair, p1 of LFV electron and muon



138 fb-1 TOP-22-005

cLFV In trilepton final state

_ CMS Prellm/nary 138 fb (13 TeV) _ CMS Prel/m/nary 138 fb (13 TeV)
5 ,Fe ul " ¢Data  EVV(V E S 450 Ml " ¢Data  EW(V) E
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200 — - = e Ny 95% CL upper limits ? 95% CL upper limits
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BDT discriminant BDT discriminant Cout/ A% (TeV™?) B(t—euu) x 10°
 Binned likelihood function is
constructed using the BDT output | A2 (Tev- Blt s o) x 10-6
CLFV coupling Lorentz structure Ceptq ( ) ( Ha)

exp (—o, +0) obs exp (—o, +0) obs

 Main systematic uncertainty - lepton ID tensor 0.019 (0.015,0.023) 0.020 0019 (0.013,0.029) 0.023

, eutu vector 0.037 (0.031,0.046) 0.041 0.013 (0.009, 0.020) 0.016
at hlgh pT 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

- .. el vector 0.130 (0.108,0.159) 0.144 0.163 (0.111,0.243) 0.199
* The most stringent limits on scalar 0.269 (0.223,0.330) 0.295 0.087 (0.060,0.130) 0.105

B(t —» u*e*q) to date B |
Stay tuned : fixing a bug in generator SMEFT!




FCNC - tu(c)H(bB) 138 fb-' JHEP 02 (2022) 169

« FCNC Single Top (ST) production mode and FCNC decay mode in
top quark pair are considered .

e Event selection

u(c)

* Exactly one lepton and categorized depending on njets and nbjets

x10° 101 fb™ (13 TeV) 101 fb™ (13 TeV) «10° 101 fb™ (13 TeV)
> 1 L L N ..‘L) 4500 7 T 1 T T 7 T T T T 3 - L U AL B L R LA B
D - CMS  Etibb mttcc  mttf Otherbkg. 4 £ - CMS  Etibb mttcc  mttf Otherbkg. 3 @ 700 _CMS mWitbb Eticc Wt Other bkg. —
g 141 b3j3 [JSTHet OTTHet JSTHut [ TTHUt 3 S 4000 E_ b4j4 [STHet OTTHet JSTHut [ TTHUt 3 (c?) b2j4 [JSTHc t|:|TTH t [JSTHut [ TTHut .
%) e Data 7/ Unc. . S 3500 - e Data 7~ Unc. = ) 600 — = e Data 7~ Unc =
© 12 - O S 1 @ - ]
* n 1 5 3000 -  —~ 900 B
c 10 ] e = = 2] -
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- - — 200 |~
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« Depending on the event categories, different assumptions of event processes (¢f,
t — gH,single top) are made

* Deep neural network (DNN) was used for the correct jet assignment
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FCNC - tu(C)H(bI;) 138 fb-' JHEP 02 (2022) 169

3 . 137 fb' (13 TeV) 137 fb™ (13 TeV)
- X1Of"'I"'l"'l"'l"'I"'l""|lq1'f'tz'('1'3l1'-e'\@ S - | I I | | ] 3 _ ] I | | I N
o 0 CMS Hitbb Httcc Mittif Other bkg. 3 S [ cMS 9% CL Upper linite 1 £ r CcMS 95% CLEx;(gep:tre imits
=~ - . m e pecte - - eeeeee
2 - b3]4 DHCt * Data Unc. - o - Hut Expected + 1 std. dev. - o Hct Expected + 1 std. dev.
QC) 60 g Expected + 2 std. dev. 1 02 — Expected + 2 std. dev. —
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30 - 10 - 10 3 E
,,,,,, = = - .
20 c . : 5 —
... 3 S—
- IEE— — 1
0 - -
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9 - . I § — e
Q Y, 0 0. 2 24 A i
s f } } : 107'E 3 107 :
8 095 __, ...... | Y- nasgaachespespasngens fauagaaspusngas ssgasihssppangunagsnd Boseysispangpns Jaageuagaspand }..,..,...,...|...,.:.,,.,_—. - : | - | : I : | : | _ - : l : | - | : | : | -
-1 -08-06-04-02 0 02 04 06 08 1 b2j3 b2j4 b3j3 Db3j4 b4j4 all b2j3 b2j4 b3j3 b3j4 b4j4 all
BDT Score

 BDT was used to distinguish FCNC signal from + Upper limits on the branching ratio : obs.(exp.)

other backgrounds
e B(t »> uH) < 0.079 (0.11) %
e B(t - cH) < 0.094 (0.086) %

 Main systematic uncertainties
* b-tagging

e Renormalization and factorization scales
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FCNC - tbt(C) H(ﬂ/) 138 fb-1 PRL 129 (2022) 032001

ST production mode and FCNC decay mode in top quark pair are considered

e Event selection

» Leading(second) photon py > 35 (25) GeV, || <2.5

e« 100 GeV<mW< 180 GeV

 Mass-dependent p/ m,,, >1/3(1/4) for leading(second) photon
* Event categorization

 Leptonic channel : > 1 isolated lep. with p+ > 10(20) GeV for electron(muon)
and |77 |<2.4 and >1 jet with pr > 25 GeV and |77 |<2.4

 Hadronic channel: >three jets and > 1 b-tagged jet
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FCNC - tbt( C) H (7/7/) 138 fb-1 PRL 129 (2022) 032001

CMS 137 b1 (13 TeV)

 BDT is used to extract the signal

e |nput for BDT

e Kinematic properties of the jets, leptons,
photons, diphotons, njet, nlepton, MET,b-tag
output, photon ID BDT

0o 1 2 3 4 5

* Qutput of the algorithms aimed at BDT-nonres (¢ Hu
reconstructing top quarks o mRE e

______________________________________

Hadronic 2

- BDTs are trained for each of two ky, , couplings

(kz;...o Ki7,,.), each of two channel (hadronic or

leptonic) and two SM backgrounds (resonant or
non-resonant) - 8 BDTs in total

BDT-nonres (t = Hu)

Hadronic channel oo oo :
BDT-res (t = Hu)
12



FCNC tbt( C) H (7/7/) 138 fb-1 PRL 129 (2022) 032001

137 fb (13 TeV)

:""""'I """""""""""" : cms 1877 (13 TeV)
120 — — >
E O § el . < - 95% CL upper limits: B(t — Hu)
o 100 + Data ] £} Observed
8 oy ZEZi;nsjrme;nt . l% H Expected E
é 60+ I I -;Z b = -i;c; :
P |  m ol
2 0 ¥ E
g 20: I § i 10 F B
n 0‘1...|....|....|....|....|....|..|...I B .
20 |- L
0 !
= I I I I I I I I
L] 1072
“J00 110 120 130 140 150 160 m: y7(()Ge \1/ §3o Hadrongidrongczaron/;’%droné?fonfepfo ,L‘pro ,ﬁg
+ Binned fits of m,, distribution in each category ° Upper limits on the branching ratio: obs.(exp.)
to extract the upper limit . B(t = Hu) < 0.019 (0.31)%
* Main uncertainties + B(t — Hc) < 0.073 (0.051) %

* b jet, photon ID, integrated lumi., jet energy

scale and resolution... » Better sensitivity than tu(c)H(blg) analysis
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FCNC - 1u(c)H in multilepton s forizts

» Targeting H - WW, ZZ, t7 with the same sign leptons ¢ Main uncertainty : b-tagging, background estimation

* Event selection  Signal extraction : BDT was used for tufd and tcH
» At least a same sign pair with py > 25(20) GeV
o S A CERCIY N | e 138107 (13 TeV)
¢ >2 jetsin SS events or >1 jet in multi-lepton events & =§§“§;°"F‘I"‘  vgaooie on ] ® =§§"gg°:"‘  aralnoot e 1)
. W 10°= @ Charge Flip ' tHu = W 10°= @ Charge Flip ' tHe =
Wlth pT > 30 GeV and ‘ 7] ‘ < 24 o : S:cs::rrra?:ty (stat. + syst.) postfit _E 1042_ + S:z:rrt‘z:ty (stat. + syst.) postfit _;
» b-tagged jet with p; > 25 GeV and || < 2.4 1o
10°
« my,(SF) > 12 GeV, my(any flavor, any charge) > 8 1
GeV, mll(SS, SF) <75 GeVor> 105 GeV 1
§8‘ﬁ:
e Background estimation 0 - : E
] ] ] BDT Score BDT Score
* SM SS events : estimated by the simulation « Upper limits on the branching ratio: obs.(exp.)

 Non-prompt and fake leptons : tight-to-loose ratio « B(t —> Hu) < 0.073 (0.059) % EEZRULCACS)Y

Kaitlin Salyer on
e Charge flip for election : 1075 ~ 1073 » B(t —» Hc) < 0.041 (0.060) % Thursday
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FCNC - ru(c)H in combination 138 TOP-22:002

see Joker talk by

. B(t — Hu) B(t — Hc) - Kaitlin Salyer on
Analysis Thursday

observed (expected) observed (expected)

CMS 138 fb™' (13 TeV)
_ I | T | L | I | [
bb Page 9 0.079 (0.11)% 0.094 (0.086)% I Hobb § — yH
Diphoton [Pagedd|  0.019 (0.031)% 0.073 (0.051)% - ]
Leptonic [IiPage 4 0.073 (0.059)% 0.041 (0.060)% "
Combination 0.019 (0.028)% 0.037 (0.035)% — leptonic
. I i
 Correlation combinec
. . . . e H= bE t — CH
 Combination jet energy scale and MET resolution, . ]
luminosity , lepton ID, theoretical uncertainties are T
treated as fully correlated S leptonic
. . : . 1 i
« Remaining uncertainties are treated as uncorrelated combined
------------- 95% CL Expected Limit " +1o Exp. Limit
. The combination with the H — yy and H — bb gives the | rerowemeatm | osemt

0 0.1 0.2 0.3 0.4

most stringent limits on fu(c)H interactions Branching Ratio (%)
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FCNC - ZM(C))/ 138 fb-' TOP-21-013

e Event selection

u/c
» Electron (p > 35 GeV and |77| < 2.5) or Muon (py > 30 GeV
and |n| <2.4)

» Photons (p; > 30 GeV and || < 1.44) f
« SR1 : njets =1 and nbjets = 1 (FCNC single top) v+e, 1jet [1 b jet], 138 fb" (13 TeV)
%3500;—'"""""""".""—;
« SR2 : njets 22 and nbjets = 1 (FCNC decay of top quark) 2 3000F- g,“g?m,na,y écgfgﬁ@syst- \Z/WtS =
LL - m ty (t-,tW-,s-) e — v -
_ _ 2500 = Wyjets jet — e —
* Background estimation mmty mmjet >y -

2000 — ST Kpy o= 0.2— ST Ktyu=0'2 :

o tty, Wy+jets, Zy+jets, VVy+jets are estimated from simulation 1500

and normalization is corrected using data 1000
500

Hﬁl@

» Jets misidentified as photons

—
— O
<

* Misidentified lepton background

O
&

Data/Pred.

* Electrons misidentified as photons
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FCNC - ru(c)y

BDT is used to maximize the sensitivity

Separately trained for fuy and fcy signal scenarios (SR1 and SR2)

13 input variables

« pr and n of photon, # and charge of lepton, m,, my,, m
njets, AR(l, b), AR(b, y)

3000
2000
1000

1000

y+e, 1jet [1 b jet], 138 fb™' (13 TeV) v+e, >1jet[1 b jet], 138 fb™ (13 TeV)
@ gegg T e > gopoFTTTTTTTTTT T T T
S - ONS : gfatf@ t D\ZKF‘S G sooof- CMS 2 g;‘tta ®syst. D\zl]\(}ets
= 3000 i X3 Osyst. [ VVy = - 2o DOsys v
L = Preliminary ot (t-1W-,s-) e — 7 Q 7000f- Frefiminary Bty (t-tW-s-) mHe — v
2500 [1Wyjets ljet > e ~ 6000E- [1Wyjets ljet > e
- mmtty mmjet - v 2 - mjet - vy
2000 |- — ST K= 0.2— ST «,,=0.2 & 5000F
= ' > =
1500 |- LI 4000

500

—
- O
|
|

Data/Pred.
Data/Pred.

=

o
|
1

100 200 300 400 500 eoo 700 800
m_ . [GeV]
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Jt+y’

Events

Data/Pred.

138 fb-1 TOP-21-013

MET, AR(L 7),AR(t,7),

v+e, >1jet[1 bjet], 138 b’ (13 TeV)

12000 [—
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8000

6000

4000

2000

vvvvvvvvvvvv
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............................
lllllll

¢ Data [1Zyjets
£ Stat.©syst. [ VVy
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Bjet > v

coa oo taaa oo ld
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FCNC - ZM(C))/ 138 fb-' TOP-21-013

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

L) l L] Ll L) L) I l Ll L] ' T Ll L] _' l T L) A L] ' T ' T L] L) L] I L] I L -l '

o g o .
< 10 ¢ Data e tt < 10 ¢ Data I tty
o 107 CMS =x) Stat.®syst. z?((jets o 107 CM =x) Stat.®syst. Zyjets
kT . E Preliminary -a”(t:,tw',s') [ VVy (T s EFreliminary -W(t.' iW-s)  EmVVy
10 [ Wyjets Bl jet — v 10 ] Wyjets
5 e — vy D]et—)e 5 e o vy
134 — ST xy,, = 0.1 104 —TT ;. =0.01
10
tl/t}/ fOr 10°
. 102
single to
9 _ P 10 fC}/ for SR2
production :

Data/Pred.
() —
g . O

Data/Pred.
() —_
(62 BN 6 ) |

03 -02 -01 0 01 02 03 03 -02 01 0 01 02 03
BDT BDT
Combined Obs. limit | Exp. limit +10 (exp. limit) +20 (exp. limit)
Ktun 62x107° | 69x10° (59-84)x10°  (51-—10.1) x 107>
Kico 77x107° | 78x107°  (6.7—-97)x107°  (5.7—115) x 1073
Blt—u+v) |09 x10™ | 1.20 x 107> (0.89 —1.78) x 10> (0.64 —2.57) x 107>
B(t—=c+v9) | 1.51x107™ | 1.54 x 10> (1.13—-2.37) x 10 (0.81 —3.32) x 107>

e ForB(t —» u+y) < 0.95x 107>, compatible with ATLAS results - PLB 842 (2023) 137379

. Limit for B(t = ¢ +y) < 1.51 x 107 is significantly tighter
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https://www.sciencedirect.com/science/article/pii/S0370269322005135?via=ihub

Summary of FCNC

latest results from TOP-22-002 are not included

CMS Prelimina ry MOIS:t Rsl'iringen; 9;;/0CL2uopop1er limits <—@
1] PRL 129 (2022) 03 [2] CMS-PAS-TOP-21-013*

August 2023 [3] JHEP 02 (2017) 028 ‘PASTOP-21-013

In thIS talk at 13 TeV! oot i ot Theory predictions —SI\/’IC Prelimz:gM(FV) - {2HDM(FC)
+ B(t > Hc) < 3.7 X 1074 [TOP-22-002]

all other processes are zero from arXiv:1311.2028 ~IMSSM I {RPV RS

t—>Hc 4+<—e [1]

. B(t » Hu) < 1.9 x 107* [TOP-22-002]

: o
t—>Hu s&&is\ —0 [1]

. B(t — yc) < 1.51 x 107> [TOP-21-013]

t—>ycC —@ 2]

. B(t = yu) < 0.95 x 107 [TOP-21-013]

t—>yu —@ 2]

+ B(t — gc) < 4.1 x 10~* [JHEP 02(2017) 028] t>qe

7 —@Q [3]

. B(t —» gu) < 2.0 x 10~ [JHEP 02(2017) 028] t>gu N e .

—@ [4]

.« B(t > Zc) < 4.5 x 1074 [TOP-17-017] t>2Zc

 B(t — Zu) < 2.2 x 10~* [JHEP 07(2017) 003] e T IR

10°'° 10°'° 10°"° 107”7 10* 10~
Branching ratio

NN
NN
PO
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-21-013/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-21-013/index.html
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Conclusion

» Rare processes of FCNC and LFV have been extensively searched at CMS
« FCNC searches started to exclude some BSM predictions

 cLFV searches has been started and gets more attention to explain the
anomaly shown in B-physics

» Better reconstruction technology and more date will allow these FCNC and
cLFV to be more sensitive in coming years
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