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CMS

Compact Muon Solenoid

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes
Overall diameter :15.0m
Overall length :28.7m
Magnetic field :3.8T

SILICON TRACKERS
Pixel (100x150 ym) ~1m? ~66M channels
Microstrips (80x180 pm) ~200m? ~9.6M channels

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

. PRESHOWER
/= Silicon strips ~16m? ~137,000 channels

“ | FORWARD CALORIMETER
" Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

Silicon
Tracker

Electromagnetic |
Calorimeter

Hadron

Calorimeter Superconducting
Solenoid Iron return yoke interspersed

with Muon chambers
Om Tm 2m 3m 4 m 5m 6m

Key:

Muon Electron Charged Hadron (e.g. Pion)

Neutral Hadron (e.g. Neutron) Photon

e 20 mlong, 14 m high

* General purpose detector

(same for ATLAS)

 Measure (hew) particle ID,

energy, direction

* Various physics programs




Motivation

Searching for rare processes such as charged-Lepton
Flavor Violation (cLFV) and Flavor changing Neural Current

(FCNC) is one of the most interesting research topic intop [ b s o
quark physics N,
cLFV can be the culprit for the anomalies hinted in B meson W) W S m .
decays ; \\ \

0 (;) T
FCNC is suppressed in the SM by the GIM mechanism - JHEP 07 (2019) 025

branching fraction ~ 10-15 not accessible within the LHC

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

cLFV and FCNC should be sensitive to new physics!




cLFV searches in CMS

 Assuming the mass scale of new physics is larger than the energy scale at the
LHC, a model independent EFT is followed

vector O;u

u,C '4
u, C
\< \ L
ty P’ >

—

scalar O(

tensor 0(3)

» D6 operators weighted by the Wilson coefficients (C,)
‘C:‘CSM‘l’Leff:LSM-FZ%Ow-F”'

* The result is integrated in terms of limits on vector, scalar and tensor four-
fermion interactions from dimension 6 operators within the EFT
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cLFV In dilepton final state 138 fb-! _JHEP 06 (2022) 082

* Final states: an oppositely charged eu pair and a top quark decaying hadronically

° Event SeleCthn 7 CMS 138 fo' (13 TeV) 7 CMS 138 fo' (13 TeV)
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 cLFV single top production plays a
leading role


https://link.springer.com/article/10.1007/JHEP06(2022)082

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
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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
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https://link.springer.com/article/10.1007/JHEP06(2022)082

138 fb-1 TOP-22-005

cLFV In trilepton final state

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

: : . CMS ! e
» Considering W boson from top quark decays leptonically g =o=r T
P B I?l%nprompt VR mVv(y) [ JNonprompt -
| ..GC_J. 2000 Wz 7/ Stat. ® syst. —:
 Event selection o F E
» A 7
» Exactly three leptons with p > 38 GeV (eul) P = E
SOO;W_’,: :|=%
e« MET > 20 GeV e

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

Leading lepton n

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

o €€, uuu channels : estimate background composition


https://arxiv.org/abs/2312.03199

138 fb-1 TOP-22-005

cLFV In trilepton final state

CMS 138 fo” (13 TeV) CMS 138 fb” (13 TeV) CMS 138 10” (13 TeV)
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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


https://arxiv.org/abs/2312.03199

cLFV In trilepton final state

138 fb-1 TOP-22-005
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° Maln Systematlc uncertalnty _ Iepton ID Tensor 0.022 (0.018-0.026)  0.024  0.027 (0.018-0.040)  0.032
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Scalar 0.385(0.318-0.471) 0.424 0.178 (0.122-0.266)  0.216
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https://arxiv.org/abs/2312.03199

cLFV in tau final state 138 fb-! TOP-22-011

e Event selection

» exactly one muon with p,> 50 GeV, |7 |<2.4

» hadronic tau with p;> 40 GeV, |7 |<2.3 - opposite charge with u, overlap removal with a selected y (AR
< 0.4)

» at least 3 jets with p,> 40 GeV, || <2.4 (overlap removal with muon and tau), one b-tagged jets

3 -1
AR —— L LA L <10° 138 fb™! (13 TeV)
g5 CMS Wi Mswer > Tome m T e

= Preliminary tn = — WVl —
8 1.8 E_ ) -(I?-:-hflivtu“r :1 tiz?éeﬁtor _E COD 3 E Preliminary Other | ST LFV?:;or E
~ 1.6 ~ . LFVt\éi‘it‘”  Data Vector N 25F 7 TT LFVyagor [JST PV —
2 140 ~ v E % - TT LFVye,, ¢ Data -
S 1.2 7/ Stat+syst — = o . Vector i
g - 1 - ’ E GC) - 7 Stat+syst -
" o8k E m 15F E
0.6 = ’ = E
0.4F — - :
-d O . O - _
© f g 15T T
3 S /
© S 7
D | @© 05 __||| iii I T T A IR A A A I M A I T B |/| -
Muon 5O(OG e\?;) 0 0 0O 50 100 150 200 250 300 350 400
Pr v, P, (GeV)

11


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

138 fb-1 TOP-22-011

cLFV iIn tau final state

Reconstruction of top quark and W boson mM —m, N miM -

 Hadronic top quark and is reconstructed

 Used as one of the input variables for the Deep Neural Network

x10° 138 fb™' (13 TeV) x10° 138 b1 (13 TeV)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-011/index.html

28 input variables

cLFV In tau final state

Signal extraction

* Multi-classification: TT LFV, ST LFV and background

0.1 x P(TT LFV) + (0.9) x P(ST LFV)

* new output discriminant: P(Background)
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cLFV iIn tau final state

Interaction  Type

Obs. (exp.) o (fb) Obs. (exp.) Cygye/ A2 (TeV2)

2.039 (2.337) 0.182 (0.194)
Scalar
[1.574, 3.594] [0.16, 0.241]
2.384 (2.746) 0.09 (0.096)
tuut Vector
[1.857, 4.213] [0.079, 0.119]
2.834 (3.326) 0.045 (0.049)
Tensor
[2.257, 5.063] [0.04, 0.06]
4.269 (5.02) 0.817 (0.886)
Scalar
[3.291, 8.142] [0.717, 1.128]
7.213 (8.552) 0.419 (0.457)
tcut Vector
[5.663, 13.734] [0.372, 0.579]
7.927 (9.633) 0.188 (0.207)
Tensor
[6.427,15.2] [0.169, 0.26]

B(t— utc) x 10°
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* The upper limits on the Wilson coefficients is more stringent than the ATLAS
results with the final state of tau and muon [ATLAS-TOPQ-2023-23]}
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-011/index.html

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
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m - (GeV) b jet DeepCSV discriminant mfzdrene (GeV)

« 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(bB) 138 fb-' JHEP 02 (2022) 169
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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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https://link.springer.com/article/10.1007/JHEP02(2022)169

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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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.032001

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)
18


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.032001

FCNC tbt( C) H (7/7/) 138 fb-1 PRL 129 (2022) 032001
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:I T 1 | IS L L L [ L I O B : CMS 137 fb- (1 3 TeV)
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» Binned fits of m, distribution in each category to Upper limits on the branching ratio: obs.(exp.)
extract the upper limit (4 in hadronic, 3 in leptonic) . 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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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.032001

FCNC - ru(c)H in multilepton

138 fb-1 TOP-22-002

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

e Event selection

At least a same sign pair with p > 25 (20) GeV

« >2jets in SS events or 21 jet in multi-lepton events E B Nenpromet.
with pr > 30 GeV and |7 |< 2.4

» b-tagged jet with p; > 25 GeV and || < 2.4

e my,(SF) > 12 GeV, my(any flavor, any charge) >
GeV, my (S, SF) <75 GeV or > 105 GeV

 Background estimation

» SM SS events : estimated by the simulation

 Non-prompt and fake leptons : tight-to-loose ratio

» Charge flip for election : 107> ~ 1073

3

 Signal extraction : BDT was used for tuH and tcH

cms 138 fb (13 Tev)

I Charge Flip
¢+ Observed
Uncertainty (stat. + syst.) postfit

ed
—LN -t

—— signal x 0.01 (KtHu—'l) _

0.8F

0 01 0.2 0.3 04 05 0.6 0.7 0.8 0.9 1

BDT Score

§ + Observed

CMS 138 fb (13 TeV)
AR LIUAAN LARE LN RS R R L R I
= - Nonprompt =
- [ SMSS

°E= [ Charge Flip — signal x 0.01 (k. =1) _

Uncertainty (stat. + syst.) postfit

0

0.1 0.2 0.3 04 05 0.6 0.7 08 0.9 1

BDT Score

* Upper limits on the branching ratio: obs.(exp.)

e B(t - Hu) < 0.073 (0.059) %
« B(t » Hc) < 0.041 (0.060) %
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FCNC - ru(c)H in combination 138 TOB-22:002

. B(t H B(t H
Anslysis (t = Hu) (t = Fc)

observed (expected) observed (expected)

CMS 138 fb' (13 TeV)
_ I | T ‘ L | I | [
bb Page 13 0.079 (0.11)% 0.094 (0.086)% I Hobb § — yH
Diphoton [Pagess  0.019 (0.031)% 0.073 (0.051)% - ]
Leptonic [IiPagei8™ 0.073 (0.059)% 0.041 (0.060)% "
Combination 0.019 (0.028)% 0.037 (0.035)% — leptonic
. I i
e Correlation combinec
. . . . e H_> bB t — CH
 Combination jet energy scale and MET resolution, . ]
luminosity , lepton ID, theoretical uncertainties are T
treated as fully correlated S leptonic
. . : . R i
» Remaining uncertainties are treated as uncorrelated Fombinee
------------- 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 _ tbl( C)]/ 138 fb-1 PRD 109 (2024) 072004

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)
CMS 138 b (13 TeV)
= 3500 " ot T T T T3
o . : > ' — @ - e channel ¢ Data Ly +jets =
SR2 : njets 22 and nbjets = 1 (FCNC decay of top quark) g 000" 1 et ) 2 t%t(?-t't@\)ﬁ -ysst-') \e/\(/l "
N ' ' ~ 2500 Wy +jets jet = =
Background estimation % o - Y:; - me S,
« 1fy, Wy+jets, Zy+jets, VVy+jets are estimated from simulation & 1500 g =
and normalization is corrected using data 1000 =
» Jets misidentified as photons 500&
» Misidentified lepton background gl
T 05
* Electrons misidentified as photons e
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FCNC - ru(c)y

« BDT is used to maximize the sensitivity

138 fb-1 PRD 109 (2024) 072004

« Separately trained for fuy and tcy signal scenarios (SR1 and SR2)

* 13 input variables

 pr and 5 of photon, n and charge of lepton, m,, my,r, m

njets, AR(l,b), AR(b, y)

Jt+y’

138 fb’ (13 TeV

N

500 500

[N 1, N 1]@3’[8’[@8)/8’[ 3 VVy

CMS 138 fb (13 TeV) CMS
f e IR B BN L I I B AL B = > R A
f 3500 — e channel ¢ Data E Zy+jetS n 8 35005 u channel
& 3000 SR1 N=1, N, =1] ¥ Stat@syst. @@ VVy = o 3000F SR
c - B ty (t-,tW-,5-) Eme — vy - e =
O 2500 IWy+jets  [jet >e - ~ 2500
M F m thy mmjet >y - 2 F
2000 — ST K;5,= 0.2 — ST K, =0.2 ] S 2000 -
— _] > —
1500 = W 15001
1000~ AR(e, b) = 1000

¢ Data EZyﬂetS
Bty (t-,tW-,s-) EHe — vy
EWyﬂetS Jjet = u

I tty B jet — vy

— ST Kigy = 0.2 == ST Ktw:O 2 —

Top quark mass

® 15 2 15
(ol ol
3 3 |
s 0.5+ ] = 051
' . . . . . O
05 1 15 2 25 3 35 4 45 5 100
AI:{e,b-jet
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500 600 700 800

[GeV

m/b

MET, AR(, y),AR(t,7),

CMS 138 o' (13 TeV)
>12 :'""""' """" RN RLEL L B B BN R A
510000~ SR2 IN>1, N, =1] Ky Stat@syst. m@VVy
O B -{/Yv(t',!:v}:/',S') = e te Y -
—~ ~ +|elS et — _|
@ 8000] L2 Ljet =~ w4
C B .
2 6000 -
LLl B -
4000 -
2000 -
3 15F ]
D\“—s [ S VeIV ER I BIENY SPRIRE SOPRIEE CIRNRY I Yot
5 05 _
0 50 100 150 200 250 300 350 400 450
je'[+y [Gev
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FCNC _ tM(C)]/ 138 fb-1 PRD 109 (2024) 072004

CMS 138 fb (13 TeV) CMS 138 fo' (13 TeV)
= 109%""""" Data tty 2 = 109%""""" Data tty o
2 108 %“Cha””e' ’ S’;ta@syst Ezzﬂets = 2 108 % i channel ‘ S%’?@syst Ezzﬂets <
_g 107 %SFH [N 1, N 1]-’{/\(,(t+t\el¥ss) -\Q[/L = _g 107% SR2 [N>1 N 1]-%(t+t\e/¥ss) -\éYL E
© 10° %5 Ee LJY Eietefk E o 10° %5 Ee LJY E}eteﬁ =
W 10° = — ST Ktuy=0.1 = W 10° = S— Kth=O-O1 =
10° E 10* E
tbt}/ for 10° E - 10° E 5
single to g : b
10 10
9 | P 1 1 tcy for SR2
production 10~ 10"
-8 1.5 | RS g 1.5
o 1 B XA X AGHRHH KK :¢:¢:¢:¢:¢:§:§g§:§ o 1
S 05- SRR £ 05
- . . . . . . . -
-0.3 -0.2 -0.1 0 0.1 0.2 0.3
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>
Bt —c+)|151x107 | 1.54x 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 = ¢ +¥) < 1.51 x 107 is significantly tighter


https://www.sciencedirect.com/science/article/pii/S0370269322005135?via=ihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.072004

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 10~ [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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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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