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Search for Lepton Flavor Violating(LFV) decay t — 3u

* LFV decay, T—>3, is etrongly suppressed in the SM &
* Allowed via neutrino oscillation with BF ~ 107°° i ey £
* Good place to look for New Physica(NP) ag the predicted AN "
BF goes to as big ag 107 Co .
* The mode has been searched previously by B-factory as well as g <
* LHC experiments and the UL ie et as: T "
Observed Upper Limit @90% CL _—
Belle (e*e  -> t™t7): BF (-—>3un) <2.1 x 108  https://doi.org/10.1016/j.physletb.2010.03.037
BaBar (e*e  -> 1f17): BF (t—>3u) < 2.1 x 108  https://doi.org/10.1103/PhysRevD.81.111101

LHCb Run1 (HF->7): BF (t—>3u) <4.6 x 108  https://doi.org/10.1007/JHEP02(2015)121
ATLAS Run1 (W->1): BF (t—>3n) < 38 x 108 https://doi.org/10.1140/epjc/s10052-016-4041-9
CMS 2016 (HF +W ->1): BF (t—>3u) < 8.0 x 108  https://doi.org/10.1007/JHEP01(2021)163

* Heavy Flavor decaye (V101 1°¢/th) : eignal process => D,*~>tv, B"->1X, BO->1X
-> Most abundant source of’ T’ (Ds™=> dp(utu )" as control channel)
=> low Pr, high Inl, fake muons from pione and kaons.
* W-decays (107 T’e/th): W -> TV
=> High P;, more central decays,
> Property of W bring additional handle to supprese backgrounds

N


https://doi.org/10.1016/j.physletb.2010.03.037
https://doi.org/10.1103/PhysRevD.81.111101
https://doi.org/10.1007/JHEP02(2015)121
https://doi.org/10.1140/epjc/s10052-016-4041-9
https://doi.org/10.1007/JHEP01(2021)163

Analysis strategy with Heavy Flavor decays

* Three muone with total charge = £ 1
* Good common vertex along with other selection criteria

Veto p(utu~) events

Use BDT for the rest of the background reduction

The dataset is split into 3 parts (called A,B,C) each year based on dimuon resolution.
Each part ie further subdivided baged on BDT score.

Knowledge of' D or B meeon cross-section ete not needed

CMS uges 2017 (38 fb 1)+ 2018 (54.7 th 1) data
Look for three muong with peak around 1.8 GeV

The number of T->3 gignale events in D,* decays that pass dimuon triggers:
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T invariant mass from Heavy Flavor decays

759.7 i (13 TeV) 2018, 59.7 fb' (13 TeV) 2018, 59.7 fb™! (13 TeV)
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* The top showe with three global muone and bottom plote are for two global + 1 tracker muon.
* The blue line shows the background only it whereas the red gaussian curve ehows the
signal component assuming the tau decay branching fraction ag 107%. No signal excese.




T invariant mass from W-decay mode and BF measurement

* Three collimated muons with relatively high Pr. Large missing momentum.
¢ and o vetoed. Residual backgrounds reduced with BDT
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https://cds.cern.ch/record/2860087

A random three muon event with CMS data

CMS Experiment at the LHC, CERN
Data recorded: 2018-May-23 18:28:20.730112 GMT
Run/Event/LS: 316766 / 2775245984 / 2002




Observation of the decay A,° — J/yv E-K+ decay

* Multibody decays of’ beauty hadrons allows to search for intermediate resonances in the
decay producte, specifically, decay producte containing charmonium states. For example,
b-hadron decaying to a charmonium along with a baryon allows to look for pentaquarke in
J/y + baryon system in the intermediate resonance structure.

* LHCD reported significant J/yp pentaquark like structure in the decay of’ A, —> Jhy p K-
PRL 145 (2015) 072001

* One such decay is Ay —> J/y E-K* and Ap? —> w(25) A used as normalization channel

R

_____ 1______ : _______1_____

Yielde from data fit BF ratio from PDG
EFf ratio from MC

where JAy->pu-, 2--> A, A -> pn-

* Allows to look for doubly or triply strange pentaquarke.




Observation of the decay A,° — J/yv E-K+ decay

CMS Preliminary 140 o' (13 TeV) - 1
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m(y(235)A) [GeV] m(Jy= K [GeV.
Source Uncertainty (%)
Signal model 3.9  First observation of A,° —> J/yy E-K*
Background model 0.7 * First decay to have J/\y E-system in products.
Non-1(2S) contribution 2.5 o _ L
Finite size of MC samples 56 No gignificant narrow peaks in J/y E- distribution
Tracking efficiency 2.3

Alternative selection criteria

Total

33.5 - B(A) — J/pE-KT)
35.0 B(AY = ¢(2S)A)
CMS-PAS-BPH-22-002

= [2.5 + 0.8 (stat) & 0.9 (syst)] %,



https://cds.cern.ch/record/2859356

Ratio of fragmentation fractions (f./f,, f,/f,) with CMS data

The fragmentation fractions: £, £,, and f, => probability of b-quark to hadronize to
B-mesons or b-baryons such ag B* (£), B,(F,), B, (f,), A,(udb) ete.

Since in the fragmentation process, the color force fields create quark-antiquark pairs that
combine with a bottom quark (bg, bg,g,) to create B-meson or b-baryon, it can not be
reliably calculated by perturbative QCD, eo must be determined empirically.

Very ugeful when measuring branching fraction of B, (e.g., BL-> ptu-) relative to other B-
mesgons (most often uge BC or B* to cancel the effect of b-hadron production erose section,
integrated luminosity and other systematic uncertainties).

However, f,/f, ie one of the major uncertainties for measurement of branching fraction of

BLO-> utu: - g |
: % —uTu * +_;. KT
B(BY = ™) = BB — J/pK+)— ot 1 BIK
NB+_*-'/4>'K+ EB(S)—W_;(— fs

So, precise measurement of fragmentation ratio is important. However, the ratio depends on
kinematic variables such as traneverse momentum, and pseudo-rapidity of the b-hadron.




Previous results on fragmentation fraction ratio

* LHCb and ATLAS have measured these parameters: LHCb has seen P dependence whereas
ATLAS didn’t obeerve such P; dependency (although measureol in ohf’f’erent PT mnge)
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* CMS measures R, (f,/F,) and £,/f, uging the decays BL->T /v (uru™) ¢ (KK,

=> J/y (U )K" .and BO-> T /y KO(K'1t*). To be precice CMS meagures
B(BI—]/p ¢)B(¢p =K K™)
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* In the ratio J/y branching fraction cancels out. We measure R, (instead of ,/f,) as available

measurement of B2 =>J/y branching fraction and of £, are correlated.

* CMS uges 61.6 b data collected during 2018 with COM energy 13TeV.



https://arxiv.org/abs/2103.06810
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.115.262001

Signal yields for B_?, B*, and B°
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o

o Signal pdf: Double Gausgian with common mean, independent widthe

o Combinatorial background: Exponential

o The other peaking/non-peaking background normalizations/pdfe are either fixed/floated
depending on kind of’ background and information available, e.g.:

o BO->T/yk ' (where pion canbe © B-7T/wK'Xis error function o B->T/wK ™ ,chape and relative

micidentified ae kaon) ie Johneon with free shape parametere normalization w.r.t. unswapped
Punction, with normalization fixed © B'~>J/wm", triple gaussian, fixed from MC.
w.r.t gignal yield. normalization fixed to signal o B.->T/ K" shape fixed from MC,

yield and scaled by BF ratios  normalization fixed to signal yield.
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R, and f,/f, results with CMS data

The meagured R, does not show any |yl
dependence, although there is clear
dependence on P; at low P; followed by
flat shape in high P.

Similar dependency observed by LHCb.
Averaging the P> 18 GeV, the value of
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The ratio f,;/f, shows no dependency on

The average over all P; points given the

value: 1.015 % 0.051. This is consistent
with unity ae expected from strong icospin

symmetry.

This result will be erucial in the

measurement B °->utu~ in future.



https://arxiv.org/abs/2212.02309

The rare decay of n — ptuutu-with CMS Data

Neutral Meson — Pseudoscalar, like 79, with
Strangeness(5)=0 and Charge (Q)=1. J*¢= 07"

Mixture of light quark states:
1 _
n= %(uﬁ + dd — 28§)

Mags: 547 .9MeV, Width= 0.0013MeV ton)
17 decays to 4 leptons through radiative double Dalitz decays 0 5.1y - - - - j@)
where two virtual photone internally convert to leptons pairs. éﬁmi

P4

No Hadrons among decay products -> Matrix element directly sensitive to the n meeon
transition form factor.

The knowledge of' 1 meeon coupling to the virtual photons is important for calculation of
anomalous magnetic moment of’ muon.

Study of thie process provide a sensitive probe to new Physics, e.g., dark photons, light
Higge scalars, axion-like particles which is complementary to detect new particles below GeV

mass scale.




Analysis strategy

CMS uges 13 TeV data (101 tb™) collected during 201 and 2018.

Use n—>p ™ [ where B(n—>ptu™) = (5.8+0.8)x 107¢] as the reference channel.

Dedicated set of high-rate triggere are developed to improve the efficiency at low
mass [low P+ muon threshold and keeps only limited information(<10kB)/event].

Two/Four muons to come from same vertex. About 4.5M n—>2p signale and

~50 n—>4p eignal evente found.
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Branching fraction measurement for n—>4p

BF of n—>4 #of' 4 signal yield
7 M\ o H signal y
@ — N4” Acceptance x Efficiency for 4L evente
B ” —
2 All

2 Acceptance x Efficiency for 2 events

BF of n—>21

#of 2 gignal yield

Here 7and j runs over the P; and peeudo-rapidity of 77 mesone

84;1

Using the signal yields and acceptance values, we get — (0.9 + 0.1 (stat) + 0.1 (syst)) x 1073

2u

* However, using the world average value of BF of 7—>2u,B(y — 2u) = (5.8 +£0.8) x 107°

B(n — 4u) = (5.0 + 0.8 (stat) = 0.7 (syst) £ 0.7 (B)) x 10~

The expected theoretical value of 77 to 4p decay is (3.48 = 0.15) x 107 .
The observed central value 25% more than prediction, however congistent given large error.




Candidates / 10 GeV

n—> 4u result with CMS data
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* Main Source of eyst shown below: (Several sources already cancels out in the ratio)
track PT threshold: 4%, trigger PT threshold: 8.4%,
efficiency plateau 3.2%, fit model (alternate signal and background models): 6.6%
Overall syst. Uncertainty on BF is ~ 14%

* Thie ie first obeervation of the double Dalitz decay n—>4p with high-rate muon trigger.
* It is very important to measure the reference channel precisely.

CMS-PAS-BPH-22-003 (accepted by PRL)



https://cds.cern.ch/record/2850937/files/BPH-22-003-pas.pdf

* Apart from conventional meeons(two quark states) and baryons(three quark states) many
tetraquarke and several pentaquarks candidates are observed in experiment but their

* The firet experimental evidence for exotic hadron was

Di-charmonium excess in 4y final state

theoretical interpretation remain contested.

Collaboration in 2003 [ PRL 41 (2003) 262001].

In 2020,

LHCb reported evidence of’ narrow regonance in di-J/

A1(3872) observed by Belle

(-> 4w) epectrum, at around

6.9 GeV, which can be interpreted as tetraquark consisting of four charm quarks.
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.91.262001
https://www.sciencedirect.com/science/article/pii/S2095927320305685?via%3Dihub
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di-J/y spectrum without interference model using CMS data

Candidates / 25 MeV
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Fit model building:
* Sequential fit starting from background-only
hypothesis to increasingly complex ones.
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Signal shapes are relativistic S-wave Breit-Wigner
functions convolved with double Gausgian regolution
e functions (BW):
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Background shapes based on MC simulations:
* Non-resonant single-parton scattering (NRSPS)

1 P1 (X — XO)p3
B B o B L _ 2 -
fSPS(x; X0 @, P1, P2, p3) - (x XO) g (1 ((15 s xO)Z 10) (15 x) ) & = ( 2p12)3

where x; = x — xo and xy = 2M;y,
* Non-resonant double-parton scattering (NRDPS):
fops(x) = Xt X exp(—axt) X (po + p1xc + p2x¢) where xo = 2M;py




di-J/y spectrum with interference model using CMS data

Candidates / 25 MeV
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Illl|lll-

TTTTTT]TTT
——

¢ Data —Fit

Background
--= Interfering BWs

cMis * The region around 6750 Me\V and #150MeV

are poorly modeled.
Consider the interference model, between
BW,, BN, and BW,. The term is proportional to

7y éxfj(i¢1)l§W1 +BW, + 13 exp(icpg;)BW;; 2

* As per recent theoretical caleulations of cece

apectrum, these three structures may be a
family of radical excitation of the same J*C.

CMS-PAS-BPH-21-003 (submitted to PRL)

BW, BW,4

No-interference

Interference

m [MeV] 6552+10+12 6927 +9+4 7287122 +5
I [MeV] 124732433 1221271 +18 9573) +19
120 78 64
N 470540 492+78 1565+
m [MeV]  6638733"1¢ 687 e  Fisar s
[[MeV] 440755070 1917575 9775575



https://cds.cern.ch/record/2861648

Introduction to B, — putu- decay

It’s a flavor changing neutral current (FCNC) process. Tree level contribution
is forbidden in Standard Model.

Only oceurs via loop diagram as shown below.
b w* [

H+ u*

Y\ \N\N\N\NNA

b

t v
t v

=

o

AAAAAA A

QL BT
. « e + R
The process is helicity suppressed by factor (m,/mg)? (—-E*—BS—«-L)

(forces one of the muons to have wrong helicity direction)

B. 42 i further suppressed compared to B, /4= i as [Vyyl < [Vl
Any new physics could change the branching fraction (extra amplitudes will
contribute to the decay process).

Probably the cleanest rare decay both experimentally and theoretically.
Ref: Bobeth et al, PRL 112, 101801 (2014),

B(Bs—rp*u™) = (3.66 = 0.14)x10~ and with full electroweak 2 loop corrections and

= = =" 3 loop QCD correction [
B(Ba—utu) = (1.03 * 0.05)x10 M Beneke et al. THEP 10(2014) 232 7
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History of B, — ptu- search
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Signal normalization

* Two parameters to be measured from data
* Bs— pp branching fraction and lifetime
* Search for B4 — uu

* The eignal branching fractione are caleulated by normalizing to another decay

channel: B — J /YK (primary), Bs — J /¢ (alternate)

* Master formula followed for branching fraction estimation:

V g = .

BB, — pu*u~)=B(B" —>J/41K+)l Bn i SBIKY fu
S v ' -/

: BT J/pKT ng—,\;l*;l‘ -fs

NBQ—‘r.u“L;l_ 882—>]/qu‘)

N0 Bty

N

BBy — u*u~) =B(BS = 1/p¢)

» D Se e o
B(B® = utyu) = BB = J/pK+)— ! BH=IigKt fu

NBJF—A,J/L,('K+ SBO—,\;F;F -fd

*  £= Eawc. X EReco. i8 total efficiency from the MC.
* Nmode ig the normalization of the corresponding decay mode of data fit.
* fu, fs, fa are the b-quark fragmentation fractione

* Allows the first order cancellation of most systematics




Extraction of B4 — puu signal yield

*  Signal yield (needed for branching fraction estimation) ie obtained via 2-dimensional

un-binned maximum likelihood fit to the dimuon invariant maes and ite uncertainty

* Evente are gplit into 16 non overlapping categories

= Peeudo-rapidity of the forward muon (2 categories): [0, 0.7] and [0.7, 1.4]
= Data taking period (4 periods): 2016 [eplit into two parts], 2017, 2018
= MVA (two categories based on signal purity): [ 0.4, 0.44] and [0.44, 1.0]

CMS Preliminary 140 fb'(13 TeV)
140:_ &‘M EB)gati o e EU'SE‘FH’_
Effect B — ptu~ BO - ptyu- >120__ __________ .
Trigger efficiency 24 —-3.7% % 80
Pileup 1% ;;’: 60
Vertex quality 1% a0
MVA correction 2—3% 20F
Tracking efficiency 2.3% N B S YR )
]/IIJK-I- Shape (BF) 1% (1%) CMS Preliminary Mo 152V 140 fb''(13 TeV)
Fit biaS 22% 45% 600; @Egj;bi};;;rial bkg jgilr::'):;jgnicbkg
fs/furatio 3.5% - Sooé """ resKnae
5400
*  Main challenge for B%— ptu ie combinatorial background P
* Need lot more data and improved analygis method to Heeep
reach discovery level.

4.9 5 51 562 53 54 55 56 57 58 59
My [GeV]
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Branching fraction measurement

BR(BY — utu~) = [3.83%938 (stat) )12 (Systy o 12(f./f )1 X 1077

BR(B® - pu) = [0.37+875 (stat)*§4§ (syst)] x 1010
Best measurement by any

SPHz1-005 — = 3.8370 experiment to date!
kl!-ll_?zlg (2022) 041801 —a— 3.09 t%‘j& 0.6 x10°° : : ; E 140 f;b-1 (13 TeV)
JAH-IIE-IID_OA4?201 9) 098 - 2.8 t%87 E ‘ :
.ﬁlll\znpsm (2020) 188 = 2.94 +%:3%
IP_F|t-Il_?1lg (2017) 191801 - 3.07%%
gel:‘n?kg?te;?’ifgég?o.(zo?g) [ R .-T-. Loy 3.-66. iIo-.‘l4.
1 2 3 4 5
B(B? — wu) [107]
EPI\I-III-EI -006 = <19
IP_FE?Zg (2022) 041801 < <2.6
BAPT*!_ZQ(%;I-CMS+LHCb — <1.9
JAH-IIE-II;OA4(82019) 098 < <241 ‘ +: c \
JC|-|I|\E,|PSQ4(2020)188 < = <3.6 0|1||'=||||\f[||||1.|||!|:||||5||><10_9
II;F!-II_C1:1I:8, (2017) 191801 * - <3.4 1 2 3B(BO _4) +24_)5 © !
BSeaneki’re(tagl‘?%ég?o (2019)232 .T. - L |1 .0? .i .O.IO.S. s s
2 1 o 1 3 4 5 PLB 842 (2023) 137955

B(B® — uu) [107'7]
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Effective of lifetime measurement

Entries / 0.25 ps

CMS Preliminary 140 o™ (13 TeV) .

: P e ~1 * The proper decay time (t):

L Full PDF l3D

R NN t=m—

2‘ S35 BY > p*u” + peaking bkg p
10 N T e m: maee of B-meeon
— hu'p™ + semileptonic bkg
p: momentum of B-mesgon
1 \g ! *  Unbinned maximum likelihood fit to dimuon invariant mass,
) \ proper decay time and its uncertainty
\ *  The dominant gource of systematics comes from a strong

R :}‘3\‘ . |

i} m‘\"\’;\ correlation between MVA and decay time:
2 e %& “Q&};\
AR

R * Systematic uncertainties:
R
Decay time [ps] Efficiency 0.01 ps
modelling
Lifetime 0.01 ps
L —. 18372 dependence
LHCb Decay time 0.10 ps 0.06 ps 0.02 ps 0.02 ps
PRL 128 (2022) 041801 = 2.07 = 0.29 mismodeling
CH> L HCb Gombing o 1.91%0%7 Lifetime bias 0.04 ps 0.04 ps 0.05 ps 0.04 ps
70 P 5 17028 Total 0.11 ps 0.07 ps 0.05 ps 0.04 ps
LHCb
PRL 118 (2017) 191801 ' = 1 2.04=0.44
. t(B > ptp”)  =[1.83+023 (stat) %04 (
SM Prediction . s . _ SYSt) ps
‘lI.(B:I.'H)I | ¥ 1 1 1 | 1 1 1 1 | |T 1 | 1 I : 1 1 | |1 -|61|6 ;— |0-0|1|0 _0.20 %15.04
0.5 1 1.5 2 2.5 3
7(B’ — ') [ps] Best measurement to date !
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A random B, — pfu event with CMS detector

T CMS Expériment at the LHC, GERN ‘
.\ Datarecorded: 2016-May-31 07:08:48?%% N

Run / Event / |S: 274250 / 379862269 / 189




Summary and discussions

CMS pursues broad spectrum of’ B-physice measurements.

Better measurement on lepton flavor violating decay of T—>3 1 ie reported.

First observation of A0 —> J/y E-K* decay is reported.

The precigion measuremente of fragmentation fraction would be erucial input for
the B,%->utu™ branching fraction.

The first observation of double Dalitz rare decay of n—>4u i reported.
Di-charmonium mass gpectrum wae studied by CMS. The detailed interpretation
of' the structures (whether they are four charm tetra quark states) are yet to be confirmed.
The results for BL->utu branching fraction and effective lifetime as best ones by any
experiment go far.

More reeults on Run2, as well ag Run3 data (with COM energy of’ 13.6 TeV) coming soon.




