CMS

Heavy flavor rare decays
at CMS

Chugiao Jiang
on behalf of the CMS collaboration



Outline

° Introduction

 Search for lepton flavor violation (LFV) and lepton flavor
universality violation (LFUV) at CMS

* Search for t - 3u at CMS
* Prospect of LFUV in B physics at CMS
* Measurements of b -sll rare decays at CMS
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* B> u*u decay properties and search for B>ty
decay

* b = sll angular analyses
* Summary




Introduction: flavor

* |In particle physics, flavor refers to the species of an elementary particle. The
Standard Model (SM) counts six flavors of quarks and six flavors of leptons.
They are conventionally parameterized with flavor quantum numbers.
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* The SM has its mechanism (weak interaction) to encode the flavor-changing.

b

neutrino oscillation
S S
» Heavy flavor rare/forbidden decays: Searches for New Physics (NP) I I [,
* Search for the decays violating the SM prediction, e.g. LFV... I? IT lT
s s

* Search for the decays’ properties different to the SM prediction,

transition among

e.g. branching fraction... e i



Introduction: CMS

CMS DETECTOR ‘:‘ CO M e n e rgy 1 3

STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS Te V

Overall diameter :15.0m Pixel (100x150 um?) ~1.9 m* ~124M channels
Overalllength  :28.7m Microstrips (80-180 um) ~200 m* ~9.6M channels
Magnetic field  :3.8T
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Niobium titanium coil carrying
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MUON CHAMBERS

s e %0 AP/Pr ~ 1% when
PRESHOWER pT < 100 GeV
“*transverse impact

 Steel + Quartz ibres ~2,000 Channels pa Ffam Ete r
. resolution O(10 —

100um)

“*Vertex resolution
O(20 — 100um)

*»*Covering most of
the 4nt solid angle

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

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




Test of lepton flavor
(universality)
violation at CMS




lepton flavor violation

“*LFV in the SM: neutrino oscillations

“*Experiments of charged LFV: search for phenomena
beyond the SM (BSM)
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* In SM, charged LFV happens in loop diagrams with neutrino mixing,
the branching fraction is strongly suppressed (e.g. B(t = 3u) ~ 107>°).

1l
Z/y

W H

Y * v, 2

* A number of SM extensions predict a much larger LFV t decay
branching fraction (e.g. B(t > 3u) ~ 10710-10-8).




Tests of LFV

/ . .
**Many experiments have presented various results of LFV tests Q
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.032013
https://link.springer.com/article/10.1007/JHEP06(2022)082
https://link.springer.com/article/10.1007/JHEP06(2023)073
https://www.sciencedirect.com/science/article/pii/S0370269310003576?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269310003576?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269310003576?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269310003576?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269310003576?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269310003576?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269310003576?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269310003576?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269310003576?via%3Dihub

Search for t - 3 at CMS

JHEP01(2021)163

* Based on data collected with the CMS detector in 2016, corresponding to an integrated
luminosity of 33.2fb™2.

* Targeted t production from two sources:

* Hadron decays
* W boson decays

* No signal observed, a combined limit of the two t production channelsis B(t — 3u) <
8.0 x 1078 at 90% CL.

CMS BPH-21-005 (latest one!)
* Based on data collected with the CMS detector in 2016-2018, corresponding to 138
fbl

* Targeted t production from two sources:

* Hadron decays (prompt D meson decays, b hadron decays, and non-prompt D
meson decays)

¢ Signal: D, = t+ v (including prompt D, and B - D,); B* or B® - 1+ X
* W bosons
* Signa: W > 1t+v
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https://link.springer.com/article/10.1007/JHEP01(2021)163
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-005/index.html

Search for T = 3u at CMS: HF analysis

CMS BPH-21-005
» 1 produced in heavy-flavor (charm and bottom) hadron decays

» The main source of T lepton production at the LHC
» Features low transverse momentum (p;) muons in the final state
» Suffering from higher background
* Event selection:
* Loose pre-selection
* A BDT is used to suppress fake muons

* Events categorization

* Events are categorized according to the mass resolution, which is strongly
correlated with the pseudo-rapidity

* Mass scale and resolution agreements in data and MC are studied using the
D,~>¢m events

* Three parts, labeled A, B, C
* The analysis BDT is trained in each mass-resolution to suppress dominant
backgrounds:

* Each category is then further divided into several sub-categories based on the
BDT score
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-005/index.html

Search for T = 3u at CMS: HF analysis

CMS BPH-21-005 a 2017, 38 o' (13 TeV)

200 CMS
£ Preliminary

16F-

Events / 5 MeV
>

* D>t normalization channel: D, - ¢(2p) m - pun
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10; § Data T ‘
* Relation between the signal channels and the S
normalization channel: e
2utrig
Ny B =) Aw) Su) i) g
O T T BDT St p ) Agun i e
2utrig
B(B—1+ X) «43;;(13) egjf("B) €3;z(B)
N’%y(B) — N,u,mrf ¥ ¥ reco  2utri B(T_>34u)
: B(DS —¢nt —ptp=nt)B(B—=DJ +X) Auur € yn®

* Non-D, contributions:

* B> 1t (¥25% of the total), based on MC, but verified by comparing decay length of B
- D, in data and MC

* Very small contributions from B, and D* based on MC



https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-005/index.html

Search for T = 3u at CMS: HF analysis

CMS BPH-21-005

* Systematics:

* Main uncertainties in signal yields:
¢ Statistical uncertainty of the D, ¢m channel
* HF hadron decay branching fractions used in the signal normalization
< BDT requirement efficiency, studied using the D> ¢m channel
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* Uncertainties in shapes :
* Muon momentum scale and resolution impact on signal shapes
* Background function form choice (exponential, power low, polynomial)

* Results obtained by a simultaneous un-binned maximum likelihood fit to the
trimuon mass distributions in all categories

2018, 59.7 b (13 TeV) " 2018, 50.7 i (13 TeV)
g 12? CMS ) HF Category A1 E 9; CMS . HF Category B1
%105— Preliminary i:iagt;m:m?) % 2: Preliminary iz;::alm:w) The observed (expected)
o 8- —— Background-only fit ﬁ E —— Background-only fit ° ° °
: i upper limit on Br(t=->3p) is
found to be of 3.4x10
i li ] (3.6x10) at 90% CL
l SRRt
165 1.7 1.75 18 1.85 9 195 O-‘lﬁ‘hﬁl"ﬁlllll I!" ‘I‘175 j%‘l‘]—‘lﬂl{‘aélllll“lhﬂ‘ ! Iiﬂ.%l e

m(Bu) [GeV] m(3u) [GeV]



https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-005/index.html

Search for t - 3u at CMS: W analysis

CMS BPH-21-005

» T produced in W boson decays
» Feature higher-p; muons
» Typically isolated from hadronic activities
» With significantly large missing transverse momentum

* Same analysis strategy as for the HF analysis:
* Loose pre-selection
* Event categorization and m(3p) fit
* Multivariate analysis used to suppress backgrounds

2018, 59.8 fb™* (13 TeV) 2018, 59.8 fb™ (13 TeV) 2018, 59.8 ib™ (13 TeV)
= r =
2 f 2 [ 2 I
o5 CMS W Category A g_ 5 CMS W Category B s cms W Category C
g | Preliminary 1 daa 2 [ Preliminary I oaa ¢ | Preliminary 1 pe=
2 — Sigral (B=107) . Sigral (B=107) &4 — Signal (B=107)
E Background-only fit i — Background-only fit B —— Background-only fit
a3 oL 3
o o 2
| | URAGMAN
h o AR AR KA i 2 AR T REATRANA AR
165 17 175 18 18 19 1% 2 LR N RN I N AR Iy ARSI A A R T I - LI kR
m(3u) [GeV] m(3u) [GeV] m(3u) [GaV]

Observed (expected) upper limit on Br(t->3u) 8.0x102 (5.6x102) at 90% CL
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-005/index.html

Search for t - 3u at CMS: results

CMS BPH-21-005

The HF and W analyses, together with the previously published 2016 data
result, are combined

Events that pass the final selections of both analyses are removed from the
HF analysis

Systematics are assumed to be uncorrelated between the HF analysis and the
W analysis

Results dominated by statistical uncertainty

x10® Upto 131 fb™" (13 TeV)
- CMS

~  Preliminary

Y
34

— Observed

 oan oxpoced The observed (expected)
[ 95% expected upper limit is 2.9x10-8
(2.4x10-8) at 90% CL

ey
o

90% CL on B(t—3y)

[$))

HF analysis W analysis HF + W HF + W
2017+2018 201742018 201742018 2016+2017+2018
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-005/index.html

Prospect of LFUV in B physics at CMS

* The lepton flavor universality (LFU): a phenomenon that electroweak gauge
bosons couple equally to all three families of leptons

* LFU is an accidental symmetry: may be violated in models beyond the SM
» LFUV will clearly state that NP participates in the flavor-changing processes.
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I b—>sll processes are ideal for experiments to look for NP
1 The amplitudes are highly suppressed in SM (~ 10°®), sensitive to NP
1 SM predicts the dynamics with high precision
J Can be fully reconstructed in experiment

b W= S

I(B— hu™u™)
" T(B— hete)

— A requirement on large samples of B mesons




Prospect of LFUV in B physics at CMS

CMS B-Parking: CMS DP -2019/043
* A sample of 10 billion events contains the unbiased decays of b

s
=
hadrons. L g
ag-side: o~
* Data are recorded in 2018, with a trigger logic that requires the o §
presence of a single, displaced muon: Signorsige %

+ “Tag-side”: b hadron that undergoes a b>pX decay. ger?a%r;d

* “Signal-side”: b hadron decays naturally as it is not biased.
* The trigger thresholds evolve during a fill, as the instantaneous

luminosity (£, ) falls.
Fill 7108 L1 trigger rate =~ — Ratebeforedeadtime  — = Prescale change Fill 7108 HLT rate —— Physics Streams  — — Prescale change
«10° —— Rate after deadtime —— ~ Run change —— Deta Parkding — — Run change
N i i —_—
£ i N I [ I [ k
; i E5()()0 | \ | | ’
g | e RN N
i & [ | | S Moy, |
. 4000 [ | gh ety
- o R,
(DA i 3006 I t..\1| 1 o
3| -|'} [ R R : 1 "
LS U U T O S | L T e S o :
a1 | il Ll .
I e o R o R : :
oo s \ A B
1| 1 11 11 | 1 11 1 1 r1 - L1 1 |
0g225 05:34 07:44 09:53 12:03 14112 16:21 08:25 05:34 07:44 0953 12:03 14112 16:21
2018-08-31 03:25:32 to 2018-08-31 16:21:53 UTC Time 2018-08-31 03:25:32 to 2018-08-31 16:21:53 UTC Time

* Trigger purity is in the range 60-90% depending on the
thresholds.



http://cds.cern.ch/record/2704495?ln=en
http://cds.cern.ch/record/2704495?ln=en
http://cds.cern.ch/record/2704495?ln=en

Prospect of LFUV in B physics at CMS

CMS B-Parking: CMS DP -2019/043

* Large amount of unbiased B hadrons recorded by CMS B-parking campaign: g)
Mode N2o138 /B B é
Generic b hadrons E
BY 40x10° 04 1.0 S
B* 40x10° 04 1.0
B; 1.2 x 10° 0.1 1.0
b baryons 1.2 x 10° 0.1 1.0
B. 1.0 x 107 0.001 1.0
Total 1.0 x 1010 1.0 1.0
Events for Rx and Ri~ analyses
BY — K*¢t¢— 2600 04 6.6x10°7
B — K*¢ti- 1800 04 4.5x1077

* The samples can benefit for several measurements on the B rare decays, such
as the R(K) measurement for LFU test ...

* CMS Run3 has its B-parking with updated triggers



http://cds.cern.ch/record/2704495?ln=en
http://cds.cern.ch/record/2704495?ln=en
http://cds.cern.ch/record/2704495?ln=en
http://cds.cern.ch/record/2704495?ln=en

Measurements of

b =sll rare
decays at CMS




b—>sll process

* NP can be discovered by two ways: 3
1. by producing new particles or new decays g)
2. by searching for discrepancies between measured observables and SM predictions. N
* In SM, b->sll is a flavor-changing neutral current (FCNC) process 5
forbidden at tree level. S

Z[y penguin W*W~ box

u':PNv\’LL‘ e p—
e o > ft P 3 w- wr
Y2 ™, (P)

=, (v) = (v) I*,(7)
* NP can contribute to the diagrams and make pronounced
modifications.

b

Z' L
Y w " wh

o S
New heavy gauge bosons Leptoquarks




b->sll anomaly

* Some observables of b-»sll process are found deviating §
from SM predictions by 2-30, e.g. branching fraction, P.’... o
o0 _ox0r §§
z LHCh + ME LHC D g
;Q I - Z 12 j " SM (LCSR+Lattice)
= 0.1 - Q Iy I sMesw)
5 BF: JHEP04(2017)142 | T E S Lace)
s | . T 6;_+¢ Iy y2s) E
i _ L SE i
0.05: E_’_ — —— ] N 4?? e Sale mare
; ] w F BF: PhysRevlett.127.151801 |
0 : ' : I R s
0 5 10 q%S[GeVZICA'] ¢ [GeV¥c?)
I 'L'H'Cb'R;n'llioi(s? P,: PhysRevlett.126.161802 |
. [ SM from DHMV h + :
] Ps': PhysRevLett.125.011802 ==

LHCb
— Data 9fb !

" 0 .
C E I % . § 05 [ ==
=0.5 ' - % J r
¥ = H > —4— l . L [ SM from DHMV
< -— ﬁ 4 . 777} SM from ASZB

1 P 1 r
0 5 i i;)z p 15 -1.5 0 : 10 5
q* [GeV-/c?] 2 (Gl



https://link.springer.com/article/10.1007/JHEP04(2017)142
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.011802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.151801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.161802

B.O>u*u decay properties

Phys.Lett.B 842 (2023) 137955

* Latest result of iterative measurements.

* Based on data collected with the CMS detector in 2016-2018
corresponding to an integrated luminosity of 140fb~1.

CMs 140 fb" (13 TeV) CMSI S 149 fb”(‘13 TFV) cMs 140 fo" (13 TeV)
T T[T T [T T[T T T [T T [T T T[T T[T IT T[T TT1] L L L L L B L B O LI I T T T LI I I L B L B I
7 b C ] L] ata ]
O o s ] 600F B L ]
[ ==-===r COmbinatorial bkg  =====: i i 7 - i -\\\\\\\ s — 1 _
120j g:;?:\gaéirglal bkg Semileptonic bkg ] F ] A
> r - > 500 - 1 O -------- Cumh\njit&fr\al bkg E
8100j { 8 ] 3 B — hu'u” + semileptonic bkg E
p ] 1400 E 8 ]
S 80} . s [ ] 2
@k 1 %300 . 9 3
3 60~ - 3 ] g -
= [ ] E . = ]
&0 40— . (3200 3 w 1
r ] ] 107" E
200" N 100: . ] ]
el i \\\+ el L. L ] HATR 3 W RN N, ]
99 5 5152 5354 5556 57 5.8 5.9 9.9 5 15253545556 575859 2 4 D6 t_8 10 12 14
ecay time |ps
m,.,- [GeV] m., [GeV] y time [ps]
dMVA>0.99(upper) 0.99 >dMVA>0.90(lower)

B(BY — u*u™) = [3.832038(stat) X315(syst) 13 13(fs/ )] X 107°
T = 1.831333(stat) T3 (syst) ps
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https://www.sciencedirect.com/science/article/pii/S0370269323002897?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269323002897?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269323002897?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269323002897?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269323002897?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269323002897?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269323002897?via%3Dihub

Search for B> u*u decay

Phys.Lett.B 842 (2023) 137955

* Latest result of iterative measurements.

* Based on data collected with the CMS detector in 2016-2018
corresponding to an integrated luminosity of 140fb~1.
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* No evidence of B°>u*u has been found.

CMS 140 fo! (‘1_3 TeV) 0 6><1('J ° CMS 140 o' (13 TeV)
1 E | Obser\;ed I — :
==== Expected (med.) [ -
[ Expected (+16)  [- 0.5p 5o
i\ ~15x 10} at90% ~0.4f R
~ * 1.9% 107" at 95% 3T
+ S L E F, :
C|J 10—1 '. \\ !‘r T 03_ : 30’
— . N o L
\\P (2] L ’2—9—-..
‘n‘ \ Q 0 . 2 t ..) / S ‘.‘ -"‘.__ : -
N i RN R L
\ 0.1 i Lo
1072 — C i [URERTE
“ " 9 L ‘ +0bsy | 9
||||||||||||||||||\|||||||X10 0||\|'=.|'=||‘-|‘.|||| |\||I|!|\:|é||)<10
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B(B? - utu™) < 1.9 x 10710 at 95% CL.
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Angular analysis

- The b—>sll decays can be fully
described by: the angles of the final
state particles, and a series of angular
parameters, e.g:

1dlr (Bt > Kyt |
T dcos 0,

B+9K+M+M'

e

Eal

Kt 2
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3 Loy 1
=Z(1—FH)(1—cos 9’)+EF" + App cos 0,

- The angular parameters are functions
of g2 (square of the di-muon mass)

- The SM has robust predictions of the
angular parameters.

- Several angular parameters are:
o With low theoretical uncertainties,

o Predicted to be a very small value at SM,
> Sensitive to specific BSM contribution.

[ rest frame

» CMS collaboration has presented several
results consistent with the SM predictions

K% rest frame




Angular analysis: Bf*>K utus
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P - - Background
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longitudinal polarization fraction of the K™* g
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(F.), are measured as a function of g2
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Angular analysis: Bf*>K s

B*—K“*u*u JHEP04(2021)124
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The events are fit in three g2 bins ranging from 1 to 19 GeV?

Aqz and F_in bins of g2 are found to be consistent with the SM prediction.
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Angular analysis: B*>K*utu, BO> K™ Outur

B*—K'pu*p: PhysRevD.98.112011
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The events are
measured in seven
g2 bins ranging
from 1 to 22 GeV?
The measured A
and F, arein
agreement with the
SM predictions.

The events are fit in
seven g2 bins
ranging from 1 to
19 GeV?

The measured (P,
P,/ arein
agreement with the
SM predictions
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Summary

**The heavy flavor rare decays continue to be
a intriguing field to search for the BSM
phenomena.
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**The measurements at CMS currently
presented results consistent with the SM
predictions.

“*New analyses (R(K), angular analyses...) are
ongoing at CMS, with larger amount of
datasets and updated technics.
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