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Rare flavour decays

* Suppressed in the SM
* Process involving FCNC transitions
* e.g. b > sl
* Violation of fundamental symmetries (LUV, LFV and LNV)

* Not discussed in this contribution, see tomorrow’s talk

* Other rare decays

* e.g. radiative multilepton decays of neutral mesons

* Sensitive to New Physics scenarios

* Deviations in BF or angular distributions

b W S b I
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https://agenda.infn.it/event/43895/contributions/270614/

| B Physics at ATLAS and CMS

Thin-gap chambers (T&C)
y Cathode strip chambers (CSC)

* Differences wrt B-factory (eTe™)
A Abundant production of BY, B} and b baryons

V¥V More challenging event reconstruction in pp collisions

* Comparison with LHCb D
- LY " Resistive-plate
Al | chambers (RPC)

A Higher integrated luminosity

V Trigger thresholds restrict low-pt acceptance
V¥V Limited particle identification (PID) (no K/ distinction)

* B Physics searches mainly relies on muon triggers!
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| Outline

* Process involving FCNC transitions

. B?S) — utu~ decay and properties
e CMS full Run2 analysis (Phys. Lett. B 842 (2023) 137955) & ATLAS partial Run2 analysis (JHEP 04 (2019)

098 and JHEP 09 (2023) 199)
« D% > utp~ CMS Run3 (CMS-PAS-BPH-23-008)
e Angular analysis of B - K*0u*u™ at CMS (Phys. Lett. B 864 (2025) 139406)

* Other rare decays

* Observation of the J /1 —» u*u~u*u~ decay (Phys. Rev. D 109. L111101)
* First observation of the rare 4 decay of the 1 meson (Phys. Rev. Lett. 131 (2023) 091903)

* Observation of the AY — /i E"K* decay (Eur. Phys. J. C 84 (2024) 1062)

* Prospects for rest of Run3 and HL-LHC
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https://www.sciencedirect.com/science/article/pii/S0370269323002897?via%3Dihub
https://link.springer.com/article/10.1007/JHEP04(2019)098
https://link.springer.com/article/10.1007/JHEP04(2019)098
https://link.springer.com/article/10.1007/JHEP09(2023)199
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http://dx.doi.org/10.1016/j.physletb.2025.139406
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CMS%

B(S) — u u": BFs

Motivations:

* Highly suppressed in the SM (Penguin and box diagrams, helicity

suppressed)

e Clean final state, precise theoretical predictions

Small deviations already observed b — sll processes (see B® - K*u*tu™)

Analysis strategy:
= pp collisions at 13 TeV

* Partial Run 2 dataset for ATLAS (2015-2016)

= Full Run 2 for CMS

Similar strategy for both experiments

" Main background suppression via MVA techniques

* Trained with data sidebands for CMS and bb — uuX MC for ATLAS

* BF measured as a function of BY - J /K™

BBY - utu™) =BBT - JPKT)
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NB(S)—> utp—
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B? - u*u: effective lifetime

Motivations:

* In the SM only the heavy mass eigenstate of B (B?

y) can decay in 2 muons

* In new physics scenarios, like minimal supersymmetric SM extensions, also BgL can contribute

* Tgy, —Tpy, = 1.624—1.431=0.193ps > A B7 should be observable

* Complementary observable to BF (related to different set of effective operators)

Analysis strategy:

2 B0FT T R e

= Same datasets and similar % o5 l i3 Tev, 263 0" E
selections as previous slide i 20§_ ’ . st _

= |ifetime estimation: 152_  wetoosme _
= CMS: unbinned 3D ML fit to 10F- E
mass, lifetime and lifetime error 5_* _

= ATLAS: fit bkg-subtracted oF } ! bt ¢
lifetime distribution with MC T S S S [0 R T

template

cMmS
é ¥arLas CINFN (@)

Proper decay time [ps]
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B? - u*u~: Results

* B > utu~ BF
* Similar precision for CMS and LHCb using full Run2
searches

e ATLAS full Run2 still underway
* Full LHC combination once ATLAS will be published

« B - utu BF:
* No sensitivity yet, only ULs
* CMS has current best ULs (excluding combination)

* Improvement expected with Run3 data
* BY - utu~ effective lifetime:
o ATLAS: 7055 = 0.998:3% (stat.) £ 0.17 (syst.) ps
» CMS: T = 1.83%033(stat) + 0.04 (syst) ps
* Compatible with SM expected Ty, = 1.624 £0.009 ps

gpnrlilg -006 = 3.83 t%_ﬁ
IEI!E?!B) (2022) 041801 ' " ' 3.09 t%:i
ETLESIGHSAHGY o 2683
.ﬁ!& oﬁ%ow) 098 2.8 t%.t;
.ﬁill\snpsm (2020) 188 2.94 t%.:g
IFRT%B (2017) 191801 3.0 t%js
e I
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B(B® — w) [107]

S

CMS

N

BPH-21-006

LHCb

N

- <19

PRL 128 (2022) 041801

ATLAS+CMS+LHCb

BPH-20-003

ATLAS

u <2.6

- <19

N

JHEP 04 (2019) 098

CMS

- <21

N

JHEP 04 (2020) 188

LHCb

s <3.6

A

PRL 118 (2017) 191801

SM Prediction

Beneke et al, JHEP 10 (2019) 232
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Search for D? - u*u~

Motivations:

* Rare charmed hadrons decays involves ¢ = u transitions
More challenging theoretical computations due to long-distance contributions

* Expected BF for D - u*u~ = 0(3x10713)

Analysis strategy:

= pp collisions at 13.6 TeV (64.5 /fb) (CMS 2022-2023 Run3 dataset)

collected via new inclusive dimuon trigger

= Looking for D° produced from D** — D% to reduce combinatorial

background

* Normalization relies on D® - 7+t7~channel

" Collected via zero bias trigger

BD° — utu~)

EEEEEEEEEE

B(D? — ntm™

Np0_yt -

DOt n—
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Various physics models R-parity violating supersymmetry, and extra fermions or gauge
bosons, predict enhancements in this decay rate

Effective lumi=51.4 nb™ (13.6 TeV)
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Search for D? - u*u~

Analysis strategy:

= Variables of interest m(D®) and Am = m(D**) — m(D?)

* Background rejected via pre-selections and a custom MVA discriminator trained with right side bands of
the Am distribution as background proxy and simulations for signal

Results:
o ,f. . b d 64.5fb™ (13.6 TeV) 64.5 b (13.6 TeV)
| | > F > F
NO Slgnl |ant excess Is observe % 106:_CMS Signal + total bkg. fit § 10’ CMS Signal + total bkg. fit
7o) E Prelimi Total bkg. component < E Prelimi Total bkg. component
mi ' ~ - Prelimina & Data o [ Prelimina & Data
u lelts On the BF Gre eXtrCICted qu 2D % 105;_ ,y Stat.fsyst._uncenainty ; 1065_ ry Stat.fsyst._uncer’(ainty
O o E Cgmbmatonal bkg. ] F Cgmbmatonal bkg.
1 1 1 1 1 F D —u'u S 105 Y D —ptu
unbinned maximum likelihood fit of m(D") & | sovwwrrione SO0Tb iy, R TP
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100 e e [ J A L S
SRR S I S SRS an St S e SRS S 1035—55-"
10%F [
E 10°F
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o 100E g 15
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Angular analysis of the B — K*(892)°u*u~ decay

't LHCb Run 1 + 2016 -

Motivations: O.Si B MY ]
 Compared to simpler modes, such as BY — u*u~, provides ) -

access to a larger set of observables I ]

* High sensitivity to deviations from SM expectations ot —4— N

* Tensions with the SM have arisen from recent results (e.g. LHCb) [ ] ]

Phys. Rev. Lett. 125, 01180276 . .~ B8 . . ... . .-

g [GeV?/c4]

Analysis strategy:
= pp collisions at 13 TeV (140 /fb) (Full CMS Run2

dataset) collected via dimuon + track triggers

* Decay rate expressed in terms of angular variables,

invariant mass and a set of observables (Pl-(’))
related to the Wilson coefficients [as in JEP O1 B e rest frame

(2013) 048] : ‘

angular variables
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.011802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.011802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.011802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.011802
https://link.springer.com/article/10.1007/JHEP01(2013)048
https://link.springer.com/article/10.1007/JHEP01(2013)048

Angular analysis of the B — K*(892)°u*u~ decay

Results:

= Simultaneously fit the mass and angular variables

distributions for different in 6 different g2 bins

1.1 < ¢* <2GeV?

2 < ¢* <4.3GeV?

43 < ¢* <6GeV?
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Angular analysis of the B — K*(892)°u*u~ decay

Results:

= Simultaneously fit the mass and angular variables

distributions for different in 6 different g2 bins

* Main discrepancies observed in P, and P:

= Result still limited statistically
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» Discrepancies in Pz consistent with

previous results:
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Observation of the / /Y » u"u " u*u~ decay

H

Motivations:

» Predicted by the Standard Model (SM) with decay fraction (BR):
B(J/Psi — 4u) = (9.74 4+ 0.05)x10~7 [PhysRevD.104.094023]

= Sensitive to the presence of new physics [s10052-020-08816-9]

Through virtual y or Z U

Analysis strategy:
= pp collisions at 13 TeV (33.6 /fb) (2018 B Parking: high rate (~3 kHz), delayed processing)

= Offline selections based on common vertex, vertex probability and on the kinematics of the J/{

" The BR of J/Y — 4u is determined in terms of that of J /1) — 2u:

Brw-tn _ Nijp—sn &
Birp-2u Nijp-2u” & p-2u

B(J /1 — 2p) = (5.961 + 0.033)x1072 [PDG] Obtained from MC
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.094023
https://link.springer.com/article/10.1140/epjc/s10052-020-08816-9
https://link.springer.com/article/10.1140/epjc/s10052-020-08816-9
https://link.springer.com/article/10.1140/epjc/s10052-020-08816-9
https://link.springer.com/article/10.1140/epjc/s10052-020-08816-9
https://link.springer.com/article/10.1140/epjc/s10052-020-08816-9
https://link.springer.com/article/10.1140/epjc/s10052-020-08816-9
https://link.springer.com/article/10.1140/epjc/s10052-020-08816-9
https://academic.oup.com/ptep/article/2022/8/083C01/6651666

Observation of the / /Y » u"u " u*u~ decay

N(]/IP - pﬁy‘;ﬁy‘) = 11-61?? Results:
CMS - __336fb" (13 TeV . ) ] )
E - Dat'a ' ' ] = A peak in the spectrum of the invariant mass of the 4 muons is observed
g L — Fitresut ﬂ ] = Statistical significance > 70
,"E’ 8—— —Bau::kg?ound -
& r : I/ — (16.9%55(stat) + 0.6(syst))x 1076
: | ; B) jp-z2u
4._ —
: | J l : B(J /Y - 4p) = (10.1133(stat) + 0.4(syst))x10~7
2 [ —
0: DTN v wnaw v | *L:L = Compatible with the expected value of the SM:
o e * BO/Y — ) = (974 +0.05)x107

Marco Buonsante — WIFAI 2025 - 13/11/2025 D 14



Observation of the rare 41 decay of the 11 meson

Motivations:
p " * Double-Dalitz decay used as test of the SM
""""" [~ * Sensitive to new physics [Rep. Prog. Phys. 86 016201]

* Contribute to light-by-light hadronic component of the muon
anomalous magnetic moment

n-4u
Double Dalitz decay

1 > Illll(1I3Te\/)
Analysis strategy: g LemMs  tn-zumi<is R
» pp collisions at 13 TeV (~101/fb) (Run2 high rate «Scouting 5 [ Smuaton o e

stream», save only a part of the info per event) g oo el ]
" The BR of 1 = 4u is determined in terms of that of 1 — 2u: 8 ool fkﬁ;;ﬂ,&ﬁ; ]
Acceptance and 0_4__ ;t B

By, Ny, efficiency for n—4u and : +
B i N—2U measured in o2 -

Y Né‘l]l —- simulations for p; and -

B(n — 2u) = (5.8 £ 0.8)% L Az pseudorapidity bins 006" 20 30 20 s 60 70
10_6 | PDG | 1 generated P, [GeV]
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https://iopscience.iop.org/article/10.1088/1361-6633/ac9cee
https://academic.oup.com/ptep/article/2022/8/083C01/6651666

Observation of the rare 41 decay of the 11 meson

Results:

-1
60 [ O e )

* A peak in the spectrum of the invariant mass of the 4 muons is observed

% g CM.S. ----- Signal 1 4 é
g o ey + ?,;f‘ag = = Statistical significance > 50
é 40:_ x2/ ndf =68/ 60
3 e B 3
o0 Y (0.9 £ 0.1(stat) £+ 0.1(syst))x10
203— 21
102—
R B(m - 4w) = (5.0 £ 0.8(stat) £ 0.7(syst) £ 0.7(B,,))x107°
=2 °F ) E
ébﬁ E T } { I { 1 I { T{H{ 1 Td1T 71 i
81 O l ;I,HH b H%i}h }{{I}IIHI}E{H% = Compatible with the expected value of the SM:

050 0% 05 07 075 08 08 09 B(n — 4-‘[1) — (398 + 015))(10_9
[Chinese Phys. C 42 (2018) 023109]
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https://iopscience.iop.org/article/10.1088/1674-1137/42/2/023109
https://iopscience.iop.org/article/10.1088/1674-1137/42/2/023109
https://iopscience.iop.org/article/10.1088/1674-1137/42/2/023109

Observation of the A}, > J/Y 2K decay

. . CMS 140 fb' (13 TeV
Motivations: 160k " + Dat; 2
= Recent discovery of pentaquark-like structures in J/Yp and J/iA° @140f i _Zi(}signal

0120 | T
= Study of heavier baryons in the decay products, like £~ could unveil the 8100t = |§ Background

existence of doubly or triply strange pentaquarks

Analysis strategy: ; oy
= pp collisions at 13 TeV (140 /fb) (Full CMS Run2 dataset) ST v

. : %5 555 56 565 57 575 58
" Challenging reconstruction due to 3-vertex cascade decay m((2S)A) [GeV]
= Similar to previous analysis, measure A% — J/Y E"K* BF . cms 140 fb' (13 TeV)
relative to AY — 1(25)A via: 2 Ll + IE:Jata
© - — Fit
B(A) = J/9EKT) _ N(A) = J/PEKT) €ppsa B(y(2S) — J/pntn) g 2 g
B(A) = p(2S)A)  N(AJ = ¢(2S)A) €yz—x+  BE™ = An~) S 15|
8 10|
o
3.38 & 1.02 (stat) = 0.61 (syst) = 0.03 (B)]% b
5.2 5.4 5.6 58 6
m (Jy = K") [GeV]
Z ATLAS Marco Buonsante — WIFAI 2025 - 13/11/2025 D
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Summary and perspectives

Great progress in reconstructing di-muon signatures at CMS and ATLAS
* Performance now almost comparable to dedicated experiments such as LHCb

* Most of the current results are based on Run 2 datasets

* Run 3 dedicated trigger strategies are already expanding the physics reach

* CMS: the new Run 3 di-muon trigger shows impressive performance in rare decays (like D — uu)

Prospects for the future

* Searches forn = uuee and BY, - 41 are expected to be published next year by CMS
(s)

* Full Run 3 analyses of the rare decay channels discussed here (B/D — u* u~) will be performed by
both CMS and ATLAS, further improving limits and precision

* The Phase-2 tracker upgrades will improve mass resolution by a factor ~1.5 in both experiments,

boosting sensitivity to rare processes




Thanks for your attention!




Backup
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Angular analysis of the B — K*(892)°u*u~ decay

CMS 140 fb™" (13 TeV)
- lo] LI LI LI LI I LI I L
Eur. Phys. J.C 80,456 (2020) & F ', | E
- [__]ABCDMN EOS .
* The predictions calculated with the HEPfit software E 7] flavio HEPfit .
package adopt a conservative estimation of non-local 0.5 =
hadronic matrix elements and their uncertainties, to m
account for a possible large impact from charm-loop - :
C OF .
penguin diagrams. : + :
* The HEP{it predictions, given the large uncertainties, | } .
are compatible with the measurements. —0.5¢ : r E
_1E s
:I 1 1 | 111 | 11 1 | 1 1 1 I | 111 | | 1 1 I:

O 2 4 o6 8 10 12 14 16

q? (GeV?)
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https://link.springer.com/article/10.1140/epjc/s10052-020-7904-z
https://link.springer.com/article/10.1140/epjc/s10052-020-7904-z
https://link.springer.com/article/10.1140/epjc/s10052-020-7904-z
https://link.springer.com/article/10.1140/epjc/s10052-020-7904-z
https://link.springer.com/article/10.1140/epjc/s10052-020-7904-z
https://link.springer.com/article/10.1140/epjc/s10052-020-7904-z
https://link.springer.com/article/10.1140/epjc/s10052-020-7904-z

Observation of the A}, > J/Y 2K decay
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