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Rare and forbidden deCayS Examples from this talk

Decays of ¢ and b hadrons occurring via penguin or box B - ptp- B ~107°(107h)
diagrams in the Standard Model

= FCNC processes, suppressed by small size of off-diagonal
CKM elements and GIM mechanism

= Sensitive to non-Standard Model contributions
= Offer multiple tests of the SM (challenge is B < 107°)
= Can also search for processes forbidden in SM

b-surt B < 107°°
This talk
Recent results exploiting run | + 11 data set (9 fb~1) on searches for E{L‘ H]W
- N ¢ gt ft Neutrl \
. BE‘SO) — putu~ decays (new!) LHCb-CONF-2024-003

= B) = ¢ uTtT decays (new!) LHCh-PAPER-2024-006



https://link.springer.com/article/10.1140/epjc/s10052-024-12669-x
https://cds.cern.ch/record/2899962
https://cds.cern.ch/record/2898263

SearCh fOr B(;I_ - 7T+,Ll+,l,l_ decays EPJ.C84(2024)468

= Nonresonant decays occur via annihilation plus virtual y/Z radiation
= Currently no theoretical predictions

= Studies of annihilation contributions only for B S2Si3(2005)

= First study of pure annihilation process for B meson decays

Analysis Strategy

= Reconstruct B} —» wtu*u~ decays

= Use a BDT and PID info against combinatorial background
= BDT trained to be performant irrespective of m(u*u™)

= Sort candidates into g = m(u*u™)? intervals excluding J /1 and ¥ (2S) regions
= Perform maximum-likelihood fit to m(B;) in each g2 interval


https://link.springer.com/article/10.1140/epjc/s10052-024-12669-x
https://link.springer.com/article/10.1140/epjc/s2005-02181-5
https://iopscience.iop.org/article/10.1088/1742-6596/1690/1/012162

Searchfor Bf » m u™u~

Normalise to B} — J/y(u*u~)m™ decays
Efficiencies from simulation with data/MC corrections

BBl — mwtutu™)
BB — Jjyn)

Rty = appnt =

Np+,+,- | € +
L AT /A 1B — ™ 17)| Known
Nj/wn—l- 8H+H+“—

= Nonresonant Bf — w*u*u~ simulated assuming a phase-
space distribution

Obtain model-independent results by assigning systematic
uncertainty due to efficiency spread (largest syst. uncty.)

= Consider two extreme cases:

= Dimuon system forms scalar state (unpolarised)

= Dimuon system forms vector state (longitudinal pol.)
—> Difference considered as systematic uncertainty

Candidates per 10 MeV

Jlyat /8:r+;.t+;.t‘

©W

Normalisation mode fit

— —
LHCb e Data
0 fiy! — Total fit
soof [}V e

----- Bi— J/ wK'
400 -= Be— J/ pp'

<=+ Combinatorial

600

300
200
100

6200 6400 6600
m(TH ) [MeV]

Efficiency ratio as function of g*

u] -
35 E_ * Unpolarised E
; - = Longitudinal

25 F *—

> E vV ¢ E

15E .ﬂ# 3

1 % =

05 :I L 1 L M L M 1 L L 3
0 20 30

q* [GeV”]

EPJ.C84(2024)468
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Search for BXf » w u*u~

= Fit includes signal and combinatorial background
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Search for Bf » mtu*u~

= Systematic uncertainties included as Gaussian

constraints in the fits

= Limit on branching fraction obtained for each
g? interval and for all intervals combined
following Feldman-Cousins prescription

= First limit on the nonresonant decay mode!
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Normalisation mode fit

Update of RUJ(ZS)/]/IIJ ratio

e Data
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Z 1o BT
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.071103
https://link.springer.com/article/10.1140/epjc/s10052-024-12669-x

Search for B(g) — u*u~ decays

: BE‘S) — u*u~ decays can provide constraints on Wilson coeffs. b
complementary to B?s) — u*u~ decays = not helicity suppressed

= Expect B(B:® - utp™) < 10711 within SM PRL.116.141801

LHCb-CONF-2024-003

New!

: : : d (s)
= High production rates of BE‘S?) but high background level for ]

decays at collision point

= Most promising approach EPJ.C82(2022)459

.y - *0 — I
— Search within Bl - B(gn™ - u"u~n™ decay chain d (s)

— Exploit displaced vertex signature to suppress background
— Demonstrated in recent search for D*® — u*u~ decays EPJ.C83(2023)666

= No nonresonant Bf — w*u*u~ background as previously shown

+ <0 NotSM
« WOX_ 4
u
t,c,u A d 1Y v
» - - > m
W, X


https://link.springer.com/article/10.1140/epjc/s10052-022-10369-y
https://link.springer.com/article/10.1140/epjc/s10052-023-11759-6
https://cds.cern.ch/record/2899962
https://doi.org/10.1103/PhysRevLett.116.141801

Search for B(g) — u*u~ decays

Normalisation mode fits

= Perform 2D ML fitto m(utu~) and m(mtu*tu™)

= Normalise to BC+ —>]/1p(,u+,u_)7r+ decays 3000 3050 3100 310 3200
m(u* ) [MeV/c?]

Analysis Strategy 1600 |+ o
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—_ - 9 fh! — Total fi
= Reconstruct BY — n* u*u~ decays e A e S
. . . . w1000 s ombinatoria —
= Use BDT, angular info and PID against combinatorial bkg. 5 o F Combatorial
= Same BDT as for nonresonant decays, but dedicated selection = 600 |- e
-.g 400;— =
&) -

= Efficiencies from sim. corrected for data/MC discrepancies
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LHCb-CONF-2024-003 8



https://cds.cern.ch/record/2899962

Search for B(SO) — utu~ decays S e 0

35 T |
= Fit includes signal B — B (utu )™ 0 %ECb preliminary e Data
B Total fit
and BC+ — B;O(,Ll-l_,u_)ﬂ-i_ decays, and combinatorial bkg 25 =12+ Combinatorial

20
15

= No statistical dependency between signal yields 5 “F e BB (u' )
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https://cds.cern.ch/record/2899962

Search for B(;) —» u*u~ decays

= Systematic uncertainties included as Gaussian | preliminary
constraints in signal mode fit

= |Largest systematic due to data/MC discrepancies in
muon impact parameters (but negligible impact)

Confidence belts based on FC prescription
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= Results from fit to data
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https://cds.cern.ch/record/2899962

Search for B — ¢ u*tr™t

= Lepton flavour violating decay

= Possible in SM with neutrino oscillation (B < 107°9)

= First search for this decay

Analysis Strategy

= Reconstruct B —» ¢ ut tF
N |—>3ni(n0)vT
= Reconstruct BY mass using kinematic fit constraining

T mass and v, mass
= Use a BDT against combinatorial background

= Use a second BDT against partially reconstr. b-hadron decays

= Use PID info and veto background from D decays

New!

LHCb-PAPER-2024-006
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https://cds.cern.ch/record/2898263

Search for B — ¢ ptct

= Normalisation mode is B - ¢(Kt*K) Yw(2S(J /Yy ntn™)

= Relative efficiencies from simulation with data/MC corrections

Loptu-

= Largest systematic uncertainty originates from
known branching fractions
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Search for BY — ¢ u*tr™t

= Partially reconstructed b-hadron
decays (dominant background)
modelled by smooth distribution

— Choice of model treated as discrete
nuisance parameter

= Misidentified B —» Dn’, . decays
(peaking) modelled and constrained
using info from simulation, control
data and knowledge on inclusive
D — n~n*tn~ X decays from BESIII

PRD107(2023)032002

PRD108(2023)032001
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— No significant signal observed in any fit configuration
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https://cds.cern.ch/record/2898263
https://doi.org/10.1103/PhysRevD.107.032002
https://doi.org/10.1103/physrevd.108.032001
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Search for B — ¢ uttt .

E(E,é(ﬁ])
1:(13 a)

—2log (

= Systematic uncertainties included as Gaussian
constraints in signal fit

= No excess observed over background-only hypothesis |

III}"I'lIIII|II.1-I"

= Upper limits based on Feldman-Cousins prescription 0 .
Best fit results for linear B(gu't)x10°

model at 0.41 x 10~°

B(B? —s¢uttt) < 1.0 x 107° at 90% CL E U_;g | LHChY !
B(B® —putt¥) < 1.1 x 107° at 95% CL L osg v
06 T

0.5;— I:lExp.I:?_c —;

— First upper limit on this decay mode 042 : E
035 =
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0; 05 -------------- 1 __

LHCb-PAPER-2024-006

14


https://cds.cern.ch/record/2898263

Summary and outlook

= Extremely rare and forbidden decays offer multiple
constraints to non-SM contributions

= Presented three new first searches for
= Nonresonant Bf — mwtu™u~ decays EPJ.C84(2024)468
* B(5) » utu~ decays ] Newfor ~ LHCb-CONF-2024-003
} LHCPY L HCh-PAPER-2024-006

= BY - ¢ uttT decays

= Other recent searches (not covered in this talk)

= B —» Du*u~ decays JHEP02(2024)032
= Af - putu~ decays LHCb-PAPER-2024-005
= BY — utu~y decays LHCb-PAPER-2023-045

= Still to come (exploiting run | + I1):

= Y* - putu  (LHCB-CONF-2024-002), T — 3u, ...

= LHCDb Upgrade | (runs 3 - 4) started taking data (expect
~50 fb~1 by 2032) and will continue making measurements

Stay tuned!



https://cds.cern.ch/record/2899907
https://link.springer.com/article/10.1140/epjc/s10052-024-12669-x
https://cds.cern.ch/record/2899962
https://cds.cern.ch/record/2898263
https://link.springer.com/article/10.1007/JHEP02(2024)032
https://indico.cern.ch/event/1291023/timetable/#63-rare-charm-decays-at-lhcb
https://cds.cern.ch/record/2894699

Backup



The LHCDb experiment

= Single-arm forward spectrometer optimised for studies of beauty and charm hadrons

: NS’ 0= A A JHEP10(2015)172
Large cross sections: a5 = 280 (500) ub, 0.7 = 1500 (3000) pb at 7(13) TeV JHEPO3(2016)159
Heavy-flavour signature u; -
LN’TmmSV £
py B.-: K+
p * p

P
- Excellenf IP resolution
~ 20um to identify B vtx.
= Mom. res. A?p =05—-1%
= Particle identification

ExsKg ™ 95% Eqosk ™ 5%

locator
~ Q70 ~ 1 — 170 -

JINST(2008)3S08005 ;7



https://link.springer.com/article/10.1007/JHEP03(2016)159
https://link.springer.com/article/10.1007/JHEP10(2015)172
https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005

Searches for Biy) = ptu~ decays

= Helicity suppressed FCNC, precise SM predictions

= B(BY - u*u~) measured by ATLAS, CMS and LHCb
Statistically limited, largest systematic uncertainty

o
o
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.012010
https://www.sciencedirect.com/science/article/pii/S0370269323002897?via%3Dihub
https://doi.org/10.1103/PhysRevD.104.032005

Search for BXY —» ™ u™u~ decays
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Search for B » Du™ u~decays

Nonresonant signal decays selected in the range g* <
8.0 GeV* to avoid all charmonium

Charmonium region selected narrowly around J /1

Yields for signal and backgrounds vary freely

Use B® - J/yY(utu™) K*(K*m™) for normalisation

Keep separate fragmentation fraction f./f,, PRD.100.112006

% B (B} — DfJip) = (1.63+£0.15£0.13) x 107°

B (B — D Jjy)
B(Bf — DfJfp)

[ty /Tior = 0.50 £0.11

=1.91£0.20 £0.07

— World’s best results JHEP02(2024)032

Candidates / (25 MeV/c?)

Candidates / (25 MeV/c?)

Nonresonant B — Dfu*u~ fit
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https://link.springer.com/article/10.1007/JHEP02(2024)032

Search for B » Du™ u~decays

= No signal observed for all other modes

Branching fraction

Upper limits

90% CL  95% CL
B(B°— Dutu~) 4.0x107% 5.1 x 1078
B(Bt*— Dfptp) 24x107% 3.2x 1078
B (BE—} Du*p ) 1.2x 1077 1.6 x 1077
fe/fu-B(Bf = Dfptp~) 75x107% 9.6 x 1078
B(B’— D’ Jj 9.6 x 1077 1.1x107°
B(B*— D) 2.8 x 107" 3.5x 1077
B (B?— D°Jjy) 1.0x 107 1.5 x 107"

= First limits or improvements > 3 orders of

magnitude

= SM predictions ¢/(107°> — 107%)
PRD65.2002.037504 NP.B612.2001.25 PTEP.2020.053B07
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https://link.springer.com/article/10.1007/JHEP02(2024)032
https://doi.org/10.1093/ptep/ptaa048
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.65.037504
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Search for AL —» pu*u~ decays _ __ Compinedai = putufi

T; "3 LHCh ° Tous E
” = . 2 AL —sputi 3
. 1073) (short distance L o A oprm
- SM predlctlons. ZE10_6% E|Ong dlstance)) JHEP09(2021)208 E 255_ ----- Combinatorial —E
= Search for nonresonant decays in ranges = 0F ]l ]l ]l ]l
= m(utu~) < 508 MeV/c? § :3 BT {_ + + T3
[ - 2
m(u*u~) > 1060 MeV/c § 5 {. +

= Normalise to A - ¢(u*u™) p decays T YT
m(p i) [MeV/e?]

= No excess observed over background-only hypothesis _
Af - (' p7) p it

— Set upper limit extrapolated to full m(u*u™) range N — T
(assuming phase-space distribution) > F rHCb T e :

§ 120 s4am? 0 JV 0 AL —po ('H) 3

o 100F e Continstoral

_ | | “ b E
B(AF — putp~) < 7.3 (8.2) x 107® at 90% (95%) CL. % b E
S wf -

a C ]

—> Best upper limit on this decay mode S *F E

LHCh-PAPER-2024-005 m(p 1) [MeV/c?]
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https://link.springer.com/article/10.1007/JHEP09(2021)208

Search for BY — u*u~y decays

Combined signal fit BY - ]/l[) n fit
= No helicity suppression wrt. By — u*u~ decays, g o FmeTTT T 35 whme g o
compensating for QED vertex I S - {2
= SM prediction ¢(10~°) JHEP11(2017)184 : ;
= First search as part. reconstructed bkg. for PRL128.041801
BY - utu~decays at m(utu~) > 4.9 GeV/c? - B Suae
- - 500 e '[6.3112:'.@2] 5100 5200 5300 54?30/1;/250(114 ew;soo
= Reconstruct y and perform search in three g2 bins g e
= Normalise to BS = J /i n(yy) decays Limits and predictions on differential BF
?10_65 ——T—— T T ——g
i £ F o TUREECIE) 3
= No excess observed over background-only hypothesis 5wk 5 e em") ]
— - I ;
B(BO—W o) < 3.6(4.2) x 1078 20t [ yos  =racoinaer
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(B i < 65 (TT) A0 it imits at low g2 7 ' F i | E
B(B —)u oy )111<34(42)X10 %wmé— '
B(B? = it 17 )1 with ¢ veto < 2.9(3.4) x 1078 . — 3
107"
B(B?— ™ 17 ) comp. < 2.5(2.8) x 107° F | |
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.041801
https://link.springer.com/article/10.1007/JHEP11(2017)184
https://cds.cern.ch/record/2894699

Overview of rare decays

Expected level of
suppression

105 = Radiative b — sy
1076 = Semileptonic b - s¥¥f
1079 = Helicity suppressed B — u*u~
o " K —utu” (s—d)

= DY - u*u~, long distance (¢ - u)
107" = MO 5 y*+ ) short distance (¢ — u)
10730 = Baryon number violation

10750 = |_epton flavor violation
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