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Rare B decays
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Flavour—Changmg Neutral Currents
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First b — s FCNC: b — sy

® Discovered in 1993 at CLEO
o« BR(B = K*#y) ~ 4 x 107>

e Quark transition b — sy

@ Nowadays b — sy well known
e Many decays studied —

e Measured CP violation, mixing,
polarisation of the emitted y

@ All measurements agree with SM
e Great constraints on e.g. SUSY

e Still space for improvement

@ b — sy hard at LHCDb (neutral y)

Martino Borsato - Heidelberg U.

Events/(3MeV)

M(K*y) (GeV)

gvg K

[Phys.Rev.Lett. 71 (1993) 674 -
Cited by 605 records
Phys.Rev.Lett. 74 (1995) 2885 -
Cited by 836 records
Phys.Rev.Lett. 87 (2001) 251807
- Cited by 565 records]



b — sZ7¢ at LHCDb

® Several fully charged final states
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Selecting b — suu

® Hardware trigger: i, P /A

® Software trigger: displaced
charged tracks forming vertex

@ Muon and charged-hadron
identification

@ Machine Learning classifier to
label events that are more likely
to contain signal

@ Fit to B invariant mass to
subtract background

e Mostly combinatorial
combination of tracks
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Candidates / (7 MeV/c?)
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Measuring the BR

SIENA  PEAY 6 @M
® Decay amplitude gets contribution from NP 1 N ‘/
— Decay Branching Ratio can be different ( Q) = ._L é g R ( /\/)
@ Measuring BR at LHCb BR Ny 4 s
» Hard to know how many B are produced VA ~
» Always normalise to other decay channel Mgzncjf;mmﬁ'

©b— s have excellent normalisation channels
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A function of g*
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® Measured dBR/dg? in various decay modes

® Predictions have large uncertainties (10-20%)

BR results
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@ All rates lower than SM predictions
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e Is this a sign of NP contributions (negative interference with SM)

¢ Or is this just a sign that these SM predictions are hard to do?
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https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2016-012.html
https://lhcbproject.web.cern.ch/lhcbproject/Publications/l/LHCb-PAPER-2021-014.html

Angular analyses

@ Can study other properties of the B decay
o e.g. B - K'%¢/%¢™ has rich structure

® Full decay kinematic described as

function of g2 and three angles

1 dY(T' + 1) 9 T, :
I - = —|2(1 — Fp,)sin“ 0 F 29
d(I'+T)/d¢*> dqg2dQ 397 [4( 1) sin® O + Fy, cos” Ok
+i(1 — Fy) sin? 0 cos 20,
4“&1":&’9‘ J‘é —FL C()S2 HK COS 2(9[ + SS Siﬂ2 HK Siﬂ2 el COS 2¢

+.5, sin 20k sin 26, cos ¢ + Sy sin 20k sin 6; cos ¢
+3 App sin” 0 cos 6, + Sy sin 20 sin 0 sin ¢

+Sg sin 20 sin 26, sin ¢ + Sg sin? Ok sin? 6, sin 2¢
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Correcting acceptance effects
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Candidates / 0.1
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20

Multidimensional fit

@ Fit physical probability density function
(PDF) to acceptance-corrected data

® Use B mass fit to substract background
and to model it in the angular dimensions

@ Fit three angles simultaneously and
extract angular observables in bins of ¢*
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Results angular analysis

1 . ——
i LHCb Run 1 +2016
0.8 M%@ A SM from ASZB .
s T T ]
: lt +
041 N
i b
0.2_— ;? °:' _]
L 1 A N B
0O 5 10 15
q* [GeV?/c4]
—r vt [ Tt t v tv [ ‘v ‘t ‘v T [ T T T
0.5~ LHCb Run 1 + 2016 -
: ) SM from ASZB | m
O i
[+ K 2 =
S =
-0.5 _
1 L 1 L L L L 1 L L L
0 5 10 15
q* [GeV* ¢4

T L L
0.5 LHCbRun 1 +2016 |
i ) SM from ASZB )
o=ty
 + 4 1
I Z = @
~0.5 ' : .
1 L 1 L L L L 1 L L L
0 5 10 15
q* [GeV?/c4]
T L L
0.5 LHCb Run 1 +2016 7]
0= ——+
T+ -
R
~0.5 ' : .
1 L 1 L L L L 1 L L L
0 5 10 15
q* [GeV* ¢4

T A T N T T T
0.5~ LHCb Run 1 + 2016 ]
i ) SM from ASZB T
O:F .
s
L % = 4
-0.5 : —
1 L 1 L L L L 1 L L L
0 5 10 15
q* [GeV?/c4]
T A T N T T T
0.5 LHCb Run 1 +2016 |
o L i e |
I ! —— ' b
T R |
~0.5F ' ) .
1 L 1 L L L L 1 L L L
0 5 10 15

q* [GeV?/c4

® Measure 8 angular observables in 8 q2 bins (64 numbers!)

@ Deviations at 1-2 sigma level observed in some observables
— is it simply look-elsewhere effect?
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Interpretation

f decay b — sCC

@ Integrate out > my;,

® four-fermion interaction described W=
by etfective couplings

® Main SM contributions:

o Vector (Cy) and Axial-vector (C,) D S
leptonic currents 1

e b — sy* contribution in (C,) 7, At
— very well constrained by
radiative decays e A
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Interpretation

® Fit most relevant effective
couplings Cy and C, to data

@ Use all b — suu measurements
e Branching ratios

e Angular analyses

@ Fitted couplings do not match SM
expectation (anomaly!)

 Coherent picture from BR and
angular analyses

e SM predictions still under scrutiny

) oA
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Fit from arXiv:2103.13370
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Similar fits from other groups:
Algueré et al., arXiv:1903.09578
Kowalska et al., arXiv:1903.10932
Ciuchini et al., arXiv:2011.01212
Datta et al., arXiv:1903.10086
Arbey et al., arXiv:1904.08399
Geng et al., arXiv:2103.12738
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https://inspirehep.net/literature/1853232

The very rare B, — uu

4

/A
‘%ﬁ%f C D
> w
o Same diagrams as b — suu
(spectator quark in initial state) 2° [} / ¢
More ' dicti BS w /" 7
0 precise predictions because of 5

leptonic final state

® Purely leptonic By, — u™pu~ decay

e Much smaller BR because of
helicity suppression (B,
pseudoscalar)

e SM branching fractions prediction:
BB - utu~) = (3.66+0.14) x 10~
with only 4% uncertainty
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The very rare B, — uu
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Latest LHCDb result

BR(B] — ptu™) = (3.0915357517) x 1077

16% uncertainty!
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Interpretation

@ Combining results By — pp results
from ATLAS, CMS and LHCDb

@ Uncertainty on BR(B; — uu)
reduced to about 12%

® Measurement below SM by about 2o
— Compatible with C| shift that
could explain b — supu!
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Fit from arXiv:2103.13370
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Tests of Lepton Universality



b — s tests of LU

® b > s~ is lepton universal in the SM
— can identify LU violating NP contribution

Hiller & Kruger arXiv:hep-ph /0310219

@ b = st not observed yet — compare y and e

® Predictions are extremely precise
 QCD uncertainty cancels to 10~ SM
B Hu*
e Upto ~1% QED corrections qunax — o /

. qmln
Bordone et al arXiv:1605.07633 RH Iqmax dB(B — Heteo)

dg?

2
@ Main challenge at LHCD is e/u differences in dg

the detector response

qmll’l
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https://inspirehep.net/literature/630881
https://arxiv.org/abs/1605.07633

ere— at LHCDb: Selection

e Electrons at LHCb: Hardware trigger at LHCb:
e Being light, they are produced in a o pr(u*)>15-1.8 GeV
plethora of decay channels e E(e*)>2.5-3.0 GeV
» Trigger on large e*/h*energy deposit on
calorimeters

e Electron ID relies on calorimeter for
suppression of @ mis-ID Electron ID at LHCDb

e Large combinatorial background:
machine-learning based classification
using kinematics info and isolation

® Muons trigger and ID is easier

e Selection

€(B+ N K+,u+,u_) .
Qe (B+ - Ktete—)

——

Phys. Rev. Lett. 122 (2019) 191801 Int.J.Mod.Phys. A 30, 1530022 (2015) E / p(j
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Bremsstrahlung

ECAL
24 A
, G \(\1\8 mu)
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Mass resolution

LHCDb arXiv:2103.11769
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@ Background with missing pion (Part. Reco.) due to mass resolution

@ Combinatorial background is much larger
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Backgrounds 1n electrons

® Particle ID and mass vetoes to suppress peaking bk
e Remove BT — D% = KTe v)ei by requirin@g_)r > Mpyo
° Remov@vit}l electron ID P( T .Q) v 7 70

@ Reduce combinatorial background with multivariate P( KRR — K%) ~ 10 }
analysis (Boosted Decision Tree)
LHCb @

simulation

¢

® Choose m(K*e*e™) window

to suppress other backgrounds

[Em—
-}

* Cross-check using control regions
and changing m(K*e*e™) window

Candidates / (a. u.)

B—H,(—Jy X K*
- or B—=J/y H(—=K"Y)

17 <<f‘< 6.0 @UVZ 5
7
’Wb%'/q, = 9.5 W 00 4800 5000
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Charmonium control channel

LHCDb arXiv:2103.11769
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© BT —» K" J/Iwy(£"¢™) decays are known (and expected) to respect LFU at(0.4% leveg

@ Excellent control channel: samples of 750k electrons and 2.3M muons

@ Can be isolated from background using J/y mass constrain
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Double ratio

—

K _ BK(E")K/‘TL
K~ |5K(|3~AK26> ?16[4-7,5-0] Wz

s ee L
Ry = f\l}\ s |7 Kerg, = *EK(&ﬁKIW(MQ: 1
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Double ratio with y(295)

@ Can also test that Rx measured at the ¢(2S) is 1

b B(BT = KEp(2S)(ut ) /B(B+%K+w(zs)(e+e—)) =
YED T BB KHJ[U(utun)) [ B(BY = K Jfu(eter)) T

® Validation of g* dependence of efficiency correction

@ Compatible with unity to 1% precision:

~ - ~25000
§> 10000 LHCb §’ - ﬁ LHCb
= ) ﬁ —+— Data 4 fb” < 20000 |- —— Data 4 fb!
~ 8000 [~ Total fit < i '
) C e B*— (2S)(e*e )K" g - Total fit
7 - B B y(2S)(e'e )k’ % 15000 [~ , RSN
7 [ L Y B TR B"— 28 K
% 6000 i e B+e J/?/}(€+€_)K+ 8 : I/J( )(M M )
% i B*— e*e’K” S 10000 &= Combinatorial
= 4000 - B B — y2S)(JpX)K* = I
O - B B — X (JrX)H (KX) O N

2000 - Combinatorial 5000

N e—tolel 1 14
5200 5400 . 5600 5200 5300 5400 5500 5600
mw(zs)( K'etem) [MeV/c?] mw(zs)( K*utu) [MeV/c?]
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Rrresult

LHCDb arXiv:2103.11769

® Measured with full dataset
(9/fb at vs=7, 8 and 13 TeV)

/— \ - I o (])3'13]3212]", 81I2G\I/2/4
— +0.042 +0.013 : - : [15R1§8q60§20'12] o
e — Belle 2

Ly , 10<q><60GeV/c*
@ Yield of ~1640 BT — KTeTe events HHEROSEOZDION
(vs ~3850 in BT — K*u™u™) driving '
the total uncertainty: -
g pcndirtl U LHCO O
o 5% statistical error vs 15% systematic new data e [LHébC{PZPE'R-zgzl-go4]
P P B
, 0.5 1 1.5
® Ry is found to be lower than 1 by Ry

~15% with a significance of 3.10
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Other LU tests

b s L4

@ Tested LU in other decay K -

channels |
K+
@ Precision limited, but

coherent results

KU |
S
@® Combination not trivial
(cannot simply average) ot |
|
0.0 0.5 1.0

B(muons) /B(electrons)
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Intepretation

Fit from W. Altmannshofer and P. Stangl arXiv:2103.13370

2.0

— By —pup lo
—— Rig & Rk~ 1o, 20
— b—sup lo, 20

—0.5 1

—-1.0

—2.0 —1.5 —-1.0

—-0.5

bspup
Cy

0.0

0.5

1.0

Similar fits from other groups:
Alguer6 et al., arXiv:1903.09578
Kowalska et al., arXiv:1903.10932
Ciuchini et al., arXiv:2011.01212
Datta et al., arXiv:1903.10086
Arbey et al., arXiv:1904.08399
Geng et al., arXiv:2103.12738
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https://inspirehep.net/literature/1853232

bspup
Cig
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Interpretation

Fit from W. Altmannshofer and P. Stangl arXiv:2103.13370

2.0

1.5 7

—— Bs— pp lo

—< RK & RK* 10', 20
— b—=sup lo, 20

rare B decays lo, 20

. ¢ S
0.0 ’ 7z~ :?U
—0.5 1
_1.0 1 1 1 1
—2.0 —-1.5 —1.0 —0.5 0.0 0.5
bspup
Cy

1.0

Similar fits from other groups:
Alguer6 et al., arXiv:1903.09578
Kowalska et al., arXiv:1903.10932
Ciuchini et al., arXiv:2011.01212
Datta et al., arXiv:1903.10086
Arbey et al., arXiv:1904.08399
Geng et al., arXiv:2103.12738
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A handle on the cc loop

@ Experimental handles on c¢ loop: o
- Alle  EE 0,=0

e NP in C9 would give helicity and g2 Mo’ = Wlflavio v0.20
independent effect while hadronic effects

could be helicity and 42 dependent

W.Altmannshofer et al Eur.Phys.J. C77 (2017) no.6, 377

o Perform full angular analysis of B—=K*uu
including cc resonances and measure
interference phases

Blake et al., arXiv:1709.03921 0

1.0 _0 5
no clear 42 dependence 3
in current data

—0.5 1
o
Zo —1.0 1

flavio vo0.21.2 O . .
R 5 10 15

¢* [GeV?] g% (GeV?/c%)
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B, —> eTe”and B, > t71”

B, - eTe”

@ Different levels of helicity suppression depending
on the lepton mass

@ Electrons and taus present additional
experimental challenges

@ LHCDb has search for both and has set upper limits
BR(BY — ete™) < 11.2x 1077 at 95 % CL
BR(BY — t%77) < 6.8 x 107> at 95 % CL

Fleischer et al., JHEP 05 (2017) 156

0.1 i 2017 + LHCD limit : : |
! ! 2020
| ' 2009 | | LHCD
107+ 2013 | PRI Rty
I CDF lLimit | CDF limit | limit
10—7 SM I! ---!—'——' |
10l 2019 LHC & SM Thitreraal
L New Physics
I Scenario
1073+ SM |
10—16 ] E(Bs — 7_+7__) E(Bs — ,LL+M_) E(BS — 6+6_)
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Candidates / ( 120 MeV/c?)

Candidates
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Neural network output

C08TI¢C (020C) ¥l HIT A "SAYd

C0814C (L107) 81T 1T A "SAYd
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https://link.springer.com/article/10.1007/JHEP05(2017)156
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.211802
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