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“b — s anomalies”

@ The b — s anomalies are a series of discrepant data described by a b — s

transition.

@ Many observables give information on these transitions, with various ways to
“dress” the quarks, and various decay properties:

» Branching ratios (BR): B(B — Kupu)

[Parrott, Bouchard, Davies, Phys. Rev. D 107 (2023) 014510]
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Angular observables: P5(B — K™ 1)

[LHCb collaboration, Phys. Rev. Lett. 125 (2020) 011802].
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Effective Theory of b — s decays
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§Cl = 5C¢ vs. 6CI = 6CE,

2.0

flavio v2.5.4
1.5
Lol e Equality between electronic and
muonic Wilson coefficients removes
3. 057 the Ry constraints
T 00 o All subsets of data in agreement at
2]
~ —0.51 the 1o level.
10] — b sup BR e B(BY— utu~) gives Cio compatible
b= s ang. with the SM at less than 2¢.
—1.51 Bly = "
— Clobal o C§ = (g in tension with the SM |
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-2 —1 0 1 2

Re 6C{")
[D. Guadagnoli, CN, S. Simula, L. Vittorio (2023), JHEP 10 (2023) 102]
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https://doi.org/10.1007/JHEP10(2023)102

Connection with chargent current anomalies
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9 @ Shift hinted at separately by b — s-
g 091 and b — c-anomalies of the same
order of magnitude.
004 der of magnitud
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Q —051 —— b—spp BR [B. Bhattacharya, A. Datta, D. London, and
Q b — spp ang. .
~ —1.0 B un S. Shivashankara (2014), Phys. Lett. B, 742
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[D. Guadagnoli, CN, S. Simula, L. Vittorio (2023), JHEP 10 (2023) 102]
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https://doi.org/10.48550/arXiv.1412.7164
https://doi.org/10.48550/arXiv.1412.7164
https://doi.org/10.1007/JHEP10(2023)102

The question

“How do we confirm, or infirm, such a tension observed between predictions and

measurements 7"

v "Are we observing New Physics 7"
or
X “A lack of knowledge of QCD ? (prediction)”
or

X “A mis-understanding of the data 7 (measurement)”
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The question

“How do we confirm, or infirm, such a tension observed between predictions and

measurements 7"

v "Are we observing New Physics 7"
or
X “A lack of knowledge of QCD ? (prediction)”
or

X “A mis-understanding of the data 7 (measurement)”

[ B — utp~ in the high-g? region.
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The high-g? region

@ B — Vpuyu transition has a typical g2 = m(uu)? spectrum:

Ci2

1 1
1 1
- . Og10 H
[ 1
IJ/L(I.S) . b
1 1
, ! o TR 7
ar G7 ! ¥(25) 010
g : : v
P o) O wa OF) s v
nterferency 1 onebutions from € s o’
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Initial and Final State Radiation

2
4mj

The high-g> region

High-g? region = 4.2 GeV < /q2 < m(B?), sensitive to Cy and Cyo.
B(B? — ptu=v)[4.2, m(B?)] GeV = (1.63 £ 0.80) x 10719 in the SM.
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The LHCb experiment

~ LNCb}:)‘:r‘:jz::w:)eZIY:eimleuHewmdeummusrympp‘zmuzum ° Dedicated to b— and C-phySiCS, here
o P I / focus on proton-proton collisions.
R / @ The amount of collected data,
- j j /j characterized by the integrated
8 LSt . . -1
£ s / T i luminosity, totals 9fb™".
E : | P .
LI @ The collected data are divided into

o 2010 2011 ‘2012 ! 2013 ! 2014 ! 2015 ! 2016 ! 2017 . 2018 ‘“ "

Year separate runs
Integrated luminosity per year. Run 1 in 2011-2012 and Run 2 in
2015-2018.

LHCb MC
fs=14Tov

o Forward spectrometer:

3
6, rad]

The LHCb detector. The bb cross-section.
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From BY— ptu~ to BY — puy

o The latest measurement of B — u*pu~ by LHCb shows that BY — pu*pu~=+ can
be accessed without reconstructing the (soft) photon

[LHCb collaboration, Phys. Rev. Lett. 125 (2020) 011802]. Using Only the di-muon information

i T ] v/ increases the reconstruction efficiency

6fbt
070 <BDT £1.00

N}
=}

E X specializes the analysis to high-g*

Candidates/ ( 50 MeV/c?)
5 &

3 » Enlarging downward the mass region
v increases the signal yield

o

5000
- (MeV/e] X increases the background yield

@ The analysis is based on muon pairs with m(u~pt) € [4.2,6.0] GeV, and
this requirement is understood throughout the talk.

@ Current limit: B(B? — ptu~v) < 2.0 x 1079 with m(p—pt) < 4.9 GeV.

Camille Normand (UoB, UniCa) Bg — u+,u_ ~ without photon reconstruction 29th February, 2024 12/43



Measuring N(B? — u* =)

@ The final expression reads

B . f.
B(BY — jit ) = 2R s S0 o o NBY s )
Nnorm. Esig. f:s

We choose two different normalisation channels, B® — K+7~ and
Bt — JWpKT.

o N(B? — utu~7)°P is extracted from a fit to the invariant di-muon mass
similar to the B® — ptp~ analysis

Normalization:

Candidates/ (50 Mev/c?)

5000 5500

60
m,., [Mev/c]

500 520 530 550
B JCMass (MeV/c)

@ Normalisation and signal efficiencies are determined on MC samples with
inclusion of systematic uncertainties (ongoing).
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Backgrounds

@ Several background sources:

M v

Combinatorial, mis-identified and signal-like backgrounds.

Lapart from the combinatorial background
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Backgrounds

@ Several background sources:

M v

Combinatorial, mis-identified and signal-like backgrounds.

o Each background! comes with its efficiency, epack., computed individually.
We want to minimize €paek. -

Lapart from the combinatorial background
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Backgrounds

@ Several background sources:

B - "
PV I 2% /T

Combinatorial, mis-identified and signal-like backgrounds.

o Each background! comes with its efficiency, epack., computed individually.

We want to minimize €paek. -
o Estimates for the number of background events:

norm. norm. f
B(back.) = Bnorm. x Snorm. ?d x N(back.) .

norm. €back. i

Lapart from the combinatorial background
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Backgrounds

@ Determine the number of observed events and the efficiencies for

v the normalization channels (from the B — u*p~ analysis)

X the signal channel

@ For the backgrounds, the tasks are to

> list the dominant backgrounds i.e. identify which processes could mimic our
signal,

» determine the efficiencies,
» model the shape from MC samples,

> estimate the number of expected events (and the signal mass shape) from
measured BRs.
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Signal efficiency

Acc f'l‘l’ig\Acc

€rot = € % FRCCSQHI!‘]g % FPID'I{(ICSCI

% « ¢BDTIPID

o €A = (48.195 4+ 0.090)%
The decay products are in the acceptance of the detector.
o ¢MiglAce — (95 56 4+ 0.07)%
The decay products trigger the recording of the event.
o eftecSellTris — (6.25 £ 0.21)%
Requirements to separate signal from backgrounds and “clean” the samples.
o (PIbIRecSel — (9276 4-0.09)% vs (6.5 & 1.0)% for A — pu~7,,.
Requirements dedicated to reducing mis-ID’d backgrounds.
o (BDTIPID 300,

Multivariate Tool targetting combinatorial background.

Nexp 2.41+1.21
Nexp[B(m(p 1) > 4.9GeV) =2 x 1079] 267 + 113
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Boosted Decision Tree (BDT)

@ Isolation variables, vertex fit quality, kinematic variables.

LHCb Data
|:|82 -

.BS ~ oy
DDalaRunZ

-2
Birection angle 6,

Figure: Distribution of the direction angle for BY — ™™ (signal), B — u*u~, and
data (combinatorial).
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g*-dependent efficiency

@ The signal spans in g2, such that the g? dependency of the efficiency “shapes’
the signal distribution.

T = a 0.1 r T T T ]
LHCb Simulation 4 15 [ ]
B ] ‘G 0.08F _
ey ] -.g 0.08 I LHCbSimulation E
[l sctore secion 4 o [ B~ u u'y-BDT>07 ]
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E 004 ey ]
] 3 -~ 1
E 0.02 ;/ 7
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Figure: Di-muon invariant mass distribution of the signal (dark red) at the generation
level and (light gold) after full selection containing a BDT requirement BDT> 0.7.
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Number of events and the signal mass shapes

@ To fit the invariant mass distributions of the events, we need to describe the
shape of this distribution for the signal.

@ The signal mass distribution is determined from MonteCarlo (MC) simulations

@ Represented by an Argus function convoluted with a Gaussian with a width
fixed to the di-muon mass resolution from the B® — u*u~ analysis at
Ores = 22.0 MeV

80.016 Unofficial {
—0.014F o E
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2 o.01F 3

o ¥ E
Lﬁ 0.008 LHCb Simulation

0.006F BDT>07 E
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Form factor parameterisation

@ The choice of input form factor parameterisation influences the signal shape.
(cf. Ludovico Vittorio's talk)

RapidsimSimulation  —]
B uuy 3
Wovs fomfaciors
[CJm formfactors

Oweorsor 7

55 6
m(u ) [GeVicg

Figure: (Gold) KM parametrization and (black) the GNSV parametrization before
selection.

@ KM: [A. Kozachuk, D. Melikhov and N. Nikitin (2018), Phys. Rev. D97 (2018) 053007]
@ GNSV: [D. Guadagnoli, CN, S. Simula, L. Vittorio (2023), JHEP 07 (2023) 112]
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Form factor parameterisation

LHCb Simulation
BY - u ' y-BDT>07

i 1 X

..“.«“‘ E

4500 5000 5500 60

LHCD Simulation
BDT>07 3
[l GNSV form factors
[ KMN form factors

5500 6000
m(u ) [Mevic?

LHCb Simulation
B~y

Wons fomiactors

55
m(u ) [Gevicg

Figure: (Light) KM parametrization and (dark) the GNSV parametrization after

selections.

Camille Normand (UoB, UniCa) Bs0 — ™~ without photon reconstruction

29th February, 2024

21/43



Invariant mass fit

—~0.016F Unofficial § 6'0‘0'018
—0.014F r 4 30.016 3
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Figure: (Left) KM parameterisation and (right) GNSV parameterisation.
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Backgrounds - Semi-leptonic decays

@ Semi-leptonic decays yields

Expected yield 1136 & 158

@ Mass distribution

LHCb Simulation
BDT >0.7

—=— Semi-leptonic
— Argus PDF

LHCb SmulaP"°f"C'“
07

BDT >
-BBAJIL/J,u v

BB - Kpyv

A v

B - mupu

{ B -7 u

ﬂ B . muv

Events/ (18)
8

Events/ (18 MeV/c?)
3

Unofficial

15 0
10 Lo
0 m,ﬂThTu iyt i,}:.hi,.ni ' AL
5 - o L L B L
I
0 4500 5000 5500 6000 4500 5000
m(u ) [Mevic? m(uut) [MeVic?
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Backgrounds - B — Kpuu decays

o B — Ppuypu decays yields

Expected yield 834 £ 55

@ Mass distribution

o 3BF Unofficial 3
— : N 3
(\d) Unofficial 3 ~
S E a BF E
(%} LHCb Simulation 3 g 20F E
= 807> 07 E = LHCb Simulation
g .B‘,K‘Ml 4 W 15F gpror E
2 B - Kspu E 10F —et-uuy E
5] _f 5 — Johnson PDF E
@ E 9
B o]
E O bl e e
= Rk ie o LN AL okl | et
, , E 5
5000 5500 6000 4200 4400 4600 4800
m(u ) [Mevic? m(uut) [MeVic?
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Backgrounds - B — V uu decays, V = K*, ¢

@ B — Vyupu decays yields

Expected yield 562 + 32

@ Mass distribution

o Unofficial
31) 60 nofficial
& I I il ] <50 3
§ 60 Unofficial _: "
(%} LHCb Simulation E ‘g 40 3
= 50 BDT>0.7 E g -
@ W K uu 1 @ 30F LHCb Simulaion 3
Z 40 [ [y E 20F b vap 3
§2) He < uu E —— Buay
8 * _E 10F —— BukinPdf PDF 3
Li 20 E 9 | |
10 _ 0 """—-p*-‘-q-""'*—!—-:-q‘ ]
. ) E 5 . ;
o s 5000 5500 6000 4200 4300 4400 4500
m(u i) [Mev/c? m(u ) [Mev/c]
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Backgrounds - Combinatorial

@ Unknown yield.

@ Accounted for by a double-exponential PDF:
» One for the combinatorial above the B? mass;

> One for partially-reconstructed “cascade decays” B — (D — wuv)uv.

g ]
0.1 RapidSim Simulation 7
- B - (D~ o)ty ]
0.08F B (D - wp vy ]
0.06f E
0.04f ]
0.02f E
- ) ) h

Soo 4500 5000 5500 6000
m(up*) [Mevicd
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A first look at toy data

—~ T T T T T T T T LI
o0 Unofficial LHCb toy data ]
— 1
N—r BDT>0.7

~ « Run2Data Combinatorial

%) «ee- Semi-leptonic ----BY — u”p*

) B gt By - PUM
8102 “++Buag = VHH

4500 5000 5500 600C

m(u ) [Mev/c?]

Camille Normand (UoB, UniCa) o

BY — u+,u_ ~ without photon reconstruction

Background-only fit to the data i.e.
no signal component to the fit (not
shown).

Blinding: the number of expected
event ~ 3 means that the signal is
not distinguishable in the data.

— Blinding is realized by not fitting
for signal.

From this fit, we can extract the
parameters for the combinatorial
background.

All parameters and their uncertainties
can be combined to generate toy data
and compute the expected sensitivity
of the analysis to the branching ratio
of BY — utpu= (not shown).
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WIP and concluding remarks

@ Including and constraining the cascade decays would allow for a better control
of the backgrounds in the entire mass region, thus improving the upper-limit.

o Compute €pack. on higher statistics MC.

@ Include systematic uncertainties: PID requirements, form factors
parametrization.

@ The partial reconstruction method proves to be useful to probe a challenging
phase-space of the decay.
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Question time !

Thank you for your attention !
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Back-up
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All scenarios

Scenario Best-fit point 1o Interval x2SM — y2
(6ci™9 scNy e R (~0.88,+0.30)  ([~1.08,—0.56], [0.15,0.46]) 55
scpec —0.70 = 1.36i  [~1.00, —0.54] + i[~1.77, —0.54] 5.8
scec ~1.08+40.10i  [~1.31,-0.85] + i[—0.70, +0.85] 6.4
5c{g=e) eC +0.68 4+ 1.40/  [+0.38,+1.00] + i[+0.69, +1.92] 3.2
§CeC 40.01 - 0.10/  [—0.015,0.046] + i[—0.17, —0.05] 2.6
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(Cly Nazss = €3y uazs [TeV 2]

flavio v2.5.4

By = pp

b — spyu obs.
Rp/p- - HFLAV
Global

—0.10

—0.05 0.00 0.05

(113323 [TeV 7]

flavio v2.5.4

5
%
=
R 0.0000
B
g = —0.0002
[6) By = pp
—0.0004 b — sy obs.
—— Ry
~0.0006
—— Rpyp. - HFLAV
~0.0008 Global
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SMEFT

2.0 ’
[Cl(ql'i)]nzs =0
1.54
g 1.04
@)
w
2 0.5
= :
| 0.01 >
e 05 o
s 4 — b spp BR
: b — spp ang.
o Bly =
9 Ry/rer
—— Global
~20 , '
Re 60})‘(041)

Camille Normand (UoB, UniCa)

Re 6C17)

100 G )aas = [Cly P azs
200+
0
Rpp-
—2001 — b — sup BR
b — s ang.
BY =
] i &)
—400 | —— Global
T .
-2 0 1 2

Re 5Co“") +5C = Re 5C3') + 5C)

Bg — u+u_ ~ without photon reconstruction
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FSR

b o
O1o

~

s 7

FSR component to the B — ;" 11~ amplitude

x Jem Qem

- . GF
Apsr = +lﬁth ts o0 e Xefg, 2m,, Cio

X{E(PZ) <tf*572 - up;)(;ﬁ) V(Pl)}>

B B
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Long-distance contributions

"
o Sum over (3770, 1(4040), 1(4160), 1)(4415) of

Breit-Wigner poles:

G = G'(d)
9rC myB(V — up)eo
> " Inv]e® w5 1)

+
A , a2 v q? — m} + imy T
O1
>€i: o Power-suppressed at high-g?
s cc ,Y* Tl _ TL
" 16 VipVig + Vo Vea 110
O 3 V., Vi Cstt mpo
b gl
cc o Power-suppressed at high-g®
o
s
1
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D; — ~ form factors

@ Direct Lattice computation of the form factors V| || are available

0.10

Vi

005

Vi [Gev)

@ The Lattice data are well described by the following ansatze

VP (g?) = % r? e The Ds(z‘l)) are physical states:
+ 1—q2/mD* 1—q2/mD*
rDS » D and JP -
vP(?) = N . » Dg: JP = 1+
Il (q ) 1— q2/m2D 1 1
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From Ds — 7 to BY — ~

o We use the following ansatz

B, B,
VB(g?) = r1 Fi2
+ 1—q?/m3. 1,q2/m123*1 ’
Bs
r
VB (g?) — Il )
Il (a°) 1_‘72/’772551

with BZ, B and By physical states of the BY spectrum.
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From Ds — 7 to BY — ~

o We use the following ansatz

B, B,
VB(g?) = r1 Fi2
+ 1—q?/m3. 1,q2/m123*1 ’
Bs
r
VB (g?) — Il )
Il (a°) 1_‘72/’772551

with BZ, B and By physical states of the BY spectrum.
@ The residues r,-M" can be expressed
M; nqﬂﬂifhﬁ
= ————8M; My-
My

i

with the tri-couplings gy v, parameterize the coupling strength of
A4? — Aﬂ;y.
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From Ds — 7 to BY — ~

o We use the following ansatz

B, B,
VB(g?) = r1 Fi2
+ 1—q?/m3. lfqz/sz*1 ’
Bs
r
VB (g?) — Il )
Il (a°) 1_‘72/’772551

with BZ, B and By physical states of the BY spectrum.
@ The residues r,-M" can be expressed

M; muy; fo

R = g M-
] mu i i

i

with the tri-couplings gy v, parameterize the coupling strength of
M,* — M,”y.

@ The tri-couplings are parameterized in terms of quark magnetic moments,
which follow a 1/mj, scaling.
L Using the LQCD data of the charm sector, we extract the tri-coupling and
extrapolate to the bottom sector.
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Extrapolation to the bottom sector

@ The form factors in the bottom sector thus require the determination of:
» The mass my;;
» The decay constant fy;;
> The tri-coupling M M

of the excited states of the B? with the relevant spin-parity.

@ We parameterize the tri-couplings with a heavy-quark expansion
m

gDles’y - ,LLE(*QS + Qcis) )
me

m
86.Br = MI(—Qs+ Q—).
mp

@ From the LQCD form factors fit, we extract gp,,p.~, then ,uﬂ, and finally gg, B.~-
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Influence of the form factors parameterization

@ The signal mass distribution of the MC depends on the form factors they are
generated with

T ] ~—0.014

20‘016 LHCb Simulation 3 $0.012 E
0014 BDT>07 1 g ooy 3
-§ : [ GNSV form factors ] 90.008f !
3 0.012 [J KMN form factors 0:005 E EB,?’)S(‘{;‘”'G‘“O"
g 001 0.004F —— 8! - 4 u* y - GNSV form factors
Z 0008 0.002F __ (Argus* Gaussian)
. ok
5 !
Ofsbghbinpionbiseidian ’i*‘n‘“?‘“““r
E -5 i bd
5000 5500 4500 5000
m(u ) [MeVv/cg m(uut) [MeVic?

@ It will be included as a systematic uncertainty.
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Complex fits

b= sup CPV

— b— s BR
b= spp ang.
By =

3 3
b s CPV b spp CPY
— b suu BR — b suu BR
2 By cpp v 2 R —
— Global BY) - up
1 11 — Global
-2
flavio v2.5.4 flavio v25.4
3 -3
-2 2 -2 0 2
Re 6C4") Re oC(")
0.4 3
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0.3{ — b sunBR
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Boosted Decision Tree (BDT)

LHCb Data
.BZ -

.BS —upy
DDaaRun2

-2
% Birection angle By za

Figure: Distribution of the direction angle for BY — ™~ (signal), B — p*u~, and
data (combinatorial).
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