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Flavour Anomalies

e Tensions with the
standard model are
evident

e Nothing discovery-level at
this point

e One important
measurement is R -

which involves baryons!
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Quark-level reaction, b — s~

e Reaction suppressed in SM, only available at loop level
« Tree-level contributions are possible in new physics

e Sensitivity to virtual contributions from BSM particles with masses
that can’t be directly probed at current energies

« Can be used to test for lepton flavour universality
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Branching Fractions

o (Relatively) simple to
experimentally extract

 Theoretical calculations are

affected by hadronic
uncertainties

e Trend: b — su™u~ BFs

systematically lower than the

standard model predicts
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Angular Fits

« Form factors partially cancelg . ¢~~~ T "
- clean observables! LHCb Run 1 +2016

SM from DHMV E
e Need to understand 05 L _
detector acceptance -l -
e Many angular parameters 0:
require large yields - )
. Right: Angular observable P, 0S¢ 1 —} }- —-
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inB” — K “u"u~ decay i i
Theory Predictions: -1 : 1 .. 1 |

JHEP 12 (2014) 125 0) 5 10 15

2 -
1HEP 09 {2010) 089 PRL 125 (2020) 011802 q* [GeV/c?



https://arxiv.org/abs/2003.04831
http://arxiv.org/abs/1407.8526
http://arxiv.org/abs/1006.4945

What is Lepton Flavour Universality?

« In SM, electroweak couplings of all three lepton flavours are the same

e Decay properties and hadronic effects are expected to also be the
same (up to leptonic mass corrections)

e For example, the branching ratio, predicted by SI\/I to be umty W|th
high precision away from threshold
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History of A, — ADZT¢~ at LHCb

« 2017 - First observation of A, - pK u*u~

e 3 fb_l, tested for evidence of CP violation, none
found

Candidates / (8 MeV/c?)

Theory Predictions:
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History of A, — ADZT¢~ at LHCb
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http://arxiv.org/pdf/1808.00264

History of A, — ADZT¢~ at LHCb

. 2020 - Branching ratio in A, - pK~ "¢~ decays
-1 p-1 _ +0.18
5L R = 117 (Fope) o £ (0.07)gyst
e First test of LFU with b-baryons

. First observation of A, - pK e*e™
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Theoretical and Experimental Challeng

e LFU ratios depend on the
strong phases of the

intermediate states 0

Weighted candidates

 So many states - much more
overlap than Ry or Ry !

50 I
40 | +

LHCb
Rare Mode

e Interpretation is a challenge

2500 ]
m(pK~) [MeV/c?]

JHEP 05 (2020), 040 Supp. Mat.
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Theoretical and Experimental Challenge N
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https://arxiv.org/pdf/1507.03414.pdf

Decay Angles for A, — pK= ¢~

« Decay rate is written in terms of three angles
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e between t
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¢ =q¢,+ ¢

« Assuming unpolarized A, 2

e True at LHCb

JHEP 2006 (2020) 110

ne negative lepton and z-axis, 0,

ne proton and z-axis, Hp

ne leptonic and hadronic decay planes,
ph

Figure credit: A. Beck
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Building the Amplitude
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Building the Amplitude
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A. Beck et al: Private Communication
(Publication in Preparation)
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Building the Amplitude
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A. Beck et al: Private Communication
(Publication in Preparation)
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Building the Amplitude
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A. Beck et al: Private Communication
(Publication in Preparation)
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Initial Amplitudes for A, = AV
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(Publication in Preparation)
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Form Factors

(AISTHb|As) o = Ta (A) [v* (XT1(¢°)Y* + Xr2(g®)v* + Xra(g°)v'*) + Xra(g?)g®*] u (Ap)

gen

« ForJ, = 1/2:
. 3 form factors per current: FI(T) (qz), FZ(T) (qz), and F3(T) (qz)
e« ForJ, =3/2 or 5/2:
. 4 form factors per current: FI(T) (qz), FZ(T) (qz), F3(T) (qz), and Ff) (qz)

« The above are for vector and tensor currents. The axial vector and axial
tensor form factors are similarly named, with Fl.(T) — Gi(T)

Mott-Roberts:
IJMPA 27 05 1250016 (2012)



https://arxiv.org/abs/1108.6129v3

Form Factor History

. 2012 - Mott and Roberts calculate form factors for A, — A in a non-relativistic
quark model, using analytic and numeric methods (IJMPA 27 05 1250016 (2012))

 Most general description of A, — A form factors
« 2019 - Descotes-Genon and Novoa-Brunet study form factors for A, — A*(1520), in
terms of a helicity basis (JHEP 06 (2019) 136)
« 2021 - Meinel and Rendon publish first lattice QCD calculation of form factors for
A, — A*¥(1520) (PRD 103 (2021) 074505)
« 2022 - Amhis et al perform dispersive analysis of A, = A*(1520) and obtain

predictions for some observables in A, — A*(1520)¢ ¢~ decays
(arXiv:2208.08937)
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Building the Amplitude
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A. Beck et al: Private Communication
(Publication in Preparation)



The Method of Moments - Why?

e Extract individual angular “moments” from a data sample

« Advantages: PRD 91 (2015) 114012

e Don’t need to do a fit
« Can extract model-independent observables
« Robustness of result doesn’t depend on the size of the dataset
« Disadvantage: uncertainties are 10-30% higher than those from a good fit

« Well-established procedure from B-factory era, has been used in several

LHCb analyses
JHEP 12 (2016) 065

PRL 117 (2016) 8, 082002
JHEP 09 (2018) 146



https://arxiv.org/abs/1503.04100
https://arxiv.org/pdf/1609.04736
https://arxiv.org/pdf/1604.05708.pdf
https://arxiv.org/pdf/1808.00264

The Method of Moments - How?

» Derive/choose an angular basis f,(€2):

dl’
- Sk () 0

 Derive weighting functions wj(Q) orthogonal to the basis, such that
J FQW(QdQ 5,
e And then it’s just addition*™

K, < 7. mpK) = JZ K, (q2, mpK) HQw(Q)dQ = ) w(Q,)

PRD 91 (2015) 114012

*assuming no acceptance effects


https://arxiv.org/abs/1503.04100

A, = pK~ u™pu~ Studies

e Branching fraction for SM and 5 non-SM scenarios

< 300 - -  Standard Model o v& A A820) ™ u—
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https://arxiv.org/abs/2104.08921

A, = pK~ u™pu~ Studies

e Branching fraction for SM and 5 non-SM scenarios
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A, = pK~u™ = Observables

S “‘g : 7 full m(pK) range @”E ]
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A, = pK~u™ = Observables

— Standard Model ‘j/;cii; 0.4 i ful ST rarf
__ _SM alg T
—_— Cg — Cg x @ |
Cro = —C3" 0.9 - A\
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A, = pK~u™ = Observables

~|a l full /3¢
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A, = pK~u™ ™ Observables

—— Standard Model ‘g‘g} 0.4 full m(pK) range
— Cy=-C5M »‘EE

— Co=—G¢ 0.2

¢ =cM™

D Cio = CIS(I)VI

—— global fit 0.0

K, (qz) - measures

hadron-side forward- 04_'
backward asymmetry, P J/w(18 29
among other .../¢(.).¢(),
contributions 2.5 5.0 19 10.0 12.5 15.0
A. Beck et al: Private Communication q2 [GeVio's 64]

(Publication in Preparation)



A, = pK~u™ = Observables
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(Publication in Preparation)




ANy, = pK™ ,u ~ Observables

full m(pK) range

Standard Model
Co = —C§M
Ci0 = —C3p"
. Cy = CSM

10 =Ci"
—— global fit

K32(q?)
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interference between
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Experimental Challenges with Electrons

m(pK i) [GeV/c?] m(pK e*e) [GeV/c?]
JHEP 05 (2020) 040
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Experimental Challenges with Electrons
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What Do We Do About Acceptance?

« Given a detector efficiency function €(£2), the efficiency matrix is
defined as

o Nyic,ace
Egjom = Je(ﬂ) Q@ £(@| 2 = — [ 3 AQUEQ) - £
MC,gen k=1

« Where the measured moments are defined in terms of the efficiency
matrix and the true moments

data
K; meas <q2, mpK) = Zfi(gk) = EzjKj,true <q2, mpK)
k=1

« And we can recover the efficiency-corrected true moments by
inverting the efficiency matrix

K true (qz’ mpK) = (E_l)l-j K meas <q2, mpK)



A Non-Trivial Calculation

. To describe the unpolarized A, - pK~u ™~ decay, a basis of 46
angular moments is used - 186 are required if the /A, is polarized

e Detector acceptance and resolution generate higher unphysical
moments that must be unfolded

« To properly extract the true observables, a much larger basis is needed
than is necessary to simply describe the system

e This statement becomes more true as acceptance effects become
stronger, and as detector resolution decreases

e How large of a basis do we need? We don’t know (yet)



LHCb Experimental Overview

« pp Collisions

e Forward
Spectrometer

Side View ECAL HCAL - M5

Tracker RICH2
SciFi

LT

. Collected 9 fb~ ! in
Runs 1 and 2

e« Run 3 ongoing

e Plan to collect over

300 fb~! by end of
Run 5
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Brem Recovery Challenge

Recover photons
in this region

+ : y
« ¢~ loses energy before it reaches v N2 oAl M m
the ECal | —_—

e Energy reconstruction difficult -5 el

- e~ .‘
« Worse energy resolution == Sy
VELO lrack

o At LHCb, most electrons emit one
energetic brem before the magnet 7/ N\ ||

e Over half of brem photons are not
detected

DT T — —

Figure credit: M. Borsato



Future plans

e Future upgrades will see an
overhaul of the LHCb ECal

e Goals:
e Increase radiation tolerance
« Maintain energy resolution

e Include timing resolution

LHCb
UPGRADE

Technical Design Report

LHCB-TDR-023
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http://cds.cern.ch/record/2776420/files/LHCB-TDR-023.pdf

Smaller Cell Sizes— Better Spatial Resolution

« The geometry of the proposed ECal
upgrade is projected to provide
better spatial resolution of our ECal
showers

 Right: Position resolution of each
type of ECal module for single photon
cluster

« Current technology consists of large-
celled modules - the addition of
smaller-celled modules should
improve position resolution
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http://cds.cern.ch/record/2776420/files/LHCB-TDR-023.pdf

Plans for A, — pK e"e

. Go beyond R, - we could also take the p/e ratios of angular
observables

e LHCb is studying this in B —» K %7+~ decays
. We could do the same for A, - pK=¢ "¢~

 Richer spin structure — more observables

e Better understanding of the form factors is necessary for
Interpretation



Summary

e Current tests of LFU show tensions with the Standard Model

« LHCb’s production of b-baryons provides the opportunity to test LFU in
the baryonic sector

 Electron reconstruction capabilities at LHCb add a level of difficulty
« Understanding the angular structure is critical
« Goal: measure u/e ratios of angular observables

e Suggestions?



Backup



Ensemble of Lambdas

resonance | mp [GeV/c? | T'p [GeV/c?] 2Jy Pn B(A— NK) used By
A(1405) 1.405 0.051 1 — n/a 1.0000
A(1520) 1.519 0.016 3 — 0.45 0.2250
A(1600) 1.600 0.200 1 g 0.15 - 0.30 0.1125
A(1670) 1.674 0.030 1 - 0.20 — 0.30 0.1250
A(1690) 1.690 0.070 3 — 0.20 - 0.30 0.1250
A(1800) 1.800 0.200 1 — 0.25 - 0.40 0.1625
A(1810) 1.790 0.110 I 00y 05 0000
A(1820) 1.820 0.080 o o 0.99 — 0.65 0.3000
A(1890) 1.890 0.120 S e
A(2110) 2.090 0.250 0 F 0.05 — 0.25 0.0750

A. Beck et al: Private Communication
(Publication in Preparation)
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Hadronic Amplitudes for A — pK~

« Natural parity A

A
h/IA,ﬂp

_ 8 .
<mPK> B <m,§1< — m%) — impKF <mpK> ) <p) U

« Unnatural parity A i {

a i (p) U(A)

2 _m2) —
mMyg m) lmpKF<mpK>

hia, (mp > - (

A. Beck et al: Private Communication
(Publication in Preparation)

u(k, Ap)
kiluﬂ(k’ /\A)
k’fkfu,w(k, AA)

SN

DO OT N[O N[



Leptonic Amplitudes for V — £1¢~

hlee (qz) =¢ (/11 — /12) 7! (fz) [*Hy (L”l)

Y (¢%) =0 oy () = 2my
AL () = 2me A2 () = 0
ht (6?) = —v/2¢? hit (¢%) = /24280
h"—/,:\]ff—)\z (¢°) = hi’x’f“ﬂz (4°) hé’i}l“—xz (¢°) = hﬁx‘]f,gﬂz (4°)
4m?
br=14/1~- q_;

A. Beck et al: Private Communication
(Publication in Preparation)
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Digging Deeper Into RpK

K (Ab — pK_e+e_)

*

B (A = pK-JIy( = ptp))

Ry =
Pk % (Ab — pK=J/Iy( — e+e—))

e« Here we use the inverse definition
because we expect small yields in
the electron mode

e LHCb (right) found

R,x =086 (*)11)  *(0.05)

) stat syst

o Uncertainty is dominated by
statistics

] (Ab — pK‘,qu,u_)

o — T T T T T [ T T T T [ T T T
S 45 A ke
§ 40 LHCb C;)mbinat(_)rial -
A, = pK nlete ]
R 35 WA = KTy
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http://arxiv.org/pdf/1912.08139

Form Factors for A, — AV

HYY =l (Av) (A[sT#b|Ay)

(AIST#B|Ap) o, = Ta (A) [0* (X112 (¢*)7* + Xr2(¢)0* + Xrs (¢*)v'*) + Xra(g?)g™*] u (As)

gen

Vector Current:

(AI37"D|Ap) go = T (A) [0 (F1(*)7" + F2(q°)v" + F3(¢*)v"™) + Fa(g*)g™"] u (As)

(A5 = 1 () {52 [ (@) 20t 4 1 ()
7
o

. p p'* map* + mp,p'*
+ f; (¢%) [g “+mAS— (7 —Zm—A+2 - b u (Ap)
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Form Factors (Helicity Basis)

« ForJ, = 1/2:
. (Axial) vector: 3 form factors: fV(A)( ) fV(A)( ) and ff(A) (qz)
. (Axial) tensor: 2 form factors:fOT(TS) (q ) and flT(TS) (qz)
o ForJ, = 3/2: JHEP 06 (2019) 136
« (Axial) vector: 4 form factors: fV(A)( ) fV(A)( ) fV(A)( ) and ];V(A) (qz)

. (Axial) tensor: 3 form factors: fT(TS)( ) fT(T5)( ) and f(Z(TS) (qz)

« Tensor and axial tensor amplitudes require fewer form factors in helicity basis
than in general basis.



https://arxiv.org/abs/1903.00448

The Method of Moments - Who?

e 2004 - Studies of semileptonic B decays at BaBar
« PRD 69 (2004) 111103, PRD 69 (2004) 111104, PRL 93 (2004) 011803

« 2006 - Branching Fraction and Photon Energy Moments of B — X y at BaBar
« PRL 97 (2006) 171803

. 2016 - Branching Fraction and Angular Moments of B — K*n~u*u™ at LHCb
« JHEP 12 (2016) 065

. 2018 - Angular Moments of A, = Au™u~ at LHCb
« JHEP 09 (2018) 146
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http://www.arxiv.org/abs/hep-ex/0403031
https://arxiv.org/abs/hep-ex/0403030
http://www.arxiv.org/abs/hep-ex/0404017
http://www.arxiv.org/abs/hep-ex/0607071
http://arxiv.org/abs/1609.04736
http://arxiv.org/abs/1808.00264

Angular Fits

1.5

« Form factors partially cancel

-)
Ot
::||I|§|H||llll

LHCDb

—— Data 9fb~!

SM from DHMYV
SM from ASZB

- clean observables!
 Need to understand
detector acceptance 2 0 I
e Many angular parameters :
require large yields -0.5 |

. Right: Angular observable P, |

in Bt - K i~ decay :
1.5

Theory Predictions: 0
EPJC 75 (2015) 382
JHEP 06 (2016) 92
JHEP 01 (2018) 93

PRL 126 (2021) 161802

.
¢* [ GeV?/c?]

49


https://arxiv.org/pdf/2012.13241.pdf
http://arxiv.org/abs/1411.3161
http://arxiv.org/abs/1510.04239
http://arxiv.org/abs/1704.05340

