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Why are rare decays interesting ?

b — sft¢~ transitions suppressed in Standard Model
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New Physics processes could contribute
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Deviations from SM are measured
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|
Rare decays show deviations from the SM predictions
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Lepton Flavour Universality (LFU) tests
Only few measurements with b-baryon decays
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https://arxiv.org/pdf/1403.8044.pdf
https://arxiv.org/pdf/1512.04442.pdf
https://arxiv.org/pdf/1506.08777.pdf
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https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2019-040.html

LHCb detector

@ bb production mostly in forward region
@ Runi+2: 9fb~" of pp-collisions

@ Forward spectrometer with excellent vertexing,
tracking and particle identification
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b production

CHEAT SHEET

* Good vertex and impact
parameter resolution
o (IP) = 15+29/prmm.

* Excellent momentum
resolution ~ 25 MeV/c2
two-body decays.

* Excellent particle ID
( p-1D 97% for (m — p)
misID of 1-3%).

* Versatile & efficient
trigger.
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Our favorite decay : Ap — pK ™

Status as seen in —

Overall
Particle JP  status |[NK | Zm Other channels
A(1116)  1/2F s N (weak decay)
A(1380) 1/2° *ok Hok *x
A(1405)  1/27 ook ook | ok
IA(1520) 3/27 ek ook | sk Arm, Ay
A(1600)  1/2F ek [k | worr A, 2 (1385)m
A(1670)  1/27  swokk fsokkx | sokonok An
A(1690)  3/27 ks | ok Amm, £(1385)m
A(1710) 1/2F o« -
A(1800) 1/2=  wwx  [wex | wx Aww, D(1385)m, NK*
A(1810) 1/2% ook Hok *k NK,
A(1820)  5/2F sk sk | sk 2(1385)m
A(1830) 5/27  kwkk [sokkx | soknok 3(1385)m
CDS:2699822 (top) PDG Live (right) A(1890)  3/2F  wrwk frrkx | wx 2(1385), NE*
— A(2000) 1/2° * * *
Strong decay of A* — pK preseeo R -AN N I I
A(2070) 3/2F * * *
A(2080) 5/2-  * -
A(2085) 7/2* Hx Hok *
A(2100)  7/27  wkek fokk |k NK*
AQR110) 5/2+ ek [k | o NEK*
A(2325) 3/2-  x *
A(2350) 9/2* ok Hokk *
A(2585) * *
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https://cds.cern.ch/record/2699822
https://pdglive.lbl.gov/Viewer.action

How does the pK~ mass spectrum look like ?

/\(1520) dominates
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pK~ spectrum using Run 1 + 2016 data on
the upper left. Statistically limited.

Higher statistics via tree-level diagram of
Ao — pK=J/¢(— ptp~) on lower left.
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CDS:2699822
Idea is focusing on dominating A(1520) reso-
nance.
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https://arxiv.org/pdf/1507.03414.pdf
https://cds.cern.ch/record/2699822

Introduction

Effective Field Theory

Dilepton invariant mass spectrum
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fim The rare mode is sensitive to New
Physics !

Parametrisation of NP via Wilson
Coefficients
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Operators (drawn by Claudia Cornella)
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Introduction

Angular observables

A2 rest frame

A* rest frar;e ‘ dﬁ = dcos Hed CcoS 9pd¢
(s a*r . . :

.......... I —— E hysics; x kinematics;
dqde pny i d

£1¢" rest frame

i

= ?TZ ZLi(q27C«,ff) x f(9)

(0, 0p, @) in helicity basis

C = Wilson Coefficients — short distance
part — sensitive to NP
ff = form factors — long distance part

Observabiles :
o Li+L _ Li—L
" d(T+T)/dg?’”"  d(T +T)/dg?’
3(Lic + 2Lc)

¢
Arg =

2(L1cc + 2(L1ss + LZCC + 2L255 + Lass))
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Introduction

Analysis overview

@ Mass window : m(pK~) € [1470; 1570] MeV/c?
@ @2 bins: [0.1,3],[3,6],[6,8],[11,12.5],[15,16.8],[1, 6]
@ Observable predictions through flavio

e based on A, — A(1520)¢7 ¢~ phenomenology with lattice QCD or QM
form-factors [arXiv:1903.00448, arXiv.1108.6129, arXiv:2009.09313]

02 flavio

702 -
- M
03 QM CYP = 111 .
Lattice QCD

0.0 25 5.0 7.5 10.0 125 15.0 175
¢ [V

(Afp) (Ap — A(1520)pt )

Separation of New Physics and Standard Model predictions in A%,
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https://github.com/flav-io/flavio/pull/118
https://arxiv.org/pdf/1903.00448.pdf
https://arxiv.org/pdf/1108.6129.pdf
https://arxiv.org/pdf/2009.09313.pdf

Ingredients for an angular analysis

@ Development of angular fit model using theory input

© Selection to get our decay v/

@ Corrections of Monte Carlo samples to look like data v/

© Parametrize disturbtion of angular shape introduced by selection
@ Deal with backgrounds

@ Angular fit of control mode in data

@ ... Systematics, Unblinding, etc.

Start with angular fit model (1) and continue with data (4-6)

Felicia Volle (IJCLab Orsay) Ap — /\(1520);L+ no 24 October 2022 11/24



“Realistic* Monte-Carlo samples

@ Pseudo-experiment generator
@ Full angular distribution

@ Generation of mixture of A(1520), A(1405) and A(1600) resonance

@ Resonances might have global complex phases between them

exp(Fi(p1520 — ¥1405))

@ Generate random phase combinations for phase differences Ay140s,/1600 *

phase combination  Ap405 Aw1e00
0 0.007 0.007
1 1.387 1.937
2 1.107 1.617
3 0.437 0.627
4 0.067 1.387
5 1417 0.707

developed by A.Beck, T.Blake and M.Kreps
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How do the distributions change ?
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cost,

No impact of interferences on m(pK~) and cos 6,, but changes shape of cos 6,
even with few A/, events !
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Our angular fit model

Angular PDF of A(1520) in HQlimit, of the spin-1/2 A resonances, interferences of
the three A resonances

1 4
PDFang = f3/2< (1 - ES‘”) (1 = cos® 02) + Srcccos? b + ZAra 2 cosOe>

1 3
X (Z + 1 cos® 9p)
1 2
+(1- fg/g)(é (1 — Kice) (1 — cos? 94) + Kige cos® 0y + §AZFB,1/2 COS@[)

X (% + iy cos O + i cos’ 9p)
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Our fit strategy

@ Fit pK— mass spectrum with

PDFmass = f3/2|BWrel(Mpk , Ma(1520), r/\(1520))|2 + (1 — f3/2)Polynomialys (Mpx, @1, a2, as)
© Extract f ),
© Fit angles (cos 0y, cos 6p) with

PDFang = f3/2PDFang,3/2(Af:B)3/27 S cc) + (1 - f3/2)PDFang,1/2 + inl(AZFBJ/Q: Kices /15 /2)

Polynomial covers anything but pure A(1520)
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Fit of a realistic sample from MC generator

Example fit of realistic MC sample with phase combination 0:

Projection of the A(1520), A\ »’s, A\ )2's + interferences, total PDF
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Fit can get negative due to interferences
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Stability of the angular observable fit values
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Uncertainties are linked to sample size — not scaled to data expectations.
Fit values of angular observables are similar for different phase combinations.
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Angular acceptance

Parametrize disturbtion of angular distribution
Use Ap — A(1520)p" 1~ "LHCb" MC flat in angles
Full selection and correction are applied

Model unfactorized angular acceptance via Legendre Polynomials P,

E(COS 0y, cos 6p7 ¢) = PZ,o:Geven(COS 96)P4,0:4(C05 ep)Pé,o:1Oeven(¢)

Extraction of angular acceptance event weights

Felicia Volle (IJCLab Orsay) Ap — N(1520) = 24 October 2022 18/24



Cross-check of angular acceptance event weights

(1 solid) Extract angular acceptance from MC.
(2 line) Applying the inverse of the angular acceptance weights to same MC
sample should lead flat distributions.
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Flatness test passed v
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How can we get rid of background ?

Two possibilities :

@ Model background distribution in angular fit

o New free parameter
— complicated with few statistics

@ Using sWeight method

e Fit m(pK~u* ™) to get event weights
e Apply weights to get background substracted distribution
e Necessary to have no correlations between angles/m(pK ™) and m(pK ™t ™)

Gaélle wants to use method 1, while I'm using method 2
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Fitting m(pK~ pt ™) in ¢(2S) region

(1) Shape of Hypatia 2 is fixed to MC (left)
(2) Signal and exponential for combinatorial background fit to data (right)

@‘2500 F T T T T 3
S [ LHCb Simulation 1
2 oF 1125, 15] Gevirct ]
23 L ]
& 1500 3
o F ]
E [ ]
G100 e
[ ) A . h
005550 5600 B650  S/00 5750
5 : . ; .
0 n ¢
s o -éi,;y%s;ﬁ TG RN LI B,

0 BT Meviel® . My mp, fit on data .
Hypatia 2 is found to describe well the A, peak
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First look at angular fit — starting with /(2S) control mode

Prodcedure : sWeighted and acceptance weights applied on angular distributions
Color code : Projection of A(1520), /¢ 2's, Ay 2's + interferences, total PDF

... My angular fit (mpx -, cos 6, cos 6)) of the 4)(2S) control mode on data ...

Fit converged v/
AL, compatible with 0 in one standard deviation v/
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Conclusion

b-anomalies studied mostly in rare meson decays
— Continue further exploration in b-baryon decays

Challenge of A, — pK~ ™ is the rich A* spectrum and low statistics
Selection of signal process is in place

Angular acceptance is calculated

sWeights are extracted via m(pK~ " ™) fit

Angular fit model is worked out

Fit to ¢/(2S) control mode works

Stay tuned !
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Appendix

Global fits to b — s¢™ ¢~ transitions

L = N[Cy(brr*sr)(avu) + Cro(birs) (ay yup)] + H.c.

ACDMN

2 050
¥

025

0.00

—025

—0.50 —0.50

—-1.75 -1.50 -125 -1.00 -0.75 —0.50 —0.25 0.00 025 =125 -100 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
Cy Cy
global fit fit to LFU observables + Bs — uu

Consistent deviation with respect to SM prediction

2104.08921; 2103.13370; 2011.01212; 2104.10058
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- e
Angular PDF of Ag/5 (i.e. A(1520)) in HQlimit

Simplifications :

8 dir
@ Heavy quark limit (m, — oo) "3 dg2d cos fyd cos O5-do
© Normalization (i =1): =cos O~ (L1ccosbp + Lice cos? 0y 4 Ly sin® 6y)
dg? : 22 2 2
1 2L1 o+ L1ss -1 + sin® O« (ch cos 0y + Loc. cos” Oy + Logs sin 9@)
AK = 34L +sin? 0+ (L333 sin? 0 cos? ¢ + Ly, sin® 0 sin ¢ cos ¢)
FB,3/2 — 1c . . .
+ sin @p« cos O~ cos ¢(Lss sin by + Ly sin 0y cos 6;)
e CP'average (Li — SI) + sin @« cos O« sin ¢(Lgs sin Oy + L. sin b cos 0y),
arXiv:1903.00448, arXiv:2005.09602
87 d'r 1

”
on 1 5 1 o
3 dg?dcosf,dcosbpdp 4 (1+3cos”6p) ((1 251cc) (1 — cos®6y)

4
+ Siec cos® p + §A£B_’3/2 cos 6y)

Angular PDF is only dependent on cos ; and cos 0,,.
¢ integration, instead of using the HQIimit, is under investigation.
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https://arxiv.org/pdf/1903.00448.pdf
https://arxiv.org/pdf/2005.09602.pdf

Appendix

Angular PDF of A, (i.e. A(1405), A(1600))

Simplifications :
= ¢ = _ ap
o St d . K(q%.cosfy,cosby. o) = ﬁd—l s
rong decay : 3 dg2dcostydcosfydo

a=20 which can be decomposed in terms of a set of trigonometric functions,
e Normalization: K(q%. cos by, cos By, @) (Al s SN2 0y + K o cos? Oy + Ky (()591)
_ .9 | >
Kice + 2Kiss = 1 —rsin oo bt eos oot
£ _ . . . .
AFB,1/2 = 3/2Kj, -.-(4.-,- e
LI H vl L H/ B W
i freostr——ferrsinfrsinrfry

© CP-average
arXiv:1410.2115

8 d*r 1
— ~—(1-K — cos? K 2
3 dg?dcosf,dcosbpdp 2 (1 tec) (1 cos 06) + Kioo cos™ 0

2
A §Af—'B,1/2 cos By

Angular PDF is only dependent on cos 6,.
K parameter encode information about A, resonances in mpx window.

Felicia Volle (IJCLab Orsay) Ap — AN(1520)ut =

24 QOctober 2022

3/7


https://arxiv.org/pdf/1410.2115.pdf

Linear correlation

Pearson correlation coefficient of angles and m(p
Biggest correlation between m(pK~ =) and m(

°BBEB88488

5600 5650 5700 5600 _ 5650 57000
m(pK ) [Mevic] MK ) [Mev/c?

(d) 0.0307 (e) 0.0121 (f) 0.0180

Correlations of up to 4 %, therefore sWeight procedure doable
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Appendix

Sensitivity study arXiv:2005.09602

@ Yield extrapolated from Rpx

@ Background neglected

@ PDF = physics x acceptance

@ Generate pseudo-experiments

@ Fit with same PDF and free Az & Sicc

@ 10°000 times repeated per run period and ¢°

bin

—d 02 .
E —— Projections for LHCh 80.
=1 — =k SM - DN [
=3 I 01 P
= '—7
= 0.0
2
3 —0.1
e == —— Projections for LHCh
—0.2 0.0 S\ DN
. — A
0 _
R S R 033 1 6 % T 3 1 6 3
¢ [GeV?/c!) ¢ [GeV?/c!] ¢ [GeV?/c!)

LHCb could start to be sensitive to New Physics with full Run 1+2,

especially when theoretical uncertenties improve.
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https://arxiv.org/pdf/2005.09602.pdf

Appendix

Implementation of angular observables in flavio

@ Implemented angular observables:
Q ar/dg?
Q Ams, AL
@ CP-averaged, CP-asymmetries
@ Form factors from full Quark Model
wave function arXiv:1108.6129

@ Using 10% uncertainty on fy |
form factors and 30% on f; as in
arXiv:1903.00448

@ In addition, LQCD form factors
arXiv:2009.09313v3
Discrepancy between LQCD form fac-
tors and Quark model ones at high ¢°!
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https://arxiv.org/abs/1108.6129
https://arxiv.org/pdf/1903.00448.pdf
https://arxiv.org/pdf/2009.09313v3.pdf

Exploring A} — A*9(— pK )¢~

Feynman diagram

T o
ML TN
— ¢+
w- ﬁf

b 4>—:g—>ﬁv7—>; s
t,c,u a1
A\ p— - Ty,

u \L,\\

N —dip
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Experimental status

>

>

N — pK=ptp~
observation &
CPV
measurement
arXiv:1703.00256
N) — pK~ete”
observation

JHEP 05 2020 (040)

LFU test Ry
JHEP 05 2020 (040)

Ap — AN(1520)ut =

¢ [GeV/e']

7 [GeVict

Rok— analysis

LHCb

s ¢
m(pK-e*e) [GeV/c?]

5 55 6
m(pK pur) [GeVie?]

CDS 2699822
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