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Intriguing deviations in rare B decays
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Effective Hamiltonian (b — sll)

Effective theory for b — sll transitions. Separation of short and long distance at a scalgy = (’)(mb)

Non-local high energy processes are reduce to local operators as in Fermi Theory.

Hett (b — s7L7) = —%Vib is 22 CiOi

e  With the SM operators relevant for this analysis
07 - g%mb(gaw,PRb)F‘“’ Oy = Z—z(g’yNPLb)(Z’Y“E) O = Z—z(g’)’uPLb)(Z’y'u’)’g,f)

° Wilson coefficients (Ci ) contain short distance dynamics.
e  They are accurately computed in SM and would deviate in presence of NP. Operators absent or
suppressed in the SM, can be introduced by NP.

0~ 0~
4 Attention!
£ " A > AN Not all contributions become local
within the effective Hamiltonian
b s b s approach. One is particularly

relevant phenomenological.
0y, O10




cC contributions
=
Z/y e Two manifestations of this contribution:

o Resonant (Charmonia, non perturbative QCD)

+
c c ¢ o Non-Resonant (Approximated with perturbative QCD)
e These contributions appear as a correction to C;, they
b s are q? dependent and depend on external states.
wt

e For now we include only perturbative QCD

® LCSR could be used to determine corrections near the g = 0 region.

e We could also follow the strategy used by Bobeth et al. [1707.07305] to parametrize cC
contributions and obtain these parameters from experiment at J/W¥ and W(2S) poles
where we expect NP to be negligible. This requires a lot of experimental data for the

resonances, and some (limited) theory input.




What has been done until now?

Ay — A(— pr)ete-

e Anangular analysis has been done by Boer et al. [1410.2115] and an extension
for polarized /Ab was done by Blake et al. [1710.00746]

e Form factors for the Ab — A transition have been obtained via Lattice QCD by
Detmold et al. [1602.01399]

Ay — A*(— Kp)lte-

® An angular analysis as been done by Descotes-Genon et al. [1903.00448]

e Inthe case of the Ab — A transition preliminary results are available from Lattice by
Meinel et al. [1608.08110]

We will explain first the analysis for Ab — /A* and then show the
differences with Ab — A since they both share many features.
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Kinematics
2|-RF

A

Ay (p,sn) — A" (k, sp+)[— K(k1)p(ka, sp)1" (q1)¢ (g2)
g=q +q@=p—k




Kinematics

Effective Hamiltonian Formalism
Helicity Amplitudes
Hadronic Amplitudes and Form Factors

Explicit spin 1/2 solutions
Helicity Amplitudes

Propagation of Spin 3/2 Particle
Breitt Wigner + Narrow Width
Interaction of Spin 3/2 with Kp




Outline of the calculations
We separate the decay into differents steps
M(Ay — A*(— Kp)ete7) = (A*(— Kp)lt €™ |Hint|Ap)
_ (Kl Hine A" (54)) (A" (505 )€ £ [Heys|A)
DI

int

kz—mi* —HmA* FA*
e Step 1: Separation of hadronic and leptonic parts using the helicity amplitude approach.
e Step 2: Expression of Ab — A* transition in terms of form factors.

e Step 3: A*— Kp decay, narrow width approximation, propagation and explicit solutions for A* (not trivial
for spin 3/2).

e Step 4: Take the modulus square and multiply by the phase space.




Hadronic Amplitudes

Weritten as a function of form factors and all the Lorentz tensors available.
(A*[597b|As) = U (k, s ){p‘* [F (@0 + Fa(@)k + Fy (q2)7"] o) (qZ)gﬂﬂ}um oa)

Usually chosen on a base that simplifies the Helicity amplitudes.

(A*[39D|Ap) = Ual(k, - ){p“ [f:’ (6%)(Ma, —mp )%+ V() (v — 25 p — 2

M)y,
= k)

MAb +mpx

+13 (4)

o L my=pt+m k
+£5 (¢) [ga“ +my- = (fy“ — 27,% + 2A)] }u(p, sh,)

R R )]

S+

Ab — A* form factors

e 14 form factors in total
®  Only preliminary results are available from lattice simulations [1608.08110]
e Quark model from [1108.6129] used for numerical illustration (educated guess of the errors).




Transversity Amplitudes

The Ab — A*Il decay is described by 12 transversity amplitudes.

L(R)
L R R L(R — — ' '
TAZ{ L(l ), ”1( ) A L(R )’A||1( ) A L(R )A“é )} 09,10,— (Cg :Fclo) (Cg $Clo)

CL(R) = (Cg + ClO) =F (C rF C I)
2my, (C7+Cor 9,10,+ 9 10
B") « (c§§’§+HV( 1/2,-3/2) — (q—+HT( 1/2, 3/2))

, S SA* Amplitudes
AR o (ep) HA+1/2,+1/2) + S B (112, 11/2)) e LA ”
2 2 10 70
Wilson Coefficients And their normalization is such that: 1 1 L(R) L(R)
(short distance) dF(Ab—>A i :l: 5 :F 5 A_]_]_ ; AHl
dq?
s 3 |5 | BL B




Angular Observables of Ab — A*(— Kp)ll [1903.00448]
21-RF
|- pK-RF L(g®,6¢,6a,¢) = cos? 05 (L1c cos Oy + Lycc cos® 0y + Ly sin® 6)
+ sin® 6, (Lgc cos 0y + Loe cos® 0, + Lo, sin? 05)
+ sin? 6, (Lgss sin® 6, cos? ¢ + Ly, sin® 0y sin ¢ cos ¢)
+ sin 0y cos @ cos ¢(Lss sin @y + Ly sin Gy cos by)
+ sin 0, cos @, sin ¢(Lgs sin @y + Lgs. sin Gy cos ;)

Ly (Re(A’ilAﬁf) (L& R))

Lays (Re(BﬁlAlf;) — Re(BL,AM) + (L & R))

TNy — A*(— Kp)l+L™) 3 )
dq?d cos 6,d cos 0, d¢o = ﬁL(q ) 937 91\7 ¢)

HQET and SCET limits simplify the form factors, fg and B amplitudes vanish.

3 independent observables. Both limits correspond to m, —<°. .
Low Recoil (HQET)
e Two independent form factors

Angular structure in agreement with
Gratrex et al. [1506.03970].

. - . e 0O,— 0 +1 symmetry related to
e Does not allow us to derive non trivial ratios of observables only A A y Y

sensitive to Wilson coefficients.
Large recoil (SCET)

e all remaining form factors are equal
e any ratio of L is optimised

P-conserving nature of strong decays.



A, — N'(— Kp)ll Results [1903.00448)
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Differences of Ab — A(— pr)ll [1410.2115]

®  Only 8 transversity amplitudes present.
e 10 form factors in total, results by Detmold et al. [1602.01399].
e /\(1115) decays mainly through weak interaction.

N\ decay

The hadronic matrix element which determines the /A — NTT decay can be parametrized as

(p(k1, sn)7™ (k)| [dyuPru) [un* Pps] |A(k, sp)) = [a(ki,sn)(Evs + w)u(k, sp)]

where we find a parity violating term (not present for the strong decay N— pK studied before)

parametrized by

a = _2Re(w) ~ 0.7 —0.75.

= s2, [T |2
Vo €y 7




Angular Observables of A\,

VWAL
\\\/

TNy — A(— pr) E*é
dq?d cos 0yd cos 0, dd o 8 ( 9{, eA’ ¢)

K(q?,cosf;,cosy,¢) = (Klsg sin? 0; + K cos? 0; + K. cos Bg)
+ (Kass sin® 0y + Ko, cos? 6y + Ko cos 0;) cos 0y
—|—(Kgsc sin @, cos 8y + K3, sin Hg) sin 0, sin ¢
—|—(K4sc sin 6, cos 0, + Ky, sin Gg) sin @y cos ¢

, pro)ll [1410.2115]

Angular structure in agreement with
Gratrex et al. [1506.03970].

Br— Ba + TT symmetry not present
because of P-violating nature of weak
decays (recovered when a — 0).

Full analysis including polarized /Ab from
Blake et al. also available [1710.00746]

Kieo(q®) = § [|4%, | + AR + (R & L)]
Koo (q?) = +aRe (AR A )+ (R+ L)




Angular Observables of A, — A(— pm)ll [1410.2115]

2.0 2.0—

Exploiting Form-Factor Symmetries at Low Recoil (HQET) L i :i‘ifii“i_l

{15 S e R T T
K. Re p pi independent = bl 2
X1 = Kl = — 2 -——— of form factors 'TO 'To
2cc o Re P4 81.0 EI.O
(X, )SM = —I—O.08+8'(1)3 Sensitivity to NP §05s|—/% Fos
L GEREL — G _q) —
BM1 __ +0.07 - ——
<X1> - 0'49—0.08 Cng =1 %1 2 3 4 5 6 7 05 16 17 8 19 20
9°(GeV?) q(GeV?)
Exploiting Form-Factor Symmetries at Large recoil (SCET) [1802.09404]
e All form factors are equal or vanish. iz’ ok S N
® Any ratio of K is optimised. g E/+/’/® LHCb g
0.2 — —
. % T
® largest discrepancy for K, , 2.60 from SM (too oaF- | 3
large, not physical). E i I i
e For the moment, limited sensitivity to favoured NP 0.4 === SM prediction
scenarios and agreement with the SM. 0 10

> [1808.00264] K,



N, — N(— prju™y” results [1602.01399]

1.6

e Differential branching fraction deviation not yet |
statistically (1.60) but in the opposite direction 1.4 |- dB 5 T T 7
of B — K u*u” and B. — @u*u deviations — [10—7 GeV™ ] 1 )_I_'_._‘

: s : 12 dg2 o
(could be explained by quark-hadron duality q o |
violation or A\ prod fraction). 1.0 F i il
1

e A, prod fraction could help to explain either the 0.8 |- q
low or the large recoil but not both. 0.6 [ i
®  Anegative shift in C; alone (simplest scenario 0.4
for mesonic observables) would further lower
the predicted A, — Ap*u differential branching
fraction.

)
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Connection with A, — AN,

The branching ratio for radiative decay /A b — A * y is proportional to

||m Z 1X]?)

X=A,B

At g?> — 0 limit only two spin configurations contribute (C7(’))
e Number of independent form factors reduced.

ﬂTS(qz), ﬂT(q2) ﬁ ﬂT(O)

T5(q2)7 ng(qQ) Cﬂj) ng(O)

® Possibility to extract information about the form factors
normalization (multiplied by C,) from this decay.
e The same should be true for /\b—> N(— pTT)y

[\ [\9]
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__ BR(B—Hu"u")
LFU tests Ri = Srpmre

See talks by Stagl and Abhishek
et al. for interpretations

LFU tensions observed in B meson decays:
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— test also the baryon sector!  Ry(Bs) = Ry (B) =~ R(Ap)a =|R(Ap)pk|~ ... =~ Rg

[Euentes-Martin et al.]
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http://arxiv.org/pdf/1705.05802
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https://arxiv.org/abs/1909.02519

R

pK

LFU test using A — pKI'I" decays, experimentally:

N, — pKu'W already observed with Run 1 data
N\, — pKe'e not observed to date: first challenge!

Exploit related A, — pKJ/y as control mode:

o  stringent cross-check ry /

U]

Ry =

from MC and
frommassfit  calipration samples

N(B—Hutu™) e(B—~Hete™)

N(B—Hete™) X e(B—>Hptp)

© measureR  asa double ratio\

o use observed pK spectrum to correct the

_ BR(B-HJ/Yp(p"p))
’I”J/,(p = — 1
BR(B—HJ/vy(ete))
N(B—Hpu pu™) e(B—»HeTe™)
_ NB—=HJ/Yp(utp)) e(B~HJ/p(ete™))
RH o N(B—Hete™) 2 e(B—Hutp™)
N(B—=HJ/{y(ete™)) e(B=HJ/Yp(ptpu™))

simulation

22




RpK: electrons vs muons

Hardware trigger Interaction with detector material

Larger ECAL occupancy — tighter thresholds for Electrons radiate much more Bremsstrahlung

electrons: Recovery procedure in place
® ep >2700/2400 MeV in 2012/2016 Magnet FCAL
e pp >1700/1800 MeV in 2012/2016 y .-

[LHCb-PUB-2014-046, 2019 JINST 14 P04013]

Mitigate including hadron trigger and events e
triggered independently of the signal (TIS)

® miss some photons and add fake ones
e ECAL resolution worse than tracking
— worse mass resolution for electron modes 23



https://cds.cern.ch/record/1970930?ln=en
http://arxiv.org/abs/arXiv:1812.10790

Candidate selection

3500
3000

LHCb Unofficial
14 P
12
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LFU tensions observed in B meson decays: S50

2000

IlIIII-I.-l{-.JIIIIIIII

¢ [GeV?/c*]

e Kinematic and particle identification (PID)
1500

1000

e Mass vetoes for peaking backgrounds
o B'—KIl, B.—oll, A_and D° decays
e BDT to reject combinatorial background

500

e Momentum balance for e states:

ity e s
5000 5500 6000
m(pK ) [MeV/c?]
pr(pK) All: m(pK) < 2600 MeV

Signal region: 0.1 < g% < 6 GeV?
Control mode: J/@ region

>---  OHOP —

pr(ee)

24




Efficiencies

Computed from MC and calibration samples

Decay model corrected using A, — pKJ/y

PID efficiencies from calibration samples
Event multiplicity corrected using A, — pKJ/y
2D kinematic correction: p_(A,) vs n(A\,)
Trigger efficiencies from control mode data

€tot — €geom X €reco X €sel

Only efficiency ratios enter our observables —
cancellation of systematics

Ncandidmes

/\b — pKJ/p simulation

- T 1 4 L ¥ % 7
C i LHCb MC Unofficial .
- Phase-space MC E
S 2D weights ]
C . 1D weights

- g =
E v % ‘ﬂ.-

-d —
1

1 1 1 1 1 1 1 L 1 1
1500 2000 2500

m(pK), MeV/c?
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N — pK I (= ptp”))

Efficiency cross-check:

(A= pK Iy (— ete™))

"I T NS pK I (— eter))

x10°
« [Frrrrro] L BLELELEE S N LR N 8
§’ 12 . §
2 o — Ay = pKIly LHCb 2
i 10__ Combinatorial unofficial =
ig 8'_-B§’—>K*K’J/l// 1 g
o 0 *0)
e I s =Ky 1 2
g oF MK svap 1 3
T 0 1 g
- - <
S 4 ] O
2k j [ ;
ok ]
54 55 5.6 5.7 5.8

my,, (pK @), GeVie?

My

= with J/@ mass constrain

e(A)— pK I (= ptpm))

x10°
IR BELELENL N P A B BN IR
LHCb — A, > pKIly
i unofficial Combinatorial
C BB - kK Iy
L5¢ W -y
- B pK swap
1_ ]
0.5} .
0 4

5.6 5.8 6 6.2
my,, (pK ee), GeV/c?

54

26




—
N

—_
=]

Candidates per 5 MeV/c?

N(M = pKJf (& ptpT))

Efficiency cross-check:

(A= pK Iy (— ete™))

"W T NS pK I (— eten))

(A= pKIfb (o i)

Incl. stat and
syst. uncertainties

- B K swap
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Crr T L LIS ISR R 8 L I
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Flat trends in relevant variables

: LHCb unofficial
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Towards R . :
pK

Rare electron mode /\b — pKee never observed before
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Towards R . :
pK

Rare electron mode /\b — pKee never observed before

NQ [ T T T T T T
S 45 — Ag — pKete™
%’ 40 LHCb unofficial Combinatorial
Ag —pK lete
R 35 B A - pKJy
5 BB - KK ete
8“ 30 - B® — K%t
5]
o 25
= 20
._é
< 15 h
° 10
5 o
0 et

5

P T T i i ;
i 6

m(pK ete”), GeV/c?

Statistical significance
larger than 70 —

First observation!

N(/\b—>pKee) =122 +17

O(R )~ 15%
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Ay — pKry

... iIs interesting because:

RpK: What does m look like at g?=0 (y) compared to high g2 (J/@)?

Pentaquarks: observed in A, — pKl/y, possible in A_ — pKy
— Set upper limit on pentaquarks in py

31




Data selection kindly shared with us by Boris

Quintana [Young Researcher Talk at GAR 2018]

Some remaining backgrounds:
Combinatorial + missing pions
Misidentified: B. —@(—KK)y

Plan: compute and apply sWeights

Work-in-progress: simple cut on /\b mass for now

Data selection and backgrounds

D

Events / ( 23.7419 )
N

[\

00 Signal —
-  LHCb Unofficial  f& - Combinatorial
2012 Bl ... 1 miss pi
oo 2 miss pi
00
00"
O:i;'|¥--f;'1"'f';: T e 1
4500 5000 5500 6000 6500

m(pKg) [MeV]
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https://indico.in2p3.fr/event/17790/contributions/66015/attachments/50856/65098/Arles_v2.pdf
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LHCDb Unofficial

Dalitz space

Clear A*(1520) resonance.

not so much.

Everything else...




Amplitude analysis

Model: helicity formalism + isobar




Amplitude analysis

Model: helicity formalism + isobar

2 Wigner D: Ay =A™y Wigner D: A* —pK
g “\b p 77 -I"\ 3
D(,\,\ —Ay)Mp, (oaba — Qx'\)DA,,AA (¥pfp — ¥p)




300 —
= LHCDb Unofficial
. . 200 — 2012

Amplitude analysis E
100 —
Model: helicity formalism + isobar -
O —

D"""“ ik ‘,\" ey i e e 1500 2000 2500

“(AA—=Ay) M}y, (99."\9:\ = Qx'\)D)\p)\A (‘Ppep - "Pp) MpK

|J.\b+S| |JA+J:->| I)‘

- L l
= = ’ })H]'il“l(ll‘l ]) (‘1 By :
A Z Z e hrs (ALx,,) (M.\) B (p)Bi(q) X(mpK)

L=|Jp, —S| S=|Ja—J,|

( I'. bs¢ ]I'(;lll'.i;':il‘:

Blatt-Weisskopf lineshape
orb. ang. mom. barriers form factors
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. . 200 — 2012
Amplitude analysis E
100 —
Model: helicity formalism + isobar -
O —
J.\}\-\"ignm. D: Ap—A"y \y?\gncr D: A'_)PK R —
D(,\‘.\‘f,\\‘ )M, (paba — wx'\)DA;,AA (¢pbp — ¥p) MpK

[Ty +S|  [Jatd | it

i Cle 3.-\-.‘]| Gordans

orb. ang. mom. barriers form factors

To obtain full decay rate:
Coherently sum possible A* helicities and A* resonances
Incoherently sum possible proton and photon helicities and /\b spin projection

LHCDb Unofficial

2500

- L l
. g ' parametel P q v 5
x D > |, GCiCs i (MM) <M\> By (p)Bi(q) X (mpx)

Blatt-Weisskopf lineshape
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Full amplitude*: features and examples

Dependent on the three decay angles and m(pK) Same parity:

_1,_adr
— BUT only two degrees of freedom = 3 Feos(@) x 1

_ 3. ar' 2

=3 ey & 1+ kcos®(6,)

1 3 dr 2

=s,5: 1
d‘él;* o< Py, f(2+) 273 Teos(ayyy < 1 TR0 (0p)
— No dependency on polar and azimuthal Opposite parity:
angles of A* for unpolarized A, = % : m o cos(6,)

p

Polarization measurement: [LHCb-PAPER-2012-057] 3. 4r 9

=35 d(cTWH) OC1+kCOS (Gp)

_ 1 3, 4 2

. J=3,5: dos@)) < 1 + kq cos(6,) + ko cos®(6,)
*Nobody really wants to see that written down.
38



https://lhcbproject.web.cern.ch/lhcbproject/Publications/p/LHCb-PAPER-2012-057.html

Full amplitude*: features and examples

Same parity:
1 dr
=1, 4«1
4 fantasy parameters 2 " d(cos(6y))
_ 3. _dr 5
2 \\ // =3 ey & 1+ kcos®(6,)
S 3 =13, _d o 1+ kcos?(6,)
3 2727 d(cos(6,)) P
o
T 2- Opposite parity:
S — 1. dr
5 =3 ey & cos(6,)
_ 3. __dr 9
J=13: Teos@) & 1+ kcos*(6,)
9 ' ; : J=1%,3: 2 _ 1+ Fk cos(6,) + kz cos®(6,)
-1.0 -0.5 0.0 0.5 1.0 272 " d(cos(,)) 1 P 2 P
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Acceptance efficiency
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= B phase space 1) Generate Monte Carlo data
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100 — Software 2 3) Apply reconstruction software
5 [__1Selections 4)  Apply all other selection cuts
p—- B fully rec. MC PRl
0.50 —
0.25 = — known true value to every reconstructed
0.00 = value

— useful to study acceptance effects
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acceptance

0.0

Distributions in data

Using simple bin-by-bin correction
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Conclusions K[EP

(ALM

A lot of interest in b-baryon decays recently: AND

e Predictions for A rare decays to A(J=2%, 3/2)U
o Form factors from lattice available for the ground state
o Charmonium contributions need to be estimated

e Experimental measurements mostly available for the ground state, a lot of work on pK final state!
o LFU measurement RpK
o Amplitude analysis of A, — pKy as a preamble of A, — pKll
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HANKS!




