Amplitude analyses for
rare B decays

BB Massachusetts
I I I Institute of Eluned Smith 05/29/2024
Technology
PWA13/Athos8



LHCDb experiment

Mass

- -L * \\\ I/ h_a_c.i.r.gn....\{

H potan "'.;a'{(;}{ """ em




Rare B decays at LHCDb

Electroweak penguin (EWP) A Mass of new physics in TeV
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Rare decays

Direct searches

b — sC¢: flavour-changing |
neutral current, Suppression makes rare

_ L decays particularly sensitive
branching fraction in SM to New Physics
O(107° — 107°)



Rare B decays at LHCDb

EWP in effective field theory

EW scale >> m,, replace loop with effective couplings

Cy = bs?¢ vector current
C,o = bst’C axial-vector current

C, = bsy (less-relevant)



Rare B decays at LHCDb

1 Highest experimental precision in
) b — sutu~ decays

Combine branching fraction and
“““ —.| angular information for all

o1l experiments and measured
A b — su™u~ modes
B — K*Ul Fit
Ry & Qy5 Fit
] —== b — sup Fit
~21 — Disagreement with SM at level of
| ABCDMN‘23 4'56
— —2 “1 peem ! ) 3
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Long-standing discrepancy- what causes anomalies in rare
electroweak penguin decays? -



Cause of anomalies?

+ ? = deviations




Cause of anomalies?
Option 1 - New Physics

— deviations




Cause of anomalies?
Option 1 - New Physics

* Many new physics scenarios highly predictive for certain
observables, e.g. enhancements in b — st 7~

— deviations

CP violating? Leptoquark? b — stz ?



Cause of anomalies?

Option 2 - misunderstood QCD processes

- = deviations




Cause of anomalies?

Option 2 - misunderstood QCD processes

« b — scclcc = y* = uTu~] (charm-loops) difficult to calculate
and can mimic deviations in Cg

= deviations

Fit theory models

to data to

constrain

amplitudes 10



Measuring '(BY - K[ — K77y pu™)

4 particles in final-state:

decay described by 3 angles
[{) = cos 6;, cos O, @] and g2

2 2
q° = m-(up)
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Averaged over q model independent but lose information . .
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Summary of b — su ™ "angular analysis

Bg — ouT " BT - K*Tutu~ BY — K9t

ARe(Cy) = —1.3707T  ARe(Cy) =-1.9 ARe(Cy) = =099
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Same pattern, negative definitions in effective coupling
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Candidates / (0.04GeV2¢™)  Candidates / (0.04GeVZc™)

Candidates / (0.13GeVZ2¢c—%)

Using amplitude analysis to disentangle long and

short distance contributions to B — K
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44T (BO

— K*utpu™)

d2dq?

i I fi
i ((2+fﬁ)(|Aﬁ|2+ A2 4 |AR2 4 |AR) sin? O

4 Re[AL AT* 1 AﬁAR*]) X |[BWp|2
le ((|AL|2 +|AB?) + (|At|2 +2 Re[AL AR)) +53|ASC81M|2) x |[BWp[? | cos? 0k
95 BL(ALpP 4+ | AL + |A 2 +]AF%) x [BWs|? sin? f cos 20
2¢c  —B2(145% + |AF)?) x |Bwp|2 cos? Ok cos 26,
3 3BR(1AL P — 1A + |AR]? = |Af?) x [BWs[? sin? O sin? O cos 2¢
4 %/5‘3 Re[ALAﬁ’* + ARA ] X |BWp| sin 20k sin 26, cos ¢
5 V2B (Re[af Al - Angf*] T Re [Af Alar + AP AL 0] ) X [BWBI? | sin 20 sin ) cos &
6s 26, Re[AlAL® — ARA™] x |BWp |2 sin? O cos by
6c 48, v Re[A§Ax .. + AFAr .| X |[BWp|? cos® O cos by
7 V3B, (Im[A A — ARAR] + TetmAL AL, + ARAY 1] ) X [BWp[? | sin 20 sin f sin 6
8 %/32 Im[ALAL* + ARAR*} X |I3VVp|2 sin 20k sin 26, sin ¢
9 [32 Im [ALAL* + AﬁAR*] x |[BWp|? sin? O sin? Oy sin 2¢
K
10 3(1A&P + |48 |2+@,§(|At|2+23.e[ALAR*])) x [BWs|? 1
11 V3 ( Re[(ALAL* + ARAR* + (ALAR + AueatarpA7)) X BWsBW3) cos Ok

+ Re[*32 AR A" x BWpBW*D
12 =582 (JAL1? + |AE?) x |BWs|? cos 20,
13 —v/362 Re[(AL AL + ARARY) x BWsBW] cos O cos 20,
14 \/§53 Re[(AZAL* + ABAD*) x BWsBW3] sin O sin 26, cos ¢
15 2\/36, Re[(AL AL — ARAT") x BWsBWS)] sin O sin 0y cos ¢
16 2,/36, Im[(AfAL* — ABAT*) x BWsBW3] sin O sin 0 sin ¢
17 (/362 Im[(AL AL + ABAR*) x BWsBWS] sin B sin 20, sin ¢

Zfz'(QQ)fz'(Q)

P-wave (K Y(892))

S-wave (spin-0 Kx
state) +S-P
interference
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Parameterising amplitudes as a function of q2

Local B — K©

. = , — form-factors, q2
Ay (q°) :NO{ [(Cg £0R) _Cg> + (CIO _C10/] Asa(q°) dependent

mp (eff),0 / 2
& —C, )1 >
‘|’mB+mK*<7 7 ) T23(q°) s
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Ai(q*) =N, {2 Ci0 — Cio] 4o()},
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Parameterising non-local form-factors

A€0,]], L
s b _ S
> 3
I +
eff 2\ _ a + ¢
CM(g™) = N Qﬁ; )

e 2\
CH(q%) = C, + H,(g?)
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Parameterising non-local form-factors

A€0,]], L

o b _ s
. 3
off 2y — AN + @ﬁ
C9,/1 (q ) - }\ Y -
CH(q%) = C, + H,(g?)

Two different analyses done, with different models for H/l(qz):
» Z-expansion (LHCb-PAPER-2023-033,032), partial q2
» Amplitude analysis over full q2 (LHCb-PAPER-2024-011)
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Parameterising non-local form-factors

A€0,]], L

o b _ s
. 3
off 2y — AN + @ﬁ
C9,/1 (q ) - }\ Y -
CH(q%) = C, + H,(g?)

Two different analyses done, with different models for H/l(qz):
» Z-expansion (LHCb-PAPER-2023-033,032), partial qz
» Amplitude analysis over full q2 (LHCb-PAPER-2024-011)
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Z-expansion

Polynomial-expansion

=z, |- 2
1 w(2S) Z
H)\(Z) = Ko, X aﬂ.nzn
n

=Ly <~ y2S)

Z = remapping of >

Experimental measurements

Theory information / Branching ratio, polarization fraction and

Value of charm-loop at g% < 0 phase difference from B® — y K™

» reliable for g> <« 4m?

PRD 76 031102(R) (2007)
PRD 88 052002 (2013)
PRD 88 074026 (2013)
PRD 90 112009 (2014)

JHEP 09 (2022) 133

(Diagram/slide from A. Mauri)
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Z-expansion

Polynomial-expansion

1l | 2 2 models used:

H @) = X X Zaﬂ.nz”

L & Jhy Ve Zy/(ZS)

« With theory info from <q2
(n =4)

« With no theory info (n = 2)

Z = remapping of g~

Experimental measurements

Theory information / Branching ratio, polarization fraction and

| Value of charm-loop at g < 0 phase difference from B - y K™

» reliable for g2 < 4m?

PRD 76 031102(R) (2007)
PRD 88 052002 (2013)
PRD 88 074026 (2013)
PRD 90 112009 (2014)

JHEP 09 (2022) 133

(Diagram/slide from A. Mauri)
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Z-expansion: results

Results for local B —» K* form-factors

a; , coefficients constrained
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Z-expansion: results

q®> > 0 only

Fit It deviation

e from SM
Co —0.931) 2 19 ¢
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Central value for Cy remains consistent with anomalies, but
larger uncertainty reduces tension to 1.80
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Parameterising non-local form-factors

A€0,]], L

o b _ s
. 3
off 2y — AN + @ﬁ
C9,/1 (q ) - }\ Y -
CH(q%) = C, + H,(g?)

Two different analyses done, with different models for H/l(qz):
» Z-expansion (LHCb-PAPER-2023-033,032), partial q2
» Amplitude analysis over full q2 (LHCb-PAPER-2024-011)
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Amplitude analysis over all g - new!

a I><1V > hep-ex > arXiv:2405.17347

High Energy Physics - Experiment

[Submitted on 27 May 2024]
Comprehensive analysis of local and nonlocal amplitudes in the
B’ - K*u*tp~ decay

LHCb collaboration: R. Aaij, A.S.W. Abdelmotteleb, C. Abellan Beteta, F. Abudinén, T. Ackernley, A. A. Ade
B. Adeva, M. Adinolfi, P. Adlarson, C. Agapopoulou, C.A. Aidala, Z. Ajaltouni, S. Akar, K. Akiba, P. Albicoc:
Albrecht, F. Alessio, M. Alexander, Z. Aliouche, P. Alvarez Cartelle, R. Amalric, S. Amato, J.L. Amey, Y. Am
An, L. Anderlini, M. Andersson, A. Andreianov, P. Andreola, M. Andreotti, D. Andreou, A. Anelli, D. Ao, F.
M. Argenton, S. Arguedas Cuendis, A. Artamonov, M. Artuso, E. Aslanides, R. Ataide Da Silva, M. Atzeni, E
Audurier, D. Bacher, I. Bachiller Perea, S. Bachmann, M. Bachmayer, J.J. Back, P. Baladron Rodriguez, V. Ba
W. Baldini, H. Bao, J. Baptista de Souza Leite, M. Barbetti, |. R. Barbosa, R.J. Barlow, M. Barnyakov, S. Barsu
Barter, M. Bartolini, J. Bartz, J.M. Basels, G. Bassi, B. Batsukh, A. Bay, A. Beck, M. Becker, F. Bedeschi, |I.B. B
S. Belin, V. Bellee, K. Belous, I. Belov, |. Belyaev, G. Benane, G. Bencivenni, E. Ben-Haim, A. Berezhnoy, R. [
Bernet Andres, A. Bertolin, C. Betancourt, F. Betti, J. Bex, la. Bezshyiko, J. Bhom, M.S. Bieker, N.V. Biesuz, |
A. Biolchini, M. Birch, F.C.R. Bishop, A. Bitadze, A. Bizzeti, T. Blake, F. Blanc, J.E. Blank, S. Blusk, V. Bochar
J.A. Boelhauve et al. (995 additional authors not shown)

24



Amplitude analysis over all g - new!

Hy(q%) = > A, L@ = A, e L(q?)

j=all possible resonances

BO BO
2N V M’
H/l(q ) - ] +
. [T
Lsetlie 2-particle Tau loop

contributions contributions contribution
Includes:
0(782), w(29), mcees: Sensitive to CJ
p(770),  w(3T70), DD,
$(1020),  w(4040), D*D,
Jy, w(4160) Dabe

< = Breit — Wigner < = Dispersion — relation
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Amplitude analysis over all q2 . results
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Local form factors

Local form-factor results

Parameter  Prior [34] Posterior

o —1.12+020 —1.21+0.19+0.02
s 218+ 1.76  3.23+1.69+0.18
ot 0.29+0.02  0.29 + 0.01 + 0.00
ot 0.46+0.13  0.40+0.10 +0.01
! 1.2240.73  1.21+0.69+0.10
o 028 +0.02  0.26 =+ 0.02 + 0.00
ot 0.55+0.34  0.47+0.22 +0.04
a1 0.58 £2.08 0.53+1.26+0.17
oy 0.36 +£0.03  0.36 + 0.02 + 0.00
oV —1.09+0.17 —1.09+0.17 +0.01
oy 2.73+1.99 3.93+1.74+0.25
ol —0.9540.14 —0.94+0.1440.01
0! 211 +1.28  2.07+1.16 +0.05
ag? 0.32 4 0.02 -

ol 0.60+0.18  0.61+0.16 +0.01
o 1.70+0.99  1.78+0.98 +0.03
g 0.62 4+ 0.03 -

ol 0.97+0.32  0.95+0.30 +0.01
ol 1.814+245  1.68+2.1540.04
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Amplitude analysis over all q2 . results

Nonlocal parameter results
1A /w| B8 L0 EGI 10 o0 0.23 4 0.01 + 0.01
A%, (3.85£0.01%0.14) x 1072 50 0914000001

I/
| AY /w| - 8%,  —1.92£0.05+0.02

Al 009 L0280 10, 0l 081 000 010
A0 ] (B3 090 F069) <0 o —0.44 4 0.02 £ 0.11
|A3(25)| (134404 +£1.1 )x107* &Y —2.5440.1340.12

(25)|

P (25)
¥ (25)

|AS o) = Orry  1.38£0.53 £ 0.65

4D 7o) - 0rszy  —0.49£0.92 £ 0.53

A9, 1020)| - 00102y  0.10£0.8240.78

Nonlocal parameter results
Nonlocal parameter results (x10-5) R(AL, )  —0.07+£0.93+£0.69 S(A,-) —0.44+0.7140.73
3.68 + 1.34 £ 0.73 %(Al'p(m)) TESE TGS el el s GEe ) e
35341454047 w(m)) 086+ 1564+ 053 ER(Aﬁ)ODO) —0.33 4 0.91 + 0.70 ;s(AﬁjoDo) —0.27 4+ 0.77 + 0.81
~3.14+139+£0.60 S(ASy) 167+ 1.54+0.62 ggﬁgomoi —8-‘1)2 i g-gf i 8-22 éﬁﬁi’”f’”g —g-gg i 8-;? i 8-%
%0 =0 — VY. . . %0 )*0 —VU. . .

_33? i 123 i ggg Egi%(mm); —ggé i 11818 i éé; R Ag omo) —017+£005+066 (A0, ) —0.28+0.85+0.78
e i ;(Ag)(cmo)) R Twopo)  0.02+042+0.66 S(Ap.op) —0.4640.3240.58
(4040 R(AL.0p0) —0.244+04240.70 S(AL,5) —0.11+0.39+0.61
0.04+£1.72£0.56 S(Ayqe0) 1ITELI8E145 AV ) —051+£041£068 S(A%..5)  0.12+£0.35+0.58
—2.81 £ 1.75+£0.61 S(Ajye) 032£015£009  g(ach 0.00 £0.034+0.02 S(AC)) —0.10 4 0.03 + 0.01
1.03+1.77£0.39 S(A)ye0) —166+1.67+£1.04  R(AC)H) —0.05+0.034+0.02 S(ACH) —0.04 4 0.04 4 0.01
R(AC?) 0.33+0.334+0.09 S(AC?) —0.19 4 0.20 + 0.09
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Amplitude analysis over all q2 . results

Nonlocal parameter results
B8 L0 EGI 10 o0 0.23 4 0.01 + 0.01

| A=+ ¢| (3.85+£0.01 £0.14) x 1073 5§/¢ —0.21 £ 0.00 = 0.01

|49, - 8%,  —1.92£0.05+0.02

Ao (959 098 L0910« 00 5 0 081 000 019

[ALog|  (8:38£0.27£0.62) x 1074 §l,,  —0.44£0.02+0.11

IO ] (14 001 0t 00 981 0130 019

A4S | . Oy 1.38£0.53+0.65

A 7a3| - 53(782) —0.49 £ 0.92 + 0.53

i - om0y 0.10+0.82+0.78

Nonlocal parameter results
Nonlocal parameter results (x 105) R(AL, )  —0.07+£0.93+£0.69 S(A,-) —0.44+0.7140.73
R(A! yrre) 368 % 1.34£0.73 %(Al'p(?,m)) TESE TGS el el s GEe ) e
R(ALgrg) —3.53+ 145047 ¢(3770)) —0.86 & 1.56 £ 0.53 R(Aﬁvorao) —0.33+0.91+£0.70 ;S(Aﬁ)()DO) —0.27+0.77 £ 0.81
R(AS 3rry) —3.14+£1.39£0.60 S(ASyy) 167+ 1.54+0.62 g(ﬁg«om) —8-(1)2 i g-gf i 8-23 ;j(ﬁzf*op*o) —g-gg i 8-;? i 8-%
%(A%MMO)) —2.39 £ 1.53 £ 0.96 %(A%@om)) —0.71+£1.80 £ 1.11 QREACL’) Z§§§ 017+ 0.95 + 0.66 §EA§2§§§ 028+ 0.85 + 0.78
Cx

Rbow) SOLLTL0W o) 0521008 Wl hmlontow o) usomsns
1(4040) (4040) R(AL,z0) —024+0424070 S(AL,-) —0.11+0.39+0.61
R(Ayaien) 004£ 1724056 S(Ayge)) 191198145 a0 ) —0.514+041+£0.68 S(AV,.)  0.124+0.35+0.58
R(Ajuie0) —281ELT5E£0.61 F(Ayye) 032+£015£009  g(ach 0.00+0.03+0.02 S(AC))  —0.10+0.03+0.01
R(Ayuer) 1.03EL77£0.39 (A —1.66E167£1.04 RACEH)  —0.05+0.03+0.02 S(ACL)  —0.04+0.04 +0.01
R(AC?) 0.33+£0.334+0.09 S(ACY) —0.19 4 0.20 % 0.09

A lot of numbers describing non-local effects...easier to see graphically
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Amplitude analysis over all q2
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Amplitude analysis over all q2 . results
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Amplitude analysis over all q2 . results
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Some thoughts on challenges

» Scale difference between short and long distance amplitudes

* Incorporating resolution into fit: q2 dependent + care about the
tails

« Computational time for unbinned ML + res. convolution on ~
1.5 million events

* Incorporating exotica
* Presenting fit info to theorists - pseudo data?

 Knowledge of open charm-states/fit stability (mainly affects
C9T)
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Summary

>X<0_|__

- First amplitude analysis of B — K “u*tu

* Challenging but necessary to leverage data to separate short
and long-distance

* Two analyses performed so far, using different models/data

* Future analyses will include CP-violating affects (strong phase
variation)

. Measurements of BY — K*OJ/l//from Belle Il wanted : )
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b — sy amplitude analyses

B, — ¢y,B" - K%, Bt - K*ntn~y,A, = pKy...
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b — sy amplitude analyses

B, — ¢y,B" - K%, Bt - K*ntn~y,A, = pKy...
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Amplitude analysis of A} — pKy - new !

Weighted candidates / (21 MeV /c?)
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Amplitude analysis of A} — pKy - new !

LHCb-PAPER-2023-036
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» Comparison to A, — pKJ/y tricky as no

pentaquark, heavier resonances enhanced in
radiative case
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