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INtroduction WARWICK

= Decays governed by b—s// transitions are sensitive THE UNIVERSITY OF WARWICK
porobes for new physics

= \\Vell studied for meson decays | HCb-PAPER-2019-040
= Baryon decays provide complementary information Background subtracted NAp,—pKuu
% Different spin structure N 0.1 <92 <6.0GeV
< Differences in hadronic structure g o 4 0 ]
= Decays /\p—/\u well studied 2 4F [ i LHED
(JHEP 01 (2015) 155, JHEP 11 (2017) 138 and g %F | Tr1 ]t :
many others) 5 b 1 ++ Loy :
= Decays \p—=/N\'uu with spin 1/2 and 3/2 /A" studied g 10 -+ I 1} by ++ " -
oreviously (1903.10553, JHEP 07 (2020) 002, e T Mt

JHEP 06 (2019) 136, Eur. Phys. J. Plus 136 (2021) %0 20 250,
6 4) m(pK~) [MeV/c7]
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Angular distributions WARWICK
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= \With polarised production, 5 angles to describe kinematics
= \Nithout polarisation, one Is sensitive only to @+®n

= Angle 8 should correspond
to production polarisation
ax|s i

“** Figure shows case for pp
collisions with transverse
polarisation

“ For Z decays one has to
take relevant polarisation 4 rest frame :
ax|s

/18 rest frame

lab
Y ;7 pjg ¢+ ¢~ rest frame
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Angular distribution WARWICK
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= [he full angular distribution with several interfering spin states can be easily
written in the helicity formalism

spin states
= Full decay rate operators /p
L S ) (e S
dg? dmpr dQ m?Ab 20(2m)" q° Ab bx\l,/\z,/\p O; A ; AN o

= Several terms will have same angular term, so want to group them




Angular distribution structure WX\,\YCK
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ZZ\/JAJr%Zg/\V/\V
A2,Ap A AA

Spin-density matrix
, 1 ( 1+77Agcosﬁb PAgsiné’b )

J % :
X hﬁ\\A’)\p (mpK)DAi)\p(gbp, Op, —0p)"| 2 Posind,  1—"Pocosby

= Set of terms without any dependence on polarisation

= Set of terms proportional to P cos 6 with same amplitude structure as
unpolarised terms

= Set of terms proportional to Py sin 8 where amplitude structure is different
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Angular pasis WARWICK
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= No unigue option how to group terms, pick one based on associated Legendre
polynomials (N\p—pKuu)
% Related to angular momentum and makes it easy to keep track of terms
% Resulting functions are orthogonal (own weights for the method of moments)
“ For N\p—/\Lu bases we chose was slightly suboptimal, but relates to Legendre polynomials

= Fnal basis: f(ﬁ; leps thads Mieps Mhad) = QnZ?:pnmhadelep'(cos Hg)Pl:;ad’(cos 0,)

lhad llep

« Sin(|mlep|¢€ T ‘mhad|¢p) Miep < 0 and mpaq <0
cos(|Miep|@e + |Mhad|Pp) Miep > 0 and mpaq > 0

= [he angular distribution takes form | .
178 Ki(g2,mpk) are bilinear

2 7 ' '
32377 d 2dd L == Kilg?mp) £.(69) combpinations of
q* dmp dQ T products of amplitudes




Anatomy of angular distrioution
N\ PKUU

WARWICK
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parity

single states

- There are 1 78 termS Wheﬂ P | combination AT 19 T30 5o | Re/mo V/A helicity combinations Eq.
i i " 1 Salne Z 1 v v v Re JA = J/7(>\A Av) ()\A )\v) (62)
poolarisation is allowed to be non- 2 w20 v v VR ¢ nS 0 G = 0a )| @
3 same > 1 v v v Re Jrn = I\, (An, Av) = (Aa, Av)’ (64)
Z€ro T LA | @

opposite > e 1% Ay AV Ay AV
: 6 opposite > 1 Re (An, Av) = (A, Av)/ (118)
“‘ 7 same > 2 v v Re AN, A Ar, Av) 119
* 46 of these present also with zero o I S AVUIW SV 1
polarisation and have no 6p 0] o 23 R AR A o]
dependence (Miep=Mhad) | oot o wALGu=Ouhy

— opposite > e Ay AV

R N 5| AR TR

. same > e : !
** For polarised case, 46 terms have 5| sme o /| R onon S oway | e
. 16 oppos%te >5 Re (An, Av) = (A, Av)/ / (128)
cos B» dependence while rest of the 17} owesie = Re /0 wEb G =Owd) 020

(@) oSs1te = e Ay AV Ay AV

angles are same as unpolarised case 19| owoic =1 Ro (131)
20 opposite > 1 Re v (132)
& . ' 21 same > 2 v v Re (133)
% Remaining terms have sin 65 2| same > ¢ Re v i
. . . 23 opposite >3 Re , , () 135

: Av = 0,|Ay| =1 (all possible A
dependence with basis functions 2| opposte >3 | R v T HEpobe ) s
26 same > 4 v Re v (138)
Where mlepimhad 27 opposite > 5 Re (139)
28 opposite >5 Re v (140)
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Sensitivity to physics WARWICK
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= For \p—=/\ we investigated In greater details what can be extracted
= At low-hadronic recoill amplitudes depend on combinations of Wilson

coefficients

ohysICS

K¢

pr = |Cv -

= C{/‘Q + ‘Clo -

= Ol

p2 = Re (CvCiy — CyCrp) — ilm (CvCy + CroCrp)

péz = 2Re ((CV -

= Cy)(Cro £+ Cp)”)

ps = |Cy]* = |C|° + |Cro|* — |C1ol* — ilm (CvCTy — C{Chy)
= |m(02) only accessible with non-zero polarisation

= One can construct relationships which depend only on short distance

= 2

Re(p2) Kos

Kz, “Im(py) Ko

Im(pz) Koz Re(py)
Im(ps) © Kio  Im(pa)

Py,




SM prediction WARWICK
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Obs.  Value 68% interval Obs.  Value 687% interval Obs.  Value 68% interval Obs.  Value 68% interval
M, 0.459  [0.453,0.465] | Mp 0.000  [-0.005, 0.006] M, 0.351  [0.349,0.353] | Mg 0.187  [0.183,0.192]
My 0.081  [0.071,0.094] | M7  —0.025 [-0.034,-0.014] M, 0.298  [0.294,0.301] | M;  —0.022 [—0.025,—0.019]
Mz —0.005 [-0.014,-0.001] | Mg  —0.003  [-0.016,0.012] Ms  —0.236 [—0.240,—0.230] | Mg  —0.100 [—0.105, —0.095]
My —0.280 [-0.290,-0.262] | My 0.002  [0.001,0.002] My, —0.195 [—0.200,—0.190] | My 0.000  [0.000,0.001]
Ms  —0.045 [—-0.053,—0.037] | Mo 0.002  [0.001,0.002] Ms  —0.154 [-0.159,—0.149] | Mg —0.001 [—0.001, —0.000]
Mip  —0.366 |—-0.383,-0.338] | Ma3 —0.147 [-0.162, —0.133] Mi; —0.064 [—0.069,—0.058] | Moz —0.299 [—0.303, —0.295]
Mz 0.071  [0.058,0.081] | May  0.132  [0.120,0.150] Mis 0240  [0.235,0.245] | Moy 0.337  [0.335,0.338]
M3 0.001  [-0.010,0.007] | Mss —0.001 [-0.001,—0.000] Mz —0.292 [-0.295,—0.288] | Mas —0.001 [—0.001, —0.000]
My 0.243  [0.230,0.254] | My 0.004  [0.003,0.005] M,  0.034  [0.031,0.038] | My  0.001  [0.000,0.001]
Mis  —0.052 [—-0.060, —0.045] | Moy 0.089  [0.081,0.099] Mz —0.191 [—0.196,—0.186] | Moy 0.221  [0.216,0.226]
Mg 0.003  [0.001,0.009] | Mas —0.089 [-0.100, —0.080] Mg  0.151  [0.146,0.156] | Mss —0.187 [—0.191, —0.183]
Mz 0.004 [-0.012,0.018] | My  0.000  [0.000,0.000] Mz 0.102  [0.096,0.107] | My  0.000  [0.000,0.000]
Mg 0.029  [0.018,0.037] | M3y  0.000  [0.000,0.000 Mg 0.021  [0.018,0.024] | Msy —0.001 [—0.001,—0.000]
My —0.001 [-0.002,-0.001] | M3, 0.000  [0.000,0.000] Mg  0.000  [0.000,0.000] | Msz;  0.000  [0.000,0.000]
My —0.003  [-0.003,0.002] | M3z  0.075  [0.035,0.118] My —0.001 [—0.001,—0.001] | M3» —0.046 [—0.050, —0.043]
Mo 0.002  [0.001,0.003] | Mas3 0.007  [0.001,0.012] Moy 0.000  [0.000,0.001] | M3z —0.053 [—0.056,—0.050]
My  —0.005 [-0.006,—0.003] | M34  0.000 [-0.000,0.000] My  —0.002 [—0.002,—0.001] | M34  0.000  [0.000,0.000]
1<g?<6GeV? 15 < 92 < 20 Ge\V?
Par=1 Pr=1

For polarisation Paz1, scale M11 — Maza by Pa




| atest measurement

= \Well compatible with the SM
= Remaining observables compatible with zero

a4
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OV {81 02)60d3H
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Global fit WXWV\CK
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= Uses just /\p = Ay observables and Bs — pu branching fraction

= |nterestingly it constrains production polarisation and /A decay asymmetry
as well as dedicated measurement with /\p — J/(/\

scenario (9, 10)

—|_OO [ B B — i _|_015 | I E— _
1 + SM data set 1 | - data set 2 | .
_1.0_: global BFP data set 2 40.10- data set 3 [ Q
I X our BFP data set 3 } I N
I Z j <
—2.0 ) - 8 +0.05 7 —
%= : | = : =
3 —3.0 1 _— = +0.00 1o
LTS e \ 2
_ 40 - —0.05 1 o0
j | | —_—
] Z —
50 1 —0.10 + <
U1 —
3 3 L — '
et O T e e e S — 0.740 0.745 0.750 0.755 0.760
+2.0 +4.0 +6.0

a(N — pr)
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Production polarisation WARWICK
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S
\®)

S

= Measure angular moments
in Ay = J/W/\ and then
perform Bayesian analysis

= Jses same dataset as rare
decays

= Polarisation consistent
with zero without visible
energy dependence
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https://doi.org/10.1007/JHEP06(2020)110

Future for Ap — Auu

= \When we did work on full
distribution, we made crude
estimate of precision at LHCb

= 15 < g2 < 20 GeV?

= Pure signal toys without any
background

= Just scale yields from published
numbers

= \Will be able to measure
orecisely, but many observables
give only small effect at LHC

a4

WARWICK
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Obs. Runl Run2 Upgrade Phasell | Obs. Runl Run2 Upgrade Phasell
My 0.021  0.011 0.004 0.002 | Myg 0.071 0.038 0.014 0.006
Mo 0.042 0.023 0.008 0.003 | M9 0.156 0.084 0.030 0.012
Ms 0.030 0.016 0.006 0.002 | Myy 0.071 0.038 0.014 0.006
My 0.050 0.026 0.010 0.004 | Ms; 0.090 0.048 0.017 0.007
M 0.078  0.042 0.015 0.006 | Moy 0.041 0.022 0.008 0.003
Mg 0.055 0.030 0.011 0.004 | Moz 0.089 0.047 0.017 0.007
M~ 0.090 0.048 0.017 0.007 | Msy 0.036 0.019 0.007 0.003
Mg 0.041 0.022 0.008 0.003 | Mss 0.156 0.083 0.030 0.012
My 0.090 0.048 0.017 0.007 | Msg 0.071  0.038 0.014 0.006
Mo 0.041 0.022 0.008 0.003 | Moy 0.156  0.083 0.030 0.012
My 0.051  0.027 0.010 0.004 | Mog 0.071 0.038 0.014 0.005
Mo 0.078 0.041 0.015 0.006 | Msg 0.097 0.052 0.019 0.008
Mz 0.054 0.029 0.010 0.004 | M3y 0.062 0.033 0.012 0.005
My 0.088 0.047 0.017 0.007 | M3y 0.097 0.052 0.019 0.008
Mys 0.136  0.073 0.026 0.011 | M3 0.062 0.033 0.012 0.005
Mg  0.097 0.052 0.019 0.008 | Ms3 0.061 0.033 0.012 0.005
M7  0.156 0.084 0.030 0.012 | Ms4 0.061 0.033 0.012 0.005

= | HCb Phase |l corresponds to
about 50k reconstructed events

13



\pb—PKuu aetalls WXV%K

THE UNIVERSITY OF WARWICK

= 1D distribution in 6, has usual BT

form, K2 generates lepton Ars 7 G doosts = 2
“ Usual contributions, just adds A’
helicity 3/2 In addition to 1/2 P V. VB V3,
= 1D distribution in 6, gets larger dg?dmpicdeosfp 2~ 4 " 16

number of terms

“* Includes odd terms in cos 6, which
vanish for single resonance

“* With interference, Ars generated also
on hadron side with K4, K10 and K1e
contributing

] Ko + 15\167K16) cos Op |

5TK10 — 358K16> COS3 (9p '
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= (Jse SM Wilson coefficients used in JHEP 05 (2013) 137

. V 4

= Use all well established states for which prediction for form-factors exists
“* Form-factors based on guark-model from Int. J. Mod. Phys. A 30 (2015) 1550172

= Most of the resonances modelled

o | | resonance | my [GeV/c? | Tp [GeV/e? | 2Jyn Pn B(A— NK)

oy relativistic Breit-\Wigner A(1405) 1.405 0.051 1 - 0.50

_ . A(1520) 1.519 0.016 3 - 0.45
= /\(1405) uses Flatte model A(1600) 1.600 0.200 1+ 015 0.30
. . A(1670) 1.674 0.030 1 —  0.20-0.30
= |nvestigated scenarios: A(1690) 1.690 0.070 3 —  0.20-0.30
. . , , A(1800) 1.800 0.200 1 —  0.25- 0.40
= Fip Co/C10 or add right Cg/C1o A(1810) 1.790 0.110 1+ 005035
o A(1820 1.820 0.080 5 0.55 — 0.65
= Global fit in Eur. Phys. J. C 82 AEZ_890§ 1.890 0.120 3 0.24 — 0.36
(2022) 326 A(2110) 2.090 0.250 5 0.05 — 0.25

. y
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Ensemble of resonances WARWICK
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= |nvestigate sensitivity of olbservables with ensemble of different /\ resonances

= Strong phases of all A\ resonances set to O (/2 at the pole)
= Additional uncertainty from strong phases by varying them between -t and 1t

s : 1w, 40 A full m(pK) range
> |2 3000 - —— Standard Model > ' (PK) i
2|z ]  Cy— —CM =%
— 2500 - o oS o]
g . 10 = 10 o 30 B
| C/ — CSM go —? i
g 2000 ) ) —~
1—4|E . CiO — Cls(l)vI -
1500 - global fit 20 -

J/p(15) $(25)

25 50 7.5 100 125 15.0
¢* [GeV?/cY]
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Ensemble of resonances WARWICK
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= Some cases give good = 0 e o R B
< <

sensitivity to new physics
without effects from strong

phases | -02:

= Some observables like K4 has S ws) | ves) e sy | ves)
‘ g ' 2.5 5.0 7.5 10.0 12,5 15.0 2.5 5.0 7.5 10.0 125 15.0
ittle sensitivity to new physics, 7 [Gev2/e ¢ [GeV2/ef
but large effect from strong T 0 CllpE) evse CHE T enge
phases < 005

= Several observables like Kao
sensitive to new physics but : __
require knowledge of strong 4 sy | ves 5 sy | ves

2.5 5.0 7.5 10.0 12.5 15.0 2.5 5.0 7.5 10.0 12.5 15.0
p h ases ¢* [GeV? /] ¢* [GeV? /]
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Ensemble of resonances WARWICK
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= Particular example of effect of
strong phases

= Set strong phase of spin-3/2
resonances to T while keeping 2 /
rest to O

full m(pK) range
<_

o ] full m(pK) range
- %

J/p(1S) $(25) : J/$(1S) $(25)

s a0 7 100 15 10 s 50 75 100 125 150
= \ery large effects on K4 and P GV ? GVl
KSZ < 0 Rall m(pE) range < 0-15'E Rl m(pF) ange
< Kso shows significantly different = i 0.10°
' 0.05 1

behaviour " | iy
: : —ODS%

= \We have all ingredients but as - |
polarisation at LHCb is small, s yous |ves) sl s |ves
we never looked into details O v w T R e

18



/\p—=DKLILU Measurement

contributions
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= Unpolarised observables measured at LHCb with Runs 1 and 2 data
= |nterpretation is not trivial without detalled understanding of hadronic

= But Interference of various resonances introduces more observables

- 10—
& N

A 1.4359 < m, i < 1.5900 GeV/c?
¥ 1.5900 < m,x < 1.7500 GeV/c?
0 1.7500 < m,x < 2.2000 GeV/c? -

1.4359 < my < 1.7500 GeV/c> ]

3

0.75 F
0.50 F

0.25 F

0.00 FF=1-==1—~

—0.25 — = —
—0.50 — i —

~0.75F LHCb 9 fb~! :

B S S S :

SH

M
—

1.00 ¢

L LHCbH 9 b~ X 14359 < myx < 1.5900 GeV/c?
¥ 1.5900 < m,x < 1.7500 GeV/c? -

0 1.7500 < myx < 2.2000 GeV/c? =
1.4359 < m,x < 1.7500 GeV/c? 7

0.75 F

0.50

0.25

0.00 Fr=4-+==F=

—0.25 F

—0.50 [

—0.75

—1.00k

¢9¢ | 60V c-NIXIE
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= [here IS Interesting physics to be extracted from rare /\p decays
= \With 1012 £ bosons we expect about 15k decays for BF 106
= Size of the sample will likely be smaller than ultimate LHCb sample

= But with polarisation possibly being about 0.5 (10 times of that at LHCb),
there is possibility to complement LHCb measurements
% Larger uncertainty, but also on 10 times larger effect
% Assumes that the polarisation axis does not align to make relevant terms zero

= [ here might be other interesting options with higher BF decays, but
generally there are not many studies done

% People interested will likely need to do work to understand whether polarisation
brings benefits

20
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Summary WARWICK
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= [om Blake and myself would be interested to look into question what can
be gained by 1012 Z decays, but currently do not have enough bandwidth
to do study on our own
“* Anja Beck who did lot on Ap—pKuu is still in physics and she might do some work
on this, but again, not as a main work
= One should work out how well one can do measurement at £ pole and also
look what iImpact such measurement would have

= |f somebody Is interested, get in touch we can discuss some collaboration
to look Into these questions

21
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wWny Ap — Auu Wwwm
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= Provides rich angular structure thanks to non-zero spin of initial state

= /\ baryon is very long lived and can be easily treated as stable particle in
calculations

= Both experimentally and theoretically very clean from any interference and
backgrounds

= |f produced polarised, It offers access to information not available with
Mesons

= Con: Long A lifetime decreases detection efficiency, so statistics is usually
smaller than similar meson decays

23



Differential branching fraction

= Measured at LHCb with Run
data

= [heory prediction Is currently
more precise than experiment

= Experimentally measured relative
to /\p = J/YA for which we do
not have good BF

= No significant signal below J/y
yet

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

a4

WARWICK
arxXiv:1602.01399v2
- b 1077 GeV ] L
3.2 € —e—1
dq DO |
——1
|—I—| |
5 10

¢* [GeV?
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EXperimental normalisation wavch
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= Measurements for /\p — J/p/\ come from

fa BN, = JIwi)

Tevatron which measured — arXiv:1912.05811v1

fd B(BO —> J/l//KS) 5140
(% ]
= Best number comes from DO 1
= One needs also fragmentation fraction, in past 510 |
one Wou\q average LEP and Tevgtron soo| x {
= But there is pT dependence, which means that L] \
averaging LEP and Tevatron is not good g 0.40- I Loy |
= Needs measurement of both ingredients from B T R T R T YT BT AT

¢ [GeV?]

same experiment = ongoing at LHCb

25
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Angular distributions WARWICIK
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= Up to some constants, angular distribution in unpolarised case Is
K(qz, cos By, cos By, @) = (Klss sin® @) + K1q..cos®0; + K1, cos «96)

- (KQSS sin® 0; + Kop.cos® 0; + Ko, cos 6’g) cos Oz

- (Kgsc sin 6y cos 0y + K3, sin Qg) sin @ sin @

+

eAGTICOLPL-ALXTE

Kys-81n 6y cos by + Ky sin Hg) sin @ cos @ .
= Specific features :

“* We can still define fraction of longitudinally polarised dilepton system

“* There is non-zero hadron side forward-backward asymmetry thanks to weak decay
of /A with significant differences between two amplitudes as=...

“* One can also construct combined forward-backward asymmetry

26
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Angular distributions WARWICK
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= One can take ratios of observables to construct quantities which in first
order are sensitive only to:
* Form factors

2 2
2 Ko mAb_mA fgff64
KQCC q2 fJ‘_/ff ,
2 Kyse TIA, + A f(Y MA, — A f64

K2CC \/6]72 fJ‘_/ \/qi2 ff |

“* Short-scale physics

Ky _ Re{ﬂ2}
Ko, aRe{ps}

X1

27



Predictions

1.2
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WARWICK
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Predictions WARWICK
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0.3

= Predictions are generally reasonably precise K,
= Measurements on these plots come from very %Zé_\ _______________ )
early analysis when we were figuring out what _
we should be actually doing x
= With Tom Blake we extended work to polarised "+ o
case, which adds another 24 observables o
“* 10 have same structure as unpolarised case, just _
being multiplied by production polarisation N R o
“* 14 are proportional to production polarisation and
give access to more information 008 arXiv:1602.01399v2

| |
0 5 10 15 20

¢* [GeV?]
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| atest measurement

= Uses Run 1 and part of
Run 2 data from LHCb

= Measured only 15 < g2 < 20
GeV2 bin as this is the only
one having significant yield

= About 610 signal decays

= Used method of moments

“* Luckily, otherwise would run
to troubles with value of ax
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| atest measurement WARWICK
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Q10 4 g 1s0p 7 E oasof | ' T
s [ + LHCb ] < [ ‘ LHCb s LHCb
% 100~ | ] é 100_—l -1 .8 100 I ]
= : { 10 —— l 5 Het i =1 { _
50-— . _- 50-_ | 50'_ + __
i + | i ]
_+_ i -
o - - ‘ o
i PR T T T I RN S S 1 L [. | i PR TR TR T B . :. ] ] ]
2 05 05 ! 2 05 05 ! 0 ) 0 2
cos 0, cos 0, ¢
51501 | 4 B s | - . 4
S T [HCh 18 LHChb : Source Uncertainty [10°]
~ I 1 = ¢ i Range among K; | Mean
2 B d1 8 B ] Simulated sample size 3-22 9
2 100 S 100 +
5 I ] ‘ + ) E i l # '_ Efficiency parameterisation 1-13 4
I :Flz'%_*__{_'—'i ! - _+_—l— | Data-simulation differences 2—-16 6
501 l ~ 501~ —+— l — Angular resolution 1-11 4
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2 205 05 1 T >
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—How 1o get polarised sample WXWV‘CK

THE UNIVERSITY OF WARWICK

= |t there Is enough Interest in olbservables accessible only with polarisation,
we can try to play some tricks

“* We measured polarisation only integrated over large n-pr region, but it does not
have 1o be constant

% One can look for \p coming from decays which itself could introduce polarisation
+ Obvious choice for LHCb would be 25* but my intuition is that it will not help

+ Top quark decays might be interesting, W in such case is polarised and so would be b-quark,
this would be more suitable for ATLAS and CMS

= Each idea would need dedicated study whether it would work

= Each iIdea would mean lower statistics, on the other hand, one does Nnot
need to do all observables
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VWhat to expect WARWICK

THE UNIVERSITY OF WARWICK

= | HCb is working on update of /\p = Ay branching fraction with Run 1+2

data L6
, , | 14 dR : o
= (Good chance to see signal in more g2 bins, .| gz 107 GeV [

we have about 4 times more data in Run 2 mﬁ
= Not yet clear what we can do with angular |

observables below J/ bl ; /XR
= Want to look back to polarisation N iﬁjzﬁ . . |
measurement to see whether there IS at X : 10 15 20

L ¢* [GeV?
least some Indication of non-zero
polarisation somewhere
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|solated spin 5/2 resonance

= Only isolated /\(1820)

= Grey band shows
uncertainty from:

% Form-factor
s \Widths etc.
** Non-factorisable corrections

= Often need rather large
change in Wilson
coetticients for effects
larger than uncertainties
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Helicity amplitudes WARWICK
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eff
ATU) 9 2my, C7(/) i AT _ 7AT5
HAAa)\V (q 7mpK) B q2 2 c ’ (HAAa)‘V T HAA7>\V)
A9 9 CS%) 6 AV ALA
Hxaon (@7 mpK) = > ¢ (H/\A’,/\v T H/\A’,/\v)
A100) , 9 B Cio0) s AV _ o AA
AN LAY (q 7mPK) — ) et (H)\A,)\V Ll HA/\,A\/)
A TH . _
Hy "y, = e (Av) (A[sTb] A7)
(A|sTHb)AY) = a(k, An) [XT1(F)" + Xra(q®)vh + Xrs(g”)vk ] u(p, M) Spin 1/2
(A|STHBAD) = ta(k, An) [v5 (XT1(¢2)v" + Xra(q®)vh + Xrs(g”)vh) + Xra(g®) g™ ] u(p, M) Spin 3/2

(AJST#H145) = s (k. An)vg [of (Xe(@2)9# +Xra(a?)vf + Xea(a*)of)

Spin 5/2




AMmplitude compinations WARWICK
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parity single states

U combination Ja + J 1/2 3/2 52 Re/Im V/A helicity combinations Eq.
1 Salne > 1 v v v Re JA — J;\, ()\A, Av) ()\A, Av) (62)
2 same > 1 v v v Re v oo JA=JduA v F#0, (A, Av)=(AaAv) | (63)
3 same > 1 v v v Re Jr = J), ()\A, Av) = (Aa, Av)’ (64)
4 opposite > 1 Re (AA, Av) = (A, Av) (66)
5 opposite > ] Re v Av # 0, (Aa, Av) = (A, Av) (117)
6 opposite > 1 Re ()\A, Av) = (Aa, Ay)’ (118)
7 same > 2 v v Re (Ar, Av) = (Ap, Av) (119)
8 same > 2 v v Re v Av £ 0, (Aa, Av) = (Aa, Ayv) (120)
9 same > 2 v v Re (AA, Av) = (A, Av) (121)
10 opposite > 3 Re (AA, Av) = (A, Av) (122)
11 opposite > 3 Re v Av Z£ 0, (Ap, Av) = (Aa, Ay)’ (123)
12 opposite >3 Re (Ar, Av) = (Ap, Av) (124)
13 same > 4 v Re (AA, Av) = (A, Av) (125)
14 same > 4 v Re v Av Z£ 0, (Ap, Av) = (Aa, Ay )’ (126)
15 same > 4 v Re (AA, Av) = (A, Av) (127)
16 opposite > 5 Re (AA, Av) = (A, Av) (128)
17 opposite > 5 Re v Av Z£ 0, (Ap, Av) = (Aa, Ay )’ (129)
18 opposite > 5 Re (Ar, Av) = (Ap, Av) (130)
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AMmplitude compinations WARWICK
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19 opposite > 1 Re

> (131)
20 opposite > 1 Re v (132)
21 same > 2 v v Re (133)
22 same > 2 v v Re v (134)
23 opposite >3 Re 135
» Ogiosite P Re A\v =0, |\, | =1 (all possible A 51-363
25 same > 4 v Re (137)
26 same > 4 v Re v (138)
27 opposite > 5 Re (139)
28 opposite > 5 Re v (140)
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AMmplitude compinations WARWICIK
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29 opposite > 1

> Im (;41)
30 opposite > 1 Im v (142)
31 same > 2 v v Im (143)
32 same > 2 v v Im v (67)
33 opposite > 3 Im (144)
24 opposite > 3 m Y Av = 0,]|Ay | =1 (all possible )\(/)) (145)
35 same > 4 v Im (146)
36 same > 4 v Im v (147)
37 opposite > 5 Im (148)
38 opposite > 5 Im v (149)
39 same > 2 v v Re (150)
40 opposite >3 Re (151)
41 same > 4 v Re (152)
42 opposite > 5 Re () i (153)
43 same > 2 v v Im AV =1, Ay = £1/2, Xy = F3/2 (154)
44 opposite > 3 Im (155)
45 same >4 v Im (156)
46 opposite > 5 Im (157)




EXPIICIt eXpressions Tor observables \wapwick
AL =N

ANLAY TAA, 1/2 y

THE UNIVERSITY OF WARWICK
,Ax , Ax
A =70 90) K2:_S: S: A~ Re [AEQA)\A?’)\)\ A?AAAU\)\]
)\A)\V NY Y H)\A)\V An,1/2
A =100
1 OV 2 2 2
K3 = —— ‘A’ ‘A —Z‘A +V<+— A
Ly (e S (HEEMEEE
S Q )\A7)\V
1 1+V>|< 1 V l+,V>|< 1 V 5_I_V>|< §+,A 3+V>l< §+,A
Ky = ﬁ Re["_)\ <+35¢41)\0 Ai)\o +35Ai)\)\ Ai)\)\ Ksz = Z Im{+4\/_'/41)\0 é)\,)\ +7\/§A1)\0 é)\,)\
A==1 2 2 2 >‘ +1
3T s 37y 3T vy 37y 3T vy 37y < 3+V>|< +A>
2 2 2 2 2 2 _)\ 3\/_A _I_\/—A
+21A%/\7>\ A%/\’/\ +7A%>\,o A%A,O —|—7A%>\’A A%/\,A 1>\() §>\>\ INO TTEAN
5t vy 5Ty 5t vy 5Ty 5t vy 5Ty STV 3T A 3 5
2 2 2 2 2 2 5\ 2 oy
+3“4%,\,0 'A%)\,O +3A%>\,>\ A%/\,/\ +9A§A,,\ Ag,\,A " %NO “ T 2
21 v g Vv 1T ve 37V
+ 8443 3/\/\+70\f uo At Lo + 702 A
_|_42\/6 3+V* 2_7

1+ 51
Vx5 A
+7V2 :
AN I

1t ye 57 4 5 1
+ V242 A2 T [ 2 =
1)\0 —1X-2 A0 TSN (2 2))
3+V* 5TV 1+ vy §JFA
2 2
X0 TTIA0 +42V6A; SAA A%/\,A] e (\/§
+ (V= A)+(Pp — —F),

A Gd)
52,0 —l)\ —X A0 TT2AN 2 2
+(V+—A)+( — .
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Wilson coefticients Wwwm
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= SM Wilson coefficients used in JHEP 05 Standard Model global fit
(2013) 137 ¢, —0.2632
= Global fit from Eur. Phys. J. C 82 (2022) 326 C2 1.0111
% Consistent with exist ntsinbosll & 90055
X onsistent witn existing measurements In S Ca —0.0806
Cs 0.0004
Co 0.0009

C- ~0.3120 ~0.3120

Co 4.0749 2.9949

Cio —4.3085 41585

Co 0.0000 0.0000

Co 0.0000 0.1600

Cio/ 0.0000 —0.13800
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