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Setting up the scene
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Photon polarisation in b—sy: SM case

-

by, = SRYR

br = SLYL

\_

elicity conservation :

\_

-

= Helicity flip on one
of the legs.

Easier for heavier
quarks ( prop. to m,)

\_

-~

In the SM W couples to
left-handed fermions:
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Fraction of right-handed photon in b = sy & —

m
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* Mixing-induced CP asymmetries in B¢ -K*0 (—K° % y and B, —»®y

 Challenging final state and/or time dependent measurement with
tagging

« B —-K* (—K* 1)y or B, »®y untagged & time-integrated : information not
accessible
= use virtual photons: access to the polarisation via the angle ¢

* B —»K** (—Knm) y : challenging experimentally & theoretically

 Unique case of the A, —Ay decay + A weak decay A,
1 < .
(A, = 2 (1 — Oty O\COS Hp)
ap = 0.754 £+ 0.004 [BESIII] -
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BY E_) BO : — _ K+ B° . 1—1@/{ i K0
W £+ w ve WV
/Z° t
£ £
Relative importance of the different diagrams varies with g?= M?(£+£") B0~ K'0L*™ x 10°
dBR ..
dq? K*ee
log scale ! K*up

1

Virtual photon:
= go for g? as low as possible :
= use electrons

100 .
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Weak Eftective Theory

Full theory Effective description
b - S b S W, Z, top, ...
integrated out
t @t
»
ZO E+ 24_
¢ 4

perturbative, contains the short

y ‘0] ) = ' ) dist hysics. g2 independent.
Loge X GFthVtSZ(CiOi + C; Oi) Ci() — CiSM () + CiNP() leair;clleE) ysics. g% independen
i

0.0 non-perturbative, Lorentz
[ 0(7') (50, P b) F™ | i structure, long distance physics..
g? dependent.

dipole (e.m. penguin)

br(v)
O = >ww Y
SL(R)

i (1) my , _ "
0;" = *"ftS(T,umLJb)F‘
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Only interested in photon polarisation ? Let’s make it simpler |

Full angular distribution ALR

Ji(¢%): combinations of amplitudes A" ”

9 (11 long formulae)

~ 32r
+ Jo. cos® Oy cos 20; + Js sin® Oy, sin® 0; cos 2¢ + J4 sin 26y sin 20; cos ¢
+ J5 sin 20 sin 0; cos ¢ + Jgs sin® Ok cos 0; + Je. cos® Ok cos 6,
+ J7 sin 20 sin 6; sin ¢ + Jg sin 20k sin 20, sin ¢
. 2 2 . . . .
Jo sin’” Oy sin” 01 sin 2 } Each amplitude can be written with C,,

Cy Cypo + the ’ coefficients

{Jls sin? 0y + Ji. cos® 0k + Jos sin® 0 cos 26,

Only J; and Jg are sensitive to the
photon polarization



1 d3(T +T)

‘“P_";f) d cos 0;d cos O d*
dq

3 angles to describe the decay

(valid for all g?) : 9

= 3or {% (1 — Fr)sin? 8y, + F, cos? 0y,
7r

1
+ [Z (1 — Fp)sin® 6y — F, cos” Ok] cos 20,

, .
+ 5 (1= Fr) A7 sin® 0y sin® 0; cos 26

+ (1 - Fpr) A¥€CP sin? 6, cos 6;

X ~
+5 (1= Fp) A7 sin® 6y sin® 6, sin 2¢}

| Ao|?

Fr = ’
P AP + 4P + AL

+ some folding:

5 7 4@ Al 1A Sensiti
¢:¢1f¢>0, andq5:¢_|_ﬂ-1f¢<0 T IAJ_|2+|A”|2 tfrg|)\ée
717
2Im(Af A" + A AT)
Aj — L ATAL)
y Frontier - 6 - 8 Nov 2024 - Scl |A_]_| + |A”| B 3




A||L,R — —\/éNmB(l — §) [(CSH s CIO)

A2 for B® » K*0e*e~ Dominating in the very-low g? region
1.00
A2 for B - K™ete~
0.75 A
0.50 A 0.2
0.25 1
0.1 4
0.00 - ]
-0.25
0.0 A
—0.50 A
-0.75 —0.17
_1-00 T T T T T T T T T T T
0.0 05 1.0 15 .0 25 30 35 40 45 50 55 —0.2
2
0.0 012 014 016 018

F_is the longitudinal polarisation of the hadronic resonance
= small as the quasi-real photon is transversely polarised  Schune



Standard Model predictions

JHEP02(2023)096
@y 2 y = AT, /(2T%)
(A Jine ~ (Relea])2 + (TmlCi])?
X [RG[C7]R€[C7/] -+ IIIﬂC7]IIIl[C711 +@(R€[C7])2 — (Im[C7])2]] y
. 2
A(Im),CP g o 253
Ar™ ine ™ (RelCr) + @mlCr])?
X [Re[C7]Tm|[C7/] — Re[Cr]Tm[Cr] £ yRe[Cr]Tm[Cr]| . K*ee
(2) (.2 2Re(C7Cy*) 2 i |
© Ar'(¢® = 0) = iCy |2+|CZ|2 + A1 3 onof [nmnnneemes s SEEEEETT Y
ImCP (2 2Im (C7Cr*) = :
¢ AT (q — O) |Cr |2+|C”7|2 +A2 ;:: ://:
NB : for BO A~ 0 -
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B.— ¢ee angular
analysis at very low-g?
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Electrons emit Bremsstrahlung

magnetic field
—

....... H |
o |

. -
. e | | | | | O | | | R S ISP
ae® e T | | | R | || IR | | | I IR
. e T | | | S | | | R | | | S
. L A | | | U | | | IR | | | P

VEW P oRuORUURUPRN PUSPRPPRRRR | BRN (BN & -
M T
PV e

Energy loss « E,
Energy loss o« material

MH Schune Ecole de Gif- Septembre 2023

Before the magnet
* electron can be swept out (=lost !)
« kinematics are “wrong”

\ After the magnet

* Nnot an issue

In both cases E/p is correct

12



Impact on J/y

No Bremsstrahlung recovery

JJll‘l

With Bremsstrahlung recovery

1 1 1 1 l

1500

2000 2500

300? 3500

MJ/p)

Bremsstrahlung recovery algorithm is ~ 50% efficient

M(J/Y) 0.18
= .. - - LHCb unofficial
— LHCb unofficial ___0.16(—
i 8 -
B bt 0.14_—
0.8—— © -
- FSR+ Bremsstrahlung _8 0.121—
0.6/ Nooaf
i ©
5 & o.08}—
— -
0.4_— o) 0‘06__
: 2"
02l <D[ 0.04
- 0.02f—
0 PR ST S T NN TN ST T RS L—;Mﬁﬁ L1 1 :l L el
0 500 1000 1500 2000 2500 3000 3500 o s ol
M(ee)
60 _ | | | | | |
C LHCb o Data
50 Simulation

NN
S

o8}
S

S
o o o
.

Fraction of candidates [%]

- B'>K"J/y ‘
‘ | | |
LOE LOH LOI

I ] I ]
LOE LOH LOI

LOE LOH LOI
O clusters

1 cluster

> 2 clusters

Well described in simulation
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On the g? region choice : 10 MeV< m_,

« Compute g? imposing a B, mass constraint

* In principle can go to the threshold (M(ee) = 2m,) but bad
resolution on ¢

* Upper bound : g?<.25 GeV? (minor contributions from

non-y diagrams) and avoids backgrounds from (eg) p—ee
GDR Intensity Frontier - 6 - 8 Nov 2024 -

<500 MeV

50

£ N
2 25000 —m,, €[10,500] MeV/c? -
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% 20000
15000 )
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10000 =
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OM L | L1 1.1 I L1 1 1 I L1 1 1
%0 40 80 -20 -10 10 20 30 40
miec-mlrue (MeV/c?)
2.5 E
¥
| 1
. serves as a converted
] veto
£ 1.5 v
& =
|
S 1.01 )
0.5
0.0 T : , .
0 20 40 60 80 100

mEs(Mevi/c?)




Two main backgrounds

/ B—¢(—K*K)Yee

MBs(ee) > 10 MeV and rejection of pair with a
vertex compatible with VELO material (RF Foil)

Combinatorial background

J(&) (2 (2)
Omod — — s il (e + =
Oy ay Oz

Bs — ¢ee
€sig = 97%

where

Bs — ¢y(— ee)

o Signal Proxy: MC Signal of B — ¢ee
(mps > 5700 MeV)

* BDT input invariables:

LHCb Data
Gamma Zone

Particle Variable
Bs br

2X%D )

Xprr/ndf E

log(1 - Bs_DIRA) g

¢ log Xx7p )
K* | min (log x7p)
e~ min (log x7p)
ete” min (log x%p)

P i FPRTETCTE RTTETEr T R STRrar T SR

] 0.1 0.2 0 3 04 05 0.8 0.7

Contamination: Cy ~ 2.5% — modelled in the fit
\ GDR Inte

e k-folding technique (k=10)

ty FrontieN 6 - 8 Nov 2024 - MH Schune

20+
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w
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e Background Proxy: Data corresponding to the upper sideband mass

S (train)
B (train)

® S(test)
¢ B (test)

0.0 0.2 0.4 0.6
BDT output
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B.—¢(—K*K)y. control channel
M(ee) < 10 MeV and conve

(\IA 200 1 L) T l l Ll T L) T l
Q
; 180 19‘}%? —4— Data
§ 60 B— ¢y(— e*e)
140 Combinatorial
) N..~ 580
q 120 SI9 B{— ¢a°(— yy)
< 100 + Bl— ¢n (= yy)
w
% 80
4= 60
T 40
5 20
Q
(O btz

5000 o ISSO-(.)“ 6000
m(K*K e*e”) [MeV/c?]

[LHCb-PAPER-2024-030, in preparation]

rted gamma veto removed
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4D fit : m(KKee), cosOy, cosd, ¢ [LHCb-PAPER-2024-030, in preparation]
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Effective g? region
0.0009 <g? < 0.2615 GeV?/c*

Efficiency

[W—
(\®

[W—
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0.6
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0.2

LHCb Simulation
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Results in good agreement with the SM:

Afrz) = —0.045 £ 0.235 & 0.014, Corrected (- 0.025) for the non-flat efficiency in decay time
AE™F = 0.002 £ 0.247 £ 0.016,

ARP — 0,116 & 0.155 + 0.006,
F,= (0.4+5.6+1.2)%, FL < 11.5% (13.7%) @ 90 (05) % CL

Flavio (arXiv:1810.08132.)

JHEP02(2023)096 Fr 0.068
Decay mode B, = deo AP 0.094
¢>bin [GeV?] | (Br)ime X 107 (FL)ine  (AP)ine (AP AImCE 0.000
[0.0008,0.257) |  2.76(26)  0.106(19) 0.111(20) 0.0369(2) AReCP 0,000
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Other recent experimental results
and overall knowledge

< WAVAR X
! Il *

A
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Another player in the game: B® -K*(—Kn)ee
JHEP 12 (2020) 081

N~ 450

sig

. — =
2 ..... B K e ] 2
3 ' .~ sLe 8
P W ]S Fi, = 0.044 £ 0.026 + 0.014,
= LMl skneen ] B Re _
% Mo & AT = —0.06 £ 0.08 £ 0.02,
S AP = 40.11 £0.10 £ 0.02,
A = 40.02 £0.10 + 0.01,

— B
S & S0FLHCb - .
3 SN “- 1 More than x2 more precise
E =
L :

Q
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https://doi.org/10.1007/JHEP12(2020)081

B? -K%*(—Kn)ee and B* -K**(—K¢ w)ee Q(B

BELLE

0.0008<g?<1.12 GeV? K* + 150 MeV

arXiv:2404.00201]

g 103 [ | | 3 10f T 1 Limited fit : F_ and AsRe fixed to SM values
S 3 | '
S T 8
O ®) [

4f

°F (2)

ol AT = 0.52 4+ 0.93 = 0.11,

AR = —1.27+0.52+£0.12,

: 2
g g 25 _ - - - Signal (S) - - - Peaking (P) ]
2 2 20 F --- Other bkg. (B) ;
S S sH | ]
O O 15 :

10} :

5 1 N;=21 =6

8.23 524 5.25 5.26 5.27 5.28 5.29
M, [GeV/c?]

GUN HILEIDILY FTUILILIETD - U - 0 INUV Z2UZ4 ~ IVITT JLliulic
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Another player in the game: D
Mixing-induced CP asymmetries in B¢ -K*0 (-K° 70) y ~L=

Belle IT

Belle Il (362 fb-") arXiv:2407.09139

—|At|/Tzo _
e B
Prp(At,q) = y— {1+ q-[Ssin(AmgAt) —C cos(AmgAt)]}, qg=+1(-1) B°(BO)
B
80
| Belle Il
N — 9 ool JLdt =362 fb~1
< 150 Belle I [ Belle Il _ +0.27 Q oY r 0
§ f:dtzjtzsz-l + so;- JLdt =362 fb~1 S = 0'00—0,26 :}3003: g :_—_:g;ag +
S 100 - — fit G
S| = siona C =0.10+0.13 & 0.04
o >
o . = , /
D S _2Im[e”*?aC,C,|
07522 526 528 S~¢ C.|2 + |C. |2
7 7
My, [GeV/c?]
€err = (3169 £0.35)% HFLAV average was :
-0.16 £ 0.22
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The photon polarisation in b — sy transitions is known with a precision of ~ 4%

All measurements are in good agreement

[LHCb-PAPER-2024-030, in preparation]

1.0
] Constraints at 20

B(B — Xsv)
----- B? —» K*%¢te~ (LHCb) 10 < M(ee) < 500 MeV
B® - K*%+te~ (Belle) 28 < M(ee) < 1058 MeV, [arXiv:2404.00201]

5 e BY s et
. B® — K3n% including the new Belle Il result [arXiv:2407.09139]
S By — ¢
»—«S‘ Ap — Ay
Global

~1.0 +¥————

—-1.0 —(I).5lllIO.iOIIIIO.E)IIIIl.O
Re(C%/Ch) .



New result from LHCb B,— ¢ee angular analysis in the very-low g2 region

Precision on the photon polarization ~ 4% dominated by K*ee
Nice recent result from Belle-Il

Many results dominated by statistical uncertainties

—_
o

= 2024 (13.6 TeV): 9.56 fb™
= 2023 (13.6 TeV): 0.37 fb”’'

8 —2022(13.6TeV):0.82 fb!
—2018 13 Tev): 2101 LHCb has recorded a
=—2017 (13 TeV): 1.71 fb~ .
6l == 2016 (13 TeV): 1.67 fb™' Iot Of new data N
= 2012 (8 TeV): 2.08 fo '
— 2011 (7 TeV): 1.11 fb " 2024 ~ (Run1 + Run2)
4_

Integrated Recorded Luminosity (fb™)

1
Mar May Jul Sep Nov
Month of the year
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Back up slides



Background Contamination 4 Mass
(Very-Low) and angular modeling
Combinatorial Given by B, — ¢ete~ data: Mass
fit B, — ¢eu data: Angles

BY — ¢n(— eTe )

LOE: 4.2 £ 0.6 %
LOL: 5.1 + 0.7 %

BY — ¢n(— ete )
MC

BY - ¢n%(— ete™7)

LOE: 1.1.50:2: %
LOL: 2.5 +£ 0.5 %

BY — ¢n%(— ete™7)
MC

BY — ¢y(— ete™)

LOE: 2.4 £ 0.3 %
LOL: 1.9 £ 0.3 %

BY — ¢ete™ ~v-bin
Data and MC

GDR Intensity Frontier - 6 - 8 Nov 2024 - MH Schune
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Hardware trigger is very different for electrons and muons

ELOe >  2.6Gev
ELOb > © 34GeV

p%OF S ldcav Selection effect

from LOe vs LOu
1

PN —

3

Slide borrowed from Renato Quagliani

events/(0.1 GeV)

MUON
HCAL
ECALIL. I
50000 .
— B-K*Jlylee) || F
40000 - — BoK iyl || B
30000 - 2
20000 - Slml.lal' =
efficiency
10000 - l
0 ) L] 1 1
0 2 4 6 8 10

max(pr(#*), pr(#~)) [GeV]
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Combinatorial background constrained using by ¢ e u

Events /(0.1)

Events /(0.1)

AN L B B B B B B R B B
18 =
ok [Eammen ] :
1aF- =
12 =
10 =
8 =
65T =
i: # 3
2F | —
0:“"“"""“"""“"""“"“"“‘:
-1 -0. - -04 -0.2 0.8 1

cos(6,)
o—.‘o¢..“5‘006..6..“—
e —

Events / (0.09 )

Events / (0.09)

18
16
14
12

o N M O @

-5

- [c2= 1582017 E
. | :
P PSIRI [IIN IEN P S S S P PEEFENIN BERE R W
-08 -06 -04 -02 0 0.2 0.4

cos(6)
I R A I e 1
L e T e e R
- ez 02202 001 ] E

cos(B,)
Joo.‘O‘o.,o‘Ot‘.o“—
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Events / (0.15708 rad )

Events / (0.15708 rad )

T —— —— T
16— =
14 | cc2Phi= 003+ 0.11 E
C | cs2Phi=-0.004 +0.12 =
12 =]
s | | | _
4 =
2 -
0:. PRI S NS SR WS T ST SN S SN S T SR S NN SR TR SR S T ST S S | |:
0 0.5 1 1.5 2 25 3
@ (rad)
sSP— ERE EEEEEE - —]
ofe ¢ & o o © o 0 ¢ . ¢ & & & o L ry L o o
B —
e B e — T
. [ co2phi=-0.2312 015 =
1o Les2Phi=-0008 +0.15 =
8~ =
6 .
JF
2 .
0: P | I | IS U S | IR | - 1 |:
0 0.5 1.5 25 3
@ (rad)
e T T T e e —
e & @ o0 o 0 e, 0,0
P T T T —
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and what about converted photons ?

In LHCb ~ 4% of the photons are converting such as they can be reconstructed as LL track pairs

: .
: - B'—K ‘ete

 Upstrcam track High quality tracks with excellent properties measurements
T 7k (but bremsstrahlung ...) Phys. Rev. D85 (2012) 112013
o I §6OO LHCb o .. —
=500 =
bl =
Velo track 8 400 E
Downstream track I~ -‘é‘ 300 _:
~_ g .
TI T2 T3 S 200 E
100 3
g 3
° ? > " " " T et
Roughly 30% more DD than LL (and cleaner?) S 0ELHey | K*ee (_L)

< 600F t Data P ]

o " H .

o S00F = el B—K 'my =

Q B H o

S 400F N R R

S 300 | Il -y

< - ]

O 200F 3

L, o

T s i | i e S &sm,
49500 5000 5500 6000
GDR Intensity Frontier - 6 - 8 Nov 2024 - MH Schune JHEP 12 (2020) 081 m(K*e*e”) [MeV] 30



onverted photons ana photon polarization

measurement

do = 972

I

N\

ﬁthe cm of the ee pair :
(‘Brg)

izaereAitiars—appreRi

1
{(1 - B%cos?)! — Gk 26%(1 — B%)(1 — B% cos® §) 2 sin” § cos® ¢} sin Hdfdeb.

] l G. C. Wick, Phys. Rev. 81 (Feb,67— 468.

. . 2m
x : photon 0, e velocity M = £
energy in (ee) 1= B2
units of mg
The polarization is visible through the ¢ distribution
= = o {(1 - B*cos®f)! - 1282 =AY =P cos> )y ~2sin*fcos> ¢} sin HdOdo
7= 222 | g | =

B—1
‘large’ M(ee)

(

\_

PUBLISHED FOR SISSA BY @ SPRINGER

y
il
L
v

PUBLISHED: September 2, 2015

ECEIVED: July — BH
AC(];PTED: Auguitzl,jz;g B % (K* % K+7T )(7 _> 6

Probmg. the photon polarization in B — K*~ with i(646) _ A(B S K '7L)
conversion re — "
.A(B — K "YR)

Fady Bishara®® and Dean J. Robinson®?

GDR Intensity Frontier - 6 - 8 Nov 2024 - MH Schune
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Work done with J. Lefrancois
in the context of Martino
Borsato PhD (2015)

In short : sensitivity at very low
M(ee) (< 5 - 10 MeV) where
we cannot measure ¢ ...

\

+e™)

) 31




Candidates / 34 MeV

Phys. Rev. Lett. 123 (2019) 081802 Phys. Rev. D105 (2022) L051104

7005—LHCb : : PO —E o~ L B R S S PR S s T — - ——— — ——
: y 3 % 700 S 300K B I .
600F | Data sLC = > ~t aia Y I LHCb 1
- : : . o 600 — Model > | I g .
s00f — Model okt = e =X | | oo E
ERUNT-RUN2E 4 g q 500 v | +bu ]
400 F : L Bk gy 3 < < 200F T —Toal ]
C ' : ] : 400 g Nt T\ e Ag — Ay ]
3005— -BO—>K*07EO(77) —E «g 300 8 150E ‘ Combinatorial_j
= 5 NIV S 2 ]
200E 5 | PN 3 -é‘ 200 é 100 Run2 } .
1005_ S"" 450 —f 8 100 [ = } I ]
0 5 " .7 L .v' ; e et E X GRIARERD 2220 2RRD , U 50 :_ ‘ :.': Y | #
4500 5000 5500 6000 S600 5800 6000 . Liosl %
m(K*e*e”) [MeV] S~ 5100 e MeNic] 05000 75500 6000 6500
m(pry) [MeV]
S~ 450
S~ 130 (K*O region) S ~ 110 (K*O region)
Phys.Rev.D78:071102,2008 Phys.Rev.D74:111104,2006
L DL LA L AL DL L
~~ r T [ ]
T 80 - aQ - =
% < o Belle Lo} 5
2 100 : % sk S 2500 LHCb =
I o R - Run1 ]
w o o % 2000 - E
g | 8. jg-. :15005— E
@ 5o i s g7 S~ 14000 E
g1 ~ 30 S 1000 - B
> (7)) 20 3 3 - ;
u L2 Ut 8 so0f =
C c 10F s . 3 :
R e N SO, ) T Ry v
52 522 524 526 528 53 5.2 5.22 5.24 5.26 5.28 5.3 M(Kny) [MeV/e?]
mg [GeV/c] M, (GeV/cz)
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In the massless lepton limit, we have

|AL|2 4 | AR — |Aﬁ2 AF? + (A & A)

4@ _ _
T AT 12+ [AR[2 + [Af2 +]Af2 + (A < A)
LRICP _ 2Re[(AfAlr — AfFAT) — (A & A)]
! ATR AR + AR + AfR + (Ao )
LamieP 2Im [(AF AT + AlffAR*) (A < A)]
T AL 2+ AT + |Af 2 + A2 + (A < 4)

2mb

Al r=V2Nmp(1 — 3) [(CgFf T+ Cio) + (o= eﬂ’)] £ (Exe),

AlLr = —\/ﬁNmB(l — §) [(Cgff F Cyo) + TZ% (C?ff eff,)] £ (Ex~)
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