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QOutline of the lectures

* Introduction (context, EFT as seen from an
experimentalist, LHCb)

B— £+2- what do we measure and how?

H,— H, £*2- what do we measure and how?

Why not electrons ?

Some ideas to move forward
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Be/g— i
* clean prediction (relative precision ~ 4 — 5 %) © clear road
 clean measurement for B, (~ 10%) ; B4 not yet measured. C1o constraint

Hb—> Hsptp
clean measurements (~ 10% on BR in various g bins)
« TH predictions not very precise for the BR. Better for ?79°7°7?

angular observables.
«  How to mitigate/constraint the impact of non-local
contributions ?



C _ CSM _I_ CNP * In the SM Wilson coefficients are real, no necessarily the case for
L — Yy ] New Physics
* Many parameters fit... reduced configurations

PRL. 125 (2020) 011802
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» ABCDMN (M. Alguer6, A. Biswas, B. Capdevila, S. Descotes-Genon, J. Matias, M. Novoa-Brunet)

Statistical framework: x2-fit, based on private code arXiv:2304.07330

» AS / GSSS (W. Altmannshofer, P. Stangl / A. Greljo, J. Salko, A. Smolkovic, P. Stangl)

Statistical framework: x2-fit, based on public code flavio arXiv:2212.10497.

» CFFPSV (M. Ciuchini, M. Fedele, E. Franco, A. Paul, L. Silvestrini, M. Valli)

Statistical framework: Bayesian MCMC fit, based on public code HEPfit arXivi2212.10516

» HMMN (T. Hurth, F. Mahmoudi, D. Martinez-Santos, S. Neshatpour)

Statistical framework: x2-fit, based on public code SuperIso arXivi23xx. XXXXx
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Why not electrons ?

25 dowides Shadob

POURQUO\ FAIRE SIMPLE QUAND
ON PEUT FAIRE COMPLIQUE 7/

ST E

Frorer
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E+

£ t _
G G =& ot
V, ‘ ™~

E_
Z0 i Only difference : kinematics
(lepton masses)

SM
S
{;[/—\ \M/:—i‘ ) — —\ \W+
<) 7 .
DN

Let's use the electrons and double our statistics !

MH Schune Ecole de Gif- Septembre 2023 8



Electrons emit Bremsstrahlung

magnetic field exerapOlat i Before the magnet
— 1 - ' * electron can be swept out (=lost !)

/ ..................... « kinematics are “wrong”

TT BEURTETEier b | RN IURUURIRIY o

VEW P oRuORUURUPRN PUSPRPPRRRR | BRN (BN & -
il T
PV €

\ After the magnet

* Nnot an issue

Energy loss o« E,
Energy loss @ material In both cases E/p is correct
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from 1T

Bremsstrahlung recovery algorithm is ~ 50% efficient
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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)
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JHEP 08 (2017) 055
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Using modes with electrons to increase the statistics is not the best idea
Use electrons for:

e measurements which cannot be done with muons

« search for New Physics

b t S ML) S
> — (MeV/c?) —
t

v, 2
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B% - K™7+1~ x 10°

dBR
102 4 *
dqz : K*ee
log scale ! K*up
10t E
100 E
0.00 O.I05 O.I10 O.I15 O.I20

q? q2

Electrons should give us access to C; and C'; Wilson coefficients (photon pole) in a privileged manner
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Going back to s=q° 3 i\
{Z AL + | ALl + (L — R)] (1 - ;;‘l) + M Re(A, A +A”LA|*|‘R)} sin2 e
d4F l 2 * 2
s (|Aoz|? + | Aor|?) + —[|At| + 2Re(Ay ASR)] ¢ cos® s, (A.6a)
dg? d cosfpd cos b do
4
S [I sin? O + I€ cos® Ok ( " ) [ (IALz* +]A)L]?) sin? O~ — [Aor|? cos® O+ + (L — R)] (A.6b)
327 L1 !
+15 sin? O cos 20y + IS cos? Ok cos 20 2
2 2 2 e f I = 1(1 - Zlﬂ) [(|ALL|2 — |AL|*) sin® Ok~ + (L — R)], (A.6c)
+13 sin” O sin” By cos 2¢ + 14 sin 20k sin 260, cos ¢ 2 5
I sin 20 sin O cos ¢ + Ig sin? @ 0 2
+ 15 sin 20k sin 6y cos ¢ + Ig sin” O cos 6y I — L(l— 4m,) [Re(AOLAl*lL)sinZGK* (L R)], (A.6d)
+17 sin 20 sin @y sin ¢ + Ig sin 20 sin 26, sin ¢ V2 5
oY O . 2\ 1/2
+1Ig sin” O sin” 6y sin 2¢ ] ; Iy =2 (1 - 4%) lRe(AOLAjL) sin 20+ — (L — R)], (A.6e)
4m 1/2
Is = 2(1 — Tl) |:Re(A||LAj_L) Sin2 Ok~ — (L — R)], (A6f)
4m?\ /2
I; =2 (1 — Tl) lIm(AOLA’ﬁL) sin 20+ — (L — R)], (A.6g)
1 4m? )
Iy = E( - %) [Im(AOLAjL) sin 205~ + (L — R)], (A.6h)
4m} :
Ig=1{1- . Im(A”LALL) sin® Og~ + (L — R)|. (A.61)
NN 8L T .



Going back to s=q° 3 I\ A
J {Z AL + | ALl + (L — R)] (1 - ;Zl) + ’:l Re(A, A%, + A||LA|*|‘R)} sin2 e
4 4 2
d’ s {(|A0L| + | Aor[?) il Ol :R;(41UL‘1:H)]}COS2 Ox-, (A.6a)
dg? d cosfpd cos b do 5
9 4m12 2
o [Il e Ox + I¢ cos (")K ( _s_ - |ALL| + |Ajz|?) sin® Ox« — |Aor|? cos® g+ + (L — R):| (A.6D)
iy
+15 sin? O cos 20, + IS cos® Ok cos 20, 2
W i A A [<|Au|2 - )i O + (2~ B)|. (A6
+13 sin” O sin” By cos 2¢ + 14 sin 20k sin 260, cos ¢ 57
I sin 20 sin 6 cos ¢ + Ig sin? ¢ 0 2
+ 15 sin 20k sin 6y cos ¢ + Ig sin” O cos 6y I — L(l— 4m,) [Re(AOLAl*lL)sinZGK* (L R)], (A.6d)
+17 sin 20 sin @y sin ¢ + Ig sin 20 sin 26, sin ¢ V2 5
oY O . 1/2
+1Ig sin” O sin” 0y sin 2¢ ] : I, =2 ( — 4_’:&) lRe(AOLA’iL) sin 20~ — (L — R)], (A.6e)
2\ 1/2
I = 2(1 - [Re(A“LA’iL) sin? O — (L — R)], (A.66)
‘4m2 1/2
I; = \/5(1 - _s l—\ lIm(AOLA’ﬁL) sin 20y« — (L — R)], (A.6g)
/
4m2|<< q2 .
Iy = 7 (1 e \ [Im Ay AN L) sin 20k« + (L — R)] (A.6h)
2
= (1 - —ml—\ [Im A“LALL sin? O~ + (L — R)] (A.61)
N_- s -



At low g? (FF simplification)

A e 217 e eff/
Aisn=VENma(1 =) (CS" % Cuo) + Z3CF"+ O €1(EBic),

2m /
(o - o) eulbe)

Ajpn = —VENmp(1 - §) [(csff )+

NmB

Aopp = —
OL,R 2mK \/—

(1 3y [<csff T Co) + 2 (O — csff’>] 1(Ex-),

o “clean”
Definition of observables:
A (g?) = 2Re[A[ (gD AT* (%) — A (gHAT* (@)
r 7= |Al(q2)|2+|A.|<q2>|2
Ay? n 1AL@)IP —1A1@>)?
Fr (@) = 0 Ar'(q7) = N2 NE
L Ao + |42+ |AL]? |[AL(g)I*+|A)(g°)]

2Im[Af (g2 AL (g + AR (gD AR (¢P)]
|A l(qz)|2+|A||(612)|2 |

AT (%) =
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At low g? (FF simplification)
q

Airr=V2Nmp(1 —4) [(GSL—l——Gm) 2m"<csff csﬁ’>]§L<EK*>,

2m /
(o - o) eulbe)

Ajz,r = —V2Nmg(1 - 4 [(GSL?GT@ +

NmB

Aorn == (1~ 42| (5 bim) + 2 (G5 - 5 1B,

11 144
o clean
Definition of observables:

2Re[Af (gD AT (g?) — AR(gH AR (gH)]
A1 (@%)|>+ |A (CIZ)I2

AT (g%) =

1A (g%)|* — Ay (g%)|* sensitive to the

2ol - h larisati
|A_|_(q2)|2 + |A” (q2)|2 photon polarisation

[ Aol + A4y |2+ |AL]?

FL (CIZ) =

- 2Im[Af (gH)AT*(@%) + A (g AT (gP)]
A(lm)(q )_
R Al(qz)lz‘|'|14||((1"")|2 |




o o @, 1AL@)* =A@
Az forB"-»K " e"e T (q )_ |AJ_(C]2)|2+ |A||(q2)|2

1.00

SM Flavio
C9=O & C1O=O

0.75 -

0.50 -

0.25 -

—0.25 A1

—0.50 A

—0.75 A

_1.00 1 1 1 1 1 1 1 1 1 1 1
0.0 05 10 15 20 25 3.0 35 40 45 50 55

q2
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dmj
3s

3 4m; .
Bo= {0 + 1A + (= RI(1= 52 ) + Re(A AL+ Ay Al | sind O

4 2
1
(1 — —l) lZuAJ_le + |A||L|2) SiIl2 0}{* — |1‘10L|2COS2 9}{* + (L — R)],
1 dm .
fi= (1= ) [0l - 1AuPysin b + (L - B)|

\ A(z) B |A_L(qz)|2 _ |A|| (q2)|2

1 1 * : — 2 _
I = ﬁ(l__> lRe(AOLA”L) sin 20~ + (L R)], r (@) |AL(@DI* + A (@)

4m2 1/2
I5 = \/5( - Tl) lRe(AOLAIL) sin 201{* - (L — R)],

4my 1/2 )
Is = 2<1 - —) [Re(A||LA1L) sin“ g~ — (L — R)],

1= va(1— N A 4% )sin20e — (L — B A(im)(q2)=Zlm[Aﬁ(qz)Ai*(qz)+A'1'Q(q2)Af*(q2)]
T ( _T) [m< o Aje) sin 20 = (L = >]’ T AL@)P+ AP
1 Am? .
Iy = E( — %) lIm(AOLAj_L) sin 20+« + (L — R)],
4m12 * 2
Iy=1(1- — Im(Aj,ALL)sin® O« + (L — R)|.

IVIH SChune tcole de GIT- dSeptempre ZUs3

1
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dT =
d¢®?dcos@pdcosfx do 327

[If sin? O + Ifcos2 Ok

+15 sin? O cos 20, + 15 cos? O cos 26,

+13 sin’ O sin’ 0y cos 2¢ + 14 sin 260 sin 260, cos ¢
+15 sin 20k sin 0y cos & + Ig sin® O cos Oy

+17 sin 20k sin #y sin ¢ + Ig sin 20 sin 26, sin ¢

+19 ¢in? Ok sin? B sin 2¢ ] .

d*T 9
dg?dcos@pdcosfx do 327

[If sin? O +Ifc032 Ok

+15 sin? O cos 20, + 15 cos? Oy cos 26,

+ I3 sin? O sin’ O COS 2¢) —+ o —
it pmminipmewmmsn - [ 5in° 0 COS Oy

e e e e e e
1o sin? O sin? 0 sin 2¢ ]

MH Schune Ecole de Gif- Septembre 2023

¢it ¢ >0
d+mif ¢ <0

Important simplification of the
formulae without loss of
precision on what we are
interested in: the photon
polarisation (C; and C';)
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1 d*(r+T) 9
d(I +T)/dq? dg? dcos 0, dcos Oy dp 167

+%(1 — F1) sin® Ok cos 20, — Fy, cos? Ok cos 20,

[%(1 — F1)sin® 0k + Fi, cos® Ok

+(1 — Fp)A%esin? 6 cos b,

-I-%(l — FL)A(Tz) sin® @ sin’ 0y cos 2¢
|[Ag|?

F; (9?9 =
E T AP F AP T AL

+2(1 — FL)A" sin® O sin® O sin 2&] :

2Re[Af (gD AT*(¢*) — AR (¢ AR*(gP)]
A0 (,2) _ I L [ 1 ( /*)
r (@) AL@P+ 4@ (), 2 2Re (Crtq .
ALY (g —0) = G2+ O They vanish for
A(Z) ~E |A_L(q2)|2 — |4 (q2)|2 7 7 purely left-handed
T (q ) T ALY + 1A (g2)|? I 2Tm ((376;*) polarisation
A m q — 0) = /
_ 2Im[Af (@) AT (@?) + Af (@) AT ()] T ) IC7|? + |C5|?

A" (4)
|A_L(q2) |2 + |A|| (q2) |2 Schune Ecole de Gif- Septembre 2023 22



Beyond the yields, the precision on A% and A{™ is driven by (1-F)

9
6 [%(1 — FL)sin® Ok + F, cos” Ok

167
+%(1 — F)sin® Ok cos 26, — Fy, cos? O cos 26

+(1 — F,)AResin? 0 cos 6,
1
-I-%(l — FL)A(TQ) sin? O sin? 6, cos 2¢ (1 = )l i —— muon
~ L 08— — elect
+3(1 — FL)A" sin? O sin® O sin 2(/5] : T x - electron
1-F)
X L
1+ | / ——
2 0.4: /
x = 4m oz |
q
% : 01 02 s oa os Tos o7 os Tos

qQ=M(t*2)? (GeV?)

Given the experimental challenges, going above 0.5 GeV? with the electrons channel is not meaningful.
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Lower Boundary In principle, can go to the threshold m . = 2m, ~ 1MeV/ c?

— Angle between leptons gets very small
— Bad resolution on ¢
— Worse measurement of observables
of interest

— Cut at 10 MeV serves as a veto to
converted 7
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Events / (34 MeV )

Candidates / 0.08
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F, = 0.044 +0.026 + 0.014, F1,(SM) = 0.051 £ 0.013,
AR = —0.06 £ 0.08 & 0.02, ARe(SM) = —0.0001 = 0.0004,
A% = 40.1140.10 £0.02, AP (SM) = 0.033 £ 0.020,
AT = +0.02+0.10 4 0.01, AIm(SM) = —0.00012 = 0.00034.

In good agreement with the SM predictions

T IC7]% + |C7|?

I 2Im (C7C;*>
A7 (g — 0) = ,

T 20 = e ap

5% precision on the photon polarization in b—sy transitions. Dominated by statistical
uncertainties
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Im(C7/C7)

Re(C7/C7)

Constraints at 20
— B(B— X7)
—— BY - K*0¢te™

BY — ngoﬂy
—— B = ¢y

— Ay = Ay Apy—odya~

----- Global

CSM = —0.2915



9 Results in the b—suu transitions:

» Extremely clean experimentally
* Large statistics
* not in perfect agreement with SM predictions

(but uncertainties on these predictions sue to
theoretical non-local contributions which are hard to
cleanness estimate)

Branching Fractions

Angular observables

@:Iavour Universality

observables:
Branching Fractions ratios

angular observables ratios

MH Schune Ecole de Gif- Septembre 2023 28



?

|

3

= |
D)
> 7
L

In the SM only difference : kinematics

Any ratio of observables in principle (lepton masses)

Start with the simplest (?) one: ratio of
branching fractions

B*9, Bs, /\o “~ / K, K* &, PK ...

di(B— Hs ut u™
_f ( —>dq2u 7 )dq2 Sl’\,” 1
s dlf(B— Hs; et e~ T
f ( T )dq2
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Ry =

Practically at LHCb:

N(B—Hp" p~)

N(B—Hete™)

e(B—~He"e™)

e(B—~Hp"p~)

H =K, K*, pK ...

Ry =

N(B—Hu " p™)

_|_

= Use of the double ratio using the resonant channels

_ BR(B—HJ/$(utu))
"J/v = BRBSHIb(ete )

=1

well tested LFU in J/y modes

N(B—HJ/Y(ut pn™))

e(B—Hete™)

N(B—Hete™)

e(B—HJ/y(ete™))

N(B—HJ/y(eTe™))

e(B—Hptp~)

e(B—HJ/Y(ptp™))

= cancels out mo

MH Schune Ecole de Gif- Septembre 2

st of the Sy

stematics due to e/u differences



=the R, analysis

Simultaneous fit of
Trigger « B—>K 22 and B—K" ¢
‘ * in 2 kinematical regions (low
and central-g?)

4
Q
" \
N 4 (
~
47¢ B2l Bremsstrahlung

MH Schune Ecole de Gif- Septembre 2023
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b t s b _VI_/: S
\??V\W+ ut ¢ ?? ut
/,L_ 7) ZO -
1.4 — T T T
- == SM
12'_ == NP: ARe(C)——l
Tl == NP: ARe(C )——ARe(C 0)=—
I NP: ARe(Ch) = — ARe(Cd") = —
0.3 i charmonium
| f === Tesonances
0.6 [ flavio
L L L L I L L L L I L L L
0 5 10
[GeV?2/c4]

1
2
|

1.4

1.2

0.6

= SM
E== NP: ARe(C})= -1

== NP: ARe(C})= - ARe(Cl))= -

NP: ARe(Ch) = —ARe(C )=—

1
2
1

charmonium

resonances




b t s b W s
\??V\W+ ut ¢ ?2? ut
/L_ ,YaZO ,Ll,_
low-g
1-4_I-l"'l""l"'l
- == SM
1oL || B8 NP{ARe(Ch)= -1
T B NP{ARe(Ch) = — ARe(Cly)= -1
I & NP{ARe(Ch)= - ARe(ClHy= -1
y 1.0 - {
0.8 B charmonium
L f——-——-ss resonances
0.6 -

S
|—

NVio

-

central-g

14 i | 'I L L L L DL L B |
- == SM i
oL == NP:JARe(CH)= -1 b
s B NP:[ARe(CH) = — ARe(Clg)= -1 1
I & NP:JARe(C))= - ARe(ClHy= -1 ]
. 1.0F _
LU L ﬁ ]
0.8 B charmonium 7
L resonances i
R I |
0.6 = fhvio -

I | ' - - I - L L L I L L L 1 I L

0 5 10 15




e,
o

Simultaneous fit for R, extraction: muon modes

low-g> central-g* resonant-J/y
%108

g{)\ ik e R ¢ iow_' 2 ik g';\ I I l Ry central- 2 B l l | R 'l‘] / y)-cont.rlol
=400 glgbqf + s ] S1500F Sa _4_»_“11331 R 1, ] _f_“?a:al -
= | e gf;i?ll | = 3 '*“ --- sgfal' PR E ' k —-—-s‘iog;aa; |
§ 200 Combinatorial § 1000 f ] * Combinatorial ] § 1 i \ —Ic’zrlzl:lrl?tl‘;:f;ed ]
= 41 = ; 1 L1 B Ky T
Py J | 2 s00f 13 I+ ErREA. ]
JA AN 1910 r
8 0 O 0= oy . O 0 i AT EPorgo B orato Dt

5200 5400 5600 5800 5200 5400 5600 5800 5200 5400 56C0 5800 6000

m(Ktu u™) [MeV/c?] m(Ktutp™) [MeV/c m(Ktptp~) [MeV/c
x10°
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e,
o

Simultaneous fit for R, extraction: electron modes

low-g° central-g* resonant-J/y
L [ LHOb + pulK o’ A LHCb e = LHCb it oonizdl. |
Z 60k 9! I3 D d4 g 9 fb? e 1210F 9! Bl :
it | ] ——-gi(;leu ] =200 ﬂ\ -""'Siogtnal 1= [ - == Signal
= I Combinatorial 4 S i Combinatorial S B Combinatorial |
2 40 F i1 I Misidentification e o~ {l *- Misidentification a1 ! - * BN Partially Recoed |
acH " || M Partially Recoed 1 & /) NN Partially Recoed L05F 4 B K Iy -
N | TN B Ky etey) ] 100 3 5 /B Ktfy(oete) | T J G )y
Iy ta | 0 7 7] E //
-g 20 : : "g / \é\*’ § |: .0... ’ \.
S N 4
5, 0 . - o (3 0 eaie R TV T T S - 1 8 0.0 ?&‘— s doo
5000 5500 6000 5000 5500 6000 5000 - 5000 ‘ 6000
m(K*ete™) [MeV/?] m(K*ete™) [MeV/c m(K*e*e™) [MeV/d]
, x10*
& [ . ——1 — —r—r e R L T e / ,tml.
= [ LHCb R+ low-¢* i Qloo LHCbH Ry central-¢~ 4 <4+ LHCb Ry« J/y-con 5
Z60f 90 { el ] 2 9 fb~! { e ] 3 9b f\ o
I - -~ Signal ! - -~ Signal -~ - -~ Signal
S nglbinaiorial S 1! Cgrnnbinatorial = Clg:]nbinatorial 1
~40F B Misidentification = =~ I M Misidentification 1 ~i 3 W Partially Recoed
® T B Partially Recoed T & 50 H %-Pmtially Recoed 41 &2F o . A S pK-Jfy ]
— | ] J \EEB o KYY(sete) 1~ A | . B - 6J/Y
220 1 & ‘ 1 2 -5 Ky
§ 8 § ot Bl K — 7 swap
o —— : @] 0! AP =~ 0 i e e e NP Y
‘ 5000 5500 6000 5000 2500 6000 5000 5000 6000

m(K*r~ete™) [MeV/c? m(Ktm~ete”) [MeV/c? m(K*n~ete™) [MeV/c?



A factor ~ 4 in yields between electron and muon modes

Measured yields from simultaneous fit to Ry

LU observable Muon (x10%) Electron (x10%)
low-¢°> Ry 1.25 £ 0.04 0.305 £ 0.024
low-¢* Rk- 1.001 £ 0.034 0.247 4 0.022
central-¢°> Ry 4.69 £ 0.08 1.19 +£0.05
central-¢*> Ri- 1.74 £ 0.05 0.443 £ 0.028

JIb Ry
JIp Ri-

(2.964 & 0.002) x 103 (7.189 =+ 0.015) x 102
(9.733 +0.010) x 102 (2.517 £ 0.009) x 107

MH Schune Ecole de Gif- Septembre 2023 36



‘ Results

owge [ Ric = 0.094 %802 stat) F092 (syst)
(Rr- = 0.927 Tg057 (stat) Tg.035 (syst),
central—q2 < Ry = 0.949 +8 8% (sta ) tgg%g (SySt), 14 i LHCb R low-¢> =0. 994“)'8%47
\RK* = 1.027 +8 8(75§ (Sta ) igg% (SySt)a 0 fb’l Ry central-¢> = 0.949700%
s R[\’* 1OW—Q' _ 0 927+ ()93
1.2 i Ry central-¢> = 1.0271007%
. _
< 1of : {
S t i
0.8
First or most precise test of LFU in b—s#? - {  Data =16, p= 0812, o = 0.2
o SM
Compatible with the SM at 0.2 -

Ry low-¢° Ry central-¢° Ry low-¢° Rp central-¢°
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To include Lepton Flavour Universality measurements in global fits:

— S
c;=c"+ ¢l Cie = G + Ci,ALP
>

(1 =7,9,10
Cip=CM" +Cl)
iU — i i,U
Some remarks: Some assumptions can be made:
« CO.strongly constraint from radiative decays and * NP in muon modes only

K*ee (very low-g? NP only in C,

« C'sand C'y, contributions disfavoured by R¢ ~ Ryx
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no NP in electrons

Cy and Cy, real

Re 6C4)

flavio v2.5.4
| 30§, =0

—0.9- —— b — supu BR

| b — sup ang.
~1.0- O

By = ppe

—1.5- ; R /K-

= Global
_2.0 I l T

—2 —1 0 1 2

Re 505“ )

from Camille Normand
PhD thesis (2023)

Disfavours a large
shift on C;q
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Some ideas to move forward

B—u u: By, lifetime ..

“%

v

<> WAWA
N
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 More observables

*Bsg—mutuy

Bs,d_) ,Lt"' 2

and
’770,.e o
at /
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More observables (one example)

NP ?

NP ?

1 —y? i
4 2
BB (0 — £ )y x ( _ ﬂ) Cs — Ol
mB
+ ‘(CP_C/) 5(010

An additional variable : the effective lifetime

5 tl" )= ptu7)dt TR

1"‘214“[‘ ys+y§

W= P (By() = ptp) At 1— 2

MH Schune Ecole de Gif- Septembre 2023
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Enough statistics to start measuring the effective lifetime:

Candidates / (27.2 MeV/c?)

Yield / (0.88 ps)

e Data

5600

LHCb E

9fb! _. ITBOOEIMM_ E

035<BDT <055 Cbmbinatorial‘i

j ..... \ _ I 1 ] ‘L _L I + l_

! T T e

C |\\. S ——— ;-}L —
6000

5800

m ., [MeV/ c?]

LHCb E
9fb!
0.35 <BDT < 0.55

* Data

— Effective lifetime fit

5 10
Decay time [ps]

Candidates / (27.2 MeV/c?)

LHCb
9fb!

B
.....

0.55<BDT <£1.00

e Data
— Total
—-Bi—> uu
------ Combinatorial

5800 6000
m ., [MeV/ c?]

5600

9fb!

* Data

Yield / (0.88 ps)

LHCb

0.55<BDT <1.00

— Effective lifetime fit ]

.10.

Decay time [ps]
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3D

Entries / 0.05 GeV

N
o

Illlllll“fll

CMS

(dimuon invariant mass, decay time, and decay time uncertainty) Maximum Likelihood fit

CMS 140 fb™' (13 TeV)
I I ] I 1 I | I 1 l I 1 ] I I ] I I 1 I I I I I | =
i ] Data -
C 140 fb' (13 TeV) 0 Full PDF |
_IlllllllllllllllllIllllllllIlllllllllllllllllll_ + Bg—)u‘“‘

140 o Dot — FghPoR ] B® - u'u + peaking bk |
- NN Bg — pu'u” s BT - s . .‘ [l RIS
120 IR Combinatoriz| bkg --4---- Semileptonic bkg 1 0 W\ fee 00 cemeeeee Combinatorial bkg =

L e Peaking bkg . ' B — hu'u” + semileptonic bkg ]
100~ 3

80

.

_.J
—a
=

o))
o

Entries / 0.25 ps

N
o
!

el Ay o e e SN \I‘LIIJLILJLllJLILJLJL_
9.9 5 515253 54 55 56 57 58 5.9

m,.,- [GeV]

Illllll

1

Decay time [ps]
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Events/40 MeV

Residuals [Events]

-104800

e
?_n;gs; U sgart © 2015-2016 Data
S=19 16V, <0 Signal + Background Fit

IIIII

0
-------- B — uu

SSSV Background
-+ — Combinatorial Background

|IIII|IIII|IIIIIIIII|IIII|IIII|IIII|III_

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII I

b

sPlot

5400 5600 5800
Dimuon invariant mass [MeV]

5000 5200
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Events / ps

ATLAS
arXiv:2308.01171

30

25

20

15

10

_._

l ATLAS

T T T T T T T T T T T T T T

Vs=13 TeV, 26.3 fb™

|IIII|IIII|IIIl|IIII|IIII|IIIl|

Background-subtracted data

—— MC (z = 0.99 ps)

IIII|IIII|IIII|IIII|IIII|IIII|

oII

Proper decay time [ps]
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Effective lifetime results:

2.07 £ 0.29 = 0.03 ps LHCb
1.83 1023 (stat) T0-0q (syst) ps.  CMS
0.99“:%'.‘;’)27 (sta;t.)iO.17 (syst.) ps ATLAS

NB :

T, =— 1.423 -

4 Value [ ps ] A

1.480 = 0.011 £ 0.005

Lifetime

TBY—J/y ¢

JHEP 04 (2014) 114
<1 % relative precision Y

- 0.005ps and 7 = 1.620 -

MH Schune Ecole de Gif- Septembre 2023

- 0.007 PS

Will play a role in future
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What to expect with HL-LHC?

BR(By— p*w) still dominated by statistical uncertainty
BR(B,— p*w) : stat~ 1.8 % syst ~ 4 % (f./1)

BR(By— u*w)/ BR(B;— p*p) : much more precisely predicted.
Measurement precision ~ 10%

Additional observables:
» effective lifetime 1, precision for LHCb : 8% for 23 fb™" and 2 % with 300 fb-!

* time dependent CP asymmetry (sensitive to NP phase) . Accessible only to
LHCb with 300 fb

MH Schune Ecole de Gif- Septembre 2023
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+ -
Bsq— 1" 1wy
When the photon is soft: test of the high-g? region (above ¥(2S)). Do not try to reconstruct it !

Nice interplay with the B — V u* u - where the low-g? (below J/y) is exhibiting tensions with predictions

LHCh | ——Dm B(B— utu—) < 2.0 x 1072 at 95% CL

------ Combinatorial

& F .
< B -
> _ -
= O 9 b ol ] My, > 4.9 GeV/c?
=5 BDT >0.5 e ]
. B +— —
> 30 , E — . . .
) == Bowwy 1 Need for a dedicated analysis going lower inm,, ,.
: ------ B—h'h" .
220 X,—huv — : . 2 . o
ks B('>’<+>_7:;oﬁ) o ] An analysis targeting the low-g? (energetic photon) *
= Ty
o -
c =
< -
~ .

[E—
-

In any case: experimentally challenging !

0 [t AL ;JrﬁLﬁ —#-L;L}+

—sur ]
5000 5500 6000 o N
m,.,,- [MeV/c?] and predictions very sensitive to FF
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- -
Hb_) Hs,d E E
 Constraining the non-local contribution from data ?

e More observables

e b—>d et ¢ 3/70/ ,770/"
S Slag /
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Constraining the non-local contribution from data ?

< [ K*F 330 e |SM | =
3 :
K**tF+ 310 |- -
T Q
A n g5
i ¢ 1.90 I_._| "(;D) but :
I 13 ”
0 9 4 Charm loops < M+
Vector coupling Cq "l 0
From Martino Borsato (SUSY2022) 59995
b— > S
d < d

~ %10

\ would act as a shift on Co
“_c® arrow c¢¢ broad c¢ an
inCt‘(Z,rfereCI?ce C-Cbarn BD tgresholds E

0 5 10 15
¢ [GeV?/c*]
MH Schune Ecole de Gif- Septembre 2023




Lively theoretical debate on the estimate of these non-local effects

K " 0
“Charm loops” ,u+ BY 50 S 50 K
- < Vv - \ M T
~ ) —_— 4 [_ T+ I
§9f ) l

N\ \
g g 5 1-particle 2-particle Tau loop
Y d contributions contributions contribution

Includes: Includes:
w(782), w(295), DD,
p(770), w@3770), D*D,
$(1020), w(4040), D*D¥*
Ty, (4160) C. Cornella, G. Isidori, M. Kénig, S. Liechti, P

Owen, N. Serra [Eur.Phys.J.C 80 (2020) 12, 1095

« Computation of the exchange of one soft gluon (seems to increase more the tension)
* Problem: the phase difference between the long-distance charm contribution and the short-distance
physics

* nuisance parameters in the global fits

e estimate from data fits (hext two slides)

MH Schune Ecole de Gif- Septembre 2023
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Various possibilities (most of them on their way for B — K* u )

AAL’R — AAL’R’LOCHI +H,1(q2)

Model Independent

G = Cf + Gy(g*)

Model Dependent

>

<

Binned

Extract the angular
observables from a

4D fit (M, Q)

Unbinned

Extract an amplitude
ansatz (A"%(g?)
modelled by
polynomials ) from a

4D fit (¢%, Q)

Extract Cé,?o + non-
local contributions
modelled by

polynomials from a

4D fit (¢2,Q)

Extract 6520 C5 + non-

local contributions

(magnitudes & phases)

from a 4D fit (¢%,Q)



Estimate using data: B —> Kpu u

CsF=Co+ ) e A%(g)

/

magnitude of the phase of the
resonance resonance wrt Co

CSH =Cy + Y(qz)

* Resonances added as relativistic BW
Branching ratios of B+—VK+ constrained from the PDG
(assuming factorization)

« Form-factors constrained from lattice QCD ( Bailey et al., Phys.Rev.D
93 (2016) 2, 025026)

« Contribution of DD ignored

4 ambiguities

interference with the rare mode far from the pole is small

can be improved with more contributions

Eur.Phys.J.C 77 (2017) 3, 161
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miss, [MeV/c?]
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= o == e g | = Mt P
o= e — F—— : : 7
5_50:..1...1....1..3.5.1.A.. PP TSP [ ST S I
Q 1000 2000 3000 4000 1000 2000 3000 4000
m'’ [MeV/c?] me [MeV/c?]
uu up
£~ 300 — R
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53



15

10|

0.5

—

S 00f
-05 |
_10 .

-15L

15

10}
0.5}
S 00
0.5 |

-1.0 -

-1.5

More observables, more modes

Belle PRL 118 (2017) 111801

: . .
SM from DHMV
1 NP Example

0

q° [GeV?/c?

20

. 1 . I . T B '
. | -1
| I—

SM from DHMV
[ NP Example
1

0

5 110 115
q° [GeV?/c?

20

Dataset (Qs5)
1<m?i - <6 G‘:eVz/c4

A=
Belle [32] (~0.7 ab™") | ~0.5

LHCb (9 fb™') ~0.1-0.157
Belle-II (25 ab™ ) ~0.05
LHCb (23 fb™') ~0.05 -0.17?

Are angular observables the same in b— s yu g and b— s ee ?
* non-local contributions should be the same

* New Physics a priori different
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Belle-Il @EPS 2023

Precisely predicted in the SM

/ / B(B—K"w)=(5.6+0.4)x10° (arXiv:2207.13371)
5
W f’ f’w
Gt
b - <
>
#(BDTy)
0.92 0.94 0.96 0.98 1.0
3000 ' ' f
Be]leIIprehmmaIv B Bt—-K*tw
X f‘(:dt—(.33624-42){'1)1 mm B°B°
= 2000 : I B*B
= El Continuum
Fg $ Data
&S 1000
. . O
g? computed for the 2 neutrinos from K* recoil — 5 : :
Z ol . e
. . . . _BE ] ] i ] I 1 ! l i ! ]
global analysis using general event information (2 BDT) 1 4 82501 4 8 2501 4 8 2501 4 8 25

2 2/ .4
Fit in bins of g? x BDT bins Grec [GeV*/ ]
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plot from BELLE2-TALK-CONF-2023-123

-1 ﬁl(.‘if‘(‘ge Privately produced comparison

: N Belle II (362 fb'!, Combined)
. | 2.44+0.7 This analysis, preliminary
o Belle II (362 fb'!, Hadronic)
. 1 1.1+ 1.1 This analysis, preliminary
: N Belle IT (362 fb!, Inclusive)
. | 2.8+ 0.7 This analysis, preliminary
; - Belle II (63 fb'!, Inclusive)
H 1 1.9+1.5 PRL127, 181802
= * . . . . . .
i e Belle (711 1", semilepronic) | N Ot i significant tension with the SM
E | 1.0+0.6 96, 091101 *
: : PY Belle (711 fb!, Hadronic)
E | 3.0+£1.6 PRD87, 111103
- __._:. Babar (418 fb!, Combined)
| 0.84+0.6 PRDS87, 112005
—— : Babar (418 fb™!, Semileptonic)

= | 0.24+0.8 PRD87, 112005
: I

o Babar (429 fb!, Hadronic)

| 1.5+1.3 PRD87, 112005

1 t L ll I 1 1 1 I L 1 1 1 L 1 I 1 1 1

0 2 4 6 8 10

10° x Br(BT—K " )
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Hb_) Hd £+£- Bd—) £+£'

In the SM suppressed by
A
Rare modes are even more rare

But New Physics can couple differently: important to check

By— £ "automatically” done (same final state)

What about H,— Hy £72-7

MH Schune Ecole de Gif- Septembre 2023

Via
Vis

2
~0.04
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bostt  bodit

B+*—K £¢ B*—m £4

BO—Ks 22 BO—m0 £¢
BO—K™0 £¢ BO—pO £¢
B.—¢2£ B,—K™ £¢

Br—K £¢ Bt—m £4

In most of the cases b— d £+ £-
transitions are experimentally and theoretically more
challenging than b— s £* £-
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bostt  bodire

B+—K £¢ Bt—m 24

JHEP 10 (2015) 034

BB* - z*utu~) = (1.83 +0.24 + 0.05) x 1078

full g% range (but J/3 and Y(2

3 b
Bt—m {4
S0 T Ty T L3
3 - ]
% LHCb E
E ........... B+ _)n+u+u _E
NN - Y | 1 B*—K'utu 3
- X T B"‘_)E()u*'v _:
8 o l 77777 B0,+ N 0.+, + _:
= F i L
= - B;—f utu 3
'g : -.Combinatorial 3
O ;je%“mf{ ! 4_ i 5
o . 111
0: J'll .r+ SRR +.L Tlx+.L 1
5200 5400 5600 5800 6000
m(mutp) (MeV/c?)

94 + 12

Candidates / ( 10 MeV/c?)

S)

B+—K £¢

" 5200

PP

J\

LHCb 3

R : Y G T TR
............... B+ _)K+u+u'X E
--- Combinatorial -

I

5400

5600 5800 6000
m(Kuw) (MeV/c?)

\ 2922 a 55 :mbre 2023

* LHCb APR13 & HKRI15 &

FNAL/MILC15

~
n

[\®}
T

dB/dg? (10”° GeV2c?)
tn

LHCb

IIIIIIIIIIIIIIlIIIlI

1 [ 4]
0.5 ]
00 10 20
g* (GeV?/c4
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JHEP 07 (2018) 020

b—> st L b—> d 2+ 8- — _ -8
B(BY— K*u ™) =[2.9 £ 1.0 (stat) £ 0.2 (syst) £ 0.3 (norm)] x 10
B—¢L£ B—K™ £¢
10° With J/Y mass constraint =~ 200 R S
o T T R LHCb -
Q - ] > - e D —
S F ” LHCb z 2 b E
2 SOF . Data E 4.6 fo = 500F B o R
- — Fit . o - B > K uty~
2 40 B > JwK® — 400 B A > pK utu
N - B’ - J/yK" . Z 300F- B Comb.bkg.
w 0F B >K'uwu Sk -
Qo n WA - JypKk™ ] 5 200F E
_cg 20 BB > J/yK* - = - .
5 - I Comb. bkg. . = 100 & =
i 10F I < - .
8 - ] @) 0‘ | o R
O:‘ L N 5200 5300 5400 5500 5600
5200 5300 5400 5500 5600 m(K_ﬂ+/J+/,l_) [MeV/ 62]
m(J/wK ") [MeV/c?] — 30, | —— "
N .
—~ 800 T = LHCb :
Nb ] % 25 e Data -
< 700 LHC . = oo
Q 600 - Data _E o 20 ES*E*O,UJ:U_ 3
E — Fit E O' B(J_>K*olu+lu7 .
‘2 500 B? > JIyK" = : 15 B A - pK s ]
o ;Y SEEE g B Comb.bkg. ]
- 400 EO—)E*O/J-"/J_ E 8 10 ]
8 300 WA ypK g .
3 - BB > JiyK* ] = ]
5 200 - p I Comb. bkg. - Fg 5
= . S
S 100 = . _ o
. Will not work with electrons 5200 5300 5400 5500 5600
5200 5300 5400 5500 5600 IVIFT JUIIUTIE CLUIE UE Jli- DQEPLEINIVIE £ULD m(K_ﬂ+lu+u—) [MeV/CZ]

m(J/wK %) [MeV/c?]



Conclusion

Bod fadob. . Experimenta|i§ts are more and more using EFT ‘language’ (specially useful
for analyses with a lot of observables)

« Asshiftin Cy (b —s uu branching fractions and (some) angular parameters).
Situation unclear... Experiments & theory progressing together

* B,—up is compatible with the SM: no obvious sign of NP in C,4

No sign of large Lepton Flavour Universality violation in b —s £¢

Photon polarization in b —s y transitions compatible with SM expectation

RO RS A 3 When SM agreement it is at the ~5%
PLUS G SATE e oA s recision, tests statistically limited
DE CHANCES QUE G & MARCHE . p ! y

o

>More data and more analyses ! ‘\)(\6
Many thanks to J. Rouxel & JP

Couturier for the Shadoks S‘aﬂ
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* 5 to 10% precision (stat
dominated)

MH Schune Ecole de Gif- Sept

Looking back in the mirror

VoLume 6, NUuMBER 10 PHYSICAL REVIEW LETTERS May 15, 1961

DECAY PROPERTIES OF K,° MESONS™

D. Neagu, E. O. Okonov, N. I. Petrov, A. M. Rosanova, and V. A. Rusakov

Joint Institute of Nuclear Research, Moscow, U.S.S.R.
(Received April 20, 1961)

1961

Combining our data with those obtained in refer-
ence 7, we set an upper limit of 0.3 % for the rel-
ative probability of the decay K,° ~7-+7+. Our
results on the charge ratio and the degree of the
2m-decay forbiddenness are in agreement with
each other and provide no indications that time-
reversal invariance fails in K° decay.

Experiment stopped

In 1964 CP violation discovery:
(2.0 £0.4) 103

Physical Review Letters, vol. 13, n° 4, 1964, p. 138

e 2023
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Why don't you look at B,.—ee ?

[ sm prediction more helicity suppression ! h
0_ php—) — ~14
B(BS — €€ ) — (8.60 T 0.36) X 10 B(Bg—> Iu—l—lu—) :v (3.66 + 0.14) Xv10—9
kB(BO—> ete”) =(2.41+£0.13) x 10~%° B(BY— putp~) = (1.03 +£0.05) x 10710 Y
But electrons emit Bremsstrahlung photons ....
HU ee
&S F 1 ; ; ; ; | ; ; ; —
S r —e— Data . e L L L
> 40 g“fI:le ?o:al 7 = 0.04E LHCb simulation B
> N 0 by i ~
= BDT >0.5 el - 3
cl:. 30 _Bo_w . — = 0.03 0 ]
- — By ] ds — B;— e*e” 2016
L U B—h'h"~ . = 0 -
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=R R V0 N | 1 T B 2" . T
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LHCb-PAPER-2020-001

Not enough mass resolution to separate By from B

LHCb —3— 2015-2016 data |

LHCb  —% 2011-2012data

200
------- B)— e*e R e i
—— full model —— full model |
) : 400 ) :
150 [ combglgltonal ] combg(z)ltonal i
B B*— D e*v, decays B B*— D e*v, decays

B— Xe*e decays i
I X,— h'e v, decays _
B— h*h'~ decays

B— Xe*e™ decays
I X,— h'e” v, decays
B— h*h'~ decays

200

Candidates / ( 120 MeV/c?)
L1 1 1 I L1 1 1 I L1 1 1 I 11 1 1 I L1
Candidates / ( 120 MeV/c?)

50 1
0 0 PPN -

4500 5000 5500 6000 6500 4500 5000 5500 6000 6500
m(e*e”) [MeV/c?] m(e*e) [MeV/c?]

B(BY — ete™) < 9.4(11.2) x 107° at 90 (95) % confidence level ~ © fo7)

5 orders of magnitude wrt to SM
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https://lhcbproject.web.cern.ch/Publications/LHCbProjectPublic/LHCb-PAPER-2020-001.html

The top quark at an e+ e- collider with \/s=10 GeV in 1987 !

_ First hlnt Of a A;gus CoIIabg;ation
et e —>Y(4S) »>BBat /s = 10.58 GeV Phys Lett B 192 p454
(45) J G really large my,!
Production of coherent BB pairs - 2
-1
Am, = 0.00002 - d ps
2
GeV/ c

B*>D™u'v ~0.5ps™

BO—D*ut*v .
Fig. 11: The fully reconstructed ,L: :.-"! . %
ARGUS event [26] Hi
ete~ — T(4S) — BB’ — B°B° H| ° (AB=2]

the first evid for the g = = -
:?:cu:anz oefv‘B:%geo::l;!lations. -* : b _ d/s
B® — D" pf v, G ! J ' W
P e D DY vl / 2 / B° f — B
EO v BY = Di-pty, €= S URN ;
D;‘_.,roD;,2 k2 d/s l’v_ b
70 — qv, D7 — Kfn7x;.
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Belle-Il prospects on R(K) and R(K*)
R(K ) Status ~3% precision for g2 bin [1-6] for 50 ab™" of data

£ 1.
© 2(2) Belle II (Preliminary) D:>< 6% ]
% b L dt=189 b 1.4F =
(O] [ == Signal l‘l IJ - .
o 16 | == Background 1.0F B
8 14 e Total e — -
g 12 F - Data B ]
._\_, 10 1: .............................................................. =
@ 8t - 2
'%j 6 0.8[ =
w4 L ]
42 521 522 523 524 525 526 527 528 529 0.4 ~—1.0ab" -]
M, [GeV/c] ] ——5.0ab’ ]
0.2h ——50.0 ab” E
T OT . | P | | i
‘o 14 Belle 11 (Pl(hnnndry) 0 5 10 152 20 5. 4
> =
3 of[LA=190T  ee ? (GeV?/c?)
8 10 :_---Background
8 == Total ) .
IR e (ee) and (up) similar !
A unt
(<)) .- . -
£ hTT
5T
0 1 1 1
5

.2 521 522 523 524 525 526 527 528 5.29
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One recent CMS result (EPS 2023)

CMS Preliminary 33.6fb" (13 TeV)
300 - — Total fit
L ~2 2
Cofe[1.1,6.00Gev: Y § B oK'
| Signal: 1267 +55 Other B & Comb.
727070) A / NN | S—— BO/’—)K.O/’u*u'

B smtuty

R(K) in the 1.1 < g% < 6.0 GeV? range
BF (B> uuK) | BF (B-eeK)

Candidates / 0.02 GeV

K" BF(B>JIYyK,J/y->puu) BF(B>J/YK,JIy-ee) I TR S PR SURT P TS BN SUUL.
R SR TU AN AL P E RS
3 5.1 5.2 53 54 55 56

m(K'uw) [GeV]

278 0.46 +0.09
R(K) — 0781_0 23 (Stat)_o 05 (Syst) S ___ CMS Preliminary 41.6fb” (13 TeV)
§ 25 E-q? [1.1, 6.0] GeV? == Towlft
o e LT B'—>K'e’e
© 2 ;_Slgnal: 1847 ===+ Combinatorial
Q@ 15E- l B*JiyK*
© - ¢ Data
. o C
In agreement with SM RN {
S sE ] 1+ LN
B, i ,,_,,.....-.'..':-,I.‘;.‘...::Iz. ey, |
%gz;{’%{'§+%$;%;%}$L£;lll
a° 2fF
47738 5 5.2 5.4 56

m(K'e*e) [GeV]
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 Several fitters, they differs by:
 Choice of experimental inputs
» Form factors modelling
 Treatment on non-local nuisance parameters

» Statistical frameworks 2-dimensional global fits
1.00
1/ —— ABCDMN
] AS/GSSS
0.754| —— CFFPSV (PMD)
]|— HMMN
1 * s
0.50-
0.25-
A i
z3
S _
0.00-
—0.25-
—0.50-
From B Capdevila FPCP2023 “
—0.75

2175 —150 —125 —1.00 —0.75 —0.50 —0.25 0.00 0.25
CNP
I
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from Camille Normand

JCée) = —66’{8) = 50£2/2 NP in e and p PhD thesis (2023)

2.0

1.5-
1.0
0.5
T 0 s | E—

~{).9 1

Re 6CS? = - Re 6C )

—1.0-

—1.57
flavio v2.5.4

9 = 0 1 2
Re 6C) = - Re 6CW)
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What to expect with HL-LHC? BS i) BB - )

Experiment Scenario stat + syst % stat + syst %
o LHCb 23fb~" 8.2 33
Additional observables: L N is o4
« effective lifetime 1, precision for LHCb ' '
o NS : CMs 300fb! 12 46
: 8% for 23 fb-! and 2 % with 300 fb-
CMS 3 ab! 7 16
* time dependent CP asymmetry ATLAS Run 2 22.7 135
(sensitive to NP phase) . Accessible ATLAS 3 ab™' Conservative 15.1 51
only to LHCb with 300 fb-! ATLAS 3 ab~' Intermediate 129 29
ATLAS 3 ab~ ' High-yield 12.6 26

BR(By— p*w) still dominated by statistical uncertainty
BR(B,— p*w) : stat~ 1.8 % syst ~ 4 % (f./1)

BR(By— pn*u)/ BR(B;— pu*w) : much more precisely predicted.
Measurement precision ~ 10%
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Ry (central bin)
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-0.6 -04 -0.2 0.0

(Co)'=—(C1p)'

From Damir Becirevic (Gif 2018)
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