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Disclaimer & simplitications A

DISCLAIMER

Experimentalist’s point of view

| will restrict myself to FCNC modes

Branching fractions of the order of 10/ to 109 & LHC(b)-biased
presentation

But Belle-Il can also play an important role



QOutline of the lectures

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

a e B— 2+¢- what do we measure and how?

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




Rare K decay, FCNC and the GIM mechanism

* Inthe 1960's: 3 quarks and universality of couplings (Cabbibo)

W- W-
I 4>—< dcosbOc + ssinf¢ 4>—<
Vy u
g — g
« But problems with the KO—pu u decay
1st order

BR(K’ - p*u™) 7x107°

+ + zlo_g
BR(K® — u'v,)  0.64
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Second order KO— p p Kf*—pv,

g8sin? 8. cos? O, does not match experiment
GIM mechanism : add a fourth quark !
d \ _ cosfc sinfc d
s ]\ —sinfc cosfc s K°

U c
( d’ )L ’ ( s’ )L Rate ~ g* (m% — m2) sin® 6, cos? O,
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First indirect “evidence” for Good agreement with experimental

Charm quark! value of BR(K— u u) for a charm quark
mass of 1.3 - 1.5 GeV

Weak Interactions with Lepton-Hadron Symmetry*

S. L. GrassHOow, J. Irtopouros, AND L. MaAIaNif

Lyman Laboratory of Physics, Harvard Universityicembyidge, M assachuseits 02139
(Received 5 Marc ‘@

We propose a model of weak interactions in which the currents are constructed out of four basic quark
fields and interact with a charged massive vector boson. We show, to all orders in perturbation theory,
that the leading divergences do not violate any strong-interaction symmetry and the next to the leading
divergences respect all observed weak-interaction selection rules. The model features a remarkable symmetry
between leptons and quarks. The extension of our model to a complete Yang-Milis theory is discussed.

Ve v,
e )\ B Jr Directly observed in 1974
U c

!/ ] » v
d ), ' \s ).



FCNC are forbidden at tree level in the SM

Mediated by box and loop diagrams = sensitive to indirect effects of New Physics (NP)

Access to larger scales than direct searches

Tests of couplings to 3@ generation (b-quarks)

NP scale and coupling

CKM-like generic flavour
MH Schune Ecole de Gif- Septembre 2023 flavour violation violation



Flavour puzzle

Cnp
Hyp X —— NP scale and coupling
/1
Operator Bounds on A in TeV (exp = 1) | Bounds on enyp (A = 1 TeV) Observables
Re Im Re Im
(ELA/“dL)2 0.8 x 102 1.6 x 104 9.0 x 10— 3.4 x 107° Ampg; €
(3rdr)(5rdg) | 1.8 x 104 3.2 x 10° 69x107% 26 x1071! Amp; ex
(epy ur)? 1.2 x 10° 2.9 x 103 56 x 107 1.0x 10" | Amp:|q/p|, oD
(Cp uL)(c':Lu.R) 6.2 x 103 1.5 x 104 5.7 x 108 1.1 x 1078 Amp; |q/p|, (035
(bzyPdp)® | 6.6 x 10 9.3 x 10° 23x107%  1.1x107° Amp,; Syks
(bpdr)(brdgr) | 2.5 % 103 3.6 x 103 3.9x 107 1.9 x 1077 Amp,; SvKs
(bry*sp)* 1.4 x 10% 2.5 x 10? 50 x 10— 1.7 x 10~ Amp,; Sye
(brs)(brsp) | 4.8 x 102 8.3 x 102 88x 1076  2.9x10-¢ Amg,; Sys
I Ann. Rev. Nucl. Part. Sci. 60 (2010) 355, update from 2012
Large limits on the why should NP follow the same flavour couplings
New Physics scale (including same phase) as SM ?
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b—s £*£-transitions: what are we talking about ?

+p-
Hb_) Hs 2 2
b t S W=
> \ > \ > _— — —
W= \W-|-
v P
i A
- Y
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Bs/d_) £+£- L=ecorypu - e < B ey

O > < O
o . P- Sp=0 p+ f- Sp=0 p+
SM : very rare (Vq, helicity suppression) left-handed particle fight-handed particle
: left-h d anti-particl ight- i-parti
In the SM, in the massless limit: left-handed anti- eft-handed anti-particle fight-handed anti-particle
particle &right-handed particle are forbidden
4 )

B(B)— e*e™) = (8.60 % 0.36) x 10714 B(BY— u'pu) = (3.66 % 0.14) x 10°°
B(BY— ete-) = (2,41 £0.13) x 10-15 BB = u'p7) = (1.03£0.05) x 1070

\_ JHEP10 (2019) 232 )
Due to CKM, the By modes are further suppressed by a factor 1/30

SM

Sensitive to the scalar sector
New Physics models with an extended Higgs sector BRMSSM « tan®B/M,*

'\

ratio of the vevs of the
two Higgs doublets

First searches in 1985 () : CLEO BR < 104 @ 90% CL

MH Schune Ecole de Gif- Septembre 2023
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0 Q O Q Q=4
b L S B-—K-{£¢
> B-—K" £
W IV T
~_V :
E+
E_
q?= M2(£¥)
Contributions of the various diagrams vary -
* with ¢?
« with the different decay modes _
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Q=d Q=s

BO—K, £2 B.—¢ 28
BO—K™ £ ¢

+ b-baryons ....

(and B,)

eg : photon pole
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EFT for Heavy Flavours in a nutshell

neutron 3 decay

O——0 @
® —i G > 8

@ Expansion in g?/My?:

W 1 %
coupling strength 3
€
id= (5 )2V* (P PLO) —— 9B (@, Pru) - i P 0)(d ¢
— \/Qsin 9W ud \VIYv 'L q2 — M[%V T e YulL 1A= vy PLE)(d’)"u,PL’U;) + O M_‘%V

2

GFE\/§ ¢ =12 I

8 Sil’l2 HWMI%V 8M3V 13

>

0
0,
O
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Measurement of the effective coupling = constraints on g/M?

Assuming a coupling value one can say something on the scale of
Cnp the heavy particle involved without detailed knowledge of them ...

Effective coupling: low energy interaction
Wilson coefficient non-perturbative QCD etc ...

MH Schune Ecole de Gif- Septembre 2023
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Weak Eftective Theory

Full theory
b 11,74 S
t @t
ZO
2+
2_

Lotr & GeVepVes ) (Ci0; + CLOD

l

Effective description

S W, Z, top, ...
integrated out

~ Fermi’s description of neutron B decay

C) = CSM() 4+ CNPO)
o)

MH Schune Ecole de Gif- Septembre 2023

perturbative, contains the short
distance physics. g independent.
Heavy NP

non-perturbative, Lorentz
structure, long distance physics..

g? dependent.
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Which operators and Wilson coefficients ?

OV & (50, Pr(z)b) F*” ‘ /
0 o (57, Pymb)(Iv.l) |

\0{3 o< (57u Prr) ) (L5 \
0y « (3PLgb)(11) A

\OS;) o (5 Py(r)b)(17sl) )

dipole (e.m. penguin)
bR(L] >NW\
SL(R)

nu

O = 2 (50, Pr(Ly)b) F**

V-A (EW penguin)
bi(r) R

A" _
09.10 -
SL(R) b r

0" = (ET',xPL[R)b)((_"f”(‘)
0 = (51 PLm, ) (64"

de,ld.r pseudo-scalar

br1)

(1)

0V, = X
SL(R)

O( ) = EPR[IJ)])EC

O( ) —_ EPR(L)[)‘?";'(,[

Primed operators and Wilson Coefficients:

P. — Pr and mp — m,

Coupling b—osy b—sff B¢l
¢ I
cy -
Cio I

_

C) & C

A priori different
for £ = e and £=pu

MH Schune Ecole de Gif- Septembre 2023
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In the SM
07,9,10 (and 0;)

SM ~
CM(up) = =029, Cs™M(up) = 4.1, C3"(wp) = —4.3 CEM (1) =~ —0.006

mg/my, suppression

py = O(mp)

if there is New Physics :

SM NP
/C Cl
real can{e imaginary * No need to specific a precise model

(Leptoquark, Z ", ...)
« Approach working for heavy New Physics (> M)

MH Schune Ecole de Gif- Septembre 2023 17



Experimental set-up

LHC:

ATLAS, CMS & LHCb for B,y —up
mostly LHCb for the rest except for some specific results

B-factories:

BaBar and Belle: pioneering results but very statistically limited
Belle-1l integrated luminosity not yet large enough

=tfew details on LHCb in the following slides

MH Schune Ecole de Gif- Septembre 2023
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H Cb The b and b quarks are produced in the same direction, close to the beam axis

LHCb MC
Vs =14 TeV

Side View

iTiod
1920081T

\I

SciFi RICH2
Tracker

/ ‘
MH Schune Ecole de Glf— Sept embre 2023
sbs1pqu upgrade



Experimental set-up and datasets

HCAL

ECAL M4 M5

SPD/PS M3

MH Schune Ecole de Gif- Septembre 2023

Ap/p=0.5-1.0%
AIP = (15 +29/p[GeV] ) pm

Yy

'\< -,'<

AE/E.., =1% + 10% / V(E[GeV])

Electron ID ~90% for ~5% h—e*
mis-id probability

Muon ID ~ 97% for 1-3% 1t—p
mis-id probability

20



Run1 and Run2 data taking

* Running with luminosity levelling at 4. 1032 cm?s™! (x2 design luminosity)

Luminosity [x10 *)

—
o
w

102

About 1.5 interaction per bunch crossing
9 fb! collected by LHCb

2.3 . 2022 (6.8 TeV): 0.82 /fb 5
: LHC Fi" 2651 - 2018 (6.5 TeV): 2.19 /b 201 8 2 '1 2
- i A 2 1t * 2017 (6.5+42.51 TeV): 1.71 /0 + 0.10 /D |- g
2 | : - 2016 (6.5 TeV): 1.67 /b 5

18 i 2015 (6.5 TeV): 0.33 /b
. 2012 (4.0 TeV): 2.08 /b

2011 (3.5 TeV): 1.11 /b

2010 (3.5 TeV): 0.04 /b

ATLAS

|

1.6

= ~ Luminosity potential exhausted
- > Beams head-on |
~1EHCb - N |
- W

|| Beam 2 : - . ’
~1 -— 30’beam :
JPE— =T —— 0

ar ' _a—y' STl " Sep Nov
Month of year

Integrated Recorded Luminosity (1/fb)

1 1 1 1 I 1 | 1 1 I 1 1 1 1 I 1 1 | | I

0 5 10 15 20
Fill duration [h]

MH Schune Ecole de Gif- Septembre 2023 21



Schedule and datasets

/4%
7
Run 1,2 Run 3,4 Nk Y At =
‘-szmv
KA Rhp
.<sq@u Q (X —
\ ‘-§
~1 visible ~5 visible ~50 visible
interaction interaction interaction
LHCb— LHCb Upgrade — LHCb Upgrade Il —
Lso LS3
L= -1 = 33 HL-LHC - o -1 — 1_ 34____ . 1
L= 10fb Injector upgrades £=2x10 ATLAS/CMS —_— i~ 50 fb LS4 £=1-2x 10 LS5 =L~ 300fb

Phase 2 upgrades

2011-2018 2019-2021 2022-2025 2026-2028 2029-2032 2033 2035-2038 I
2034

We are here,

the current results | commissioning our
new detector

MH Schune Ecole de Gif- Septembre 2023
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Bs/d_) £+£_ . What dO we
measure and how?




B, y— £*£ observables

Aar =

1 — g2 _ AT
Ys =

4pgd o4
g GpMy, Sin Oy

0 L —
‘%(Bq = WU Ism = 275

SM: 7
Cio" Vi Vig 115,18,

Only one Wilson Coeff.

PBg,H—%"'B— - FBS,L—%‘*'Z—

PBS,H_’EH_ T FBS,L_"ZW_ in the SM

S

oT,

m2

N

4m3 1

q=d,s
mg 1—y,

hadronic parameter

Computed by LQCD, known to 0.5%

A precise measurement of the BF = constraint on Cy

MH Schune Ecole de Gif- Septembre 2023
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1+ ysAAI‘
1—y;
_ dm; /
B(B?s)(t)—>€ / )tz() X ( — m—%e) |CS_CS|2

MH Schune Ecole de Gif- Septembre 2023
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Analysis in a nutshell

o Huge sample of B mesons
o Efficient trigger

o Powerful selection

o Vertex resolution
o Mass resolution
o Muon ID

=] - 1 | T T ™
o BDT algorithm © - . §
J > 10F Preliminary 3
3 - . ]
2 1 © e —————e— = =5
= =
SR i
o 10 3
Z . .
1072 3
LHCP —— =
_ 6 fb~ —r— § ]
107 —e— Combinatorial f
—e— Weighted BY — u*u~ MC
10_4 . R R R SR T R .
0 0.2 04 0.6 0.8 1
BDT

o Branching fraction estimated from a fit in 5 BDT bins (first one excluded since it's background

dominated) and two run periods (Run1i&sRunZ)e de s septembre 2023 26



6000

Y :
: : = ]
Select M(u+u—) € [4900,6000] MeV forming a displaced vertex 2 e .
: . . = 5600 X ]
Signal mass region blinded & o : :
5400
REGION
5200 GBS o L T e e
Signal shape: mass and resolution obtained from data = e
0 0.5 1
BDT
* The mean is obtained from B® » K*z~ * The resolution is interpolated from
and B? — K*K~ data for B - u*tu~ mass fits to ¢z and bb resonances:
and B® — pu*u- O iy = 21.96 £ 0.63 MeV (Run 2)
x10’ £10° Expectations (from SM)
~~ LA DL L L L L g\ F ' ! I ! ! ! L | ! ! ' L | 7
°§ 9E LHCb S 3 ” LHCb E ; 2
8 # Data 6 b v 30F : § Data6fb’! = N(B; — § =147+ 8
é’ 7B - B? —K'K" > 25; ----- Combinatorial : ( . HH )SM
v 6 Cgmbinatorial N Y i( 15) — ,u:,u: E 0 4+ o
Z ol I E (25) - ] N(B" —» =16x1
; 5 Ab ph 8 20 S B K Y(35) — Z+z_ = ( ” ﬂ )SM
2 4 Preliminary § 15 Preliminary
2 3 3 F 3
T 5 5 0% E
T TP TPTEE, SRS B TT R R e [ - R TP SRR T
é) 100 5200 5300 5400 5500 5600 9000 9500 10000 10500

M. [MeV/c?] m,.,- [MeV/c?] -



N
>

o
-

[S—
>,

Candidates / ( 27.5 MeV/c?)
o
S

-

IIIIIIIII
——t :

-
-----

C [LHCb
—_o-m 9 fb!
" BDT >0.5

I I 1
— s —

Data

Total
Bi—utu
B -t
Bi—utuy
B—h'h"™
X,—huv,

O(+)

By 7% -

Combinatorial

IVIT1T oLl iul

I CLUIC UC JII- oCpLelivic 2vso

6000
2
My, [MeV/c“]
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From a yield to a BR Number of

observed decay Efficiency

| /

N(B, = pft) e _ N(By = f4p) s ' €

BR(B, — ppt) =
N(B,) , odiced L X0y, X £

L

Int?

Integrated / I \ Fraction of b quarks

luminosity cection

O,,,& have large systematic errors

I—

MH Schune Ecole de Gif- Septembre 2023

bb cross  that hadronize into a B,

29



— Normalize with respect to another decay with a very well known BR
(BFactories crucial inputs) :

Bt — JWK*t or B - Ktn~

BR(B, — pup)  N(B, = up),,, gB—)J‘PK Xfu
BR(B* - J¥YK*) N(B— J¥K) g

B, — f:v

obs

Most of systematic uncertainties cancel in the ratio of efficiency

This cancellation is very efficient if you have a normalization channel similar to your
signal and selected in the same way!

MH Schune Ecole de Gif- Septembre 2023 30



Two most precise measurements: CMS & LHCb

https://doi.org/10.1016/j.physletb.2023.137955

CMS 140 b (13 TeV)
[TTTT | TTTT | TTTT | TTTT | ITTT | TTTT | TTTT | TTTT | LU | TTTT]
e - - I . 140~ Data Full PDF ]
S B LLHCb —e— Data - - N By — piuo S BT - o .
> 40 [ ] [ e Combinatorial bkg ===+« Semileptonic bkg
é) . 9 fb! Total N 1 20__ —ma Peaking bkg i
- 0 — - L _
e BDT >0.5 ctale i > I ]
= — B outu- ] 0 100 ]
s 30 o
> y - B—h'h"™ = S 801 ]
Q I — L -
= 20 B 9 X(,;+—>huv# ] ; 5 ]
= - -y B 2%y i @ 60 ]
o) B ; . 7] += : :
% 10 . + : ' ------ Combinatorial ka |_|CJ B ]
- : y - 40 o
o r + b | - - ]
;—--::il--::......... ~~~~ ~ Y . \ _:___ “’ + :
i aof b AN :
L l l - - .
B ¢‘_‘-\\\\\
5000 5500 6000 T

LHCb-PAPER-2021-007

2
m,.,- [MeV/c]

| B(B— ptu~) = (3.09%

0.43

0.46 +0.15

) x 107° |

—0.11

B(B®— ptp~) < 2.6 x 10710

@ 95 % CL

MH Schune Ecole de Gif- Septembre 2023
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9 5 5152

M, [GeV]

BBy - putu) =

= [3.83*93¢ (stat)

+0.19
—-0.16

(syst)

53 5.4 55 5.6 57 5.8

+0.14
-0.13

BB? - ptu7) <1.9 x 10719 at 95% CL.

5.9

(fs/fu)] X 10_9,

31


https://lhcbproject.web.cern.ch/Publications/LHCbProjectPublic/LHCb-PAPER-2021-007.html
https://doi.org/10.1016/j.physletb.2023.137955

Searched for during ~ 30 years. First evidence in Nov 2012 (LHCb)

o — -
- — — F Zoom on LHC
e .0 N3
£ (0 g =aF
2 E TI 1 Z
& - (1 1
@ 107 g Y T ------------------------- [
I Tl :
E L T ----- T ----------------------------------------------------------------------------------------------------
D E (I
O -

A
T 0 E
O —
O — | * CLEO A Belle
S 10°=-| » ARGUS 0O B
o = aBar
25 — | YV UAT1 ME | HCb
«= [ | ** CDF ¢ ¢ CcMs
c 10E|vvLs O O ATLAS
1 — | AA DO ® ® CMS+LHCb

ol | ©O ATLAS+CMS+LHCb

10 E | | | | | | | I |

1990 2000




x10° CMS 140 fb™' (13 TeV)

-9 0.6
0.7 Xl(') [ e e L

- contours correspond to 68%, 95%, 99% CL regions .

3 i
3 0.6 LHCb - 0.5F
T - 44t - I
C@/ 05— —9fp! i
o 5

o
K

.....................................................................................................................................

&
S

= ] R g ol fr T NS S

- . /' 15 \\ :

. — 33
0'1_ _ 0. Foeed |I+SM ------ \\ ----- ER W e

R %107~ B 1L
i ol +0b

0 O|IIIif:'.l:.lll\lIlllllllllll;ll.[l:illX10_9
B(B;—>utu) 1 2 3 4 5 6 7

B(B. - n'w)

Important to check By vs B : if there is New Physics does it couples as SM ?

BR(Bs — pu ™) =3.52"03% x 107°

Combination from arXiv:2210.07221 MH Schune Ecole de Gif- Septembre 2023 SIS EVEn dne CUmEnt Preekion



H,— H £+ : what do
we measure and how?




Branching Fractions

Angular observables

Lepton Flavour Universality
observables:

Branching Fractions ratios

angular observables ratios

H.,— H, £+£- observables

there is no free lunch

theoretical
cleanness

MH Schune Ecole de Gif- Septembre 2023
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dI'/dg?

Photon pole
&~ enhancement (from Cr)

CKM suppressed
¥’ light-quark resonances

Broad charmonium
resonances (above the
open charm threshold)

|

Sensitivity to

Cg and 010
< >

<« increasing hadronic recoil
increasing dimuon mass —»

/ _\
]
[ Sensitive to C,—Cy phasespa:ce
interference SUppression
< >
1 1 1 ] I 1 [ ] 1 1 I [ ] [ ] 1 I 1 1 [ ] 1
0 5 10 T

20

eV?]

MH Schune Ecole de Gif- Septembre 2023

— B—K* £¢
- BK £¢
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One example of a BF measurement: B, — ¢ u u

PRL 127 (2021) 151801

Experimentally ‘easy’ for LHCb

twoO muons

¢ —KK and is a narrow resonance

Use of B, — J/Y (— u u) ¢ as a normalisation mode

B(B®— Jhp¢) = (1.018 & 0.032 £ 0.037) x 102

0 - 0 +,,-
dB(B,— ou*u~)  B(By— Jhpd) x B(J/p— pu~) o Nowtu= ,, Eipo
2 o 2 2
dq qmax qmin N Jpo €¢I~L+#_
B Wypoume o o Boour
- LHCb 3 % LHCD
% 9fb : % i 9fb
= 20000 3 =
g — data : = 300 —— data
Sl — total E E — total
5 — B> Jy¢ 3 g 200 — B{ = gurw
5 F ) 1 combinatorial 2 [ 1 ¥ 0 === combinatorial
= : g
= - g 100
O O e/
‘SSIOO‘ = 562)0 = 3700 . 5300. = 5400 ‘ 55|OO - .5600 : 5700

m(K*K u*u~) [MeV/c?] m(K K u*u~) [MeV/c?
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3] w w
g &8 8§ 8
llllllllllll]lllllll'll-

Candidates / ( 10 MeV/c?)
3

" LHCb
9!

—+ data

— total

— B = gutu
------ combinatorial

5300 5400 5500 5600 5700

[ e e T e =

Candidates / (10 MeV/c?)
B EBEERERE

———————>
———————>

m(K*K u*u) [MeV/c?]

—————r———
LHCb 150 < ¢* < 18.9 GeV¥/¢*
84fb !

+Data

— Total PDF

B Background

5300 5400 5500 5600 5700
m(K*K ) [MeV/e?]

Candidates / (10 MeV/c?) Candidates / (10 MeV/c?)

Candidates / (10 MeV/c?)

70F LHCb 0.1 < % < 0.98 GeV¥/c*
841b ! <
60
30 +Dala -E
40 — Total PDF
30 B Bockerouna 3
20
10
. ;
5300 5400 5500 5600 5700
m(K*K ) [MeV/e?]
T
°FLHCb 40 < g* < 6.0 GeVct
60 84!
50
—I—Dala
9 — Total PDF
30 .Background
20
10
0°300 5400 5500 5600 5700
m(K*K-pu-) [MeV/e?]
I easaacaasssasensssas
LHCb 11.0 < g2 < 125 GeV¥c*
~+ Data
— Total PDF
-Background

5400
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5500 5600 5700
m(K*K~ ) [MeVic?)

Candidates / (10 MeV/c?) Candidates / (10 MeV/c?)

Candidates / (10 MeV/c?)

1 J L N 1 L

1.1 < g* < 4.0 GeV¥/¢c*

+ Data

— Total PDF

. Background

5300 5400 5500 5600 5700

m(K*K ) [MeV/e?]
QE T Ty
g0 LHCb 6.0 < ¢* < 8.0 GeV¥e*
70
o +Dala
50
40 — Total PDF
30 B Background
20
10
05300 5400 5500 5600 5700
m(K*K ) [MeV/e?]
160 T ———
140 1.1 < ¢2< 6.0 GeV¥¢et
120
100 -+ Data
80 — Total PDF
60 .Background
40
20

5300 5400 5500 5600 5700
m(K*K~ 1) [MeV/e2)
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Measurements below predictions
Predictions correlated from a bin to another
Better agreement at higher-g? (LQCD)

MH Schune Ecole de Gif- Septembre 2023

x 107°
“ 14F LHCb | F LHCbOR
h - LHCb 3fb™!
> 12 i ‘ SM (LCSR+Lattice)
C 10 & SM (LCSR)
Q I SM (Lattice)
T s :
S e Iy p(ES) :
+ 6 _— el
S. - i_‘ ’ ‘ ‘ —f— = N
1\ [ —— ———— i
. oF —3— -
S :

| | 1 | 1 | ] ] .
% O0 5 10 15

q? [GeV?/c*]
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By — KO uu
CMS-PAS-BPH-22-005
«10°° CMS Preliminary 33.6 fo (13 TeV)

HEPFIT
SUPERISO
FLAVIO
EOS
Data

D
()

dB/dq? [GeV?]

S
o

20

| I Il Il Il | I

0 5 10 15 20 25
o [GeV?]

Branching fractions for b—s uu transitions

& 80F
% 70 — Total
Ab —>A(1 520) uu E 60 -ﬁﬁjif,?j 1.1<q?<6.0 GeV?/c*
< 50 . A(1600) 2
E 40 . A(1800) Central—q
§ 30
arXiv:2302.08262 2 20 L
~ o —T T T T T 10E e T
L 500F LHCb 0f
> r -1 1 I 1 1
é’ 400 - 9 fb 1500 1600 1700 - 11\203/02
® E ~+ Data m(pK~) [Me ]
> 300F [ Combinatorial - . — et
2 - — A= pK utu” § 7 iTDa:aal LHCb 3
= 200F — Total 2 6 iyt 9fb! 3
g C o 5 B Ac1405)  15.0<g%<17.0 GeV¥ct 3
O 100 o 4 . A(1600) E
B i B A(1800)
= 3
0 -
5600 5700 5800 5900 /|
m(pK "u*u”) [MeV/c?] 1
0
N(Ab—pK-p+p-) =2250+57(stat) ] P . S I TN
1500 1600 1700 1800
m(pK ") [MeV/c?]
B, — K
><|1ng d ) ) u M
— == BSM best fit 5 -7 = I : —
C"I‘_| N % ~ == BSM benchmark i 10 K s HCb i
> °5 SM prediction > fb_l
£ [ B LHCb 2016 6] ._i_.'—§—‘ ——
O \ FH  Belle 2019 . - ':i: _
’§ 6 - \ H cwMs 2013 _g' i | —
Ll \‘ FH oMms 2015 =
£ = ‘\ T +3‘ 10—9 | -
8 4 L T 3 20 - Dua
S N — e S [ |sM@FQM)
< e | = i ] sM@RQM) i
1 ? - ? [0 sM @LQeD)
[y e °< < SM (LQCD+DB)
0 T T T le-l] 1 1
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To have more information: angular analyses
3 angles and g?= M4(£¢) one angle and g?
B—V £¢ B—PS ¢4

+

I

up CM frame
/ &

T

*
Ab_) A 41 Assuming that the A, is
Ab_) /| P  producedunpolarized at LHC
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BO —>K*Ouu

dT'B— K*utpu=] 9

42 d6 327 2 L(¢*) fi(Q) }
d'T[B°— K*%tp] _ 9 S L) £(5) Q = (0, 0k, $)
dg? df2 321 :
i (i=1,9) are encoding the matrix elements of the decay
diT 9

dg? d cosfpd cos g do T 327 [ il sin” O + li cos” ¢

+15 sin? O cos 20, + I 2 cos? O cos 26,

+15 sin® Ox sin’ B cos 2¢ + 14 8in 20k sin 260, cos ¢
+1 sin 20 sin B cos ¢ + Ig sin? Ok cos Oy

+ 17 sin 20 sin 0y sin ¢ + Ig sin 20k sin 26, sin ¢

+Ig sin? O sin® 6 sin 2¢ ] , The |, depend on the amplitudes

| )
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24 B2 A2 . . B, =4/1—4m2/q>.
EEE) At + | +(L = R)] + 5" Re (ALAT" + A7 AT), Y

I =
1 =1 in most of the g?range
2

4m *
I = |A7)? + | AG 1 + q—Q“ [|A¢]* + 2Re(A5 AF)] + BilAs|?,

5= 2 latp 41t 4 (L R, I = V35,

Re(ALAL") — (L — R) — ~ Re(Af A5 + A AY)

V&

c__ _ p2 L2
I =B [|A§* + (L - R)], I; = 2B, [Re(AFAY") — (L - R)],

1
Iy = B2 [|AL[2 — |AE2 + (L — R)] 169:45“%&:, [AL A% + (L — R)],
1
I, = Re(AgAj )+ (L —R \
1= P [Re(A7A[) + (L = R)], = V28, [ In(AFAL") = (L R) + T Im( AL+ AL
1 \
Iy = 56, [m(A5 AL + (L= R)],
0, L, R K* transversity Iy = B2 [Im(Af"AL) + (L — R)] .

Do not pay too much attention to the details
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and using EFT one can write the amplitudes: Wilson Coefficient

FF, g?> dependent

photon pole

N q
1/2 eff effr
= \/——2)\ / (Clo — Co) : : o G2a? 1/2
q - N =VyVit |a 555 ‘12”%] ’

3-21075m

B
Ag = —2N)\1/ with X = m% + mi. + ¢* — 2(mEmi. + mk.q> + mpq®) and B, = /1 —4m2/¢%



d4T 9 [ F 9 s e 9 p
’ T s ( cos”
dg2dcosfydcosO dp 327 L1 S R K

+135 sin? O cos 260, + I 5 cos? O cos 26,

+13 sin? 0k sin? Bp cos 2¢ + 14 8in 260 sin 26, cos ¢
+1I sin 20 sin 0 cos ¢ + Ig sin? Ok cos 6,

+ 17 sin 260 sin By sin ¢ + Ig sin 20 sin 26 sin ¢

+19 sin’ O sin’ By sin 20 ] ,

The Cl; joare encoded in the I o

Ratios of |; can be built to remove FF dependence
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Many parameters extracted in a large number of bins

B*—K™ uu

1:5 L T T T T T
I 'L
0.5 e
o~ T L T
——
05 F = LHCb
] —— Data 9fb~!
a1k SM from DHMV
r 777} SM from ASZB
Lo~ 5 0 15
q* [GeV/c']
BO—K™uu
Q:l 1F T —T1 T ]
C LHCbRun 1 +2016
r [ SM from DHMV :
0.5 —
X ;: ] ]
of+ :
= )\ ]
B 1 5 ]
0.5 Eis ij:r 6 ]
-1 1 A R B T
0 5 10 15

g* [GeV¥ 4]

Phys. Rev. Lett.126 (2021) 161802

15 [ | T T T T T T
: LHCb ]
1r —+ Data 9fb! .
F_ —— B i
i SM from DHMV ]
0.5 77} SM from ASZB ]
a° 0 : ZZ
L —t—
C —— ]
o5F A _ i ]
iz
-1F ]
1'50 5 10 15

q* [GeV?/ct]

Optimized variables
(less FF dependent)

Py =2Apg/(1 — F)

Py = S5/+/F(1 - F1)

=P

Re (AkAL* — AR AR=)

|
(A6 +14512) (JAF2 + AR + AL 2 +]AR2)

Phys. Rev. Lett. 125 (2020) 011802

a.‘ln 1F L B B L
C LHCb Run 1 + 2016

g [ SM from DHMV

0.5F i
OF
-0 i —+ = 49 1
1f ::l -
0 5 10 15
q* [GeV¥c4
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https://doi.org/10.1103/PhysRevLett.126.161802
https://doi.org/10.1103/PhysRevLett.125.011802

KV 330 e SM
K*F+ 310 |

b — suu

sraded qOHT ur s3I

0 2 4
Vector coupling Cy

From Martino Borsato (SUSY2022)
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Life is not that simple ...

Lot % GeVepVis ) (GiO; + C/OD

1=7,9,10

dB(B° — K*u*u)/dg?

interference

~ %10 7

Cg') - Cg) C'Cb amarrow ¢ broad c¢ and |
DD thresholds 3

non-local contributions
b

0
0+
S
9 q
B M _
b

Would appear as a shift in Cy
Varying as function of g? (not the case for NP)

q

MH Schune Ecole de Gif- Septembre 2023

o 5 10 5
q* [GeV?/c*]

48



C;=c"+cl'”

* In the SM Wilson coefficients are real, no necessarily the case for New Physics

« Many parameters fit... reduced configurations

 Several fitters, they differs by:
* Choice of experimental inputs B> K*uu alone
» Form factors modelling

* Treatment on non-local nuisance parameters PRL. 125 (2020) 011802

. e — 2.0
» Statistical frameworks = 7
ST e Apg
< 104 V| = /< I ... S’
| —— Run 1 + 2016
0.5 ~—_
0.0 1
—0.5 1
—1.0 A
LHCb
—1.5 1
DY EAN— : : : . ; :
—2.0 —1.5 —1.0 —0.5 0.0 0.5 1.0 1.5 2.0
ARG(OQ)
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NP
CIOu

ABCDMN

{|— as/csss
0.754| —— CFFPSV (PMD)
||— HMMN
1 % sum
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— . 5- T T LI L L L L I F o4 T UL L | I EE [ ) | x| T | L L
Z175 —150 —1.25 —1.00 —0.75 —0.50 —025 0.00 0.25
CNP
7

» 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

1.00

0.75

NP
CION

0.50

0.25

<
o
S

o v b b b b b b b

—0.25

—0.50

ABCDMN
AS/GSSS
CFFPSV (PDD)
HMMN

SM

by slti— ‘23

—0.75

mbre 2023

UL L L L L .

—-1.5

-1.0

-0.5 0.0 0.5 1.0
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