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The CKM MATRIX
Cabibbo-Kobayashi-
Maskawa

The Rubik's Cube is a 3-D combination puzzle originally SR
invented in 1974 by Hungarian sculptor and professorof - 7\
architecture Erné Rubik.




RECAP: the Standard Model (SM) & the Unitary CKM Matrix
= mixing of the 3 quarks families & CP violation

* the Higgs boson gives mass to elementary bosons & fermions (quarks, leptons)
through Yukawa couplings but there is not only that ! :
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charged currents (EW) 1mply transitions between quark families : quarks decays [there
are no neutral current changing flavour (FCNC) at tree level (i.e., GIM mechanism)].
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* strong hierarchy in ew Vj;

couplings for the 3 families (wrt

diagonal couplings 0C7\,N ~ (0.225)N :
=» Cabibbo angle).

® KM (kobayashi-Maskawa) mechanism :
3 generations = 4 params: A,
A, p & 1 complex part n
which phase is the umque
source of CPV in SM. \\




RECAP: the CKM Matrix, the unitary triangle &
the very rich phenomenolgy of quark flavors
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Last 25 years have seen tremendous >

progresses on CKM‘metrology
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2001: B- factorles at work
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Last 25 years have seen tremendous
progresses on CKM metrology

2010: B-factories legacy+CDF@TeVatron
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Last 25 years have seen tremendous
progresses on CKM metrology

Now after 10 years of LHCb
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Parametrisation of the CKM Matrix

With the mixing angles cos, sin(0;;) = ¢;j, s;; the CKM matrix is the
product of three 2x2 rotation matrices with one phase
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Intermezzo: CKM metrology the UT
& the PMNS Matrix & UT (CPV with neutrinos)
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Pontecorvo ('57) solar
neutrino problem : neutrinos
oscillation! => explained by
Sakata, Maki & Nakagawa
('62, the Nagoya school
(+K.M.)) with a 3x3 unitary
complex matrix!
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Intermezzo: CKM metrology the UT
& the PMNS UT (CPV with neutrinos)

after 10 years of LHCb 2021
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CKM metrology: where do we stand ?

‘Overall results of the CKMfitter 2023 update

The global fit remains excellent, preliminary results:

CKM'21: p-value ~ 29% (1.10) — CKM’23:

0.0047

0.00023

= 0.0112
p = 0.1562 "5 540

- 0.0051
1 = 0-3551J—ro.0057

(0.8% unc.)
(0.1% unc.)
(4.9% unc.)
(1.5% unc.)

68% C.L. intervals

p, 1. ~ 20% more precise

Bg Unitary Triangle:

L. Vale Silva @ CKM2023
V. T., LHCb/CKMfitter, LPC Clermont FD
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https://indico.cern.ch/event/1184945/contributions/5378246/attachments/2715889/4717189/output.pdf

CKM metrology: measuring the sides and the angles
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Select only “clean” experimental observables, with either
small theoretical uncertainties or well under control. For
instance :

SidesS measurement rely on Lattice-QCD data for some non-
perturbative quantities. Observables relying on penguin contamination

knowledge are excluded (e.g., €'y)

o Angles are measured through interference and are generally

theoretically clean observables. Extraction based on (broken) SU(3)F
symmetry or non-perturbative QCD are excluded. &\\\/
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CKM global fit:

the experimental and theoretical inputs

CKM Process Ohbservables Non-perturbative theoretical inputs N .
[V | 0F =07 3 [ Vid| nuel = 0.97373 £ 0.00009 £ 0.00053 Nuclear matrix elements ew in
K — wlvg Vals [ (0) = 0.21635 =+ 0.00038 FE270) = 0.9673 £ 0.0011 + 0.0023 2023
Vas| K — e, B(K - er.) = (1.582 £ 0.007) - 107
K — puy, B(K — py) = 0.6356 £ 0.0011 fr = 15557 £0.17 £0.57 MeV
r s Ku, B(r — Kv,) - (0.6986 =+ 0.0085) - 10-2
L3 K= ¥l " PV ﬁ i 1_'33 b7 = [}‘[\mg - fic/f= = 1.1973 +£0.0007 + 0.0014
T = Kvp /T — wvr B} (6.437 £0.092) - 10~=
v N Vol oo taeice — 0.230 + 0.011
V| D =i BD = rvr) = (1.20 £0.27) - 107 fo./fp = 11782+ 0.0006 £ 0.0033
D — B(D — pwy,) = (3.77+017)- 1071
D — wlyy |Vealsp fP—=(0) = 0.1426 £ 0.0018 FP=m () = 0.624 £ 0.004 £ 0.006
W — e5 | Ve | ot 1attice = 0.967 + 0.011
V| Dy = Ty B(D, — TIJT? = [-:1..'*}':2 +0.1 lJ . ]lJ_:‘} fo. _ 24093 4+ 0.97 +0.65 MeV
D, = py, B(D, — pu,,) = (5.43 £ 0.16) - 10~
D — Kiy, [V lgLfPE(0) = 0.7180 £ 0.0033 fPHE0) = 0.742 £ 0.002 £ 0.004
Vol semileptonic B [VanlsL = (3.86 £ 0.07 £0.12) - 10— form factors, shape functions
B iy B(B —» 7v7) = (1.09 £+ 0.24) - 101 fe./fe = 12118 £0.0020 % L0058
| Vs | semileptonic B [Ven| =1 = (41.22 4+ 0.24 +0.37) - 107 form factors, OPE matrix elements
semileptonic Ay f:+‘!’f,— - (0.918 £ 0.083) - 102 C‘:,\‘j%g— — 1471 £ 0.096 £ 0.290
Vub/Vasl | gemileptonic B, ﬂi‘_*:) _'\,‘; ‘1 - (3.25 £ 0.28) - 103 Eji:i;: - : = 0.363 £ 0.001 £ 0.065
inclusive Ilﬂmf'V};f,li.m: = 0.100 £ 0.006 + 0.003 f
at B —7mw, pw, pp branching ratios, C'FP asvinimetries isospin synunetry
3 B = (ef)K .‘sin[?;’i)[,:,—:| (L7008 £ 0.011 subleading penguins neglected
! BY - DMWY cos(27) = 0.91+0.25
- B — DKM N = (65.9752)° GGSZ, GLW, ADS methods
e By — J/O( KK, mw) (s )bsees = 0.030 £ 0.016
Ay Ay = 0.5065 4+ 0.0019 ps—! Bg, If'fi’_gj = 1.007 £+ 0.010 £+ 0.014
Vi Vi Am, Am, - 17.765 =+ 0.006 ps Bp. = 1.313+0.01240.030
B, — up B(B, — ) = (345 £0.29) - 10 [x (1 — 0.063)] fn. — 29875+ 0.69 + 1.87 MeV
V', Vis and cx e x| — (2.228 £ 0.011) - 10 ° B = 0.7567 £ 0.0020 £ 0.0123
Vo Ves Ke = (0,940 £ 0.013 £ 0.023

V. T., LHCb/CKMfitter, LPC Clermont FD



CKM global fit: theoretical inputs,
dealing with hadronic effects

— Need to deal with hadronic effects inherent to the quark sector

— Determine L&}, v vpy ~ LiCi(p) x Oi(p), where pp ~ O(few) GeV:
C; collects short distance physics; O; collects long-distance physics

(semi-)leptonic decays

T —= v, K — mly, etcX decay constants, form factors

Ex.: f,, fK_’”"T(O)
_pp <O|( I,u-ﬂf'Su)‘W(p»!

™ (@) e+ P ) + r’“’"(q )P — P = (m(p" )Gy PrLu)|K(p))

Meson-mixing

B(s )B( ) KK: bag parameters
Bg,, Bg,/Bg,, Bk
Smy fRBr = (K|(57*Prd) (57, PLd)|K)

— Lattice QCD: extractions of non-perturbative parameters;
averages typically dominated by systematic uncertainties
(fermion action, a — 0, L — oo, mass extrapolations...)

ld etc. means: D— Klv, B> D(¥)Iv / nlv

V. T., LHCb/CKMfitter, LPC Clermont FD




CKM global fit: Testing the consistency

(p. 1)

f' d B s - b E_\
€
u n%_—__ég K-—_;éf B!Qé;r/
s A 412_‘
V=0 D?:__éﬁy D=y |Bw==
_ W (0.0) - (0,1)
t BB B’|B gl ! ety

— Double requirement: precision in meas. and theo. prediction
— Observables with very different properties are available:

o Tree: e.g., |V

o Loop: e.g., Amy, Am, ek, sin(2)

o CP-conserving: e.g., |Vyp|, Amy, Am

o CP-violating: e.g., 7, €k, sin(2/3)

o Exp. uncs.: e.g., a, sin(26), v

@ Syst. uncs.: e.g., |Vyp

V. T., LHCb/CKMfitter, LPC Clermont FD
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CKM global fit, e.g.: the B® and Bs mixing parameters

setegd]

-0.5F () + (b

5 10
BO— D% py* v, X

5 10

t [ps]

LHCb’2016 most precise meas.
Am, =505.0+2.3 ns1

LHCb'2022 most precise meas.

Am, =17.7683+0.0057 ps-1

matter-antimatter oscillation at 2.8 103 GHz !!

V. T., LHCb/CKMfitter, LPC Clermont FD wm 18




CKM global fit, e.g.: the B® and Bs mixing parameters

gu—

Amy = 0.5065 + 0.0019 ps~!

HFLAV (WA) : - 1
Am, = 17.765 & 0.004 4 0.004 ps™

—

2 uncertainty c(Am.)=0.3% smaller than c(Am;)~0.37% !

Ams=GF2/(6n2)mBsm2WnBsSO(Xt)fZBsB{| VisV¥ i 2]
Very weak dependence p and n
£,v/Bs

the SU(3) breaking corrections (largest uncertainty)

£ =

£, ./Bd

29 Measurement of Am, reduces the uncertainties on f?;, B, since ¢ is
better known from LQCD

> Leads to improvement of the constraint from Amy; measurement
on |V V7 |2

AMy=Gg2/(6n2)MByM2,,NgSo(X:) 2548y | VigV 1| 2 e
oc A6SA2[(1-p)2+n2] E

w19

V. T., LHCb/CKMfitter, LPC Clermont FD



CKM global fit, €.g.. the B? and Bs mixing parameters

HFLAV (WA) :

-

gu—

—

Amy = 0.5065 %+ 0.0019 ps~!
Am, = 17.765 £ 0.004 £ 0.004 ps~!

[VigV s | =ASAZ[(1-p)2+12]+0(A10)

0.7_. T T

Global CKMfit:

C lo
06 2
[¥]

2
0.5 ®

3
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02 [

0.1

0.0 L 1 1 1 1 1 1 i 1 L L
0.4 0.2 0.0 0.2 0.4

b

Amg& Amg

—1 U.035
. AmglpsT] 0.534 70007
e —1 0.63
_ Amg [ps— 1] 17.26 J_FOM
31 | Disclaimer:

3 |Just talked about |V, I
3 |won’t talk here about the 6

V. T., LHCb/CKMfitter, LPC Clermont FD

, { |other |Vj;] elements : |V

~w e w» | (nor about [V, nor [Vyggel,
|\/c(d,s)| "') 5'_f ,
See: L. Vale Silva @ CKM2023 %

= 20



https://indico.cern.ch/event/1184945/contributions/5378246/

The angles

eeeee

t FD




CKM global fit: we have already seen the meas. Of

sin(2 B/¢4)

and sin2

('Sin(bs)

W 1.00
= Fit
0.50F
0.25F
0.00
—0.25F
~0%F LHCb preliminary
—0BE B0 (s 00K~ mh) T
=L P J 3 g 10 12 11
t [ps]
on 0.20 T — | .
3 Belle 11 2023 1
© [ @ BaBar 2009 ]
0.15F @ Belle 2012 —
[ @ LHCb Run1 ]
@® LICb Run 2 ]
0.10 F -
0.05 F .
0.00 F -
~0.05 .
[ contours hold 39%, 87% CL
—0.1 PP I I R B I
' 8.55 0.60 0.65 0.70 0.75 0.80 (.85
Sk
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HFLAV
02

-1
bosm™ | S |

68% CL ontours
(Alog £ = 1.15)

0.13

CMS 116.1 fb~?

o
-
-

Aré®[ps—1]
o
3

ATLAS 99.7 fb~?

0'0-50.5 -0.3 -0.1 0.1 0.3

'¢§fslrad]

See for more details the LHCb CERN
June 2023 Seminar:
https://indico.cern.ch/event/1281612,
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CKM global fit: we have already seen the meas. of
sin(2 B/¢4)

b—ccs CCP

‘Summer 2023

PRELIMINARY

‘BaBar Jiy K HR 0.026 + 0.025 = 0.016
PRD 79 (2009) 072009 £
BaBar Jiy K_ i -0.033 = 0.050 = 0.027
PRD 79 (2009) 072009 T
BaBar (2S) K | N 0,089 + 0.076 = 0.020
PRD 79 (2009) 072009 t " !
Belle Jiy Kg 0.015 = 0,021 ‘%23
PRL 108 (2072) 171802 g
Belle JAy K, nay -0.019 = 0.026 *054
PRL 108 (2012) 171802 T
Belle y(2S) K -0.104 = 0.055 *0927
PRL 108 ( 2012)1 1802
LHCb Run 1 Jhy Kg i -0.014 = 0.030
JHEP 11 (2017) 170 ol
LHCb Run 1 y(2S) K HE -0.050 + 0.100 = 0.010
JHEP 11 (2017) 170 HiN
LHCb Run 2 Jhy Kg HE 0.018 = 0.013 + 0.003
LHCb-PAPER-2023-013 :;
LHCb Run 2 y(2S) -0.083 = 0.048 = 0.005
LHCb-PAPEH-ZOES-OlB —
World Average -E 0.006 = 0.010
HFLAV v

-0.3 -0.2 -0.1 0 0.1 0.2 0.3

V. T., LHCb/CKMfitter, LPC Clermont FD

s1n(2[3) . sm(Zq)l)

%

PRELIMINARY

‘BaBar Jiy K 0.657 = 0.036 = 0.012
PRD 70 (2009 072009+
BaBar Jiy K, 0.694 + 0.061 = 0.051
PRD 79 (2009) 072009 i
BaBar y(2S) K, 0.897,+ 0.100 + 0.036
PRD 79 (2009) 072009 h
Belle JAy K 0.670 + 0.029 = 0.043
PRL 108 (2012) 171802 = !
Belle JAy K 0.642 + 0.047 = 0.021
PRL 108 (20%2) 171802 * i ;
Belle y(2S) K 0.718 + 0.090 = 0.031
PRD 77 (2008) 091103(R) ;
LHCb Run 1 JAp Kg % 0.750 + 0.040
JHEP 11 (2017) 170 .
LHCb Run 1 y(2S) Kg _0.840 = 0.100 = 0.010
JHEP 11 (2017) 170 ) ' E
LHCb Run 2 JAp K o 0.720 + 0.014 + 0.007
LHCb-PAPER-2023-013 !
LHCb Run 2 y(2S) K 0.647 + 0.053 = 0.048
LHCb-PAPER-2023-013 K ;
World Average ++ 0.708 = 0.0;1 1
HFLAV -
0.4 0.5 0.6 0.7 0.8 0.9 1

B/¢, =(22.54+0.31)°




CKM global fit: sin2p_ (-sin¢,)

V. T., LHCb/CKMfitter, LPC Clermont FD

Unitarity condition from 2" and 3" columns:
VusV*ub_l_VcsV*cb_l_VtsV*tb=
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CKM global fit: the angle O /(I)z

— Branching ratios and CP asymmetries for B — 77, pm, pp
— Isospin analysis constrains hadronic penguin and tree amplitudes

[BYT = 70t 70 ot p=:0 updates: Belle 1] [Detailed discussion: Charles, Deschamps, Descotes-G., Niess '17]
. . . . --- B—pp data (WA) B3 Combined
AS IN Previous edltlons: % --- Bonn data (WA) e CKM fit
- BY—(pn)° Dalitz data (WA)
— Average dominated by A A A S R
B — mm and B — pp TN HH I
— B— mm,pp agreew/ v find]  Eefi ¢ P
— B— prisintension (chestrr B\ T N

0 20 40 60 120 140 160 180

Global CKMfit+ meas.:

a [°] 91.06  ,'=;

a [°] (meas. not in the fit) 91.28 Pl S

—0.88
a [°] (dir. meas.) 86.2 +3'?|| = il e
V. T., LHCb/CKMfitter, LPC Clermont FD —3.5 —4.9 wm )5




The CKM angle y/¢5 is special

It is a fundamental parameter of the SM related to
the complex phase in the KM mechanism
responsible for CP violation in quark sector.
In particular, y/¢, is the phase of the complex number (p, n)

Already ~12 years ago after the B factories BaBar@SLAC and
Belle@KEK, we knew that!

The KM
mechanism is
the main
source of CPV
at EW scale
(i.e. @ my,
But there is
still room for
BSM physics

I //

V. T., LHCb/CKMfitter, LPC Clermont FD “ wm 06

M. Kobayashi &
T. Masakwa,

Nobel prize of
physics 2008




The usefulness of measuring accurately 'y/c|>3

CKM angle vy is the least well known CKM constraint
(although now only just (i.e., similar to a)) and
remains a unique CPV parameter: »

=SM benchmark or standard candle of

the CKM Matrix in SM = The only CKM
angle accessible at tree level

= Probes NP scales extremely far beyond direct
searches in ((N)M)FV NP scenarios: (A1~ 0 (103 Tev)

[arXiv:1101.0134]

and at least 15-20 TeV in Model independent
approach! https://arxiv.org/pdf/1309.2293.pdf

2 Determination form tree B->DK decay theoretically extremely clean : [arxiv:1308.5663] |07 /v ~ O (10_7)|

= Use for “direct” vs “indirect” (i.e., “tree” vs “loop” processes) disagreement in global CKM fit
consistency test : - Tree level decays test the SM and are robust to New Physics ("standard candle for the
SM KM coherence tests”): L constraint to sin(2p), need ideally precision of about ~1° and below .
- Loops (B to charmless decays) test for physics beyond the SM but require a clean measurement as wkyt
& precise understanding of theory assumptions (SU(3) breaking, U-spin...).

V. T., LHCb/CKMfitter, LPC Clermont FD s 27



Measuring 'Y/ (I)3 in open-charm B-decays: B-— D™)0K (*)-

Same final state DO=[D9/D°]

See Young’s
double slit
experiment

- Vud qub
V=arg |- v

V. T., LHCb/CKMfitter, LPC Clermont FD . wm )8



Measuring ’y/ CI)3 in open-charm B-decays: B-—D(*)0K(*)-
Experimental aspects

= measuring y at tree level is difficult (typical BFs <10° and
less, reconst. & selection efficiencies below % ):

= STATISTICS is THE NAME OF THE GAME = efficient detection/
selection/ PID/ tracking/ vertexing and even neutrals

= combining many measurements/methods + inputs from charm
factories (D parameters + mixing & CPV)

= Many methods/modes to combine for optimal & redundant
determination of y (+rigorous statistical treatment possibly matters !)

> various charmed modes in B?, B+, B9, A%, B*_. decays are
useful to understand/confirm possible sensitivity to BSM physics
and its nature

sVery important experimental inputs from CLEO

CPV and strong phases at BESIIL

Y. Gao “&\\/
@ CKM 2023 AN
W=, 29

V. T., LHCb/CKMfitter, LPC Clermont FD



Measuring 'Y/ @ state of the art: world field yet dominated by LHCb

Update vy combination from LHCb
measurements

O

vy = (63.8737

@ Improvement of about 10%

@ Good compatibility with unitarity fits
Y CKMFitter = (65-51’;'_17)

@ Tension between different B categories remains
(~ 20)

= —

I T
LHCb -
Preliminary -
October 2022 —

1I-CL

0.8 __' B°

0.6

lllll

0.4

68.3%

0.2

e 50

60

V. T., LHCb/CKMfitter, LPC Clermont FD

70 80 90

v [°]

Approaching the 1° accuracy !
LHCb-CONF-2022-002 [link] the LHCb
fit combines dozens of LHCb papers

B decay D decay Ref. Dataset Status since
Ref. [14]

B* = Dh* D — hth™ [29] Run 1&2 As before
B* — Dh* D— htr—rtr  [30] Run 1 As before
B* — Dh* D — K*ntrta~ 18] Run 1&2 New

B — Dh* D — hth 7" [19] Run 1&2 Updated
B* - Dh* D — KSh*h- [31] Run 1&2 As before
B* — Dh* D — K{K*x7 [32] Run 1&2 As before
B* — D*h* D — hth [29] Run 1&2 As before
B* — DK** D — hth- [33] Run 1&2(*)  As before
B* - DK** D — hta~nTnm 33 Run 1&2(*)  As before
B* = Dhrin D — hth- [34] Run 1 As before
B — DK*° D — h*th= [35] Run 1&2(*)  As before
B — DK™ D — btz ztx  [35] Run 1&2(*)  As before
B" — DK*° D — Kirtn [36] Run 1 As before
B = DFp D™ — K~a*xt [37] Run 1 As before
BY — DFK* Df — hthwt [38] Run 1 As before
BY — DFK*rtn~ Df — hth~wt [39] Run 1&2 As before
D decay Observable(s) Ref. Dataset Status since

Ref. [14]

DY — h*h~ AAcp [24,40,41] Run 1&2 As before
DY KTK- Acp(KTK™) [16,24,25] Run 2 New

DY — htho Yor — yip ™ [42] Run 1 As before
DY — hth~ Yor — ybe ™ [15] Run 2 New

DY — h*h~ AY [43-46] Run 1&2 As before
DY - K*x~ (Single Tag)  R*, (2/)?, o/ [47] Run 1 As before
D" — K*7~ (Double Tag) R, (%), y/* [48] Run 1&2(*)  As before
DY — K*pFpon (x? +y*)/4 [49] Run 1 As before
D" — Kintn @, Y [50] Run 1 As before
DY - Kin*r~ xep, Yor, Az, Ay [51] Run 1 As before
D" — Kintn Teps Yop, Az, Ay [62] Run 2 As before
DY = Kintr~ (u tag) Tep, Yor, Dz, Ay [17] Run 2 New



https://cds.cern.ch/record/2838029/files/LHCb-CONF-2022-002.pdf?version=1

Recent measurements y/ @, by LHCb

B* — DOK* with D° — K*mmsm
@ Binned approach based on Improved
sensitivity to phase y through binning D decay
phase space [T. Evans et al. PLB 802 (2020)]

@ Maximise the sensitivity: on second bin largest
CPV ever observed!

o D decay hadronic parameters from CLEO-C
and BESIII

_ 16.0+06+67\"
Y= (54'8—5.8—0.6—4.3)

The former largest direct CPV
observed is also by LHCb in March
2022 in B to hhh charmless decays

[LINK]

V. T., LHCb/CKMfitter, LPC Clermont FD

Candidates/ (10 MeV/c?)

Candidates/ (10 MeV/c?)

Candidates/ (10 MeV/c?)

Candidates/ (10 MeV/c?)
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https://lhcb-outreach.web.cern.ch/2022/03/17/magic-beauty-charmless-decays/

Flavour Physics an open gate to Beyond the Standard Model ?

, Ehh,
A\ What's Up,
'S f\Doc?

2023 The SM desert™ e

V. T., LHCb/CKMfitter, LPC Clermont FD . wEn  3)



Flavour Physics an open gate to Beyond the Standard Model ?

>New Physics(NP) can be discovered in complementary approaches
("bottom-up” : from data how to unfold the NP Lagragian ?)

%N Direct Search
Special relativity E= mc? N \/ S + | L.dt

M RLC TGS (5] [LHCb/Belle Il:

= K, D, Bd,u, Ag et B,
* Quantum corrections due to virtual effects = deviations wrt SM predictions
* Open gates to yet inaccessible energy scales at accelerators : Ay p> 0.5-2x10% Tev
* NP@TeV: what Flavour physics « structure » explains the observed FCNC processes ?

= Quantum mechanics AE.At~h — I.E.dt =» accessing new couplings/phases in

loops/boxes : CPV &/or rare decays m Am_ = AmSMoc [V, 2],
o, # 9> = —arg(Vs?) = 2B,

[ATLAS/CMS] : production/observation of new particles @ O(few TeV)
(i

o 7 » - r — _ )
b “( ) S }(I) b < I . > e S
. S ! R
By N7 e L S PR
\ S > S }(I) \ S :I o —— b )
B, — ¢¢ rare decay: “Penguin” B—B; oscillation: “Box” .

V. T., LHCb/CKMfitter, LPC Clermont FD . wm 33



LHCb Physics Program

Dedicated experiment for precision measurements for NP quest in CPV and rare decays de
with all b (d) hadrons : B,(40%), B,(40%), B, (10%), B_ (0.1%), b-baryons (10%)

1) Precision CKM deviations/SM:

* UT coherence tests : angle y many methods/modes+ trees/penguins

* Redundancy measurement of same parameters : NP sensitive or not
[eg.: sin(2B) tree/penguins B —( J/IWKg < @K)l.

2) NP through new CP phases:
* B, mixing phase B, — J/Wo, J/W1rm, JIYKK +(J/¥n®), n e, D,D....)
* penguin with small CPV: B, - @@

3) NP in rares decays (|AF|=1 FCNC): asymmetries ( Agg, direct, time dep: C, S, ...),
angular/ampli. Analyse transversity/helicity structure of currents (V-A), polarization (RH y

?), BFs >SM pred ? B-K*Y, B~y , BoK*I*I, B/D-pry...

See also Physics case for an LHCb Upgrade |l ’%

V. T., LHCb/CKMfitter, LPC Clermont FD “ |

34



https://cds.cern.ch/record/2636441/files/1808.08865.pdf

Global coherence tests of CKM within/outside the SM

Now after New physics or no New
~10 years ﬁ Physics yet seen ?
of LHCb b \ZL‘ When will we know ?

It doesn't matter how beautiful your theory is, it
doesn't matter how smart you are. If it doesn't

agree with experiment, it's wrong.

(Richard Feynman)

V. T., LHCb/CKMfitter, LPC Clermont FD M w35



Global coherence tests of CKM within/outside the SM
Quasi-model-independent constraints on
BSM in in the B, _, ; mixings

- Fix the apex by considering (model-dependence lies in
particular in here) that four-fermions couplings are SM and 3x3
unitarity holds : main players are gamma and Vus (Vep).

IVUdIa |Vusl, |Vub|; |‘/cb|, B+ —>’T+I/7- and'y

- Model the BSM contributions in mixing as a complex number
multiplying the SM mixing hamiltonian matrix elements

Assume that:

e tree-level processes are not affected by
NP (SM4FC: b—q;q;q, (i#j=k)) nor non-loop
decays, eg: B*— t*v (implies 2HDM model).

e NP only affects the short distance physics
in AB=2 transitions.

Model independent parameterization:
_ 29N
Ag = |Agle* e

(use Cartesian coords.)

V. T., LHCb/CKMfitter, LPC Clermont FD

(By | HABE" | By) = (By|HAp—s|By)

x (Re(A,) +7Im(A,)

*SM = A, =1
« other param.:
Aq — rzq eZifd =1 + hquicq

* MFV (Yukawa)

= OV =0 and Ay= A, B

wm 36



Global coherence tests of CKM within/outside the SM

Quasi-model-independent constraints on BSM in in
the B,_4 s mixings

(By | HABE"

| By)

(By | HAB—>| By)

X | (Re(Ay) +iIm(Ay))

parameter  |prediction in the presence of NP
Oscil. A, A x Amg"
Phases 26 QﬁSM + (I)EP
SM NP
268 265 - q)s
SM NP
0 Am -3 —q) -
_ Mys 4 SM NP
(I)lgaq - Al’g{— T12.q ] q)IQ,q t (I)q
Asym g M, , S(@hy, +2)7)
SL . rSM NP
SL My AR
Lifetime SM NP
diff. qu Q‘Fm’q‘ X COS((I)IQ’q + @q )

V. T., LHCb/CKMfitter, LPC Clermont FD

L e L B S I B I
0.6
0.5
0.4
0.3

0.2

2 The SM parameters (i.e., the
unitarity triangle apex) are fixed by 4
CKM couplings, considered SM like,

and the CKM angle vy (directly
measured and predicted):

Vbl stsw r I Venlr [ Vual [ Vsl
'Y (standard candle), &'Y(a) =7'C-B-(1,

Spring 21

ded area has CL > 0.95

0.1 |

- lIIIlIIIIIIIIIlIIII|III|IIIII|IIII



Global coherence tests of CKM within/outside the SM

Quasi-model-independent constraints on BSM in in
the B,_4 s mixings

| | excluded area has CL = 0.68 |
2 : —

AT e ar(KK) &t Uit) ]

Re Ad Re A

Sizeable NP is still allowed by the LHCb .
constraint in both B, and B, mixing X

V. T., LHCb/CKMfitter, LPC Clermont FD https:// arxnv org/pdf/1309.2293.pdf



Global coherence tests of CKM within/outside the SM

Quasi-model-independent constraints on BSM in in
the B,_4 s mixings

Another view can be obtained from a parameterisation of New Physics
with modulus and phase, instead of cartesian model.

Re(Ay)+i Im(Ay)=r 2 e2%=1+h el

p-value
0-20 T T T | T T TT | T T TT | T 17T T 1T T 17T | T 17T | T 17T 1.0
- luded area has CL > 0.95 —
I fem | B,
| Summer 19 |
- dotted curve shows - 0.8
i T the 99.7% CL(30) | W,
R contour .
N . 0.6
& 010 — 0.5
- 04
. 0.3
) 0.05 —
best-fit . 0.2
point i
- 0.1
, ’: —
looo | 1 |"| 1 | 1111 | 1111 00
SM iS‘ 000 05 010 015 020 025 030 0.35 0.40

N _ 7 h
|
HERE ! d https://arxiv.org/abs/2006.04824 Z g\
V. T., LHCb/CKMfitter, LPC Clermont FD w=m 309



Do we have smoking guns, roads towards
evidences of BSM Physics in quarks flavours ?

Electromagnetic
Calorimeter

LHCb Detector
Weight: 5,600 tonnes
Height: 10 m

Length: 20 m

RICH1

Vertex
Locator

Tracking

Station Muon

Hadronic ~ Stations

Calorimeter

Dipole
Magnet

Tracking
Stations

V. T., LHCb/CKMfitter, LPC Clermont FD

KL and muon detector

Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC

(end-caps , inner 2 barrel layers)

EM Calorimeter
Csl(TI), waveform sampling electronics

Particle Identification
Time-of-Propagation counter (barrel)
Prox. focusing Aerogel RICH (forward)
Vertex Detector

2 layers Si Pixels (DEPFET) + !
4 layers Si double sided strip DSSD %

ay

Central Drift Chamber

Smaller cell size, long lever arm

positrons (4 GeV)

Lgy>
o
Belle I




Evidences of BSM Physics in quarks flavours.?
RARE Flavour Changing Current

Charged

W-

_ b < <

B S >
Flavour Changing Charged Currents Flavour Changing Neutral Currents
(FCCC) (FCNC)
» Tree-level semi-leptonic decays » Not allowed at tree-level in the SM - very
» BR~10% rare
» Neutrinos (missing energy) in the final > Mediated by loops (penguins, box

state diagrams)

> BR< 106

V. T., LHCb/CKMfitter, LPC Clermont FD . wm



Evidences of BSM Physics in quarks flavours.?

RARE Flavour Changing Current

 Measuring the FCNC transitions, where NP is most likely to
occur (especially in the b—sll (Bs) transitions that are least

constrained by the data):

« OPE Development:
Right handed part
(suppressed in SM)

i=1,2
H, =- FVVZ( (1) x O, (u )+C (1) x O'i(ﬂ% =3-6,8
i=7
C; : short distance Wilson O, : long distance i=9,10
coefficient (pert. ) operator (non-pert.)
= NP can
modify the Wilson coefficents C;(”
&/or

create new operators O;(”

V. T., LHCb/CKMfitter, LPC Clermont FD

tree
g penguin
Y penguin

EW penguin



Evidences of BSM Physics in quarks flavours.?
Let’s repeat ourselves !!

Cn
Lejr = Loy + Z = o1

e

* Model-independent approach: Effective Field Theory.
» Operator Product Expansion.
» Unknown field content of NP, but invariance and symmetry principles.

NP scale

» B-physics: decouple heavy particles >> ms.
» Multi-scale: mnp >> Muw ztop >> My,
» OPE restricted to dim-6.

BO— K0 FFin SM Bi- K2k FinEFT

AGp . o o
» Hegr = WFququ’Z(Ci(U)Oi(U)-I'Ci(M)Oi(M)) (w=my)

=1 leftcurrents right currents

+ Long distance operators OE )

Hadronic matrix elements still needed: main uncertainty.
+ Short distance Wilson coefficients C,i( ) C;=0oM 40N

known  what we want
to determine

V. T., LHCb/CKMfitter, LPC Clermont FD . wm 43



Evidences of BSM Physics in quarks flavours.?
RARE Flavour Changing Current: example NP vs SM

d d
BO« >I(':ic()
b < < 5
—
2 s 0~
e loop-suppressed (FCNC) e can enter at tree-level
e universal guaranteed e universal couplings not guaranteed

V. T., LHCb/CKMfitter, LPC Clermont FD . wm A4



Evidences of BSM Physics in quarks flavours.?

RARE Flavour Changing Current

b — su "~ differential branching ratios

e Various b — su™*u~ differential BRs measured by LHCDb in the last years:

Em.CSR Lamce +Data _
2 0 B' S K'uu _:
Q . LHCb
A S
X 3
T Lp+ taats
S
3 of

2[GeV2/c4]

EmLCSR

dB/dg? [10°® x ¢*/GeV?]

ENLCSR Lattlce +Data

3 B> Ku*u __
4 LHCb 4
3 5
2 ;
, + E
0 1I0 lS .

[GeV2/c4]

Latt1ce +Data

— [
h =

=)
T T

W
T T T

dB/dg? [10°® x ¢*/GeV?]

B'5K ,u,.uE

LHCb

=
T

JHEP 06 (2014) 133

(S

e Coherent trend for measured BRs < SM

prediction

e But large theory uncertainties from form factors

V. T., LHCb/CKMfitter, LPC Clermont FD

x 10 8
% 1aF " LHob | —3- LHCbof™
T C LHCb 3fb~!
% 12 | SM (LCSR+Lattice)
<) 1ofE | SM (LCSR)
& " SM (Lattice)
g 8 - =
L -0 Iy Wy(2S) 3
+ 6 | -
T —— i =
S w 2 e =
a E
" " " " 1 M M " 1 " s 1 " " i
% 00 5 10 15

PRL 127, 151801

q* [GeV?¥/c*

BY - K /,t

-6
,'r'0-15><1-0 — —
= I 'LHCb
~
‘EJ
= 0.1 .
=l
E - 4
= oodl |
0.05| E : — —
i —+—]
0 5 10 15 . \f
> [GeV/c i
JHEP 11 (2016) 047 JHEP 04 (2017) 142

%, 45



Evidences of BSM Physics in quarks flavours.?
RARE Flavour Changing Current

Angular measurements

Access to various observables:

e Forward-backward asymmetry A5

e Longitudinal polarisation F

» Set of “clean” observables P; to minimise hadronic uncertainties [JHEP 01 (2013), 48]

0 +,, — + o+ — 0 0, +,,—
B — ¢puTu BT —> K "u"u BY — K u"u
[X:] lgm—————1—————— I'_'_"_ll"'g 1.5 r : r _a‘m l_""|""|""|"'_
09 LHCb —$# LHCb 8.4f = ; LHCb : - LHCb Run 1 + 2016
0.8 - W= LHCb 3fb~! = 1r —+ Data 9fb" ] ﬂ [ SM from DHMV
07 i ! ] I sM (LCSR+Lattice) E E:; imm E:;év ] 0.5F i ]
0.6 = 0.5: M from __ ]
0.5 < ae of ] oF
= 0 T 1 N
- 4 mimm | T - 1
0.3 =  -05F . P D_*— N
02 T _l_ L —+ = +< 4 H
0.1F '¢ Jhy v(2S) = Lp ] -
0 5 10 215 2 4 -1.50 5 10 15 0 5 10 15
JHEP 11 (2021) 043 q? [GeV?/c* Phys.Rev.Lett. 126 (2021) ¢ [GeV/cd] Phys.Rev.Lett. 125 (2020) g2 [GeV¥c

Tension seen in PS in various modes and in certain q2 bins

A\ V%
* Real NP effect or contribution from charm loops? R
V. T., LHCb/CKMfitter, LPC Clermont FD . wm 46



Evidences of BSM Physics in quarks flavours.?
RARE Flavour Changing Current

LFU tests in b — s£¢ decays

 Measurements of branching fraction ratio Ry:

g2, dU(H, — HETEY) da? , g2, dT(B = K u*p") da?
R . qkznfn dqﬂ q 0.X Hb = B R . q}%:in dqﬁ q
X [ I = AT -_— | [ B = K)o
Glin dg? 1 evs q2 dg> 1
[ — —— B — ——

* Experimental challenges:
+ Different detector response for electrons than for muons

* Background modelling

« Corrections to simulation Second lepton family (1)
Versus

first lepton family (_E)

V. T., LHCb/CKMfitter, LPC Clermont FD . wm 47



Evidences of BSM Physics in quarks flavours.?
RARE Flavour Changing Current, anomaly ?

LFU tests in b — s£¢ decays

(S

[arXiv:2212.09153] [arXiv:2212.09152]
3 T

=

GOO0

5000 5500
mi{K e em) [MeV /e

fa [T T T L T T T T
Ll i LHCh Ay low-q® | = 400 - LHCh Ry (.
= 4007 9 fb ! o+ D 1= oft! aalt
= 1 -~ Signal = ﬁ -~ Signal
= f Combinatorial | = I Coml
Zoo0p Y {2200 1 :
—— | — 1
RS "
= Los 4
S ot e — s () et Seaea ; =i
5200 5400 5600 5300 5200 5400 5600 5800 x,
me Wt ) [MeV /e el Ko gt e ) [MeV e .
=
. . =
£l [ T » 1, T
= t LHCbH o Bl = LHChH
. L ita -
Zeof = 60 .
= I =
3 40 3 40 |wl_:
=20F 220 .
Z & B +
p— e

5000 5500 6000

m{K wete) [MeV/

Improvements with respect to previous publication [Nat

e Simultaneous fit & increased statistics

» Better understanding of 4 — ¢ misID backgrounds:
* Tigher PID requirements on electron modes
¢ Residual misID component included in the fit

V. T., LHCb/CKMfitter, LPC Clermont FD

[arXiv:2212.09153] [arXiv:2212.09152]

1.4}F LHCb Ryi  low-g° = 0.994%51002
O fht Ry central-g2 = 0.949+0048

19 Ry low-¢° = (]HZT“u]L:rr:'.:

= Ry central-¢* = 1027155
1.0F } i ‘]7 4{7
0.8F

[ ) Data x2=1.6p=0812 ¢ =0.2

o6 — SM

Ry low-g*

Ry central-g*

Ry low-g° Ry central-g°

. Phys. 18, 277-282 (2022)]:

LHCD finally measure 1
with good precision !

Compatible with SM #
within 5% =




Evidences of BSM Physics in quarks flavours?
RARE Flavour Changing Current, NP in b—sll ?

Results: Wilson coefficients

P - 1 1 1 1 I 1 1 1 1 | 1 T = S~ I
% 15F ————1 2 - % I ]
=i LHCb47fp! === 4 >0y TFag T LHCb47 fb~! ]
S i L._1 ¢g"<Oconstr. 1 % . LHCb-PAPER-2023-032 A
2 [ == fix FFs 1 5 1.0+ LHCb-PAPER-2023-033
1.0 N ¢ SM B (2% i Preliminary (in preparation) i
: ; : S -
0.5 ] 0.5 \] /]
L i " /S -
L i I 7 i
i i i it i

0.0 % i 0.0

1 ] ] 1 | ] ] ] ] 1 . ] | n

-2 -1 0 0 1
Re(CEM) Re(CyP™M)

Data — SM tension ~1.90 in Cy, up to 1.50 in Cy
Combined tension ~1.4 o

V. T., LHCb/CKMfitter, LPC Clermont FD

Implications of LHCb measurements and future prospects

- October 25-27, 2023

17


https://indico.cern.ch/event/1258750/

Evidences of BSM Physics in quarks flavours.?
Including as well high P+ physics

Flavorful connections in the SMEFT

C EFT=Effective Field Theory
y Q

e SMEFT: L= Loy + Z WQ

o ‘*O

implies correlations between various observable sectors
(important to build a global SMEFT likelihood, e.g. smelli)

* NP is expected to have some kind of flavor protection, e.g. MFV

hep-ph/0207036, 2005.05366, 2203.09561

dim. 6 Physics Briefing Book
flavor anarchic 191011775
10% Sy ¥ = 107
— 10° - < = i:_ i St . =~ 10°
E 105;; -1"3 g . -.l & . - g ;105
S 10% o5 1 S E 104
% E s | b % X, ® S
S 103 1 = SN s & 103
N: L~ N N - ol ] 2
1 _ F I X IF 101
100 - - = - - 10
0o = = = 100
10 = == 10
SSREsSEsSEsSy § N | | |

Observable _
V. T., LHCb/CKMfitter, LPC Clermont FD  Implications of LHCb measurements and future prospects - October 25-27, 2023 wm 5



https://indico.cern.ch/event/1258750/

Evidences of BSM Physics in quarks flavours.?
Including as well high P+ physics

Flavorful connections in the SMEFT

Consider the Ql(q]) operator:

[COL Ty D@r*a) — [CPL, = SCP 5+ (VYD IC Py,

0.03 |
— pp—tllo flavio
—— b—dtf 1o, 20
0.02 7 b— sbl 1o, 20
| —— global 1o, 20
0.01 A .
. SI% is here
e
P
= - 0.00 A .
=)

N

—0.01 H \
/\ » Presently dominated by b — s
—0.02 1
.

\ Improvements in b — d will allow
—0.03 - : ; - - to test flavorful BSM hypotheses
—0.03 —-0.02 —0.01 0.00 0.01 0.02 0.03

(1) | .
Tl A. Greljo, J. Salko, AS, P. Stangl, 221210497
[see also 2209.04457]
V. T., LHCb/CKMfitter, LPC Clermont FD  Implications of LHCb measurements and future prospects - October 25-27, 2023 wm 51



https://indico.cern.ch/event/1258750/

Evidences of BSM Physics in quarks flavours ?
Belle Il sees pure EW penguin B*— K*v.v !!

SAEIRVARIEEVIVUUTEED Bl ¢ /~>| HEP-EPS Hamburg Aug 2023
SM verage Bollo T 2B A

0.497£0.037 ﬂ.i 0.4
; , .
: O~ Belle IT (362 fb!, Hadronic -
E 3 i l.lil? Thigilﬁalyhis.)prcl’i]ninai\‘ TOHIC) !%(B‘I' - K-I-UU) = [2.4 i O.S(Stat)+0 S(SYSt)] x 10 5
: V| —o— Belle IT (362 fb'!, Inclusive)
E : 2.840.7 This analysis, preliminary e S|gna| Strength wrt SM
: —0 Belle II (63 fb!, Inclusive)
. 1 19415 PRLI2 .W]H
i P Belle (711 fiy!, Semileptonicy*) 0 Combination improves the ITA-only precision by 10%
. | 1.0+£0.6 PRD96, 091101 [ oy [
§ | . Belle (711 1", Hadronic)() | © 3.6 Gngnfffcance wrt background-only hy.pothesm
: | et s o 2.8 osignificance w.rt SM signal hypothesis
D g—t Babar (418 fb*, Combined
T ol a0t Cormbined) - first evidence of the B* - K*vi process
— o Babar (418 fb!, Semileptonic)
E 1 0.2+0.8 PRD&T, 112005
| — Babar (429 b, Hadronic) Overall compatibility is
N A good: /ndf = 4.3/4
0 2 4 6 8 10
10°x Br(BT—K " v)

(*) Belle reports upper limits only; branching fractions are estimated using published number of events and efﬁcienéy Vg

V. T., LHCb/CKMfitter, LPC Clermont FD . wm 5)



Evidences of BSM Physics in quarks flavours.?
Take HOME MESSAGE

= Recent LHCb spectacular anomalies
(i.e., Rgiy LFU) have shrunk, but
there is still hon negligible room for
Beyond the Standard Model Physics In
Heavy Flavour (not talking about g-2 in
muon decays and leptons/neutrinos)

= LHCb and Belle II are expecting much
much data: Intensity Frontier

INTENSITY

frontier  omw

V. T., LHCb/CKMfitter, LPC Clermon t FD o 53


https://cds.cern.ch/record/2834271/files/FCCP2022_%20Bowcock.pdf
http://gdrintensityfrontier.in2p3.fr/

LOOKING FORWARD to the bright FUTURE

% ¢——— |LHCb Upgrade | [————+  &——i|LHCb Upgrade || |—>

Run1 - Run2 LS2 Run3 LS3 Run4 LS4 Run5 LSS Run6
Y R . A

rﬂsy - 1 '(Z’inst =2x10%8 LHCb Upgrade | L =1-2X% 104
— g LHCb Upgrade | | ‘ incremental ™ %~ 50 fb-! i - % ~ 300 fb-!
. . Installation start | improvements/ Lm ' m Low
u=1 SCIFI@LPC u=S5 prototype detectors . p=
2021 2022 2023 2024 2025 2026 2027 2028 2029
S[AISIOINID| 3] FIMIAM]3[3]ATS[OINI! 3 [FIMIAM 3] [ ATS[OIND| 3 [ FIMIAIM 3] [ Al OINID{ 3] FIM AIM 3 [ 3 ATSIOINDY 3 FIMIAIM 3] 3 [ATSIOIND] 3 [FIMAMI 3 [3]A]S

J[FMAM|][J|AISIONDI FMAM ]| ] AS J| FIMIAM[]

Long Shutdown 3 (LS3)

2036 2037 203

AM J[JAISIONIDI] | FMAM ][] AIS

Shutdown/Technical stop
Protons physics

Ions

Commissioning with beam

Hardware comnﬂ%ﬁ%g
=4,

ing”
V. T., LHCb/CKMfitter, LPC Clermont FD ‘ ' ’ wEn G/



https://link.springer.com/content/pdf/10.1007/JHEP03(2022)153.pdf

LOOKING FORWARD to the bright FUTURE

Upgrade ! Upgradell -+ Upgrade 1 designed to collect 50/fb,
s s e which we can collect by end of Run 4

—
[==]
T

—
(=]
T111
|

—

R
R
[~
(=3
=3

* Opportunity to run for another 6 years
[Assuming minimal commissioning time]

§ 4 § 3
THCD

il
ro
o
o

—_
o
|

a0
=
Integrated Luminosity

Max Luminosity [10**/cm?/ s]
—
o

- I % * Design Upgrade 2 detector to be able
*we are here !1 .  loaccumulate maximum possible
'E o | integrated luminosity
2 fun 1 Run 2 "o 0o '550
ot = 1 - At least 300/fb by end of HL-LHC
2010 2015 2020 2025 2030 2035 2040 . .
| | e - Factor 6 increase in data -
[This plot to be updated with actual unprecedented sample and compelling

numbers from 2022 & 2023] physics programme

“The full physics potential of the LHC and the HL-LHC, including the study
of flavour physics, ... should be exploited”, European Strategy 2020

T. Gershon at the LHCb week Marseille Sept 23 |
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https://link.springer.com/content/pdf/10.1007/JHEP03(2022)153.pdf

LOOKING FORWARD to the bright FUTURE

Q’B Calendrier de Belle 11 5

10 . — 60 1
“TF— —chahTaucE 100 BaBar
w“,‘ w——nt. L[ab-1]
E 8
¥ g
© -
3 i 2x10%°/cm?/s ! =
= (fL~5-10ab") 5
8 4 10 BaBar o
= -
= 5x10%*/cm?®/s ! \LSZ
- (fL=0.43 ab™")
L 2 - 1 BaBar
©
o
o /,/_

o L - , i

2019 2024 2029 2034

run 1 (= juin 2022): luminosite integre ~0.43 ab™', 4—5x10>*/cm’/s
PXD complet (2 couches) a installe durant LS1 (2022-2023)
(+beampipe + TOP PMTs)

run 2 (= 2027): luminosite integre 5-10 ab ', 2x10™/cm?/s

2027 : collider upgrade (QCS+ RF) - installation upgraded detector
run 3 (= >2030): 50 ab™* LR

K. Trabelsi @ CS IN2P3 27/10/2022
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https://link.springer.com/content/pdf/10.1007/JHEP03(2022)153.pdf
https://link.springer.com/content/pdf/10.1007/JHEP03(2022)153.pdf

LOOKING FORWARD to the bright FUTURE

Table 10.1: Summary of prospects for future measurements of selected flavour observables for LICh, Belle IT and Phase-IIT ATLAS and CMS. The projected
LHCD sensitivities take no account of potential detector improvements, apart from in the trigger. The Belle-II sensitivities are taken from Ref. [608].

Observable

Current LHCDh

LHCb 2025

EW Penguins
Ry (1 < q2 < GGCVQ(:'i)

er): R,ul\" s R?r

CKM tests

v, with BY — DF K~

~, all modes

sin 23, with BY — .J/y K
by, with BY — J /4

¢s, with BY — DD
@;w with B — ¢¢

(+)U

':-;l

[Vaw| / [V |
BY, B —putp
B(B" — ptp™)/B(B) — ptp”)

S,u,u
b — ¢ LUV studies

R(D") 0.026 [215,217]
R(J/1) 0.24 [220]

Charm

AAC;J(f(I( — )

Ap (= xsing)

zsin¢ from DY — Ktn~
xsin ¢ from multibody decays

% 0.1 [274]

Ry (1< ¢* < 6GeV3eh) 0.1 [275]

(£53)° [136]

0.04 [609]

49 mrad [44]
170 mrad [49]
154 mrad [94]
33 x 107* [211]

90% [264]
TBO s p+p— 22% [264]

8.5 x 101 [613]
2.8 x 1071 [240]
13 x 107 [228]

88 0.0

0.031

0.08, 0.06, 0.18

40

1.5°
0.011

14 mrad
35 mrad
39 mrad
10 x 1074
3%

34%
8%

0.0072
0.071

1.7 x 1074
4.3 %1070
3.2 x 1074

(K37) 4.0 x 1077

0.036
0.032

0.005

5.4 x 1074
3.5 x 1074
4.6 x 1074
(K{7m) 1.2 x 101

Upgrade II

ATLAS & CMS

>
L /)
Belle IT

68 0.007

0.008

0.02, 0.02, 0.05

10
0.35°
0.003

4 mrad
9 mrad
11 mrad
3x 1074
1%

10%
2%
0.2

0.002
0.02

3.0 x 107?
5
5

1.0 x 10~
8.0 x 107"

(K3r) 8.0 x 1079

Chas, |
ATERS é

22 mrad [610]

Under study [611]

21% [612]

See Physics case for an LHCb Upgrade |l + the Belle |l Physics book

V. T., LHCb/CKMfitter, LPC Clermont FD



https://link.springer.com/content/pdf/10.1007/JHEP03(2022)153.pdf
https://link.springer.com/content/pdf/10.1007/JHEP03(2022)153.pdf
https://cds.cern.ch/record/2636441/files/1808.08865.pdf
https://arxiv.org/abs/1808.10567

LOOKING FORWARD!

Phase I: LHCb at 23 fb-1, CMS/ATLAS at 300 fb-', Belle Il at 50 ab-'.

0.45 Ty
WET T T 71 | R T
0.6 — Phase | ' Y i(h
B i y 4
05 — IR -~y ' Y 4
04 — TR ot /“ 250 .
= E . Y | 0.05 0.10 0.15 0.20 0.25 ~ln about 10 years
0.3 ; : —
= ; '/h o -
0.2 - “ TN =
E E Jh ubN cbI E
0.1 : j —
i/ 8 B =
0.0 1 1 | L 1 1 L, " | 1 " | L 1 " | L L L | L -
0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
Phase Il: LHCb at 300 fb-', CMS/ATLAS at 3000 fb-', and Belle Il at 50 ab'.
0.45
e = S I L (I ™ 040
oo |- [ s , By e
. E - ‘Phase 1 E //,;4‘ 0.35- ~ 20 years
05 — SII’IZ[S E 47} 0.30
0.4 E— o E /W 028
= E '
03 —
02 -
01 [ _“‘
o0 CH o o 1 . . . - T e P %
0.4 0.2 0.0 0.2 0.4 0.6 0.8 1.0

el
)
o)
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https://link.springer.com/content/pdf/10.1007/JHEP03(2022)153.pdf

LOOKING FORWARD after 2040 !

ex. Geneva basin
©P. Janot

H and top factory

\ N

ILC 0.5 TeV (30km)

FRANKREICH

Genf

CL|C3Tev(50k/,{\M ‘\\\ C FCC

| FCC (1200 km)

High ener
1 i I' [Future Circular Colliders]
\ ; First step: FCC-ee (90-400 GeV)
» % 7 rcc [Z, W, H, top factories]
e i ha % Ultimate goal: FCC-hh (100 TeV)
10 Klomeses 'l vy [Access to highest energies]

Annecy { https://fcc-cdr.web.cern.ch/
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https://link.springer.com/content/pdf/10.1007/JHEP03(2022)153.pdf

After 2045: FCC a GigaZ factory !

THE EUROPEAN
PHYSICAL JOURNAL PLUS

®

Check for
updates

Eur. Phys. J. Plus (2021) 136:837
https://doi.org/10.1140/epjp/s13360-021-01814-0

Regular Article

Heavy-quark opportunities and challenges at FCC-ee

Stéphane Monteil', Guy Wilkinson”*

I Université Clermont Auvergne, CNRS/IN2P3, LPC, Clermont-Ferrand, France
2 Department of Physics, University of Oxford, Oxford, United Kingdom

Received: 7 May 2021 / Accepted: 28 July 2021
© The Author(s) 2021, corrected publication 2022

Abstract The abundant production of beauty and charm hadrons in the 5 x 10'> Z° decays
expected at FCC-ee offers outstanding opportunities in flavour physics that in general exceed
those available at Belle II and are complementary to the heavy-flavour programme of the
LHC. A wide range of measurements will be possible in heavy-flavour spectroscopy, rare
decays of heavy-flavoured particles and CP-violation studies, which will benefit from the
low-background experimental environment, the high Lorentz boost and the availability of the
full spectrum of hadron species. This essay first surveys the important questions in heavy-
flavour physics and assesses the likely theoretical and experimental landscape at the turn-on
of FCC-ee. From this certain, measurements are identified where the impact of FCC-ee will
be particularly important. A full exploitation of the heavy-flavour potential of FCC-ee places
specific constraints and challenges on detector design, which in some cases are in tension
with those imposed by the other physics goals of the facility. These requirements and conflicts
are discussed.

V. T., LHCb/CKMfitter, LPC Clermont FD

between 1989 and 1995, 18x10°
Z bosons were collected at
LEP@CERN, FCC aims for 5x10121
So LEP every few minutes of FCC
operation!

At Z pole ggbar pairs:

- 15% are bb = 750 x 10°
- 12% are c¢ = 600 x 10°

Almost all triggerable and can be
reconstructed (high eff'cy) in
e+e- @Z (91.2GeV/c2?2) clean
collisions !

A place for
flavour precision
decays

ultra-high heavy
and rares

It's every goodness & advantages
from LHCb and from Belle II
(very few drawbacks)!

££€ I HAVE
A DREAM



https://link.springer.com/article/10.1140/epjp/s13360-021-01814-0
https://link.springer.com/content/pdf/10.1007/JHEP03(2022)153.pdf
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