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Many mysteries related to flavour..

 Why three generations? What determines the observed pattern of masses and
mixing angles of quarks and leptons? ...

« Sizeable CP violation expected in many b decays and CP violation is connected to
origin of matter-antimatter asymmetry in Universe

* Where did the antimatter go”? Why is the universe globally asymmetric?

 The observed baryon asymmetry of the Universe requires CPV beyond the SM
(CKM matrix)

- Not necessarily in flavour changing processes, nor necessarily in the quark sector, it could
originate from the lepton sector



—Flavour physics as a tool of discovery

* Test, how precisely the SM description of flavour and CP violation holds through :
- consistency checks of the CKM paradigm
. the study of rare decays (eg, b — s 7)

* |Indirect approach to New Physics searches, limited by sample size, plus theoretical
porecision and intrinsic sensitivity (intensity frontier)

 Complementary to direct collider production of new particles, limited by available
centre of mass energy (energy frontier)

* Indirect approach probes scales much higher than those accessible to direct
searches.
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A large experimental effort...

e Constraints coming from K mesons from. e.g., NA48 at CERN, KLOE at LNF, KTeV at FNAL

e Measurements of CKM parameters from D and B mesons pioneered by ARGUS at DESY,
R, Cornell, followed by the so-called B-factory experiments
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Unitarity conditions

_ Unitarity of CKM matrix implies relations of the form )" V,;V = &, with j # k

l

e Each of these 6 unitarity constraints can be seen as the sum of 3 complex

numbers closing a triangle in the complex plane
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Consistency tests of the CKM paradigm

CKMtfitter, similar plots from UTTit

» The physics impact of the measurements of
the CKM elements is not so much in their
absolute values (matrix is not predicted) but
rather in testing the (in)consistency of the
“ensemble” of measurements and how
precisely the SM description of flavour and
CP violation holds.

solw/ cos 2B <0
(excl. at CL > 0.95)

- "Redundant” measurements are performed,
which test different combinations of flavour
parameters
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http://www.apple.com/uk
http://www.utfit.org/UTfit/ResultsSummer2023SM

Measuring the CKM angle y

The only angle that can be measured purely from tree-level v B
decays W,\PPQ)K
B_(b T Va
Sensitivity through interference between b — c and b — u ) ID°
amplitudes in decays of the type B — DX, with D an admixture \L
of DY and D° ( — f) o
/DOKi%
Theoretically very clean (irreducible theory error < 0(1077)) B::rBei‘sB_7 fK*
EOKi/
Direct measurement from B decays: y = (66.5f§:8)° (HELAV), T
uncertainty below 3°, dominated by LHCb
Check for deviations between direct measurement and indirect B_(Z )

K
determinations from global CKM tits which assume validity of the

SM : y = (66.3+07)° (CKMfitter), and y = (65.2 % 1.5)° (UTfit

rg: ratio of b — u and b — ¢ amplitudes
r'p: ratio of D' — fand D° — famplitudes
Op, Op : strong phase differences


https://hflav-eos.web.cern.ch/hflav-eos/triangle/moriond2024/
http://ckmfitter.in2p3.fr/www/html/ckm_main.html
http://www.utfit.org/UTfit/ResultsSummer2023SM
http://www.apple.com/uk

Measuring the CKM angle y (LHCDb)

e Combination of many B decay modes

- Time -Integrated asymmetries in
B — DK, B - DK* with

D — hh, hhn®, hhhh

_ Dalitz plot analyses of DY - th "h~ from
B — Dh,B - DK*

- TIme dependent analyses, e.Q.
BY - DK,B" — Drn

e Measurements sensitive to charm mixing
also included in the combination

B decay D decay Dataset

B* — Dh* D — hth™ Run 1&2
B* — Dh* D —= htr~ntn~  Runl

B* — Dh* D — K*nTntnm~  Run 1&2
B* — Dh* D — hth~7n" Run 1&2
B* — Dh* D — KShth™ Run 1&2
B* — Dh* D — K{K*rT Run 1&2
B* — D*h* D — hth™ Run 1&2
B* — DK** D — hth™ Run 1&2(*)
B* — DK** D — htn~wtn~  Run 1&2(*)
B* = Dh*ntn— D — hth~ Run 1

B’ —- DK*’ D — hth™ Run 1&2(*)
B’ —- DK*’ D — hr~nt7~  Run 1&2(*)
B - DK* D — Kdrtm™ Run 1

BY — D¥g* Dt - K ntrnt Run 1

BY? —» DFK#* Df - hth—nt Run 1

B? - DFK*ntn™ DY - hTh™nt Run 1&2

LHCB-CONE-2022-003

T —

.


https://cds.cern.ch/record/2743058/files/LHCb-CONF-2020-003.pdf?version=3

Measuring the CKM angle y

% 1.0 _ |
: o R
| ) 8_— Moriond 2024 _ o . + o LHCH
— s RSSO gg j:z:i,: - E + \\'Orld Average
B* decays | © -
DCombined _ + )
I 1- A
68.3% |
..... QERN/LHCC 201 8—027 L
95.4% | 0.1— ' : ,
<0 30 100 120 Integrated Luminosity [fb™]
7 [°]
_ +2.8\° - , . .
}/ — (66.5_2 9) ~4% uncertalnty ‘A\AL&Y"'J-\W'D oW 0( 1S ~ l"'

o In excellent agreement with CKM fit predictions y = (65.2 + 1.5)° (UTTit), y = (66.3J_“(1):g)° (CKMfitter)

o Uncertainty still statistically dominated (LHCb: contribution of syst. uncertainties ~ 1.4°)
e To reach ultimate sensitivity one will need input on hadronic D parameters from the analysis of future larger

datasets at BESIII ( quantum-correlated DD pairs fl’OI’% w(3770) — DD )



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

‘ Vu b ‘ and ‘ VC b ‘ UTfit, similar plots from CKMfitter

e |V . |/|V.,| important tree-level constraint of the UT

apex

e |V .|.|V.,| measured in semileptonic B decays (plus

input from theory calculations of form factors)

e Persistent tensions between exc

determinations of | V., | weaker

usive and Iinclusive
s the power of

theoretically clean observables (eg, By, — up)

e Belle Il will lead the way: hermetic detector and energy

constraints

e LHCb also in the game with B, and A, modes
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http://www.utfit.org/UTfit/ResultsSummer2023SM
http://ckmfitter.in2p3.fr/www/results/plots_summer23/ckm_res_summer23.html
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* Mixing gives mass eigenstates that are different from

B

MIXING

flavour eigenstates | By ) = p | BY) = g | B"Y , with
| BYY, | BY) flavour eigenstates,

e Am=my—m;, Al' =1, — 1ﬂHAmS ~ (1/4%) Am,

o« Amy ~ mt | thth‘
Am ~ mt ‘Vb ‘

~m? - A9
~m?- A"

* World-leading measurements of oscillation frequencies

Am,; and Am, from LHCb
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Am, and Am,

— B - D_nt = BY - BY - D_xt = Untagged

QO

(16 anaé‘gg 1 H — m 0.487 % 0.010 % 0.009 ps~"
~~ = -
T tr L . L | A e - ) _ ) . —
5 ffl"l?\:(‘l’)‘ — —  [0.503 £ 0.017 + 0.014 ps >, 2500 i -
— i -
BABAR H——H F0.5058 = 0.0054 & 0.0053 ps~! % 0.5 _ g : :
Qe 8 0S4 0003 3 = 2000 F :
— p— " .
3 EE&%E ] H——H F0.5089 = 0.0040 £ 0.0055 ps~! I ~— N, )
\ Y B w -
BELLE II ._ . O- - 1500 ’
“ L L F——H [ 0.5160 + 0.0080 £+ 0.0040 ps~! < -
(1 analysis) - &S J
- @ —
LHCb - _ - 1000 -
(4 analyses) I~ F0.5063 = 0.0019 = 0.0010 ps~! 05k - :
A‘i?tlo‘:‘gﬁlﬁiﬁggﬁf ] b - 0.5069 + 0.0016 + 0.0011 ps~! - 500 -:
C\L{Eigoiﬁggftsq 1) . | 10.499 + 0.032 ps~! -

AC ao N ) . O
Nunrrnx<t) _ mix (t)
World average - b -0.5069 + 0.0016 +0.0011 ps—* A (t) C OS( Am
_ : . = dt)
048 050 052 NUnmix gy  NMiX(y)
Amy (ps™h) t [pS]
- Different flavour at decay and production
- Same flavour at decay and production
WA: Am,; = 0.5069 £ 0.0019 ps-
Fur. Phys. J. C76 (2016) 412 LHCb: Am_ = 17.741 £ 0.0057 ps~! 0.03% accuracy

Nature Physics 18 (2022) 1-5



https://link.springer.com/article/10.1140/epjc/s10052-016-4250-2
https://www.nature.com/articles/s41567-021-01394-x
https://www.nature.com/articles/s41567-021-01394-x

CP violation in interference between decay and mixing

e Interference between mixing and decay amplitudes in B(S) decays used to constrain sin2f3 from BY
and f3, from B

Ay
— s
aian < FB =D -TB =) : ’
® CP T vy \
['BY - )+ T'(BY - Mg _/
e Golden modes are BY — J/wKtK™ and B — J/wK" dominated by tree-level b — ¢Cs transitions
0.10 T A B L B
Wi r T T T EEmy T o T T g :%%EK Y
0s | v it VsV + Vs Vi + VsV =0 @ :
05 Eg sin2B S 0.05 |- Wigtam, -
. ;_ié % e _E (0, 0) /(EO) B A | Y 4 |
= - o g VusVJb ,Bs ; : d o ub;‘ o :
E E VCSVV )Vt‘f = 000 e f - = _
0.2 E_ _E ( ) L VesVa ) . A ‘. =
o1 |- = % SM o, _ : i Z
0_05..0.°|...: ................... X Ps 2Ps 0.05 |- B, L
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 - v sin 2B+
P - % €k 5
¢, ~ —2p. = — 37 £ 1 mrad (CKMFitter, UTFit, assuming no BSM), ool AN N1,
o -0.10 -0.05 0.00 0.05 0.10
p.~ 1° while =~ 22° ~ 0.38 rad b
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Measurement of sin2)

L HCDb result with Run? data

PRL 132, 021801

B = Jiy( = utu K ~306K
B’ - w(2S)( —» utuHK? ~24K
B’ - Jly( — ete)K? ~43K

1.0 1T

+ B°%-B° yield asymmetry
—— Total fit

0.5

0.0

" LHCDH
- 6fb1

- BV —)(—

—0.9

(e )KQ(—nta)

—JMO-' e ey ey ]

0.0 2.5 5.0 7.5 10.0 12.5

15.0

ACP(1) = sinB)sin(Amg) 7

—

sm(ZB) = sm(2¢1) LAY,

PRELIMINARY

BaBar

PRD 79 (2009) 072009

BaBar y

PRD 80 % 05);112001

0.69 + 0.03 + 0.01

. . 0.69+0.52+0.04 +0.07

LHCD

BaBar J/y (hadronic) K L 1.56+0.42+0.21
PRD 69 (2004);052001 : "

Belle , 0.67 +0.02 + 0.01
PRL 108 (2012) 171802

ALEPH | | : , 084751+ 0.16
PLB 492, 259 (2000) : ;

OPAL § 3.20 350 + 0.50
EPJ C5, 379 (1998) *
CDF 0.79 o
PRD 61, 072005 (2000)

LHCb ’ 0.724 +0.014
PRL 132 (20245 021801

Belle5S ' : 0.57 +0.58 + 0.06
PRL 108 (2012) 171801 !

Average : 0.709 + 0.011
HFLA

-2 -1 0 1 2 3

Run2 : sin2f = 0.717 £ 0013, £ 0.08

More precise than previous world average!

14

Syst


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.021801

B mixing phase ¢,

o Tiny CP-violating phase ¢, arising from interference between mixing

and decay amplitudes In BS decays; precisely predicted from UT
constraints: ¢, = — 37 £ 1 mrad (CKMFitter, UTFit)

* First measured by CDF&DO, then by ATLAS, CMS &LHCb

- Golden channel BY — J/y(1020) = uTu"KTK~

HFLAV

| D08 fb?

_ For LHCb, several other channels: B — J/w — utu K*K~, 0.13 68% CL contours
BSO — Jly( - eTe)KTK™, Bf’ — Jlyntn~, BSO — DD, BQ — w(2S)KTK™ — (A log £ = 1.15)
| 0.111 - R CMS 116.1 fb~?!
* Core ingredients : =, ns |
S W . CDF9.6fb!
- time-dependent angular analysis to separate the CP eigenstates ?<_]"’ 0.09 \
| | 0 | [LHCb 9 fo~1
- time dependent flavour analysis to resolve the B, oscillations (1" ~ 350 fs) S )
= /
 |HCb: excellent decay time resolution ~42 fs ATLAS 99.7 o™ //
0.05- ' ' : :
LHCb: Tagging power P, = €;,,(1 — w)? ~ 4.4 % o e -0-;1/‘PKK[rad(;.l >
5
LHCb: 349 000 B? — J/wK*K~ signal events (6 fo™! from Run2) | HFLAV
June 23 WA: B

o ¢y=-0.039 £0.022, + 0.006 rad (6 fo~! from Run2)

PRL 132 (2024) 051802 ¢;,/WKK = —0.039 £ 0.016 rad
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https://arxiv.org/abs/2308.01468
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.051802
https://hflav-eos.web.cern.ch/hflav-eos/osc/PDG_2024/
https://hflav-eos.web.cern.ch/hflav-eos/osc/PDG_2024/

CMS: CPV with BY — J/wd

19.7 fb~! + 96.5 fb~! (8+13 TeV)

— 0.12 !

New impressive CMs measurement (Moriond '24) 20 breliminory
- Npo~ 490000 [96.5 "] $010  SMnopenguins | |
| f 0.09- \ ¢
- time resolution ~67 fs o) — N e
A NG e Nc) 0% @

_ major improvements to flavour tagging (~x3-4) with Ptag =5.6% g G Mo (3180, o7
based on state-of-the-art machine learning (4 DNN based algorithms) :E " sy ]L 1 el L > 3 standard “

i deviations contours o

- largest ever effective statistics for single ¢, measurement : —~ 1 005 3

(NBg . Ptag ~ 490k - 5.6 % ~ 275k) ° \\_ 0-0%0 —150 -100  —50 Z(i) 50 100 150
" _ * ¢VKK” Imrad]

_ tagging framework validated in B® — JIwK O control channel — 0.12 —
(~2M events) with measurement of Am,at ~ 1 % (comparable ol ) I§-o.11~ e P ary
with Belle &BaBar) == '01.11 = 'O.IZI = 0'3 = 0'4 = 0'5 Lo B2 - J/yK * K~ channels only

el{emy < 0.10 SM no penguins
pslmrad] = =73 £ 23, £ Ty “P1 cMs 1162 fb!
AT [ps™'] = 0.0761 % 0.0043,, £ 0.0019,, | <A BEHL3004 0.08. LHCb 9 b1
0.071
. . . . . 0.061
- Combination with previous results gives , — )
mrad] — 743_ ’3 J In agreement with SM predictions . AlLASRod 1D
¢slmrad] = - ¢, different from zero by 3.20 .
AT [ps~'] = 0.0780 £ 0.0045 First evidence of CPV in Bg — J/Iy = S0 =l = o 5°¢ g/WKlP(Emra;]SO
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https://cds.cern.ch/record/2894821/files/BPH-23-004-pas.pdf
https://cds.cern.ch/record/2894821/files/BPH-23-004-pas.pdf

Consistency tests of the CKM matrix

e At the current level of precision (~%), all measurements arXiv:2212.03894 UTfit, & CKMfitter
are consistent and intersect in the apex of the UT i —
. . . . <L UT ¥ s |
e \What is particularly noteworthy is the consistency of the s 7
: : . | Am,
tree-level determinations of CKM elements, with those - Am,
obtained from meson-anti meson mixing "
Tree-tevel observgbles Loop observables
03 g ER ;_: ST s:is&@:%ffsﬁ’ _;
- o:s g—_ f | —g . | | | | Y
02 § 2 \ \ 3 p
N ; 1 L i | E p =0.160 £0.009 ~6%
AT A I .Y T~ _
'-ol 0z 00 oz _ 0.4 0.6 0.8 1.0 04 0z oo 0.2 _ 0.4 0.6 0.8 1.0 ]/] — 0.346 i 0.009 NS%
p p

e New Physics effects (if there) are small!

e But... past examples show that it is unwise to think that few % Is good enough
and further efforts in theoretical and experimental accuracy are requiread



https://arxiv.org/pdf/2212.03894.pdf
http://www.utfit.org/UTfit/ResultsSummer2023SM
http://ckmfitter.in2p3.fr/www/results/plots_summer23/ckm_res_summer23.html

Impact of B-meson mixing measurements

e Stringent bounds on the scale of

N

o

D)

MIX|

d

N

from meso

N-antl meson

Tec

ng (assum

Can we make sense of the tight
2 bounds from flavour-violating

INg generic NP

ts In loop-mediated
mplitudes).

orocesses and still see NP at low
scale to solve the fine tuning
problem?

The NP Flavour
Puzzle

Scale [TeV]
ek ek
<

W —
&S &
=

C
NP
—}Cwu'—[

Energy reach of various indirect precision
tests of BSM compared to direct searches

NP
[(ol. p\i"\J [y

NP
we

]
W
B

Sci\e

107
< |
w -

105

ms 5. N . 5 10
] N O S §
- NN s & 1103
[ ] R ‘g“-'fglﬂ
= = N N 2
i - N%R"aﬁﬂglﬂ
Ny - ™ 1
~ NN N - - . ]
nl ] ~ [ |
nl ~ [~ ~J i 0
N NN NN
~. ~ =) O ~ S
Observable

Physics Briefing Book, Input for European Strategy, B.Gavela et al
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https://arxiv.org/pdf/1910.11775

CPV in charm

e inthe SM expected to be extremely small level with A-p ~ 10~*-10~>—= very sensitive null tests of the CKM picture

e Opportunity to measure CPV with particles containing only up-type quarks even if theoretical predictions are difficult
to compute reliably due to low-energy strong-interaction effects

e LHCb’19: First observation of CPV in charm from time-integrated CP asymmetries in D - KYK~, zt72~ decays

(D) — f) —T(D) - f) op . . .

Ao(f 1) = — > AAp = AP(KTK) = Azt ) = (154 +£29)x 1074
crlf>1) ['(DO(t) — f)+T(D%t) — f) r ( ) = ) PRL 122 211803
530 —_ —

PRL 131 (2023) 091802

e | HCDO'22: Direct measurement of

— - 4 ———
ACP(K+K ) = [6.815.4statil.6sys_ X 10 0 — T T 5701
~ K 0.006 1 == LHCb combination, 8.7 fb’ | LHCb _
a[%EK— — (7 7 + 57) X 10—4 [ =vws LHCb combination, 3.0 6™ ) i * FOCUS
d p=0.88 U e TS ; CLEO
i — + - i ] -~ ——— | |Belle
adt =(232+6.1)x 107 vo0k : i e
0 _ + gt = ; — CDF
e First evidence of direct CPV in a specific decay 000 F R Pt : — LHCb 3 b
(D? = ntn~ at 3.8 o) T e ) N I ~ | |LHCb5.7 fb
; ; —0.004 = on't.(;lli'r—s“hold 68%, 95% CL E | 7 Ak 10t
" " " 1T 1r B ] [ | S S N SRS SRS SR
o U-spin limit sum rule (d < s)(agsg- + a4 - = 0) 5 004 _0002 — (') — (')0'02' ' 60'04' s 0 5 0
violated at 2.7¢ al . Ap(K"K*) [1072]


https://cds.cern.ch/record/2894821/files/BPH-23-004-pas.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.211803
https://inspirehep.net/literature/2692262
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.211803

Search for CPV in DY — KSKQ

» First measurement of CPV in charm by CMS experiment and first A (K K?)
measurement in fully hadronic final state at the nominal LHC luminosity using the new
data parking technigue

KO P -
_ P S
| F(DO N KSKS) -T(D° - K;)Kg) /bf,,.,/-K‘s’ /DO%'/K?
* Y T(DY - KOKY) + (DY — KIKD) b b

o Strategy: measure AAqp = Ap(D’ = K'KY) — A-p(D° = KV7ntr™)

. Aqp(DY = KVK?) = (6.2 * 3.0 £ 0.2, £ 0.8 ACP(KSﬂJ%_)) % , consistent with no CPV at ~26, and
consistent with LHCb and Belle (at ~20)

e Measurement paves the way for other future measurements CMS PAS BPH-23-005

L — ——————

20


https://cds.cern.ch/record/2893166

Enhancement of CMS B physics capabilities through data parking

Expanded physics program by storing a large amount of data with low trigger thresholds to be processed when sufticient

computational power is available, with no impact on “standard” physics program

Perform B physics measurements on any final state, including fully hadronic — 10 billion unbiased 5 decays collected in 2018

Tag side with set of single u triggers with varying pr & impact parameter triggers

During fill, &

1nst

decreases with time — less restrictive triggers allowed

Maximizes avalilable trigger bandwidth

- Events parked for later reconstruction

_ Average purity ~ 80 %

L1 trigger rate [kHz]

|

- L1 trigger

$ i i

2017 (13 TeV)

Pileup —70
Config. change -

h | ! ] O

01:00

04:00

07:00

10:00 13:00
Time [UTC]

L1 trigger rate [kHz]

CMS-EXO-23-007

S

[

L i

L iy

L i

2018 (13 TeV)
. L1 trigger -
Pileup ]
Config. change -

05:00

07:00

09:00 11:00
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https://arxiv.org/abs/2403.16134

Search for NP through rare decays

e |nthe SM, some rare decays are forbidden at tree level and can only occur at loop level (penguin
and box), e.g. B, = u"u~

A new particle, too heavy to be produced at the LHC, can still give sizeable eftects when
exchanged in a loop (e.g. modify BFs, angular distributions,...)

— Strategy: use well-predicted observables to look for deviations
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B, — u"pu~: amilestone of the flavour programme

e \/ery suppressed in the SM

mﬂ 2 'u,+
Loop, CKM (| V, \ for B, ) and helicity ~| ——
— MB
- Theoretically “clean” — precisely predicted (~5%)
Bobeth et al. n
PRL 112 (2014) 101801,
BB, - up u") = (3. 62+8 %g) x 107 Beneke et al.
008 " JHEP 10 (2019) 232
BBy~ uu7) = (099553 x 107 — —
Buras & Venturini B S S —— 'u+
arXiv:2109.11032, X
independent of |V, | RO il Y7
e Sensitive to New Physics — T -
S —» | S R — L

- Alarge class of NP theories, such as SUSY, predict signiticantly
higher values for the B(S) decay probability

e \/ery clean experimental signature

- Studied by all high-energy hadron collider experirr213ents



Most recent By — u™u™ results

o Latest CMS measurement (140 fb_l), MOost CMS 1 PRL 842 (2023) 137955

. _ 140 ¢ Data
precise to date : Y B o (S —————
BRRLEE Combinatorial bkg ~ ««---- Semileptonic bkg
1 20_ - Peaking bkg CMS 0.44
B(BO — U ]J ) = [3 83+8 gg (stat) +8 %Z (syst) +8 %g (fs /fu)] X 10_9, %1001_ BPH-21-006 : B  3.8375,
(Lg S LHCb : i : 3.0 *0-48
o 80 PRL 128 (2022) 041801 - -0.44
- CMS measurement moves average towards SM © TTr ATLAS+CMS+LHCb | 5 604037
2 6oL BPH-20-003 e 99 _0.35
e Measurement statistically limited. Systematic S sob oo (2020) 166 | : 2.947 0%
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b — sCTC™ decays s

e Rich set of observables with different degree of theoretical “cleanliness’
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e Long-standing set of deviations from SM expectations, but latest ° v :
measurements of LFU fractions Ry, R+« in agreement with SM —< i —
q q

lv\cxmg’v\g precision. of SM Predrctions

PRL 131 (2023) 051803

PRL 127 (2021) 151801 PRL 125 (2020) 011802

i‘lo_gg'b.od .
S bk THeh~ | T[-FLHCbof "1 B - o 0.004 00
14 LHCb e LHCb Run 1 +2016 - tap  LHCD e doweg = D9
2 12f — ' SM (LCSR+Lattice) |1 SM from DHMV i - 91b Ry central-g” = 0.9497 57
8 ] SM (LCSR) 0.5F 8 o Lol Ry« low-¢* = 0.9275700,
:\,g‘ 10 = SM (Lattice) - i BO N K 0 //t + //t B . L Ry central-¢°> = 1.027J_r%"%?§
~ 8 ::{_' ] 0- ] * : I
[ Iy P(2S) - I ] SN
S LF | = : + B : é 1.0 _ I Il 1
O =y jj:;: osk [, 2 2 & | i

4 1 1 = —JIor —+— = & . [
0 . 3 —— : — E - S + = —— - 0.8 -
2 . - “ _ -t Data 2 1.6, p=0812, o = 0.2
E/ o )] -1 M SR S M s 1 L S N i s QM X 0, p .olz, 0 :
o 0 5 10 15 0 5 10 15 0.6

g* [GeV?/c*] q* [GeV?/c4] [
Ry low-¢> Ry central-¢> Ry low-¢° Ry central-¢°

Differential BEs S8 = HZ7) Angular observables (P., Agg, . .)

ffected b
dg? y AlIeC Y affected by form factors

form factors and charm loops 25

Lepton Universality Tests (Ry, Ry+,..) Clean”


https://arxiv.org/pdf/2212.09152.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.051803

BF of semileptonic b = su™u~
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Angular analysis of B - K™( = Ktz )u*u~

/

« LHCDb observed a tension in the “optimised variable™ 5 , not exactly intuitive, but constructed from ratios of angular
observables to be robust from ‘form-tfactor uncertainties’

o New result on measurement of local and non-local amplitudes in B' - K*O//t_l_//t_ decays based on Run1 and Run?2

o Unbinned amplitude analysis using the whole qz = mz(,qu,u_)2
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amplitudes dependent on Wilson coetfficients and form factors 27
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Tests of Lepton Flavour Universality
(electrons are complicated...)
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A new mode from Belle |I: BT - K v
e b — sUU transition Z°~J< v / .
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« Experimentally challenging (unique to e e~ colliders)

« Measurement based on new inclusive and more efficient tagging technique, validated using hadronic B tagging (low eff. and low
background)
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Observation of J/l// — U U
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| FU studies in B — D™ v decays
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New LHCb measurement of R(D(*)J“ ) o bt ot

LHCb PAPER- 2024 007

) + — _
+ First LH?E) measurement using DT = K~ z7x~ and D+"’<'—Kf+ .
T — U UV, decays RDY) = | %l - g =
AL _ "
T 7 17”
_ >x< . 3k
. Feed down from D™ — D*z%/y gives access to R(D™)
,_\x103'l'_"l"'l,_\ -
e 3D binned temp|ate fit to qz — (pB — pD(*))z, s :(5)8 LHCb Preliminary 30000 9.44<q?< 118 GeV¥c*  LHCb Preliminary
2 _ _ 2 sk . -
m i = (pB Pp® pﬂ) , E,u (muon energy in B rest frame) : 2;)3
bel peelim] i
150
L P < Al V\QYJ 100
50
R(D*) = 0.249 + 0.043,, + 0.047,, 0 5 |
. q2 [GeVZ/c*] m2._ [GeV?%/c*]
R(D"™) = 0.402 £ 0.081,, £ 0.085,,
p=— 0.39 I l; :g;+TTVV 9044 <’ <118 GeV¥c*  LHCb Preliminary 3
I B—=D'uv
o B B D uv
* Main systematic uncertainties from form-factor parametrisatior B B > D Wt v
&background modelling B—-D"X.X 5000
Comb. + misID 0 1000 2000
E, [MeV/c?]

32


https://indico.in2p3.fr/event/32664/contributions/136999/attachments/83624/124533/3_JGarciaPardinas-v1.pdf

| HCb measurement of R(D')F)  1casa s seena s

T — U UV, decays

~eed down from D™t — D7y

3D binned template fit to ¢* = (pg -

2 2
m_ .o = (pB — Ppe — p,u) , E;f (muon ener

Lbel pref{minary
R(D*) = 0.249 + 0.043_,, % 0.047

R(D™*) = 0.402 £0.081,,,, = 0.085
p=—0.39

Syst

Syst

Main systematic uncertainties from form-fac
&background modelling

0.3

0.25

0.2

Cirst LHCb measurement using D™ — K~ 77z~ and

LHCB-PAPER-2024-(

N

LHCb-PAPER-2024-007

K~ /
68% CL tontours

L 4Cb

Phys. Rev. Lett. 131 (2023) 111802

~__
Phys. Rev. D108 (2023) 012018

+HFLAV SM Prediction

R(D)=0.298 +=0.004
R(D*)=0.254 =0.005

33

LHCb Average

R(D) =0.339 =0.052,,,
R(D*)=0.272 £0019
0=-0.29

P(2) = 21%

total

R(D)

E, [MeV/c’]


https://indico.in2p3.fr/event/32664/contributions/136999/attachments/83624/124533/3_JGarciaPardinas-v1.pdf

e Ct rO S C O 701 |72 new hadrons at the LHC i‘
5 60 - %
&
11.0 | 1 1 1 1 1 1 1 1 1 1 1 1 u§40 i 3:!
l OXb(BP) Xoz(3P) g 30 l ?'."'.-:
10.5 Xe2(3P) o o
8 20/ .0
o
|72 new hadrons at the LHC | S 10 .y
7.5 ‘___¢ T
g neul hadrons g Lyl | b
7.0 7 Bc(zsr Bc(zs)* ‘Tm’(sgoo) 2012 20t _IZD(;: of arXizvoiL?bmissic?r?zo 2022 202
O .8.5(25)<r _ patrick.koppenburg@cern.ch 2023-08-16
6.5 A(B152° (6 340) - o 6600
ot 7 - - = 0 - ~
(6227 A(6146F W =2(6227) m (8320 Sp—
6.0 - =,(5945° A, (5920)° =»(5955)" _ B,(5970)*° | " g M- 600" B 6087)° |
' A,(5912)° = (5935)" @ 5/(5840)"° L,(6097)"  A,(6070f° B.(6114)°
s =5 7,(6097)" B. (6063)°
N& ' e bLb
% 501 @ 5 X(4700) I
o X(4685)
O o c(gq) PYass0y @ xas00) Py (4457)" @ x(4630)
n 4.5 7 'y ® y4274) Py (4440)" naa20f @ I
8 . qq X(4140) p\f(4380)f ' P\_’(4312)* . sl . ,
_ ® > > T2.,(4000) T2.,(4000)
= 404 @ cccc » o:3842) * ® -
o CQ 3 =cc T.(3875)" X(3960)
3.5 - g 1110 0.(3327)° B
° D e D;,(2860) I& 30500 =.(2939)° Bl 3185y
0 - D,(3000)° s i (2860)" (3066)° Zc T..,(2900)° . ++ -
A I o G e OEMRE  eRERD
C 4 » » N cs
254 = 0;3283;00 D; (2760) ®D.,(2590) I
B cqqq
2.0 | | | | 1 | | | | | | |
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

------

34

Date of arXiv submission



AN Impressive zoo.
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Nature Phys. 18 (2022) 7 , , , , , . . : : .

Tnelwolim |
arXiv:2212.02716

TL&Y‘Aé‘u.éVK$ —

p—
-
-}

J
J
\
\
\
[
[
[
J
[
\
\ ]
[
[
\
[
[
[
\
|

-

o0
-}

data 3.874 3.876

Tj; — D'DOrt MpPopO s+ [GQV/(:Q}
background

total

D**DY threshold

D*D* threshold +
b ﬁ i i

| | |

3.88 3.89

o)

-]
D
)

p(622

N
@)

Candidates / (0.014 GeV)
N
)

Candidates / (0.014 GeV)

X <2

M(D; ) (GeV)

,L") | H—‘-tlllllj|llll|llIlllllllllllllllJ

MDDyt (GeV/c? Py(4312)* ® 1o (4000)* T8, (4000)°
M w3(3842) , X B
O (3960)
‘ - - @ QC(3327)0
® <Cg9qq  D/(3000)*°  2860)" . - o300 SRR\
0 - D,(3000)° D A(2860)*  Q:(3066)° =c Tes0(2900)° a
3.0 B bqgq Dj*(2760)+‘ '3 (’ ) Qc(3050)° = (2923)° ®7.5(2900)° 'I@f%%ggg;?
cqq D;(2740)° D3 (2760) Q:(3000) ® D (2590)" €50
- D;(2580)° 50
B <cqqq
2.0 1 1 1 1 1 1 1 1 1 1 1 1
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
patrick.koppenburg@cern.ch 2023-02-10 Date of arXiv submission

36


https://arxiv.org/pdf/2212.02716.pdf
https://www.nature.com/articles/s41567-022-01614-y

11.0

Science Bull. 65 (2020) 1983

AN Impressive zoo...
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https://www.sciencedirect.com/science/article/pii/S2095927320305685?via=ihub

| ively debate on nature of such exotic states

 Compact tetraguarks (pentaguarks) vs meson-meson (meson-baryon) molecules

LL97) (39)] @)= (37)

Tr,g Vv

e [t will be difficult to explain these multi-quark states unambiguously

* The best we can probably hope for is to demonstrate the presence of different dominant
binding mechanisms in different systems
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| HCb upgrade program

~1 Visible
Interaction/Xing

~5 Visible
Interactions/Xing
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Long Shutdown 3 (LS3)

Runl &2

[

LS2 Run 3
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Phase 2 upgrades ’v“\% ) EA The MPS., n,
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The upgraded LHCDb

e Full software trigger

40 MHz readout RICH ~ Muon chambers
: N R . new PMTs, readout o
e Raise £ to 2x1 033Cm 28 1(5)( RUHZ) but KSOﬂware trigger electronics, optics - = MOTE sc:neldlrl\g,upg.raded
| : readout electronics

maintain current reconstruction performance

* Major redesign of all sub-detectors and A R | Calorimeters
. — T : : reduced PMT gain, new

ambitious readout upgrade ¢ P electronics

Kept .
‘Upgraded LHCb Detector ‘ | - VELO : SciFi Tracker

new pixel detector scintillating fibres
Upgraded P Upstream Tracker g

silicon strips

I Detector Channels I R/O Electronics I

HCAL  MUON 2-5

New pixel-based VELO closer to the beam (8.2 mm — 5.1 mm)
New mechanics, optics, photodetectors

New Silicon strip upstream tracker

New SciFi tracker

- New electronics for MUON and CALO
Running - recovered from New luminometer PLUME

vacuum incident in LHCb Velo New SMOG2 system for fixed target physics
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A lot of signal — a |lot of data to process

e Full software trigger will process 30 MHz of inelastic collisions — factor ~10 increase in
hadronic yield in Run 3

Bandwidth (MB/s)

LHCb Run 5
107 LHCb Run 4 % SRS e
LHCb Run3 | @ ) CMS HL-LHC REAL-TIVE S
) A T ALIGNMENT &
100 ALICERun3 & ATLASHL-LHC L CALIBRATION
ATLAS/ CMS
105 EHCb Runl/2 . 5 TB/s
ALICE 30 MHz non-empty pp y OFFLINE
9-1. PROCESSING
10 HERAB = L ) - 85 P PARTIAL DETECTOR) " FULL DETECTOR
‘ RECONSTRUCTION RECONSTRUCTION i 26% § )

103 KTev L el zg\%cgg: = [ & seLecTions & SELECTIONS | P ' GB/s

CDF/ ® |

DF DZGI: © BaBar L » L (GPU HLT1) D L (CPU HLT2) EVENTS
102 o & KLOE All numbers rzlated to the dataflow are
H1/ZEUS £ taken from the LHCb
O 3 : :
10! o UAL T NA4D o Upgrade Trigger and Online TDR
= .
LEP g Upgrade Computing Model TDR
10° p &
1980 2000 2020 2040

Year

|[P.Collins]

-irst stage of a
implemented o
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LHCb upgrade program

_ : 7
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LHCb upgrade program

Goal is to run at ~1034 cm-2 s-1 |, and integrate
~300 fb-1, which poses enormous detector
challenges.

Pileup of 40 and 200 Tb/s of produced data !

Installation in LS4, with smaller detector
enhancements in LS3.

Potentially the only general purpose flavour
facility in the world on this timescale.

Require excellent radiation tolerance, higher
granularity and inclusion of precise timing
information (a few 10 ps) to be able to mitigate

pileup

More groups are welcome to join the effort!

Of\ n

Bandwidth (MB/s)

JIA[S|IOINID|] [FM

™

LS
>
n
©)
P
O
LS~
=
=
™

10 Visible
Actions/Xing
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Concluding remarks

Precision measurements of -

lavour observables provide a power

effects beyond the SM, com

plementing direct searches for N

as direct evidence for new physics remains elusive .

2T

'ul way to search

‘or NP

NIs Is particularly

In general, the SM still (depressingly) in good health. We'll keep looking!

mportant

A lot has been done, with many world record and sometimes unexpected results (CPV in
...). Much more to come from LHCDb,

charm, exotic spectroscopy

and CMS B-physics programs.

Belle |, and from

the ATLAS

The precision program in flavour physics over the next 10 = 15 years is, in my view, the most

promising direction to make discoveries before the next accelerator (assuming N

horizon).
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Some extra slides



Projected uncertainties for some key observables

CERN-LHCC-2021-012

UPGRADEII

- Eol, Physics case document and FTDR, all very

favourably reviewed by LHCC.

«  Strong support received in European strategy: "The
full potential of the LHC and the HL-LHC, including
the study of flavour physics, should be exploited”

Run3 — Run4 — Run 6

Observable Current LHCDb Upgrade I Upgrade 11
(up to 9fb~1)  (23fb™1)  (50fb™1)  (300fb~1)

CKM tests
v (B = DK, etc.) 4°  [9,10] 1.5° 1° 0.35°
¢s (B2 — Jhpo) 32mrad [8] 14 mrad 10 mrad 4mrad
V| /| Ves| (A9 = pu=7,,, ete.) 6% [29,30] 3% 2% 1%
ad (B = D~ utv,) 36 x 10~ [34] 8§x107* 5x107* 2x10~*
ad, (B — Dyu*v,) 33x107*[35] 10x107* 7x107* 3x107*
Charm
AAcp (D° - KTK—,ntn=) 29 x 10 [5] 13 x10™° 8x107° 3.3x107°
Ar (D° - KtK—,nt7n™) 11 x 107 [38] 5x107° 32x107° 12x107°
Az (D° — KO7t7~) 18 x107°[37] 6.3 x107° 41x10™° 1.6x107°
Rare Decays
B(B® — putu™)/B(BY — utu™) 69% [40,41] 41% 27% 11%
Sup (B = ptu) - - - 0.2
AY (B® - K*%+e) 0.10 [52 0.060 0.043 0.016
A (BO — K*0ete) 0.10 [52] 0.060 0.043 0.016
AST(BY — ¢) o4 L 0.124 0.083 0.033
S, (B — ¢) 0.32 [51 0.093 0.062 0.025
., (A) = Ay) o5 153 0.148 0.097 0.038
Lepton Universality Tests
Ri (BY = K+ot4™) 0.044 [12] 0.025 0.017 0.007
Ry~ (BY — K*0¢+¢-) 0.12 [61] 0.034 0.022 0.009
R(D*) (B° — D*~¢+y,) 0.026 [62,64]  0.007 0.005 0.002
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http://cdsweb.cern.ch/record/2776420/files/LHCB-TDR-023.pdf

M.Palutan
RRB 24/04/24

THCE The detector challenge

Baseline design: targeting same (or better in certain domains) performance as in
Run 3, but running at 1.56x1034cm-2s-1 with pile-up x7 wrt Run 3!

Magnet & , Muon P I D SyS tem
Magnet Stations TRCH PicoCal N

I;g%lll(tg o ICHD RICH: reduced pixel with SiPM/MCR,

RICHI - —THE timing info added

TORCH: new time-of-flight for
. low momentum, quartz and New
; SiPM/MCP SYSTEM

VELO :

PicoCal: timing and longitudinal
segmentation, SPACAL with radiation
hard crystals inner region, old

0 e Shashlik outer region

; /| Muon: muRWELL technology inner
T R =T region, keep old MWPCs outer region

Tracking system

VELO: pixel 3D silicon, hit time resolution 50ps, ASIC 28nm

UP (upstream tracker) and Mighty Tracker (downstream): MAPS pixel for UP and inner region of Mighty Tracker,
scintillating fibres for outer region of Mighty Tracker

Magnet Stations: scintillating slabs covering side walls of magnet, for low momentum NEW SYSTEM

Exciting technology roadmap: the developments needed to face the harsh experimental conditions of
HL-LHC in the forward direction will represent a bridge towards projects based at future accelerators



