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Flavour physics: Cabibbo-Kobayashi-Maskawa m_

. C Standard Model (SM) describes the quarks mixing via 3X3

unitary (complex) CKM matrix d s b
4 )
W | addd / \ u :
J== " vud vus vub
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C Search for physics beyond SM indirectly, via decays mediated by loops, rare decays

W i T Ty TTTN |
C CP-parity violation (CPV) is successfully (so far) Wll ! d | g
accommodated in all flavor species via a single complex » e C_ E1 T
phase, intimately linked to the number of generations

C Experimentally discovered in strange, charm and beauty
sectors. Suppressed for charm as codified via CKM matrix
elements and GIM mechanism

C Powerful consistency checks, e.g. via unitarity triangles Photo credit: KEK

.Cb Bverview P2| 2025, -7-21.11.25




Flavour physics: Cabibbo-Kobayashi-Maskawa matri_

C Powerful consistency checks, e.g. via unitarity triangles
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LHCb 1 single-arm forward spectrometer, 10-250 mrad (V), 10-300_

TRA(}K|NG PARTICLE ID JINST 8 (2013) P08002, INT.J.MOD.PHYS.A30 (2015) 1530022
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Vertex reconstruction: Kinematics: Magnet, PID: RICHSs, Trigger: Muon,
VELO Tracker, Calorimeters Calorimeters, Muon Calorimeters, Tracker

C Heavy flavour production at LHC: prolific, forward peaked & correlated
C LHCb ~4% of solid angle, but ~40% of HF production x-section 3 4.



LHCb data
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C Excellent performance of LHC and LHCDb

LHC Fill 2651

ATLAS & CMS

C Luminosity leveling for LHCDb
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Vertex reconstruction in LHCb: VErtex LOcator -

JINST 8 (2013) P08002, JINST 9 (2014) P0O9007

o C 88 semi-circular microstrip Si sensors
C Double-sided, R and G layout
C 300 pm thick n-on-n sensors, strip pitches

from 40 to 120 pm
C First active strip at 8 mm from beam axis

| 1m |
| |

@ mrad

mr 1 11

FileUp view of interaction region
sssssss most upsiream g=353cm
WVELO station

15 mrad

C Excellent spatial resolution, down to 4 pm
for single tracks

C Precise impact parameter measurement,
Up = 11.6 + 23.4/pT [um]

C Precise primary vertex reconstruction,
(,, =13 um, 0, = 69 pum for vertex of 25 tracks

C Excellent proper time resolution

C Vertex resolution allows to resolve fast (x~27)
BB, oscillations Nat. Phys. 18 (2022) 1
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Charged hadron ID in LHCb: Cherenkov light detectors

C 2 Ring Imaging Cherenkov Detectors

2 250> LHCb N — pK~
C Charged hadron ID, charmless 2-body b-hadron decays 3 L T A
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LHCb Upgrade |

C LHCb upgrade | for runs 3 and 4
C VELO new design with pixels
C Upstream tracker with silicon strips, main tracker with scintillating fibers
C RICH photodetectors MAPMTs
C New dedicated luminometer
C SMOGZ2 gas target integrated in VELO
C All subdetectors readout at 40 MHz for a fully software trigger using GPUs
C Can run at 5 x higher luminosity
40 Tbit/s 1 — 2 Thit/s 1 —2 Thit/s 80 Gbit/s
HITI1 Online ‘ HILT2 Offline
partial event (20 — 30 PB) buffer full event -
e ”[} i
1 MHz 1 MHz

Update alignment & calibration constants

C 30 MHz of inelastic collisions will be reduced to ~1 MHz by the HLT1 (tracking/vertexing and
muon ID) running on GPUs

C Highest throughput of any HEP experiment
C Many measurements directly profit from higher statistical precision (about x3 with run 3 only)

LHCb overview P21 2025, =21.11.25 SB 8



LHCb physics program




CP-violation: angle 2
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Angle o measurements

C At LHCb, benefit from large statistics using tree-dominated processes

C Tree-level decays, theoretically clean (7 D 10°7)

C Complementary methods, dependent on combinations of favored and suppressed
B and D decays

C Multi-body D decays are used in combination with input on strong phases from
iIndependent measurements (BESIII, CLEO3)

(;FinalstatesaccessibletobothDand_Dtoexaminei nterference bet
and b Y u transitions
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W Y _
: S Y y . “w_ g, [ABDI o« Af +1EAG + 2ApApTpeos(Ss — 1)
. r | ) B _1ABHIP A + A% + 2ApAprcos(5p +7)
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Angle 2

Combination of LHCb measurements
of the CKM angle 2 and charm mixing

arameters
P https://hflav.web.cern.ch/
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LHCb-CONF-2025-003

CKM fitter: Yindirect — (66-3 t?:g http://ckmfitter.in2p3.fr/
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Angle o withBNY D*NK

o BT T T o BT T D decay mode B~ Bt Purity (%)
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C First observation of DCSD B* — [t KT|pK** = o B > DK D — K
- + + 1 ¥ F o) B — DK™, D — hh(hh) -
and B — [ﬂ- K:F v W:F] D K E x | B B* = DK™ (combination) ) fb

C CP fit to 2- and 4- body decays, and for the first time
at LHCD to 3-body decays with Dalitz input from
CLEO3 and BESIII

C CKM angle 2:

LHCb overview

v = (63 £13)°

JHEP 02 (2025) 113
C Simultaneous measurement of 2 using 2-, 3- and 4-body D° (D°) decays
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1-CL
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BESIII measurement
PRD 112 (2025) 012015
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LHCb overview
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P21 2025,
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~ C Combined with the phase-space integrated
measurement EPJC 84 (2023) 547

21.11.25

arxiv:2509.15139
C Model-independent measurement of CKM angle 9in B* — [KTK ntax~|ph®*
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C Strong phase in phase-space bins of the D° and DO decays from
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Outstanding consistency of the SM picture

. . LHCb-CONF-2024-004
C Overall outstanding improvement of the precision  *p T AT
85F Preliminary 3
A =0826331% 21 =0.22501 % 0.00068 sof o
p=0.1591 4 0.0094 7 = 0.3523199973 £ ’
T0F 1
a+B+y=(17245" juludde tod -
C The UT apex position d known to 1.4% precision GoF ]
: . RIS pprgpcayer
C All available measurements of different observables, PSS STS ST S S
including amplitude and phase measurements, give so far
consistent picture and point to the same UT triangle apex
Before LHC (CKM fitter, 2009) Now (PDG, 2024)
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CP-violation in baryons
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First observation of CPV in baryons

C s, Y NO“*“-decay: CPV may arise from tree
and penguin interference, could be enhanced

by intermediate resonances
C Clean sample of 80Ks, and s,

Candidates/(0.014 GeV/c?)

Nature 643 (2025) 1223

W-
s b s
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t
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A u > u u > u
d > d d > d
14,000 14,000 |
LHCb 9 fb™ LHCb 9 fb™
Data Dat
12,000 t 12,000 |- i Data
—— Total fit — Total fit
....... 0 Kt RS eeeee A0 =
10,000 |- Ao = PR S 10,000 |- A pK'wn
=0 g @ =0 =t _—_+
E) o> pKa'n 0] E,opKam
<t
gooot || 7 Comb. bkg. 5 o0~ |l o Comb. bkg.
AL > pKn*w n® % Af - PK ' nta®
6,000 Ag = pKy(=a ) ﬁ 6,000 [ —— Ap = Ky (= x'y)
Alspratn T AL - prtn
4,000 Ap— pKK'a 8 4000 Aj— PK'K n*
Et?_) pK_J-,1;+K— EDD—) F_JK+JI-K+
2,000 2,000
N o b T A ol
5.8 6.0 5.4 5.6 5.8 6.0

m(pK =*n") (GeV/c?)

m(pK*n ") (GeV/c?)

C Phase-space integrated CP asymmetry after accounting for biases from production
and detection (~1%) measured inthe s, Y s.(f0 *)“- control channel

Ocp = 2.45 N0.46 NO.10 %, 5.2, from zero

LHCb overview
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First observation of CPV in baryons

C Asymmetry in regions of phase space, dominated by

various resonances
and decay topologies

C 6, from zero A

Nature 643 (2025) 1223
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Mog— < 2.2
A} = (pK~)(n*717) Pa L (5.24 +1.29 4 0.21)%
Magtqr— .
My < 1.7

AL — (pr) (K~ n)

Motk € [0.8,1.0] U [L.1,1.6]

(2.73 +0.82 + 0.14)%

A = (pr—at)K~

Mypr—r < 2.7

(5.39 +£ 0.86 £ 0.10)%

A = (K nta)p

Mgt < 2.0

(2.01 £1.16 £0.30)%

1.800 F 4,000 4,000
1 + —1
1600 | ~ LHCb9fb ++++ 3.500 - LHCb 9 fb 3,500 -
# ) { Data
g 1400 |- H:H' " G 3,000 - —— Total fit < 3,000 -
% + +++ % ------- Ay - pKa'n %
& 1200~ ¢ Wm O 2500 |- — E0 s pKata O 2,500 |-
mn
& 1,000 - ** ; A e B Comb. bkg. 5
% +++ #«* % 2,000 AL = pK 2 S 2,000 |
g 800 + ¢ + 2z —— A} 5 pK (=) &
3 LN M £ 1,500 o A 8 1,500 -
-_E 600 # ’: .E Ap—=pran .E
1] +_—
5 . W . 8 1,000 — Ay > pK K 8 1,000
400 1= t: — Bl pK Ak
L]
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C Suggests that intermediate resonances are important to initiate the CP asymmetry

LHCb overview
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21.11.25
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CP-violation in charm sector
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CP violation in charm sector

C Mixing and CPV studies at LHCb

C Precision measurements require an excellent control of the systematic uncertainties
C First observation of CPV in charm sector

AAcp = Acp(K~K') = Acp(nnt) = (=154 £29) x 107
PRL 122 (2019) 211803

PRL 131 (2023) 091802

E B | ' '. U : L ]

A ~ &k - === LHCb combination, 8.7 fb’ E

AFP(f) —~ ﬂ? —|— { >f . &Yf S 0'006: z=:2x2 LHCDb combination, 3.0 fb’! i

D 0.004 ~ + Nodirect CPV ]

0.002 |- —

of P :

—0.002] o7 e -

C Evidence of direct CPVin DY ~ *" - _ogoaf S ’ E
T ; - contours hold 68%, 95% CL ]
individual charm meson decay n . 1

L | L L L | L L L L L L | L L L | L
-0.004 —0.002 0 0.002 0.004
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C CPV in the up-type quark sector

> d

\4

wH

1

A

CPVin DY KKgwith run 3 data

Wt

T ——

arXiv:2510.14732

C D%and DO tagged by accompanying

pion D*Y DO +

C DY Kg  * -used as control mode,

tagged with the same method as the
signal

C Two categories with different purities according to a MVA classifier

[ DO \ '/ Do \ F.Blanc, IMFP 2025
LA B LA B L L B B - T Ty rrrrrofrrrrrrrrrrrrrrrrrr ] T T T T T T T T L T T T
L 300 Y 300 = CLEO
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o E 7 Jina ® = 7 P i }_._| (_ \15
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¥ 100 1 L vz 4 L 1 L ~ 10 g_ 1 ] vz L 1 ] _g | I S R TR R L T(}Il-;w iu(}§2 I:t p I|8 |
942 143 144 145 146 147 148 14y Qz 143 144 145 146 147 14?_0 149 15 —40 20 0 20 40 60
m(D") - m(D°) [MeV/c m(D") - m(D') [MeV/ 0 010\ T
Acp(D° — KIKY) [%]
ACP(KOKO) (1.86 £ 1.04 + 0.41)% Most precise single measurement
— . . . 0 . )
S°°S of this quantity to date
LHCDb overview P2l 20258 E21.11.25 SB 28



Mixing and CPVin D°Y K’ -decays from promptD* D@ *
PRD 111 (2025) 012001
C Mixing and CPV parameters with right sign (RS) and wrong sign (WS)D°Y K-
decays tagged with prompt D* decays

m(Kr) [GeV/c?]

e B0 » DOV K
D*+ — DO 1 Da.. D .,MES + 2sof LACE ] Mixingand CPVinD°Y K
~ [l X 3 ]
\CFJ/ o 200f SSO;LI‘IICb T ' ' L — ]
- > - — - i 7]
...... > Do O A N _ : ]
D= [0 g mix . C?A\évg g 150 S 500F 6 fb™! | =
— w5 = :
£ o0k N - e .
........ DCS .7 R > 450F L+ =
similar amplitudes g 50: V. L *r...i —I— Data 4
o i + B i ]
B _ | w400 AT —— Baseline
3 :A : 0005 2010 2015 2020 . PR
f LR e : [ No CP viol ]
gaaie 103 (D' [MeV/e?] 350 | OCI violation 4
o W x10° C ‘ ]
W T T  —
” E LHCb ' —+ Data ] “'Fo C i
19 SRR | S 102 Q 25:—6 fb™! it [:]Signal ] ) 0-_ _l_ + [ .
: "8 i: EDO%K T ” Comb. bkg. ] Q E ;Fﬁ#ﬁ.{: :L' l . J
(RSN o T TR— -g E 20:_ H I Ghost bk, R _10__ 'l‘ ]
S 2 st ] E -
1.8 10 Z F | L ob .
I T I e M
175 § 2 F 'l RS :
et o i < F f | E D’ decay time / 7,
14 16 18 2 22 24 b/ ! ]
m(K7)  [GeV/c] 2005 201?] 2015 2020
swap m(D" ) [MeV/c?]

C Most precise results for mixing and CPV parameters
C No evidence for CPV neither in decays, mixing nor interference

LHCDb overview P2| 20258 21.11.25 SB 28



Mixing and CPVin D°Y K’ -

C Mixing and CPV with right (RS) and wrong sign (WS)

DY K-

C Same binning as for angle 2 with B Y DO( YK+ P
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C Results in agreement with other LHCDb
measurements

C Consistent with CP symmetry

SB 2=



Rare b-hadron decays

- Bverview P2| 202-1.11.25



Studi es of debaysy s a

C Many observables to test SM
C Affected by SM corrections: Form Factors and/or cc loops

M Lepton Flavour Universality

Branching fractions Angular analyses LFU tests
(10¢ PRL127 (2021) 151801 PRL 125 (2020) 011802 PRL 127 (2021) 151801
jlfe: 4f LHCb ‘i‘iggzgii 't LHCbRun1+2016 |  14f Ijﬁ“ e vt 00w
7 12 :—‘ | SM (LCSR+Lattice) 0.5k [ SM from DHMY 5 i ’ R: k:w_iz o H
) 10 r ] SM(CSR) I ﬁ ] = Ry centralg® = 1.02744 {7
& W SM (Lattice) - . . r
3 gf 3 1- of <] J
S CH woowes 35 bR T T
3 f { | | s =] 3 H~ E 0.8
A ab 1 F— 0.5 [ |
1 e B Ty S Raat e ok B A
) C ] -1 :l . e t
% 00 S é E— '1|0' —t '1|5' —t 0 5 10 15 Ry low-g> Ry centralq® Ry low-¢° Ry centralg®
¢ [GeV¥ e ¢* [GeVct]
5 e, U, T
b t s 8z
W_\ N wt o et pt ot
%— w- <N
e Sw
9 s b t S Ver Uy> Vs
H*‘\ \\ H+ e 1, T
HY no I et ut, Tt

LHCDb overview P2| 20258 21.11.25 SB 28



LFUin B% Y «d decays
C Testof LFUInBY Y ¢33 theoretically clean PRL 134 (2025) 121803

C Measure R, inthree g2 bins (first time: 15 < g2 < 19 GeV?/c?)
C Double ratio to cancel systematic effects
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LFUIn B*Y K * -&& decays
C Testof LFUINB*Y K * -&4, theoretically clean PRL 134 (2025) 181803
C Measure Ry- - inone g2 bin 1.1 <g? <7 GeV?/c?
C Double ratio to cancel
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C Angular analysis of the decay B, Y « ée' inthree g2 regions

30F

Candidates / (40 MeWV/c?)
[ =)
L]
I—i—l

T —1 T |
LHCbO b~} g2 L[0.1,1.1] GeV¥/e* ]

—+ Data — Total model ]
----- B?—-\-@ ete Combinatorial 1
Semileptonics MisID

(FL)

6000
m(K* K~ e* e) [MeV/c]

3500

' —r o
LHChS !
. BI[: _.qj e
. B?—Pgﬁ [T ]
Standard Model T

5 10 15
¢ [GeV¥e]

LHCb overview

T
LHCh ¢ b
. B? —sq) & e
Bl ¢ pt
Standard Model

5 w00 15
gt [GeV</c4]
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C Consistent global picture

C Anomalies in the muon modes to be understood
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Angular analysis of BOY Keter

C Angular analysis of the decay

BOY Ketel

C Analysis performed in central
g’ region 1.1 < g% < 6.0 GeV?/c*
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C No significant disagreement with SM

IPEI

P, Py P

e e *—‘:'._"'
N ]
o0E Hy
LHCb ABCDMN
ELZA77A .
i 9fbt 27 GRvDV
F ¥ Data

(0105

Weighted entries [/

(0,16 ral)

Weighted entries [/

JHEP 06 (2025) 140

"I LHCb o~

g
: %ﬁ%ﬁ i w

C No evidence for LFU violations when analyzing electron and muon modes together
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C Binned angular analysis of BOY  Kgtel

Angular analysis of BOY Kgel

(CPV, BF)
C Include finer g% binning

C Take into account effects of lepton masses
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C Excellent agreement with previous results

C Confirms previous tension with SM predictions
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Central Exclusive Production of J/y and y (2S) at 13 T_

SciPost Phys. 18, 071 (2025)

C CEP: colourless object exchange, clean QCD tests

C LHCDb pp collisions: probe at very low
Bjorken values, down to x~10

C Large rapidity gap
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C Dedicated CEP trigger

—, C Exclusivity: precisely two forward muons;
no backward tracks; no activity in SPD
(< 10 hits). Quantify with p; spectrum.

C Differential cross sections
in rapidity bins
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+ Data

C Feeddown from higher
charmonium states
(Y (2S), Gy, G4 (3872)) to
the J/ly sample taken into
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Central Exclusive Production of J/y and y (2S) at 13 TeV

SciPost Phys. 18, 071 (2025)
C Differential cross-sections compared to theory predictions

B 9£ I T I T 1 1 1 I T 1 1 T I T T T T I T T 1 T I I: E 22
= - = — 2
—_ 8_— — : “
s F 1 X 13
. 7E- + l i N
= - == = qu 1.6
T OF =S ! ERRE
S =3 T 12 e
= = 3 QU - ++ ——
N 4 > F —
-F 3 ol=03F —+
’?I:l Jones eral. LO _E _Olrg 06:_:' Jones er al. LO +
28 [ Flett eral. NLO E 0.4 I Jones ef al. NLO
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C Integrated cross-sections times branching fractions

O ppopin (2.0 < Yy < 4.5,2.0 <1+ < 4.5) =400+2+5+12pb,
O (25)op- p-(2.0 < Yyps) < 4.5,2.0 < 1= < 4.5) = 9.40 £ 0.15£0.13 = 0.27 pb

C Good agreement with J/y NLO pre-(post-)diction
C Yy (2S) calculations to be revisited

C Confirms a hint of NLO importance from the analysis at 7 TeV
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Photo-production cross-section

SciPost Phys. 18, 071 (2025)
C The cross-section for the CEP of vector mesons in pp collisions

IS related to the photo-production cross-section:
dn dn
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v Y
CEP Gap Photon Photoproduction y
ival flux fixed target M
LHCb Jhy surviva HERA, fixed targe
¢Sq Jones,Martin,Ryskin,Teubner, JHEP 1311 (2013) 085, 1239
o J.Phys.G 41 (2014) 055009, and update P
C Compilation of photo-production cross-section 5 1035 T . ]
| I — . =
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C H1 measured power-law: S Tt I
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C Good agreement between LHCDb results i ]{;:q fjl : iﬁ%ﬁ‘@z;%z i
at 7 and 13 TeV | i Zeus 1
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_ 1 _ I . Flett et al. —
C J/y photo-production cross-section: agreement 10E R o Gt i1 datn. S
to theory prediction ; no deviation from a pure e —_—r .
. 10° 10°
power-law extrapolation of HERA data W, [GeV]
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Heavy flavour production in heavy-ion collisions _

o LHCB-FIGURE-2025-004
C PbPb collisions [ \
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