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< Introduction

+ Measure CKM elements in LHCDb

+» Measure CKM angle in LHCDb

» Summary




LHCDb detector and dataset

Total recorded luminosity — pp —31.7 fb”!

30 Run 3 - 22.56/fb C
2025 (136 TeV): 11.81/fb
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% CKM matrix elements

« CKM matrix: 3x3 unitary matrix

/
 Unitarity test remains one of the main directions d Ve Vs | Vb d
to probe NP beyond SM s =V, V.|V s
v Via Vis| Vi b

* Precision essential to constrain NP scenarios

V,s: from 0*->0* nuclear 3 decays,
V,.: from kaon (semi-) leptonic decay, LHCb-PAPER-2025-030
V.,and V. from D/Dg (semi-) leptonic decay (see BaiCian’s talk),

V,,and V,,: from B>X,.Iv

u/c

V,; and V,.: determined from B — B mixing, or loop-mediated rare K and B decays,

V,,: from top decays
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% Determination of |V, ,| using baryonic decays

Nature Physics 11 (2015) 743

+» Dataset: 2 fb™! at /s = 8 TeV (2012)
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ﬁﬁﬁ%ﬁ Meausre |V,

PRD101 (2020) 072004

in LHCb

| e x10’ L
Run1 data used (3 fb-') /_rgg_ N ;’ LHCb BDiu, |
,' & F+Data-CLN ;
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: : - *— == = 6F- Fit- CLN .
Signal modes: B — D ([KK]pm)u*v, and B - Di~u'tv, = ;;_Fi:_BGL
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5 2 %
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 |ValeLn = (41.4 £ 0.6 (stat) & 0.9 (syst) + 1.2 (ext)) x 1077,
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First determinations of |V, | at a hadron-collider experiment
First using B, meson decays
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Dataset: 2 fb-! at /s =8 TeV (2012)

First observation for B - K~ u*v,
Normalization: B — D; (KKm)u*v,
|V,,|/|V,,| extraction in two g2 bins

Vb /|Vep| = 0.060740.0015(stat) + 0.0013(syst)
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Upcoming measurements at LHCb

Extracting |V,,| from B} - K~ u*v, and By — K~ FF parameters with Run 2 data

Measure shape of differential decay rate in eight bins of g2

Extracting |V,,| from B* — p°u*v, and B* - p° FF parameters with Run 2 data

Measure shape of differential decay rate in 10 bins of g2

Extracting |V,,|/|V,,| from Bf - D%ty with Run 2 data
Normalize to B — ] /yu™v,
Profit from LQCD B} — D° FF across full > Phys. Rev. D 105, 014503 (2022)

Extracting |V,,| form A} - A}pu~v, with Run 2 data

Measure shape of differential decay rate

Extracting B® - D*~ FF fromB® —» D*~u*v, using Run 2 data

Many exciting Run 2 results upcoming

Expect more data in Run3
9



% CKM angle

CKM matrix unitarity: key test of the SM
20 29
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% measure f3/¢, angle

Time dependent CP-violation > /¢, angle

Golden decay: B° - J/yK?°
y J/ sin2f = 0.709 + 0.011

A (1) LB (O > ) LB (1) > fp) Dominated by LHCb run182
e D(BO(t) > £y )+ T(BO(t) > £op) PRL132 (2024) 021801

oc S; sin(Am t)—-C, cos(Am,t)
~ 1y sin 2f3 sin(Amd t) Penguin amplitude ~A?-suppressed
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measure f#/¢,via b —» ccd decay

In b —» ccd : penguin amplitude is large (~A)

v Belle !
77 Bellell
Average

resulting in S; # -n;and C; # 0

-0.2 ~

B® - [ /ym© 0 p&+pH™)- modes studied
JIms, J/gp, JHEP 01 (2025) 061 ot N L L
PLB 742 (2015) 38

consistent with results from B® charmonium K° decays D' D Sy vs Cp  [EETH

0.4 +

C;'s are consistent with zero, the uncertainties are
sizable

-04 r

-0.8

1 1 L 1 1 l
12 41 -0.8 -06 -04 -0.2 0 0.82

Contours give -2A(In L) = A° = 1, corresponding to 39.3% CL for 2 dof
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B/¢p,in B® - D°h (b - cud) decay

b — cud transitions

b—-cud sin(2p) = sin(2¢,) EEA
' 1 2018
Penguin free P;gmlfmm
Measure sin2f3 and cos2f at same time b . World Average ] : 070 £ 0.02
_)CCSE HFLAV (Summer 2018) 8 ;
: BaBar+Belle - = . 0.66+0.10+0.06
i : % ! PRL 115 (2015) 121604 B :
Time-dependent analysis o g 5
o) . Average : : 0.66 +0.12
D - CP i HFLAV ;
— _ ) ) %= ! BaBar+Belle . qsu+014+oos+003
D - K¢n*n~ (Dalitz analysis) & i PRL121(2018) 261801 ' f ]
;"’ Average 0.80+0.16
Q| HFLAV | | : |
average of joint analyses of BABAR and Belle 020 02 04 06 08 1 2

sin2f = 0.71 + 0.09
LHCb run1&2 result come out soon

Also b — ggd penguin-dominated decays (many works in Belle & Babar), sensitive to effects from
virtual new physics particles,

13




% @.in b — ccs Transition

SM
®D
/—\\ I’/:‘JS Cﬂ;)
0 5
B & decay  fcp VusV.0
ES
SM —0__,/ VisVi,
oy b SM
M S C.-bD

*

» ¢g mixing-induced CPV phase in BY decay through b — ccs transitions

meas. — _ 913 + 5P + 5S¢ NP 2o  (6)-T ()
¢S ﬂS ¢)S pS Bg_)f Bg_)f (0.4 —Tlf Sln 2,85 Sln(AMSt)

Acp(t) = Tgo_,(+Tgo_, o(8)

8. :

g

i 36.81”8:2 mrad [CKMfitter]
g (37 = 1) mrad [UTFIT]

EOS00R00500

|
Fa X
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e Status of g, Measurements

B, = J/Y¢: Golden mode

= Measure ¢g, A, I';-['4
Experimental Combination (CDF, DO, ATLAS, CMS, LHCDb):

€6 = (=50 + 17) mrad Al = (0.077 + 0.006) ps™’ LHCb dominated
PRL 132 (2024) 051802

0.10 \ T T T T T T T T | T T T T | T T T T
L ‘\% sK | excluded area has CL > 0.95 |
[ AY 1 ,
% T / DO 8 b HE
0.05 Y 2 7]
i A\ 7 0.12 e 68% CL contours
- 5 TWA 0.111 CMS G Fia—1 _
| d (Alog £ = 1.15)
” l e T CDF 9.6 fb~?
DOoOD M S ;
= 0.00 a 8_
= - 0.09
= 0.08 E‘” LHCb 9 b~
<
-0.05 — 0.07 Comb ned”
L AI' errors scaled by 1.86
\ 0.06 CDH
\\ i |
L & - ATLAS 99.7 fb~!
| Summer25 N : . 0.04 . . E | 0. y :
ofol—4— 1o I AT ST R N R S '%.630 0.640 0.650 0.660 0.670 ’ -0.3 -0.1 0.1
-0.10 -0.05 0.00 0.05 0.10 /KK [ps~1] @YV K[rad]

r)—sb
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CPV parameters in B, — J/PK*°

op"

B - J/Y ¢ b = ccs
B2 - J/y K*° b = ccd ~ At
« Angular Analysis
A(B? = (JWK*™),) = =AA; [1 — a;¢% ]
A2 o
0 ) — _ ! / i8] i
A8 = won) = (17 ) A1+ caleter]
« Assuming a;,=a;, 0;=0;
« Run1 result (JHEP 11 (2015) 082)
Ay = 0.000550% (stat) G0 (syst)rad,
Ag)'? = 0001501 (stat) £0.008 (syst) rad .
AgP? = 0.00355919 (stat) £0.008 (syst) rad .
« Run2 analysis published JHEP10(2025)173
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% CPV parameters in B, > ¢ ¢

PRL 131 (2023) 171802
« Bs; = ¢¢: golden channel to study CPV in b — s decays (2029

Tiny CPV in SM
Sensitive to NP in B mixing and b — s decay

«» CP violation observables from flavor-tagged time-
dependent angular analysis

CP violating phase ;gf and direct CP violation parameter A; = | % | () (b)
SM predictions: ¢35 ~ 0 and A; = 1fori=0, L, | | N
Polarization-independent fit: common ¢3*° and A for different Polarization £ RunzeRunt,87 1"

<+ Full Run 2 data, and make a combination with Run 1 :::?.5;:.20,6,5.0,.,«
Consistent with SM expectation P
No sign of polarization-dependence observed e ks
Most precise measurement of time-dependent CP violation in LHCb
b — s decay

@555 =— 0.074+ 0.069 rad
1Al = 1.009 +0.030 S




% How to measure a/¢,

YT
+ Typical decay: B® - n*trn~n% nm, pp ... b W d} e
- dy _-
d u N ~ H}ﬂ
% If B - wtm~only determined by b->u tree diagram, _4\ H} T d ¢ (3 -
similar to g
+ B% > w*m~ penguin contribution same order to tree NOVM --- B—pp data (WA) 3 Combined
dlag ram Summer 25 --- B—nr data (WA) —— CKM fit
--------- B°—(pn)° Dalitz data (WA)

\I-:_;-:-Illllli‘l\ll

=5

L1 l_l—l--'l'—l'

« M. Gronau & D. London: Isospin analysis of CP

asymmetries in B decays, simultaneously measure

BY > n*tn~, B - n°n®and B} -» n*n”

PRL 65 (1990) 3381

p-value

+ Other methods (e.g.B — p*/9p=/0)

+ Limited to the statistics, still much room for
improvement in accuracy of o



e

+ Interference between favoured b—>c and suppressed b—> u decay amplitude
+ tree-level decays, theoretically clean(dy/y<10") JHEeP 1401(2014)051
+ ldeal decays: B->DK (clean background, large branching fraction)

How to measure y/@;: direct CPV

rBei(b‘B—y) HoK - rBei(63+V) DOK+
B- fok ™ @ fok'*
\ DOK— is \ DOK+ __/

M1 +17 +

decay rate

21g1p c0s(dp + Sp —y) Fecrg +15+

rpe'

2rgrp cos(6g + dp +y)

direct CPV effect

rg = magnitude ratio (~0.1)

dp = strong-phase difference

« Different method according to D decay modes
GLW method: CP modes such as D>K*K", 7t
ADS method: Flavor modes such as D> K, Kz’

BPGGSZ method: D> K, z/K KK (golden mode)
19
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Evolution of yresults

The y uncertainty through time
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o ® --@-- CKMFitter: indirect meas. 'OT_ Fo, LH Cb .
2 55 --®- CKMFitter: direct meas. ‘ 85F Preliminary—
o o ..o --@-: LHCb combinations r Autumn 2025 -
> BaBar combination 8O . =
S 201 ' @ Belle combination - ;
2 (t:]s ]
(v o 'Y -
o - - [ ] i
15 L ]
3 ¢ or ! e
5 e e - .
£ 10 * " e ek - ; l ; E
= o @ e e —
E "." .'-...-..’o. GU:_ 1 J- l %_
r 5 R EEEE" TIIIT T 1 L E
I ¢ ....'. ..... ...---'.. C J 7
. ..... .-.....‘ _____ -.... 55_|||||||||||||| NI TRl PR TI AT eI ATETI ETETH FENTE FNSTH AN TE AT R1 I
........... ® I TR A T T S ST~ TR NP N TR SO . .
AT AP AD AR AM AL A8 g qy qbf qf o o o
goos 2010 2012 2014 2016 2018 PRSP PP
year Publication date

The precision of y improved significantly over the past two decades

LHCb dominates current world averages of direct y measurements

Many more modes still need to add

Need D strong parameters from charm factory as input (see BaiCian's talk)

20



K6 GLW method 12!

+» D (quasi-)CP-eigenstate states such as D>K*K-,n* ", n*rnn0. ..

. =i(8g+Y) 0 +
& rpe D K \1.
B* [h*h~],K*
\‘ EOK-I-/OCI' Changing flavours: A(B+ [h+h ] K+) X 1 + rBe—i(63+Y)

sign of y changes CA(B N h+h ] K_) 0c1+rBe_i(5B_y)

« Use the yields of B+ and B- to construct observables related to y

. NB™ > fok)=NB* - fok*) Ziypsindpsiny
" N(B~ - fpK~)—N(B* - fpKt) RS insert a factor of (k=2F,-1) before

N(B~ - f,K~) — N(B* - f,K¥) interference terms (F,=CP even
- .

RS D D =1+713 W content), need charm input

N(B~ - [Kr]pK~) — N(B* —» [Km]pKt) g + ZKFgC0OSORCOSY

Notice rg/dg need input

[1] M. Gronau and D. Wyler, Phys. Lett. B265 (1991) 172
[2] M. Gronau and D. London, Phys. Lett. B253 (1991) 483 21



e ADS method!!?!

+ Consider the Cabibbo-favored decay D°>K-r* and doubly-Cabibbo-suppressed
decay D> K*n

& rge~i(Ea+Y) D0K+ « 1
B+ T (K-, K+

DKt

+
X Tpe

+ rg/dg can be obtained directly, but external input rp/dp

[ Ag=37(0) At (x)dx Need inputs from charm factory

RKBne_ngn =
Ag-3r () Ag+3n(x) For K3n mode, coherence factor Ry, and 8.

averaged over phase space not good for whole space
[1] D. Atwood, I. Dunietz, and A. Soni, Phys. Rev. Lett. 78 (1997) 3257
[2] D. Atwood, |. Dunietz, and A. Soni, Phys. Rev. D63 (2001) 036005 22



e y from B* - D[K* it |h* decays

+ Large CPV observed in local bins! JHEP 07 (2023) 138

?[} 1 1 1 1 1 1 1 1

4

"} 60 LHCb preliminary |- LHCb preliminary 4 LHCb preliminary LHCb preliminary 3 Bin 1 0 Bin 2
< 9" 9" 9fb~" 9fb~" 300F

S. 50 B™ = DK~ Binl A { B~ — DK™ Bin2 - B~ — DK~ Bin3d - B~ — DK~ Bind - b 250F

— + Data —

40 { B { 74 — { H W B DK- - 3 2000

3 M B~ — Dn™ %51507

= 90 |- | 1 { | BY - DK X ]

= H BB —DK-X 100F 100F

g 20 { + W5 o DrX

S 20F T 1\ 07 T N o D . sof sof

4 Acp ~ 85% } Cionid | S |
10 / + | Combinatorial - %70102030405060.70809 1 % 0.70203040506070809 1
0 } fr‘fi‘-tu‘l‘\'m-u“\*u#f‘i‘ 1‘44444‘:} 1 ++Jr4444++ 1"# M++++4++4TL+ Ty : ﬁ+—++¢+++ n :H-d' T | +i‘#+‘|+'++++t‘H++4:H#+H++ L 1, 4 250 R a0 Resn

& T Bin 3 3

:} 60 LHCb preliminary LHCb preliminary 4~ LHCb preliminary - LHCD preliminary Sﬂﬂfgiizzgﬁg 3001

z 9fb? 9fb! 9fh 9fb! 2sof I A7°=11.83 50k

= 50 { Bt = DK+ Bin1 B* - DK* Bin2 -+ { } B = DK+ Bin3 - }H B~ DK+, Bin4 P & 200

= 5 200F 1 200

ET 10 H *H” ‘H‘ } —%‘ H ] %30150— ?00150—

3 30 H-H . : 41 ” _ 100F 100F

=

z } s0f- 50

c 20 7 ottt st

%7 0.7020350405060.70809 1 50.102023040506070808 1
10 + + - Rex Ao
0 bk st et Tatth ate by g st bbb iy bbb it bl b ALY SR PR LTS SUUE TR
5.2 5.4 5.6 5.8 5.2 5.4 56 5.8 52 54 5.6 5.8 5.2 54 5.6 5.8
mpx+ [ GeV/c?] mpi+ [ GeV/e?| mpg-+ | GeV/c?] mpg-+ | GeV/c?

) Large expected improvement
from incoming 20fb-! of BESII|

pd w(3770) data

Comparable to golden mode!
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% BPGGSZ method

+» Golden mode: D>K /KKK (large statistic, large rp)
Model-dependent method (not used now)
Model-independent binned method (BPGGSZ method!))

« Binned Dalitz plane according to 65, measure B* yields in each bins

Sensitivity from phase-space distribution, not overall asymmetries - not impacted by
production/detection asymmetries JHEP 02 (2021) 169

LHCD latest K hh result: y = (68.7122)°(uncertainty~1° from BESIII input)

rp expli(6p £ V)] = x4 + iy, h . =

N3 < Fyi+ (X2 + y2)Fi + 2JFiF i(xici Fyisy) %
F; : Fractional yield of flavour ci/si : Strong phase difference of =
tagged DY into bin i D° — D° decays 1.0 1

-1
—
oo
L
T
2]

[=2]

| bin number |

—
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[GeV 2/ r:'l]

=
1
| bin mumber |

m?
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MeaSUIeod L C&l:ltlfﬂ channel: External input from BESIII and 05 10 15 20 25 30 L0 12 14 16 18
BY - D" VMX CLEO-c m3 [GeV?/c] m? [GeV?/et|

[1]1 A. Giri, Y. Grossman, A. Soffer and J. Zupan, Phys. Rev. D 68 (2003) 054018 24



% Unbinned model-independent method

« Basic idea: Bins = Events (eruc, 2018 75(2))
= Make most use of amplitude info in phase space

(GeV?)

b
vy

LI L I I N e |

2

< Fourier expansion the amplitude by strong phase

m

m Parameters definition similar to BPGGSZ method A:
1.5F

» @ =hg{al™ +rfa," +2[ Iy+' * Xy =71gc0s(dp £7) 't

« BEE = hp{—bDF + rZblE + 2[x,bE —y,aS]} * Y =r1gsin(dp £¥) 0.5f
o al* = hg{al* +rEal¥ +2[x_a Fy_ai]}
o bBE = hp{bPF — rZbPF + 2[x_bS + vy b3}

B sector

o a'?* = hp {al* +1rEal¥ — 2Rprp[cos(8p)al +sin(Sp) ag]} * Acp =2F, —1
Dl n pd D'D D

n

+
- GTCIP_ — hcp [(In_ + (ID+ - ZACPH

pDi: _ DT 4 aDTaPE _2(afaf 1 asasy D S€Ctor

¢ a'mn_ hDD [(1 m

LHCb&BESIII joint analysis comes out soon
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% Time dependent measurement

JHEP 03 (2025) 139

+ Golden decays: Bg2?DsK — —"
larger interference: 12~ ~0.4 (rPX" ~0.1) BY  w W+ K-
Use flavor tagging to determine the initial flavor I S I -~
Interference between mixing and decay amplitudes gives
g » C
sensitivity to y+(-)2B, V2 X Vig 2 A3 D}
5
5 < £}
L+ poKt Bt DK |
= P L A A B A B J N I T I T LR ] +
< 04 LHCh 1 Lﬁ N : : LHCbD - Bs b
6! . 1 — (0.8 : : 9fh!  _

0.2f R P s ] b . —
/\ y " Z 1 {].6:— (gl-lljzrz _
0.0 pm Ea— ] I ; ; ] -

Jf_X— A / ! 04F 65 39, . Vap x Vi = X2 K-

. # d T
—0.2} i = | - - . s
N By s W 1 0.2f B
J - 95.4% .
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e LHCb y combination

LHCb-CONF-2025-003
« Best knowledge of y comes from combination of many measurements

«» 20 LHCb B decay measurements + 12 D decay measurements + 14 inputs from LHCb, HFLAV,
BESIII and CLEO-c = 29 physics parameters of interest + additional nuisance parameters

'J 10 T ! ! 1 | ! T T I I T T T T T T T

oMo LHCb _ 0
| I=§+%',‘1'f;, Preliminary | y — (628 i 26)
— 08 — - PL" :\"ID{'IES Autumn 2025_

surpass LHCb design: 4°

0.6}

[ » Previous tension between B? and other
o modes smaller, B modes still with largest
0.2l uncertainty

' - Sensitivity dominated by B* modes

40 50 60 70 30 90 « Charm inputs crucial for y measurements
7[°]
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% Future prospects for y @ LHCb

D)

»  Status now:

Ut
+X

* LHGb = Error for vy is about 4°
+  World Average
. = BESIII contribute about 1°
. T + Around 2030

S e A el m Less than 1° will be achieved

World average x = BESIII 20fb-" data - improve the error to 0.4°
includes Belle | « (>)2035
projections
0.1+ ‘ w : = LHCb upgradell - sensitivity <0.4°
D 23 50 300
Integrated Luminosity [fb~] = Need more charm factory data (STCF)
LHCb Runl (7,8TeV) 3 fb 1 2012
LHCb Run2 (13TeV) 6 fb! 2018 40
Bellell Run 50 ab! 20xx 1-20
LHCDb upgrade (14TeV) 50 fb! 2030 <]°
LHCb upgradell (14TeV) 200 fb! (>)2035 <0.4°
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% Summary

«» The precision of the CKM elements and angles have greatly improved

LHCb-only inputs for UT LHCb U2 + LQCD improvement
7 . . v - -— T T 3 07 T ] 07 - T T 7 T T T
i T S 3 : / il
Ajp\,&An\ [T=y=n 5 ) g 06 ;E:_é sin 25 afh, & Am, — it E
end of - Run3 - *E) : Upgrade Il -
= 2018 3 (23 b77) é = g (300 fb) i

Vel

I

«» LHCDb play important role in measuring CKM elements and angle
« Already collected more data in Run 3 than in Run 1+2 combined, Stay tuned !

«» Carry out an unprecedentedly rigorous test of the Standard Model in Upgradell

ThanK you!



% o, status

10— - - ' ' | -
. . . . ~ VA B = am |'
« o Is complex, isospin analysis by O &R || %ﬁ
using: L 08 B lommirion || TN
" By - pTp~, p°p% B = p*p° H
0.6/
«» Time-dependent CP Asymmetries 0.4
. . 0.2 -
« LHCDb can contribute in many modes
0.0+
0
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e

¢ (By— ¢¢) = —arg(mA;) = —arg (T?fﬁ%f) = oy — "
~ 2 arg(Vi Vi) —arg(Vip Vi/ Vi, Vis) = —2x + 2x = 0.

U(By— ¢¢) + Pup” (B;) — P57 (B] = 6¢)

6s(B; = 6¢) ;
H(B{ = 60) + 6.7 (B — ¢0) ~ 677 (B — ¢9) .

o LA™ LA

¢
¢
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