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CKM Matrix

* The transformation between mass & weak-interaction

eigenstates:

— L= = \% ur; Y (Voxw)ij dir; Wj + h.c.
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The LHCb Detector

* The LHCb detectoris a single-arm forward spectrometer covering the pseudorapidity
range 2 < n < 5, designed for the study of particles containing b or ¢ quarks.

Magnet

LHCb Detector in Run 2. [JINST 3 (2008) S08005,
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https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005
https://doi.org/10.1142/S0217751X15300227

CKM angle measurement
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Measurement of CKM angle y: B* - Dh*

LHCb-PAPER-2026- "?‘@f

(’EB(:E])[S; [in preparation]

« Bt - D°K* and B* - D°K* interfere, when D° (D°) decay into K§hth™
 Interference between b — cus and cus (two tree-level, no penguin)

e Ay X Ap+r13 exp(i(@B +y))A5

favoured suppressed

my = m(K$h)
« D meson decay amplitudes: Ap(m?%, m2) and A5(m?, m%) dependent on final-state
 Phase difference 6, (m?2, m3); CPV and mixing in D decays

* |[Ap(m2,m3)| = |A5(m%, m2)| neglected
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Bt — Dh* decays: fitting procedure LHCb-PAPER-2026-010 54

[in preparation]

Binned fits: fits to yields of BT decays (N;") and B~ decays (N;),in2 X 8 +2 X 2 bins
, _ 2 Each bin with
Nl-J—r x |,/FJ—rl- + /Fyi 13 exp(l((SB + y)) exp(— l6D,J—ri)

similar ép
Dataset: LHCb 2024 pp collision data (5.8 fb~1). Background subtracted with sPlot method

Fi as floating parameters. To control Fi . F; : fraction in the i-th bin assuming no interference

Control mode: Bt - D™

* With much larger yields
* With tiny interference

* D mesons decaying to the
same final states

| bin number |

e sharing F; and 6,

1 1 1 T T 1 — _/l I 1 T T o
 Simultaneous fit on BT - Dr* 05 10 21.[5G v22/04] 25 3.0 o 12 [1(;4\/_2/14? 1.8
m (&} C m C
and B —» DK¥ datasets e L e
D - Ksm™m D - KsK™K
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B —» Dh™ decays: fit results LHCb-PAPER:-2026-010 4,

[in preparation] e
* The fit results are: (central value + stat. + sys. + external)
preliminary
j:-;f" cos(65% — ) = (4.81 £0.88 4 0.20 +0.23) x 102,
rDK sin(62K — 4) = (6.70 = 1.26 & 0.44 £ 0.56) x 102, EXt?ma“”p‘é'tSJr i
rDK ¢os(6DK 1 ) = (—7.63 = 0.88 = 0.28 = 0.15) x 102, opinD — Ksm
_ BESIII
rBE sin(60% +v) = (-1.20 £ 1.34 + 0.35 = 0.44) x 1072, . 0 +(_
,rD‘JT 6D|nD—)KsK K
gK cos(68™ — 65K) = (—9.44 £ 2.51 + 0.57 = 0.69) x 1072, (CLEO & BESIII)
B
Dx
T§K sin(65™ — 62K) = (2.76 +2.99 4 0.19 + 1.21) x 102,

* With the CKM angle y determined as:

preliminary

, y = (68.1+6.7)°
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http://arxiv.org/abs/2503.22126
http://arxiv.org/abs/2007.07959

CKM angle y: comparison with averaged

LHCb-PAPER-2026-0 ”F?;?
results [in preparation] z

* Consistent with the averaged results (62.8+2.6)° reported in LHCb-CONF-2025-003
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https://cds.cern.ch/record/2948394
https://cds.cern.ch/record/2948394
https://cds.cern.ch/record/2948394
https://cds.cern.ch/record/2948394
https://cds.cern.ch/record/2948394
https://cds.cern.ch/record/2948394
https://cds.cern.ch/record/2948394

New physics tests
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LHCb-PAPER-2026-011

NP null test: D™ — ¢(1020)°xw* lin preparEiy iy,

x10°

Y

E 3E DY — ¢t [ Daa =

* Enormous data sample (~ 31M) signal decays at disposal. | ¢ ,f LHCb 6 b! — Signal + bkg.
N - - — Signal .

» Data sample used contains all K+ K- meson combinations | 2p Preliminary Cfrnnb e
within 10 MeV of the ¢ mass. (little s-wave & interference) g 15 o

. . © 1F Signal E

* Corrections for production & det. asymmetry needed. 2 osE = E
Use D — K¢t (“favoured”). Limiting uncertainty sofar. | © ¢ A" ]

Measure the difference in CP asymmetries. 1820 1840 1860 1880 1900
M(¢x*) [MeV/c?]

x10° «10°
Nf:; P2 A L B L (\{; 24F T T T T T T T T T T T T T
S 18F D* = K{(LL)z' [ Daa 1 2 228 ' - KYOD)7 [ Dt ;
New approach: Optimise for the inclusion S 16F LHCb 6 fb! — sigul +bkg. ] 2 1§ LHCb 6 fb™! —— Signal + bkg. 3
. . 14F 3 : E
of K with longer decay times N LE Preliminary —spd 3 T 16 — Sl
(downstream): 50% more yields 3 IF Comb e 4 5 12 Con.big. 3
S 06F 1= 82 E
. o - 3 . =
2019: short-lived KSQ only PRL 122 (2019) 19, § 04F E 5 04 E
— 7 T — )] Se—— | | -
{)820 1840 1860 1880 1900 1820 1840 1860 1880 1900
MK*) [MeVic?] M(K ) [MeV/c?]

Decaying inside the VELO Control Decaying after the VELO
2026/3/29 Xiaofan Hu 11



For NP: Dt - ¢(1020)°x? LHCk-PAPER 2026

[in preparation]

e Control mode: Dt - KQn* (chi-square fit in proper-time bins)

AA® = A°(DT — Kdnt) — A*(D* — ¢n)
| P~ A%(Kg) — acp(D+ — ¢571'+),

il 40 e e el o1
2 30f preliminary 2 oof preliminary 3
= 20F - } Data
3 E J -of + .
3 - + — Best fit model -
0E :F—C ~60 - .
-10F g E 80| + -
~20F : 100E -
-30F LHCb 6 fb™! 3 - LHCb 6 fb™!
~40F K(LL) - 120 k%DD) E
e ooy _ IS S RS S S RS S S T
% 0.1 02 0.3 4% 1 2 3
t/ Tyo t/ Tyo

* Preliminary result (supersedes partial Run 2 result, on par precision)

prefiminaty g p(D* > ¢pm*) = (0.1 + 4.9 + 1.9) x 10~

Compatible with CP symmetry

* Previous result (partial Run 2): acp (DT — ¢prt) = (0.5 + 4.2 £ 2.9) X 107 %pry 122 (2019) 19, 191803
2026/3/29 Xiaofan Hu 12



Time-dependent CPV: B —» K (S’u+u_ arxiv: 2603 ASEE S

* CPV from mixing:
_|4B3® - A" - 1aBI® - NI’

‘ﬂCP(t) — _ 2 2
|AB(®) = P|” +|ABI(®) = f)]
~ —C cos(Amt) + S sin(Amt)

* Time-dep. CPV: measure the weak (CP-violating) phases,

free of uncertainties related to strong phases: mixing 0 :
asymmetry should be ~sin(2f)
 Complete consideration requires angular analysis, but @12{;: N iDatap(,mts - ILPIICIb' :
limited statistics. gt —Totlfit =~ g1 3
(suggested by theory) 2120 B = Koutu =
« Angle-integrated & g2 “integrated” (2 large bins, veto 100F 1 - Combinatorial bk E
J /Y and P (2S5)), as first proof of principle zg 1 Totalyields: 941455
q* =m*(utp7) 0l _
20§ k A
_'l"l le d L - i [
5500

1 1 | LS .y L 1 l -l s J iy b
5300 5400 5500 =~ 5600 5700
2026/3/29 Xiaofan Hu m(Kgutw’) [MeV/c?]



Time-dependent CPV: B —» K (S’u+u_ arkiv: 2603 15EEEZS

f-ﬁﬂ‘
s % B 7 :
S 15F LHCb -
1 o F e Can fully rely on the “golden mode” J /Y K: as control
0~5/+ E channel: “only” g* is different
0F =
05 \/ 3 * Left with just enough statistics to perform the analysis
—1;— — Total fit _ after tagg|ng
_15;— ‘l‘ B -B° yield aymmetry | _; qg range [GeVQ /C4] O S
2 5 1o Total —0.13+0.32 +0.82+0.29
oo Deowtimely Low: ¢* < 8.0 +0.334+0.44 +1.10+0.43
»>E LHCb  68.3% Confidence Levels 3 High: 11.0 < q2 < 15.0 or q2 > 17.5 —0.62+£0.47 +0.4840.47

91fb”!
1.5 ) e
: / : Fully compatible with SM expectation

05F 2L & First demonstrator
oF\ — Total region 2 valuable input to further disentangle possible
C o~ T — Low ¢°region 7 . . . + p—
[ ¥Bestfit poin ]
S S S A S RO S S RS R S
-1 0 1
C
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Controlling subleading
amplitudes
in 5. measurement
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Controlling subleading amplitudes

Measure f3; using B decays to CP eigenstates with b — ¢Cs quark transition

« Benchmark channel: B - J/1¢ dominated by tree Bs=arg(— Z“Zﬁb)
csY chb ¢
* When measuring the time-dependent CP asymmetry: colour-singlet Thy
AL cos(Amt) + AP sin(Amt) T

Aqp(t) = ¢
cp(t) = cosh(AI't/2) + Aar sinh(Al't/2) b m
. ) W
Amplitude: A(B2 - ) = Appe + Apenguin = Atree X (1 — bpe'Pre'?)

Assuming no penguin contribution: by =0 =AY =1, sin(2B; + $NF)

Penguin pollution: by # 0 = mlx =Ny sin(2p; + + pNP + Agy) (n; = +1), CP eigenvalue

Constrain penguin using B ) decays with b — ccd transition!
"> J/Pp°, BY > D{D~

2026/3/29 Xiaofan Hu 16



Observation of CPVin B® — J/1p® decays enxv:2s011s6i6 a8

* Fitted m(mtrt), along with 3 decay angles, capturing the different

e ~ 51k signal S o -
5 LHCb 6 fb™! .

. . . 10000 [~ —— Data and fit
polarization components of the p-wave amplitude 4000 B s
= BY— Jhpmt -

6000 — Partially Rec. Bkg. ]

¢ 2B.,=0.710 + 0.08 + 0.028 rad

* First observation of time-dep. CPVinb — ccd

- -+ Combinatorial Bkg.
4000 —

Candidates / (2.5 MeV/c?)

2000 |

5250 5300 5350 5400 5450 5500
m(Jhp ) [MeV/c?]

O .2 ! ¥ T T T T T T T T
LHCb 6 fb™!

Effect due to penguins on the determination of ¢, in

B = ] /Yo
Ap, = (5.0 + 4.2) mrad

Most stringent estimate of Ag, in BY - |/ ¢ decays,
hard to beat

III[IIII

Weighted CP asymmetry
o

Subleading amplitudes cannot be ignhored in the o o
LHC Run-3 era 0 5 10

2026/3/29 Xiaofan Hu t' modulo 2r/Am , [ps]




CP asymmetries: B?S) — D;D™ gl

[in preparation]

B° - D;D* (b - ccs)and B2 - DD~ (b - ccd)

* Can be used to constrain penguin in B - DI D7

1 1 104 F I I T I T
When determmlng ¢S &4, [ LHCbPreliminary 1 Data LHCb Preliminary + Data ]
> | bt W B° > D7Dt 9fb~* W B° DD
. = W B° - D; D+ H B° = DD
* Acp = Apaw + Ager T c’qprod img 7 m B° - DD+ W B° - DD
%‘ | Combinatorial [ Combinatorial |
* A, determined from ML fit gwg
« A, determined using data-driven methods £

[—
o
—

» Aq. CaNNot be neglected for B; evaluate from

production cross-sections as 0.0013 = 0.0015
* Results:
preliminary

Acp(BY — D;D™) = 0.0009 & 0.0053 £ 0.0040, « 4x more precise than Belle measurement
Acp(B} = DfD™) =0.103 £0.053 £0.010, « first ever measurement in this channel

10° ' '
5300 5400 5200 5300 5400

m(Dy DF) [MeV/c?] m(D}D™) [MeV/c?

|
5200
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Summary

e Conclusion

* Shown new world-best, sometimes first demonstrators, results for CP-violating
observables (i) in environments that act as clean probes for NP, (ii) new
measurements on y and B mixing

* First results using <1 year of data of our LHCb Run 3 detector.

* Immediately on par or better yields than analyses of previous detector with many years
of running

—
8]

N 2025 (13.6 TeV): 11.81/1b ]
10— 2023 (13.6 TeV): 0.37/fb

2022 (13.6 TeV): 0.82/fb
2018 (13 TeV): 2.19/fb
2017 (13 TeV): 1.71/fb
L 2016 (13 TeV): 1.67 /b
2015 (13 TeV): 0.33/fb

* Prospects
e Total Run 3 lumi. could reach ~ 30 fb~! by end

I 2012 (8 TeV): 2.08/fb |
2011 (7 TeV): 1.11/fb
2010 (7 TeV): 0.04/fb

Thanks for your attention!

Read more: [Moriond QCD][La Thuile] [LHC Seminar]
[All that Antimatters]

2026/3/29 Xiaofan Hu
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https://cds.cern.ch/record/2957627?ln=zh_CN
https://cds.cern.ch/record/2955994?ln=zh_CN
https://cds.cern.ch/record/2954259?ln=zh_CN
https://cds.cern.ch/record/2952883?ln=zh_CN

2026/3/29

BACKUPS

Read



« Determine A,,,, from ML fit to m(hhzz) in each mode:

Total fit cees B pat Bz - X B DK Combinatorial
T T ] :3000 T T T E T T ] :1000 T T
LHCb Prelimin 3 = LHCb Preliminary 4 =2 LHCb Preliminar; 1 2 LHCb Preliminary
ary > 2500 = ! Y =
41! 1 2 i 541! D+ 1 % f 541b7! 1z 800 5417 D-n+
D (KK ) 7 %2000 I ! pikkayar Ps ] 2 f L D (x*anha 1 % 60 Dty s T
3 1500 ’? 1 3 [ ] 3
1 8 1 8 i 4 8
1 Sk | ,1' ié 400 1 1 3 400
4 E s00 f i 4 E 200 M%wwﬁﬁmﬁnw g 200 A P oot b
i © # % i © Y 1 O
5600 5800 6000 0500 5600 5800 6000 0 ' l T R LN I
m(K*K~7*77) [MeV/c2] m(K"K*7~ %) [MeV/c2] A imi _—— _%-py ]
LHCb Preliminary 5 (HFLAYV 2023)

» Determine terms in A, from data-driven methods
 Largest contributions: hardware trigger (K*K—zt KK final stawe
mode); particle identification (z*z~z" mode)

* Neglect small contributions, e.g., software trigger 777 finalstater

» Measure this asymmetry, for the first time, to be:
3 Combined

(Al aggea) = (—1.4£ 5.9 (stat) = 1.1 (syst.)) X 10~

[ Vs =13 TeV, 5.4 fbo~!

Stat. error only
—+of- Stat. & syst. errors

| 1 1 1 |

* Statistically limited — anticipate per-mille precision in Run 3

-4

-2

| 2 4 - 6
<A3magged> ! %

First measurement of the decay-time-integrated CP asymmetry in B? — Dz decays (To be submitted to PRL)

Jamie Gooding

2026/3/29 Xiaofan Hu

CKM and CPV in charm and beauty at LHCb

4th March 2026 14
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Measuring y in B* - |h*h~ztz~|ph* tu T2

» Access y from interference of b — ciig (favoured) and b — ucq (suppressed) for g € {d, s}
» Strong-phase difference across D — h™h*zn~z" phase-space enhances sensitivity locally
» Supersedes model-dependent measurement from LHCDb ZEOS ———— — %

-B* —->DK;
in 2023 [arxiv:2301.10328, EPJ C 83 (2023) 547] LHCb A B —Da*

Charmless bke.
I T T L} T

A om -l
T

* Inherit selection, fit strategy, D phase-space binning E kb .. DeKEKwa N

* Measure in 9 fb™! of pp collision data (Run 1+2) oF 7 b ]
» Evaluate confidence intervals in y from Feldman-Cousins N

(Plugin method) and Wilks’ theorem (Prob method) oF LHCb | E
y = (53.9733) from phase-space binning alone 04 _9ﬂ) _____ o W SN —
y = (52.6132)" with phase-space integrated (P violation effects 02k 'y :
» This measurement is ~2x as precise as 2023 measurement - R T R T

» Further improvements possible from charm mixing (arX(v:2509. 15139, JHEP 2601 (2026) 062]
A model-independent measurement of the CKM angle y in the decays B* - |[K*K " n*n~|,h* and B* - [n*n~n*n| ph* (h=K, )

Jamie Gooding CKM and CPV in charm and beauty at LHCb 4th March 2026 6
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240 F T T — 1 T T T

290 LHCb 5.8 fo™' 3000

200 5 Dua $=136TeV

180 Total fit 2500
—— B* — DK~

160 & — B D 2000

B — D'K*[x]
[ B — D'K*[x")
B Mis-ID part. reco.

Combinatorial

Candidates / (5 MeV/c?)
5

5200 5400 5600

@ B’ — D*(— D[ DK*
B B* — D*(— D[a°]K*
B* — D*(— D[y K*

75800

1500

1000

Candidates / (5 MeV/c?)

500

I
LHCb 5.8 fb'
—3— Dam Vs =13.6 TeV
Total fit

— B* — Da*

e B* — DK*

@ B8’ - D'(— Dlx )2t
BN B° - D*(— D’
B* — D*(— DIy

B — D'z=[x]
Combinatorial

m(DK*) [MeV/c2]

5400 5600 5800

m(Dx*) [MeV/c2]

B — D°K*[x]
0 B — D'Kk*[x7)
B Mis-ID part. reco.
Combinatorial

Candidates / (5 MeV/c?)

: . — .
160 LHCb 5.8 fb~! 2000
140 % paa '$=136TeV 1800
120 — Toulft | 1600
A 1400

Bl 5° — D*(— D[« )K"
B B* — D*(— D[2")K*
B* — D*(— D[y DK*

5800

5200 5400 5600
m(DK*) [MeV/c?]

1200
1000
800
600
400
200

Candidates / (5 MeV/c?)

—
LHCb 5.8 fb!
—3 Data Vs =13.6 TeV
Total fit

— B* — Da*

—— B* — DK*

Bl 5° - D*(— D[a*
BN B° — D*(— Dla"hw*
B* — D*(— D[y]n*

B — D'n*{x]
Combinatorial

L I

5400 5600 5800

m(Dx*) [MeV/c2]

Figure 3: Fit to the Dh* invariant mass of the (left) B¥ — DK™ and (right) B¥ — Dz decays,
where D — KgK T K~. The top row corresponds to the long Kg reconstruction and the bottom

row to the downstream reconstruction.
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Search for CPV in D¥ - ¢(1020)°z™*

o

LHCb-PAPER-2026-011

in preparation

ﬁ \/ ﬁ Q ﬁ Q reminder: control channel,
+ ——
+

ntn~ dominating uncertainty

r D xtx= Dt
DCS /Fj/ \Ti o DCS /
K — R

ot ——

Account for interference between DCS and CF decays,
on top of kaon propagation (regeneration + CPV)

" : +
WA

L LHCb 6 fb!

et S AD KO
— i ADT = Kor)
{ e : R from CKM
R delE Analysis performed in bins of Ks decay time, ¢ m sample

- split arbitrarily (no correlation)

= Constant offset: CPVin the charm decay;

Ver_y good description Decay-time dependence: result of neutral kaon

1

2026/3/29

. 3
t/ T o Laurent Dufour - Moriond QCD - 20
N
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For NP: Dt - ¢(1020)°x? LHCk-PAPER 2026

[in preparation]

* Preliminary result (supersedes partial Run 2 result, on par precision)

prefimina®y lq p(D* - ¢pm*) = (0.1 + 4.9 +1.9) x 107*

. : : . + +) — —2
Previous result (partial Run 2): acp(D* > ¢n*) = (0.5 £4.2+£2.9) x 1072 122 (2019) 19, 191803

* uses more data compared to the previous, but now includes additional hadronic
parameters of the control-mode decay (previously ighored)

I Compatible with CP symmetry
04 Preliminary B _ .
osk LHCb 6 fb”! B First measurements of these hadronic
X I CL = 68.3% (16) parameters at the LHC
-0.8F [CICL=954% 20)
- [ ]CL=99.7% (30) .
-1F % FAT 3 Sets standard for next analyses

0, [rad]
2026/3/29 Alaoran Hu 25
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