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[1] Phys. Rev. D98 (2018) 030001

IntrOdUCtiOn [2] JHEP 01 (2014) 051

e Cabibbo-Kobayashi-Maskawa (CKM) matrix describes the quark mixing

d Vud Vus Vub d
s’ — Vcd Vcs Vcb < S >
b’ Via Vis Vip/ \b

N— —

VC;{M
* Unitarity of Vs represented by a triangle! in the complex plane

Vua Vb + Vea Vep + Vea Vep = 0

* Weak phase y is the only angle easily accessible at tree level

y = arg <— Vua Vlf) (0,0) (1,0)
Vea Vcb
* Hadronic parameters can be determined from data
=> theoretical uncertainty within the Standard Model on y is negligible?
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. [3] Phys. Rev. D91 (2015) 073007, http://ckmfitter.in2p3.fr/
Intro d uction [4] th; sz. D107 (2023) 052008 (arF;(iv:ZZrEG.O;rSOnl)p r
Tree-level (direct measurement)3 Loop-level (indirect measurement)3
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* Direct measurements of y at tree level are * Indirect measurements consist of global fits to
expected to be benchmarks of the Standard the unitary triangle. Inputs include loop
Model processes, where New Physics effects are

\ / expected to contribute

A discrepancy between direct and indirect measurements would be a clear sign of New Physics
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Direct measurements of y in B = DK like decays

* The D meson is a superposition of DY and DY states,
which are reconstructed in common final states

« Both DY and DY need to be able to decay to the same
final state

* Interference between b » cW and b —» ulW transitions
gives sensitivity to y

]|
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[5] LHCb-CONF-2022-003

LHCb ¥ combination [6] JHEP 02 (2021) 169

» Different systematic uncertainties (important for the future)
e Different background contributions

* LHCb y+charm combination> 2022 a1 ]
° LHCh
ceaa P reliminary
— 08— ctober —
y = (63.8133)° + L
0.6F .
* Expected sensitivity for Run 1-2 of about 4° surpassed 04 -
«  World average dominated by LHCb 0.2 -
| &
 Golden channel: Bf - DK* 90 “
* Most precise measurement from a single analysis to date in 0 4
O’— C I ' I ]
B* > [Kshth™]p h'* decays at LHCbE: y = (68.712%)° =  LHCb
S 1140~ g 7 uober 209
<7 )
* Strategy to cover all B and D decay combinations to improve 120 -
overall sensitivity to y o -
E B*—Dn*, D°—K Sohh E
* Important to perform analyses in sub-dominant channels to ... e B
provide further constraints and cross-checks 60 [ = MBI o -
I eauty an arm N
Ll L | L | L | L | L | ]
30 40 50 60 70 80

O
<= Sr
—

o I
[—

Fidan Suljik Blois 2024 October 23, 2024



combination 2024

LHCb y+charm combination’ 2024 includes recent measurements

Recent measurements with other B

decays
° Bi

° Bi

— D*K*

— DK**

Different families of D decays used

« D> h*h~(h*h™) :
multiple solutions

narrow but

« D — KQh*h™: wide single solution

Time-dependent measurement

« BY - DfK*

Fidan Suljik

[7] LHCb-CONF-2024-004

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

B* — Dh* D — h*Rh'F [35] Run 1&2 As before
B* — Dh* D — hth~ntm™ [19] Run 1&2 New

B* — Dh* D — K*r¥nta™ 36] Run 1&2 As before
B* — Dh* D — h*h'Fx0 37] Run 1&2 As before
B* — Dh* D — KQhth™ 38] Run 1&2 As before
B* — Dh* D — K{K*r¥ 39 Run 1&2 As before
B* — D*h* D — h=h'F (PR) [35] Run 1&2 As before
B* > D'h* D — K%h*h- (PR) _ [20] _ Run 1&2 New

BE 5 D'h* D— KO"h- (FR) _ [21]  Run 1&2 New
BFi— DK D — h*Rh'7F [22]1 Run 1&2 Updated
BFr:— DK% D — h¥nFate- [22]1 Run 1&2 Updated
B* & DK** D — Koh*h~ 22  Run1&2 New

B* — Dh*ntn~ D — hER'F [40] Run 1 As before
B° — DK™ D — h*h'F 23] Run 1&2 Updated
B® — DK™ D - hErFatn- 23]  Run1&2 Updated
B® = DK™ D — Koh*h- 24  Run 1&2 Updated
B — D¥ g+ Dt —» K—ntnt [41] Run 1 As before
B" - DFK* DF — hth-n* 25,42]] Run 1&2 Updated
BY —» DFK*ntn~ Df — hth~nt [43] Run 1&2 As before
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. ) [8] Phys. Lett. B 253 (1991) 483
Measuri ngYy: GLW mOd es [9] Phys. Lett. B 265 (1991) 172

e (CP-even eigenstates®?®
e D>K'K,D->ntn~,D->nn ntrn”

_ F(B_ - [h+h_]DK*_) + F(B+ - [h+h—]DK*+) B(DO N K_7T+) _, 20, /
Reps = (B~ - [Knt|p K*) +T(Bt -» [K*tn~]p K*t) B(D® - h*h™) Tt cos(dz) cos(y)

A (B~ > [A"h7]pK™™) —T(B* -» [AThT]pK*") 2 sin(6) sin(y)
T T(BT - [AThT]pK ™) + T(B* - [ATh=]pK**) Rep+

 Measure rate ratios to the favoured mode _ _
D°K*

AB “Tg - ei(aB_Y)
« Measure rate asymmetries between B~ and B* /

Relatively smaller observable CP violation due to

B K*~
amplitudes of different sizes \ [f]p
A
* Measure CP observables, directly related to 5

DOK*~
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: ADS modes

* non-CP eigenstates'®
* Cabibbo-favoured (CF) / doubly Cabibbo-suppressed (DCS): D - K nt,D - m K™

Measuring

[10] Phys. Rev. Lett. 78 (1997) 3257

D-oKntnnt,D->n K'nn*

Fidan Suljik

External inputs: D decay parameters 1, 6p

AB . TB . ei(SB_Y)
Maximal interference due to similar sized amplitudes / \

Blois

[(B~ - [m K*]pK™ ) +T(B* - [w*KT]pK™)
RADS_F(B‘ Sk 7, K+ T8 > K1, k) + 75+ 2 rp cos(dz + 6p) cos(y)
. [(B™ —» [m™KT]pK™) —T(BT - [k"K™]pK*™") 2 rp sin(dz + 6p) sin(y)
ADS T I(B~ - [m~K*]pK*) + (Bt = [ntK~|pK*t) R,ps

DO°K*~

Ap
B [flpK™
x Aewl)

DOK*~
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[11] Phys. Rev. D 68 (2003) 054018 [13] Phys. Rev. D 82 (2010) 112006  [15] Phys. Rev. D 102 (2020) 052008

Measurin gYV- BPGGSZ modes [12] Phys. Rev. D 70 (2004) 072003 [14] Phys. Rev. D 101 (2020) 112002 [16] Phys. Rev. Lett. 124 (2020) 241802

optimal binning scheme®3

* Three-body self-conjugate final states'’'? 3.0 - T
D - KJn'n
« D> K%tn~,D - KYK*K~: complex system of resonances ]
= 2.0 P
* The kinematics of the D decay can be represented in 2D in a Dalitz plot 5 . :
* (P observables x, =715 -cos(dp + . L0
i_ B ) ( B—y) X++l.)/+=TB'€l(6BiY) 2
yi =T1p- Sln(5B i )/) B B 0.5 1 1
0.I5 1.|0 1.I5 2.I0 2.I5 3.I0
* Interference appears as different distributions of the D meson Dalitz plot 3 [GeV?/cf]
for B~ and BT — counting experiment in each bin . D - KOk*Kk—| ||
* Yields in each Dalitz bin = 16 C
Ni_i X Fii + (XE + yE)F;l + 2 1/FiF—i (X_ C4i + y_ Sii) %14- g
/4 \ /< 1.2 - L1
Fractional yield of Strong-phase differences 107 | | | . | |
flavour-tagged D (input from CLEO*3+BESII[141>16) Lo L2 4 16018

m?2 [GeV?/c?]
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B* - D*h*, D* > Dn’/y,D - K{hth™ e e e
* Measurement of y in B = D*hE with D* - Dn®/y, D - K2h*h~ decays

e Partially reconstructed D* meson, where ¥ /y is not reconstructed. Measurement

performed in Dalitz bins of the D decay phase space. Also performed the

corresponding fully reconstructed measurement!” and the D - h*th™ analysis!8

 The physics parameters of interest can be interpreted from the measured CP

v

observables x ; _ ( +21Yo
+ yi y — 92 -17
w  0.20 Py
¥ N -+ Data
QQ 0.15- Q LHC —— Total
' % 1000 9 fh! m Bt Do Dl)K*
0.10- - B D'(= D) K*
£ 2001 B B’ - D'(— D[r¥))K*
0.05 1 ™~ BY* — D*[x|K*
) Part. Reco. Crossfeed
0.00 = 0001 BY s DOKF[r]
= BY* — DK*[r]
—0.05 1 % 400+ B Combinatorial
@) HEl Other Backgrounds
—0.10 1 —— B* - DK*
20()‘ - Bi — Dﬂ_i
—0.15 1
O - : - ______
~0.20 , , 5000 5200 5400 5600
—0.2 —0.1 0.0 0.1 D*(I){Q m(DKi) [MGV/CQ]
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BO — DK*O, D - h+h_(h+h_) JHEP 05 (2024) 025

Measurement of y in BY - [h*h~(h*h™)]pK*° decays

* Simultaneous fit for each D meson final state and each B? flavour, which is
tagged using the kaon child from the K*°

* (P-violating observables measured in B&) — DK*0

EO
(-/\]-\ [ T T T T ] T T T ] ] (<l-\ -
= - —— Data . = ]
60 - | o~ -
% ~  LHCb B -pK" ] % u
2 E op ST N, -
sof- 921 B —-DK - -
= C Dot I -BO—>D*JF+JT_ . = .
\\'/ u 0 + ] \\'/ ]
S 40 P B =D _ 2 _
= - BB DKt . = .
S F . 3 ]
5 30 B Comb. ) = 3= =
§ F — B’ —=DK" . 5 ]
O »E BB — Chal%nless = O .
— B! —>DEK . 3
10 4 B8 B — Charmless ] 3
— Total . .
0 il LT L 0 = e
5000 5200 5400 5600 5800 5000 5200 5400 5600 5800

M(DK m*) [MeV/c?] M(DK*7~) [MeV/c?]
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B 0 - DK *0 ) D - h+h_ (h+h_) J[TgE]PE?;i.(ig\z/i)fi; (2024) 206

'J 1_ I I ‘7

. . : @) - .

* The physics parameters of interest can be interpreted from the 1 08k ggpbk
measured CP-violating observables, BY results consistent with [ 1
no CP violation 0.6~ 1
0.4 .

« Multiple solutions due to trigonometric equations relating CP 0830 O
observables to physics parameters. Solution compatible with 02F .
world average: gl Oy ey

Yy =(61.7 +£8.0)° 075 100 150

y [°]

e . . — % 1 | | ‘

* Combining with B® —» [KdhTh™ ], K*° measurement!® removes fl) : LHCb |
two solutions and strengthens the one consistent with the world ~ — o8} 9! -
average, yielding: [ i

y = (63.2187)° 0.6 .

. . L 041 ¢e30, .

e Result for y consistent with LHCb y combination e s
02 -

« Measurement of ¥ in B® decays coming closer to the average 0: T —
value obtained with BT decays >0 100 ISOY °]
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e Measurement of y in B¥ — DK** decays, comprehensive study:

« D> hth~(hth")
« D> Khth™

* Advantages of this channel compared to golden channel:
* Clean signal peak
* No mis-ID component
* Lower partially reconstructed backgrounds

first measurement at LHCb in this channel

LHCb-PAPER-2024-023 (in preparation)

B* - [Kshth™]p h'F analysis® N I
] 5;12007
600 - LHCb )

> 500 - — B* - DK* = 1000
% 1 — BE _, ppt l:/ [
2 400 -l B() 5 D*(—’ D[?T:F])Ki ~— 800 __
0 . B B* o D*(— D[] K* S [

S B — D*(— DRy))K= = 600
% 300 B* - D[nk* "9 [
:_9 ] B? — DO[Tri]K;: ‘U [
—g 200 Mis-ID part. reco. % 400 [
< Combinatorial B
S Lo + Deea © 200
0 U

Preliminary

ﬁ —+ Data _'
— Total ]
— B* - DK™ ]
--- Comb. bkg. |
see Bt s DK _'
D0 — DO[].[O]

--.Bi eD*OK*i
D — D[y]

B — D=K*
D" = Dz*] ]

5400 5600 5800
m(DK?*) [MeV/c?|

5200
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LHCb-PAPER-2024-023 (in preparation)

Simultaneous fit for the different categories defined by B charge and D decay mode to
measure the CP observables

@25 L L L L L &‘\25 L L L L ((,\20"'|""|""|"' ((,\20"'|""|""|""
o o Q< Q
> | Preliminary LHCb - = +Dua  LHCD > 18 preliminary M = 18 +Dwa  LHCD
o 20k 9 fb o 20k — Total 9 fb o 16F 91fb o 16F — Total 9fb
= = — B* - DK*™* = 14k = 14k — B* — DK*
i i - - Comb. bkg. o o - -- Comb. bkg.
= 15} = 15} c+B = DK’ — 12F — 12f c+B = DK’
§ 8 "'Bs — DOK*0 § 10_ § 10_ ---BJ. — DOK0
S 10F - — )t e a 10F + 5 + 7= st o 8' - ~ Kt =t k= o 8' + 5 + KT et *+ 7
o B — 7K' K o B*— 7K p K S B — [ K'mapK S Bt — [m'K mtapK
kS| kS| S 6k, |l ] © ¢t
= = = =
< < < <
O 5f l i 1 O S5 i O 4 H—— }
_ L] 2k T y 287
S A RARA BB B s e ABARAM AR oHedisss HH H o e N T e
5300 5400 5500 5600 5300 5400 5500 5600 5300 5400 5500 5600 5300 5400 5500 5600

m([7=K*]p K*7) [MeV/c?] m([7z*K™]p K**) [MeV/c?] m([z=K*mw~n*]p K*7) [MeV/c?] m([z*K " m*n~]p K**) [MeV/c?]

Small asymmetries within the favoured modes, while larger asymmetries observed for the
suppressed modes and CP-eigenstates modes

CP observables measured for all three types of D decay modes considered in this analysis

First observation of the suppressed B —» [TK¥]pK*T and BT - [nfKkF ntnT|pk**
decays
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Fidan Suljik



LHCb-PAPER-2024-023 (in preparation)

;\[ 1 I LI I LI LI I LI I I
. . . 04
* The physics parameters of interest can be interpreted from the - Prellmlnarv:
. . B BT -
measured CP-violating observables 0o [ . 7
y = (63 i 13)0 0.0 N “\\(\/':}/’ \\‘\‘ ]
* Model-independent results, using strong-phase c¢;, s; inputs b o
from CLEO and BESIII [ LHCb \ -
- 9 fb! ‘\\ //' B- T
04 - L —
. . 1 I L1 1 I L1 1 I\_;I I L1 1 I 1
* Result for y consistent with world average 04 -02 00 02 04
X+
] 1_ ' I ' T ] 5 | ' ] T '
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LHCb-CONF-2023-004
LHCb-PAPER-2024-020 (in preparation)

Time dependent BS — DFK*

 (CP-violating parameters measured in BY — Dg_’KJ—r decays
w Decay
. L 4
* Interference between mixing and decay amplitudes 4, Yo,
« Time dependent “;, A 0
& BS
* (P-violating observables functions of y and mixing phase [
* y— 20
* Initial flavour of the B meson determined using flavour tagging % B) = D;K* % B) —» D;K* '+ Untagged D, K*
Y BY - DK~ % BY 5 DfK- '+ Untagged D} K~

October 23, 2024
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Tl m e d e pe n d e nt Bg — D;_ K i t:EEgggEFRZZOOZZiO(?;O (in preparation)

e Signal obtained from 2D fit in m(BY) and m(D;_’) with sPlot technique

* Fit to decay-time distribution of background-subtracted B — DSJ_“KJ—r
signal to determine the CP observables

* Result for y when combining with Run 1: Yy = (81J_’ﬁ)°

 Most precise determination of y in B meson decays

1 T

o i B ]
Q [ ~ LHCb 1
—(gL Rz Preliminary—
0.6 . S i
[ : 00— ==/
04Fessm | : B -
0% O . “0af
02 | '
[954% (1 |~ SEEEEEEEEN 04l
o- —— : 0.0 0.1 0.2 0.3
50 100 150 y [0] t modulo 27/ Am [ps]
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LHCb

combination 2024
LHCb y+charm combination 2024

World’s most precise direct determination of y. Expected sensitivity

for Run 1-2 of about 4° surpassed

Result for y from neutral B® decays now closer to the value

obtained in charged BT decays

y = (64.6 + 2.8)°

Consistency between B species now more evident

110

O [LHCb
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— 0.8F Summer 2024
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0.0

Fidan Suljik

[ All Modes

.......

Blois 2024

110
v [°]

LHCb-CONF-2024-004

110

T T T T | T T T | T T T T
S ILHCb W B
| L P reliminary i g N ((ll(;c;\;sq i
— 0.8 j Summer 2024 — Mod'esj
0.6 -
0.4 _
. — 68.3% -
0.2 _
B 95.4% _
"""" Y e bbby ey )
000750 60 70 80 90 100 110
7%
— T T T T T T T T T T T
o 0002 B* - Dh*, D — KOhth~ i
T, 1601 808 B* = Dh*, D — KK*n% [h*Fx W W Fmta ILHCb_
< BN BE o DR D — BT Preliminary 7
ngm | 00 All B* — Dh* modes ummer |
| Bl Beauty and Charm ewmT S
140+ ‘ .
120 .
100F  ~- _
| | ! |
40 60 80
o
(%]

October 23, 2024



[20] Eur. Phys. J. C73 (2013) 2373

Future prospe cts [21] arXiv:1808.08865 [22] LHCb-FIGURE-2024-030

Evolution of LHCb y combination’

* Recent ¥y measurements included in the latest LHCb combination, U s e e s s

. . .. el LHCb
further improving the precision <85k Preliminary
Summer 2024 1
80 .
e Strategy to cover all B and D decay combinations to improve 75E .
sensitivity to y, providing further constraints and cross-checks oF 1 ? E
el bt
* Only a few more Run 2 results still to be completed 6ol :
. ] . . - - . . 55 I(;.)‘HI:;HI%HICQ I/\ ICbuwlé‘)w IQ‘I‘\"HI% I(‘b‘”l‘\; I(]D
 Statistically limited: a precision of less than 1° is expected?%2! with MENENEN NN NGOG AN
. Publication dat
more data to be collected in Run 3 and beyond e
€ | LHCbrreiminay ~ HLT2Tubo |17 E
Upgrade I | Upgrade 11 512F i 2024 Hitl (Two)TrackMVA J0.150
_ _ 5 L Run 2 LOHadron + HIt1(Two)TrackMVA ] s
(50 fb 1) (300 fb 1) § 1.0 ------: --------------------- :': ----- f ()]25 ;8:‘
1° 0.35° §0'8;_ el —fmooé
06 — B —f()msé
I ~ B*->D'K'm)mt] =
0.4 - 30.050
. o o . i — ] O
 Removal of hardware trigger in Run 3 good for hadronic final states nb = Yoms™
such as those used for y measurements, with large increase in Ooé-f: e P
: 22 ’ 5 10 15 20 257
y|e|dS at IOW momentum Transverse momentum, pp(B+) / GeVc™!
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Conclusions

* Presented recent measurements of the CKM angle y at LHCb:

« Bf > D*h*t,D* > Dr%/y,D - KQhth™ JHEP 02 (2024) 118

« B> DK**,D > hth~(h*th™) JHEP 05 (2024) 025

« Bf > DK*:,D - hth~(hth™), K2hth~ LHCb-PAPER-2024-023 (in preparation)
- BY - DFk? LHCb-PAPER-2024-020 (in preparation)
* LHCb y+charm combination 2024 LHCb-CONF-2024-004

e Strong impact from combination with measurements of y from the same B decay channels
* Expected sensitivity of about 4° for Run 1-2 surpassed

y = (64.6 + 2.8)°

* More precise determination of y in the future, which is a standard candle measurement of CP
violation in the Standard Model
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