Measurements of the CKM angle y/¢, at

and Belle (Il) with inputs
from

Aidan Wiederhold,
on behalf of the LHCDb Collaboration

University of Manchester, L H
United Kingdom
Heavy Quarks and Leptons,

Beijing, China MANCHESTER

SESII

13824
17th Septem ber 2025 The University of Manchester



CKM angle y

« CKM matrix links quark mass and flavour eigenstates

e Unitary in the SM

« —> triangles in the complex plane

Vekm ~

 Use measurements to overconstrain them and search for new physics

* Also compare direct to indirect measurements

. . _ +0.7y0
» CKMfitter 2023 indirect world average y = (66.37)

. _ +2.7\e
» HFLAV 2025 direct world average y = (66.475¢)

» Global Beauty and Charm average y = (65.7 £ 2.5)° Phys. Rev. D

112, 013004

* Tree-level y measurements have very low theory uncertainties -
excellent benchmark parameter JHEP 01 (2014) 051

« Next milestone for direct measurement is 1° uncertainty
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CKMfitter fit of the db unitarity triangle
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http://ckmfitter.in2p3.fr/
https://hflav-eos.web.cern.ch/hflav-eos/triangle/latest/
https://doi.org/10.1103/pknz-r41n
https://doi.org/10.1103/pknz-r41n
https://doi.org/10.1103/pknz-r41n
https://doi.org/10.1103/pknz-r41n
https://link.springer.com/article/10.1007/JHEP01(2014)051
http://ckmfitter.in2p3.fr/

BES lll Inputs

—________——___~~
”— -

e eTe™ atthe DD threshold ensures a clean environment -7 CPEigenstates

Flavour Eigenstates

« CP-odd quantum correlated Charm pairs from a virtual photon eli-Conjugate

Tag\ﬁ‘f --------------
. 20.3 tb~! of w(3770) — DD

 Some measurements don’t use the full dataset yet

K .
- B — DX(Y) measurements of ¥ rely on hadronic D" decay ) ,; \5'9”3' D°
parameters mt -
e 1, - ratio of suppressed and favoured D decay Sketch of DD production at BES I,

courtesy of Alex Gilman
» Aoy - strong-phase difference

* Kp - coherence factor, to account for multi-body decay
resonance effects

e Can also measure CP-even fractions FF N
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Gronau-London-Wyler

« GLW method considers 2-body CP eigenstate modes, D - n"n~,D - K"K, D — Kgno
['(B~ - DpX) + I'(B™ = D pX)

o 1 + r3 £ 2rzcos(Sz)cos(y)

Rep =

[(B- — DYX) + ['(B+ — DYX)

« For any D final state can measure the charge asymmetry

['(B-—->f)—-1(B

~f

) “Difference in peak heights”

. ACP:

x E£2rgsin(og)sin(y)/Reqp

[(B- = f) +T(B* = f*)

 Doesn’t require strong-phase input

» Extend fairly simply to 4-body modes suchas D — n 77" n'tn

* Dilute interference by the CP-even fraction from BES IlI

+ The same for B" decays
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https://doi.org/10.1016/0370-2693(91)91756-L
https://doi.org/10.1016/0370-2693(91)90034-N

B* - DK*,D — (K*K~, Kn')

30
« BY — Dr™ used to cancel efficiencies in CP observables (see - Belle B"— DK'K )K" (e)
backup) _ Bf JLdt=711 fo s B KKK
2 20} e
e 772 % 10° BB pairs from Belle, 198 x 10° BB from Belle Il © 5F e \
g aa 1
g) 10
 Data split into 12 sets: B charges X B decays X D final states S * * ‘, A\ ++ﬂ
- | 4advy /x§§§> <x§g<.§ . #
e« AE =FEp— Egeam’ difference of B candidate energy and beam I — e et
energy a _g . .o...o.., 'I o ..I. °q I. oo, I °
—-0.1 —0.05 0 0.05 0.1 0.15
. C . AE (GeV)
 Signal yields determined from a fit to AE and an ordered BDT output, . Fitted f'St“bUt'OQS of AE for
C’, “the fraction of signal events below C”. B™ = DK",D — K"K in Belle data
1f
 Factorised due to negligible correlation 0.9 n solle +Bollet |
0.8F ILdt=(711+189)fb'1
0.7 F
1.164 = 0.081 = 0.036 3 08¢
— 0.4}
Rep_ = 1.151 £ 0.074 £ 0.019
02} \ \
:(+12.5i5.8i1.4)% O'(;\_Q__Lj\lhg .\
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(—16.7 £5.7 +0.6) % o/

1 — CL as a function of ¢3, with dashed lines
showing 68.3% CL, and 95.4% CL.
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https://doi.org/10.1007/JHEP05(2024)212

Atwood-Dunietz-Soni

 ADS method considers 2-body Cabibbo favoured/suppressed modes

D — K*rn™ o ‘KB ‘ 50 rDelAéD
P =F(B_—>DX,D—>f)+F(B+—>DX,D—>f) .
+ ek ['(B- - DX,D — f)+I'(B* - DX,D - {) sup./fav. Favoured Suppressed
& 15 + 15 + 2rgrpcos(8z + 8p)cos(y) B+ f
» For any D final state can measure the charge asymmetry Quppressed Favoured
Arp = (B ~/)-TB ~]) x 2rgrpsin(0g + 0p)sin(y)/R-p iy ,IAO 0
) I'B——=f)+1(B*—f) Fp€ € B D ‘AD ‘
* Fav/sup mode followed by sup/fav “balances” the size of terms in the Sketch of the favoured and suppressed paths for a
amplitude =— relatively large interference B* — DX,D — f GLW decay

» These extend fairly simply to 4-body modes suchas D —» K*nFxtn

» Dilute interference by a coherence factor, k,, to account for
resonances

» Requires BES Il inputs for ), Aoy and kp

Aidan Wiederhold University of Manchester


https://doi.org/10.1103/PhysRevLett.78.3257

B > DK, D - hth—~(n* JZ')

“Self-tagging”, the charges of the K0 children depend on the flavour of
the B

Same method as Bt - DK but cut B - DK*7~ phase-space
around the K*(892) resonance

* Interference term gains a coherence parameter coefficient

Simultaneous measurement of
e D - K*n¥(ntn")
e D> atn (ntn)
e D> KK~

Fit interference effects to obtain 4 solutions of y

* Solution most compatible with existing measurements is
y = (61.7 £ 8.0)°

« Require further input, suchas D — th+h_, to resolve the
ambiguity

BES IIl input for k5" JHEP 05 (2021) 164

F4’Z is averaged from BES Ill and LHCB Phys Rev D 106 (2022) 092004,
Phys Lett. B 747 (2015) 9
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Candidates/(10 MeV/c?)

00

o0
S

i e e e e e \ )
(R S B e
o O o O

NS I O
oS O O O
.

5000

LHCb

5400

0.4

0.2

—+ Data
B’ ->DK"
= Bf . D*E*O
s - D ntm
BB —-Dnan
BB —-DK'aa*
B Comb.
— B —-pK"”
B&) B’ — Charmless
— B >pk’
B8] B — Charmless
— Total

5600 58
M(DK 7*) [MeV/c?]

Invariant mass fit result for D - KTK~

o O
S O

e e e e e R\ )
[\ B S A
o O O

Candidates/(10 MeV/c?)
SN oo O

N
(e}

20

0
5000

LHCb
9 fb!

5200

LHCb -

terms of y, 1

DK>‘< 5DK>‘<

University of Manchester

ofp! I
_________________ 683%
_________________ 055%4 M |
| | |
50 100 150
O
v L]

Confidence levels from the simultaneous interpretation in

7~) [MeV/c?]


https://doi.org/10.1007/JHEP05(2021)164
https://doi.org/10.1103/PhysRevD.106.092004
https://doi.org/10.1016/j.physletb.2015.05.043
https://link.springer.com/article/10.1007/JHEP05(2024)025

BPGGSZ (Bondar-Poluektov-Giri-Grossman-Soffer-Zupan)

: _ 3.0 -
« Most well known example is Bt - DK+, D — KgnJ% — —
= S 2.5 q %% N
_ _ L . = > "
- A= |Az||Ap| + |Ag||Ap | €722 varies across the D Dalitz & G 207
plane i i 15
< < 10-
 Resonances overlap between favoured and suppressed = E e
. : .0 1 decays
—> local asymmetries —— —
0.5 1.0 15 20 25 3.0 0.6 1.0 15 20 25 3.0
. . . . m?(KJn ™) [GeV?/cY] m?(K9n™) [GeV?/c?]
- Binned Dalitz plane analysis = reduced ogygt With a small
increase to ogigt j 0104 LHCD
. 6 _ ().05-:
e —> bhin 3 ]
populations N ESETE
3E —0.05 -
_|_
: : — = -+ 9 ]
fitted to obtain | * rpcos(Aog £ y) o0 _
yi = rpsin(Aog * y) 05 10 15 20 25 50 ~0.10 <005 000 0.05 010
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D — Kgﬂ'_l_]l'_ Dalitz plane distribution (top) for B™ (left)

* C;, $; are fixed to CLEO-c¢ + BES lll values in the fit and B~ (right), the optimal binning (bottom left) and the
_ extracted Cartesian parameters (bottom right). Figures
» Finally y can be extracted! from JHEP 02 (2021) 169
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https://doi.org/10.1007/JHEP02(2021)169
https://doi.org/10.48550/arXiv.2006.12404
https://doi.org/10.1103/PhysRevD.68.054018
https://doi.org/10.1103/PhysRevD.70.072003

H 0.4 -
hy .
BY LHCb

9 fb~!

7)

« Much closer to where B™ was in the previous LHCb combination! LHCb-CONF-2022-002 0. -

0.2 -

e Strong-phase parameters from BES Ill Phys. Rev. D 101, 112002 (2020), Phys. Rev. D 102 ~0.2
052008 (2020), Phys. Rev. Lett. 124 241802 (2020), combined with CLEO-c Phys. Rev. D - RO
82, 112006 (2010)
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-0.5 04 -
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LHCb EE R 0 ..................................................................................................... -
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. . . . Y [O] .
Per-bin asymmetries determined by the CP fit parameters (red) and signal Statistical confidence regions for the measured x..;, y; values (right) and
yields when allowed to float freely (black) with statistical uncertainties the confidence level profile for an extraction of y from a combination of

D — thJrh_ and D — hh(hh) (left)
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https://cds.cern.ch/record/2838029
https://doi.org/10.1103/PhysRevD.101.112002
https://doi.org/10.1103/PhysRevD.102.052008
https://doi.org/10.1103/PhysRevD.102.052008
https://doi.org/10.1103/PhysRevD.102.052008
https://doi.org/10.1103/PhysRevD.102.052008
https://doi.org/10.1103/PhysRevLett.124.241802
https://doi.org/10.1103/PhysRevD.82.112006
https://doi.org/10.1103/PhysRevD.82.112006
https://doi.org/10.1140/epjc/s10052-023-12376-z

Bt > Dht.D - hth ntr

» First phase-space binned model-independent y measurement from

e D> KK ntn~,D > n"nntn™ Q=0.85

5 dimensional phase-space

In(rp)

* Binning schemes based on amplitude models

IBin numberl

« D - K"K~ n"x~ binned as a projection onto (A6, In(rp))
» +ifor n(rp) < 0, —i for In(rp) > 0,

« D — atn n"n~ hypercube model and binning from JHEP 01 (2018) 144, Phys Rev
D110 112008

» Binning quality Q 2 0.8 (% sensitivity with respect to unbinned)

JU
e Binning optimised according to a metric measuring the statistical sensitivity relative to an Ao, [rad]

unbinned method D — KYK 7"z~ binning from LHCb
Eur. Phys. J. C (2023) 83:547 based on

 Effectively this corresponds to maximising the interference term the model from JHEP 02 (2019) 126

2\/FiF_j(cx™ F 5,y7)

» By construction, under CP F; = F_,, ¢, = ¢;, s; > — s; = reduce free parameters

Aidan Wiederhold University of Manchester


https://doi.org/10.1007/JHEP01%282018%29144
https://doi.org/10.1103/PhysRevD.110.112008
https://doi.org/10.1103/PhysRevD.110.112008
https://doi.org/10.1103/PhysRevD.110.112008
https://doi.org/10.1103/PhysRevD.110.112008
https://lbfence.cern.ch/alcm/public/analysis/full-details/3993
https://doi.org/10.1140/epjc/s10052-023-11560-5
https://doi.org/10.1007/JHEP02(2019)126

Bt > Dht.D > h*h rntn

* Previous analysis of D - KKz 'z~ Eur.
Phys. J. C (2023) 83:547 determined c;, §; from

the amplitude model Parameterise B* — Dz™ according to
+ _ + +
 New BES Ill result measured them — now fully Apr = XeApk — YeYpio
model independent Phys Rev D 112 (2025 £ an
p y (2025) YDz = XeYpKk — YeXDk
012015
where
« BES lll also providesthem forD — n7n n7n™ x. = Re Ve = Im
Phys Rev D 110 (2024) 112008 ¢ D(fDﬂ) Ve = Im(cpy)
Epe = ——exp(il65" — 65%)
I .are general to the given D decay, assuming Dr = DK eXplilop B
the same efficiency profile, b

Y + + (11 o)
C.canuse B~ — Dgx— as a “control” channel

We need to extract Xj, Vi x» Xz Ve

Aidan Wiederhold 11 University of Manchester


https://doi.org/10.1140/epjc/s10052-023-11560-5
https://doi.org/10.1140/epjc/s10052-023-11560-5
https://doi.org/10.1140/epjc/s10052-023-11560-5
https://doi.org/10.1140/epjc/s10052-023-11560-5
https://doi.org/10.1103/PhysRevD.112.012015
https://doi.org/10.1103/PhysRevD.112.012015
https://doi.org/10.1103/PhysRevD.112.012015
https://doi.org/10.1103/PhysRevD.112.012015
https://doi.org/10.48550/arXiv.2408.16279
https://lbfence.cern.ch/alcm/public/analysis/full-details/3993

Bt > Dht.D - hth ntr

— [ AL Krn
+ Negligible correlation between binned LHCb-PAPER-2025-019, and integrated phase- =~ 'f = . S
space measurements in Eur. Phys. J. C (2023) 83:547 08k Preliminary P
» Extract y from these simultaneously (preliminary result) 0.6 by -
— (52 6+8.5)° ar B L -
/ 'Y —6.47 02k ' -
DK _ +6.1y0 DK _ +0.014 SFY N L
K= (1126500 PR = (010240018 i
5D7r _ 262+4O 0 Dr __ 0 OO43+O.0033 &
o ( ) r - ( * ) — [ [ I I
B 52 B ~0.0043 Y
» One of the most precise single measurements of y to date! ) g 1 pretiminay Bimed &P . -
o Statistically limited = Run 3 opportunities 0.6F S .
: * :
» Leading systematics are strong-phase inputs (comparable to LHCb 6gtat ) S 0 b B
021 . : —
e Infuture D - KTK 7"z~ can exploit LHCb Charm mixing measurements - y y ]
0 T T ] | T P
+ and D — 7tz 7wtz the full BES Il dataset = factor of 2.5 reduction in * ” o
statistical uncertainties of inputs Combination of the BPGGSZ measurements

(top) and the combination of these with the

e Other systematics are S 20 % of LHCb ogtgt. phase-space integrated measurement.
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https://lbfence.cern.ch/alcm/public/analysis/full-details/3993
https://doi.org/10.1140/epjc/s10052-023-11560-5
https://lbfence.cern.ch/alcm/public/analysis/full-details/3993

Beauty and Charm

Combination of:
« 19 LHCb B decay measurements (4 new, 3 superseded)*

11 LHCb D decay measurements (1 new, 1 superseded)*

27 auxiliary inputs from LHCb, HFLAV, CLEO-c and BESIII (1 new, 2
updated)”

Many Beauty and Charm measurements share parameters and provide
complementary information

» Detailed description of original method in 2013 Physics Letters B
726 (2013) 151-163

* Added Charm in 2021 JHEP 12 (2021) 141

Produces a single LHCDb value for 29 physics parameters of interest (+
nuisance parameters)

Latest update is LHCb-CONF-2024-004

« Does not include the new BT — DK™ result shown today

 Work on an update in progress

Aidan Wiederhold

| | | | | | | | | | | | | | I T T T

N - 888 Charm Only :
- [ %] Beauty and Charm LHCb i

i Preliminary -
0.75 Summer 2024

0.60F

0.55F -

02 03 04 05 06
z |7

Charm mixing parameters when measured
with and without complementary Beauty inputs

*See backup

University of Manchester


https://doi.org/10.1016/j.physletb.2013.08.020
https://doi.org/10.1016/j.physletb.2013.08.020
https://doi.org/10.1016/j.physletb.2013.08.020
https://doi.org/10.1016/j.physletb.2013.08.020
https://doi.org/10.1007/JHEP12(2021)141
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-CONF-2024-004.html
https://lbfence.cern.ch/alcm/public/analysis/full-details/1795

Per B species
LHCb-CONF-2022-002

3 1
S I LHCb - >
| e 4 Preliminary —
— O 8 '," October 2022 — O ) 8 —

.......................................

. 4
I | .~ |

LHCb CONF 2024 004

LHCb

_ Preliminary
Summer 2024
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68.3% CL Uncertainty [°]

95.4% CL Uncertainty [°]

90
O
y ]
Species Value [°] 68.3% CL Uncertainty [°] 95.4% CL Uncertainty [°] Species  Value [°]
B+ 60.6 e e Bt 63.4
8.1 17
BO 82.0 s s B 64.6
21 1
B? 79 iy T B? 75
3. 6.9
All 63.8 37 R Al 64.6

:::: B0 decays -
U BY decays
P B decays |
I Al Modes__
68.3%
954
s R T A
90 100 110
o)
v °]
+6.4
—6.5
+12
—17
+20
+5.5
—b.7
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https://cds.cern.ch/record/2838029
https://lbfence.cern.ch/alcm/public/analysis/full-details/1795
https://lbfence.cern.ch/alcm/public/analysis/full-details/1795

Belle (lI) Combo inputs

» First Belle (ll) combination of y measurements
 Combination of:
e BY > DKT. BT - D", BT - D*K™ results
* / measurements in total

 Much to be gained from future Belle Il measurements

B decay D decay Method Data set (Belle + Belle II)[fb™!]
Bt —- Dht D— K{r’, K- K™ GLW 711 + 189 JHEP 05 (2024) 212
Bt — DhT D— Kta Ktg— 7V ADS 711 +0  Phys Rev D 88 (2013) 091104, Phys Rev Lett 106 231803
Bt - Dht D— KK 7t GLS 711 + 362  UHEP 09 (2023) 146
BT - Dht D — Kh~ht BPGGSZ (m.i.) 711 4+ 128 JHEP 02 (2022) 063
BT — Dh™ D — K{n ntx0 BPGGSZ (m.i.) 711+ 0  JuHEP 10 (2019) 178
Bt s DK+ [Iz'* I_{)+D7TO’€ = Kgn°, K39, Ksw, GLW 21040  Phys Rev D 73 (2006) 051106
ST
Bt - D*K* D*— Dn’,Dvy,D - Kn~nt BPGGSZ (m.d.) 605 + 0 Phys RevD81(2010) 112002

Aidan Wiederhold 15 University of Manchester


https://doi.org/10.1007/JHEP10(2024)143
https://doi.org/10.1007/JHEP05(2024)212
https://doi.org/10.1103/PhysRevD.88.091104
https://doi.org/10.1103/PhysRevLett.106.231803
https://doi.org/10.1103/PhysRevD.73.051106
https://doi.org/10.1007/JHEP09(2023)146
https://doi.org/10.1007/JHEP02(2022)063
https://doi.org/10.1007/JHEP10(2019)178
https://doi.org/10.1103/PhysRevD.81.112002

Belle (II) y Combination

* 14 auxiliary input parameters from PDG, HFLAV, CLEO-c, BES Illl, LHCb

- - DK <DK .Drn <Drn ,.D*K <D*K
» Provides a single value of y, rg™, 05", rg ", 05, rg —, 05  from Belle and Belle Il

» Better sensitivity than expected arxiv:2207.06307, may be a statistical effect...
Belle + Belle II (2024)

1.0
i y BPGGSZ
B — BPGGSZ and GLW
Parameters ®3(°) rphk GBH(°) 0.8 | BPCASZ and ADS
Best-fit value 79.2 0.115 137.8 = 06l —— All decays
68.3% interval [67.7, 82.3] [0.102, 0.127] [128.0, 146.3] O
05.4% interval  [59, 89]  [0.089, 0.138]  [116, 154] y = (75 2+7.1)° L oal a0 |
* * o _— ° B . 0]
rg" 05" (°) rp op " (°) —17.5 :
0.0165 347.0 0.229 342 0.2 F \
0.0113, 0.0220] [337.4, 355.7] [0.162, 0.297] [326,356] ol R R/ A L —
0.006, 0.027]  [322, 366]  [0.10, 0.37] [306, 371] 0 50 100 150
o _ ] bs|°]
Combination results: best-fit values and 68.3% and 1 — CL distributions as a function of ¢3 for

. . .
95.4% confidence intervals various combinations of measurements
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https://doi.org/10.1007/JHEP10(2024)143
https://arxiv.org/abs/2207.06307

Summary

Belle + Belle IT (2024)

. . SRS 02 o NN T T T B
LHCb and Belle |l pushing down the direct T ey B & 1 : BPGGSZ
: : — (0.8 Summer 2024 | D s i —— BPGGSZ and GLW
uncertainty on y in a complementary way > w e 08 BPGGSZ and ADS
i - — All decays
1 =06}
Both experiments now perform our own ; ‘l’ |
dedicated combinations for y | =% 68.3%
0.2 F
Still pushing our datasets as far as we can - 95.4% // \
0.0 - N
0 50 100 150

o Statistically limited - future measurements wi

be even better! bs|°]

- ST _ +0.7ye0
BES lll inputs are vital to achieve this CKMiitter indirect y = (66’3—1.9)

performance | 19 The
HFLAV direct y = (60.477)

* Uncertainty will be greatly reduced once the

full dataset is exploited = should not be a Global Beauty and Charm y = (65.7 £ 2.5)°
limiting factor

Thanks to all the proponents of these analyses LHCb y = (64-6 T 2-8)°

Thanks for listening! Belle (Il) y = (75.2.2:%)0

Aidan Wiederhold University of Manchester
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LHCDb and Belle Il

Complementary experiments for measurements of y

K, and p Detector:
Resistive Plate Chambers (barrel outer layers)

Scintillator + WLSF + SiPM’s
(end-caps , inner 2 barrel layers

v B —

— _'
EM Calorimeter: \\
Csl(Tl), waveform sam"\\\

(barrel+ endee
.

icle Identification:
e-of-Propagation Counter (TOP) (barrel)
oximity focusing Aerogel RICH (ARICH) (fwd)

rBeryllium beam pipe: "t "nC, (centre) J
;’x}d;"tteoéé’p o5
SVD: 4 layers DSSD rons 4 Gey,
V)
cmaller cell sze, longer lever arm
kfast electronics' '
Schematic of the Run 1/2 LHCDb detector 2008 JINST 3 S08005, Schematic of the Belle Il detector
Int. J. Mod. Phys. A 30, 1530022 (2015)
» pp collisions, high production cross-section and ceTe™ = Y(4S) collisions, clean environment
boost . . - 47 coverage
- Coverage only in the forward region .
"Run 149: O fp—! - Good at reconstructing neutrals
A e 7D o .Belle: 711 fb~! at Y(4S5)
* Run 3: higher integrated luminosity and hadron 1
efficiency -Belle II: 510 fb™"at Y (4S), more currently on the way

Aidan Wiederhold

University of Manchester


https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005
https://doi.org/10.1142/S0217751X15300227

y sensitive 5 decays

« D = admixture of D" and D"
e B* - Dh*(n ™) (New result today)
« BT — D*h*, where the D* is partially reconstructed due to a missing 7"/ y

.« Bf 5 DK+ K+ > Koﬂ' —> lower efficiency from extra KO reconstruction

. BY - DK™, “self tagging”

* Detailed summary available in the LHCb Beauty+Charm combination LHCb-
CONF-2024-004

Aidan Wiederhold University of Manchester


https://lbfence.cern.ch/alcm/public/analysis/full-details/1795
https://lbfence.cern.ch/alcm/public/analysis/full-details/1795
https://lbfence.cern.ch/alcm/public/analysis/full-details/1795
https://lbfence.cern.ch/alcm/public/analysis/full-details/1795

K at LHCb

e For Kg it’s necessary to distinguish between those magnet T stations
reconstructed with 7z tracks in different sub-detectors T teack
VELO TT trac
* Long-Long (LL) have hits in each tracking sub- upstream track T
detector mnmﬁ- long track
« Down-Down (DD) are not seen in the VErtexLOcator VELO track T "

(VELO) = slightly worse resolution T
downstream track

Aidan Wiederhold University of Manchester



Time-integrated y measurements

e Can’t tell which flavour D in each event

Favoured ‘ e |Interference between b —» cand b — u
transitions
€

>

o Squared amplitude depends on

uppresse/ AS ASp * v for BT
\ZMBA A [ it 4y

A e
y ——> asymmetries At =15 /)

Sketch of the favoured and suppressed paths for a (B- n
— ['(BtT —
BY — DX,D — fdecay ( 7))+ 1 /)

« Compare B* amplitudes to extract y

Aidan Wiederhold University of Manchester



y from 2 and 4-body ) decays

e For any D final state can measure the charge asymmetry
['B~—=f)-TI'(B" - )
"TB-->fH+I'Br =)
* For 2-body modes can also measure ratios such as
. ['(B-—- DX,D— )+ I'(B™ — BX,B — f) for
I'(B-~—>DX,D - f)+1'(B* > DX,D — f)
['(B~ = DpX)+ (BT = D pX)
° I'(B- - DX)+TI'(B* - DX)

* These extend fairly simply to 4-body modes, multiply interference terms by

“Difference in peak heights”

e \D — ntn 7~ |- CP-even fraction

+ T —
e |D - K—n"n"n7|: coherence factor - to account for resonances

« The same for B decays

~sup./fav.

for CP-even modes,and

Aidan Wiederhold

University of Manchester



BT —- DK™,D —

1
Y,R-(B:t — DxKi) — 5[1 -

1
YK(BZE — DXK:I:) — 5[1 - -

1

Yﬂ(Bi — DXﬂ':I:) — —[1 T

2

Y (BE — Dyrt) = %[1 =

(K*K~, Kn)

A(B — DxK)|N(B — Dxm) Rx 6 (1 —e.),

A(B — DyK)| N(B — Dy7) Ry 0, ,
A(B — Dxm)| N(B — Dxm) (1 — ki),

A(B — DX’/T)] N(B — Dxﬂ') K4,

(4.1)
(4.2)
(4.3)

(4.4)

Aidan Wiederhold

University of Manchester
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B* - DK*,D - (K*K~, Kn")

We measure CP asymmetries,

B(B~ = Dgpy K~ ) — B(B" — DcpiK)
B(B_ — DCP:!:K—) -+ B(B+ — DCP:EK+),

(1.1)

Acpy =

and the ratio of branching fractions for decays in which the D is reconstructed as a CP
eigenstate and decays in which the D is reconstructed in a flavor-specific state:

B(B_ — DCP:EK—) + B(B+ — DCP:EK-F)

ROPs = (BB Dy ) + B(B™ = Dy K")) /2 42
This ratio can be expressed as
. g EXtracts from JHEP 05 (2024) 212
oPE Rﬂav ’ .
where
R _ B(B— — DCpiK—) -+ B(B+ — DCP:i:K+) (1 4)
PET BB~ = Dgpin )+ B(BT = Degpynt)’ |
and _
Rﬂav o B(B — DﬂavK ) -+ B(B+ — DﬁavK+) (15)

" B(B~ — Dg,m ) +B(BT — Dgm)

Aidan Wiederhold University of Manchester
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BPGGSZ Parameter Definitions

[ dOn(®@) | Apol”

fd(Dr]((I)) | Apo]

[.d®|Apol | Apo| cos(AS))
® Cl —

\/jidanDonidanDoP

[.d® | Apol | Apo | sin(ASp)
® Sl —

\/LdCD\ADo\zLdCI)\ADo\z
e Where

« O js the 5-dimensional phase-space coordinate

 n(P) is the detection efficiency profile

Aidan Wiederhold University of Manchester



Separate y results for BY — Dh*,D — hth nn~

. Phase-space binned y = (53.9%0)° LHCb-PAPER-2025-019

« Phase-space integrated y = (116J_“LZL)° Eur. Phys. J. C (2023) 83:547

Aidan Wiederhold University of Manchester
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B* - DK®

1.00 l
» Simultaneous measurement of y using 0751 Komtm= KGKTE
I T 0.50- T '
e D> K 7Z'+(7T T ) 2 o025 I I I I I _
= ......... ? ,I, e --f'_I .............................
+ D - (xtn") R TS e |
2 -0.251 1 [ I l I °l l
e ) > K‘I'K_ ~0.50 1 N | 1
-0.751 LHCD "] CP observables
° D —_ K0h+h_ ~1.004 9 fb-1 ¢ Fit Results
S 3765432113 34506782112
_ _ + %4 07. 47 — Effective bin number
» Firsttime for 5~ — DK =, D — Ksh h Per-bin asymmetries determined by the CP fit parameters (red) and signal
yields when allowed to float freely (black) with statistical uncertainties
* First observation of the doubly Cabibbo suppressed oo
B* > DK'*,D - n*K¥(n*rn") 0.4 . 3
L . o 0.2- 0.15
* Interpretation in terms of y yields|y = (63 £ 13)
. F}"input from BES Ill Phys Rev D 106 (2022) 092004 > X ) 0-1
021 LHCb ,
e ¢;,8;forD — Kglfﬁh_ combined from CLEO-c Phys Rev D 82 (2010) _ ,| preliminary /B~ 0.05
112006 and BES Ill Phys. Rev. D 101 (2020) 112002, Phys. Rev. D 102 9 fb e
_ I . ’ ' O ! I I ! I
(2020) 052008 06050 —025 0.00 055 0.50 0 S0 100 150y o

e 157, 857, k*37 from a combination of LHCb, CLEO-c and BES |l

Statistical confidence regions for the measured x,, y, values (left) and the
measurements JHEP 05 (2021) 164

contours for the extraction of rgK* and y (right)

Aidan Wiederhold 28 University of Manchester
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BT - DK#

* First observation of the doubly Cabibbo g T T
+ k4 + 7 — =R ol S ol — Total ]
suppressed B~ — DK =,D — n=K*(x"n~) 27| T En e
I5p 15 e ;
« Amplitudes for favoured modes are of the form ol ol |
5 | 4 f
'A20<1+FBFD+2FBFDI OML% OH}[ I -E::BE
5300 5400 . 5500 5600 5300 5400 5500 5600
m(D(x~KHK ) [MeV/c?] m(D(zﬁK‘)K )[MeV/cz]
* I'g, I'p <1 CP-mass fit result for suppressed B* — DK =, D — g*K™
Suppressed modes suffer from low statistics ST e ] £
5 16 9 fb~! 5 16
. . 5 14 =
* But their amplitudes allow for large r i
interference effects . o
6 . 6
A% o 13+ 12 + 2] LRI I AV
5300 5400 . 5500 5600 5300 5400 5500 5600
m(D(w~K*m-aH)K 7)) [MeV/c2] m(D(7w* K-+ )K ) [MeV/c2]

e \We need more datal

CP-mass fit result for suppressed B* — DK™* D - 7*K¥rtrn~

Aidan Wiederhold University of Manchester
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Combination updates

B decay D decay Ref. Dataset  Status since D decay Observable(s) Ref. Dataset  Status since
Ref. [13] Ref. [13]

B* — Dh* D — h™h'~ 32 Run 1&2 As before D° — hth™ AAcp 41-43] Run 1&2 As before

B* — Dh* D— hth ntn™ 19] Run 1&2 New DY — KtK~- Acp(KTK™) 43-45] Run 2 As before

B* — Dh* D — K*gFntn~ 33] Run 1&2 As before D° — hth™ yop — Y& ™" 46,47] Run 1&2 As before

B* — Dh* D — hth' 7" 34] Run 1&2 As before D° — hth™ AY 48-51] Run 1&2 As before

B* — Dh* D — KShTh~ 35) Run 1&2 As before D° — K*t7~ (double tag) R¥*, (z'*)?2, ¢/* 52] Run 1 As before

B* — Dh* D — KJK*r¥ 36) Run 1&2 As before D° — K*+r~ (single tag)  Rgr, Axr, ¢i2, AcY)  [27,53] Run 1&2 Updated

B* — D*h* D — hth'~ (PR) 32 Run 1&2 As before D° — K*nFntn (2 + y?)/4 54 Run 1 As before

B* — D*h* D — K¢hth™ (PR) 20] Run 1&2 New D —» KQntn~ T,y 55 Run 1 As before

B* — D*h* D — K{hth~ (FR) 21] Run 1&2 New D — K{rtn™ Tcp, Yopr, Az, Ay 56 Run 1 As before

B* - DK** D — hTh/~ 22] Run 1&2 TUpdated D — Kdntn xcp, Yor, Az, Ay 57,58 Run 2 As before

B* — DK** D — htnnta™ 22)] Run 1&2 Updated D®— = q0 AYet 26] Run 2 New

B* — DK** D — K{hth~ 22] Run 1&2 New . . .

B* — Dh*n*n D= h*h- 37 Rl Aswfoe  (Gharm measurements in the combination

B - DK* D — hth'- 23] Run 1&2 Updated

BY - DK*0 D — htn—atn 23 Run 1&2 TUpdated

B’ — DK* D — K¢hth™ 24] Run 1&2 Updated

B? — DT g Dt — K—ntn™ 38| Run 1 As before

B? - DFK=* Df - hth nt 25,39] Run 1&2 TUpdated

BY - DFK*ntn~ Df — hth~nt 40] Run 1&2 As before

Beauty measurements in the combination

Aidan Wiederhold

University of Manchester
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Combination updates

Decay Parameters Source Ref. Status since
Ref. [13]

B* — DK** mgf*i LHCDb [59] As before
B? — DK*0 kDK LHCb 60 As before
B® — D¥rt 5 HFLAV 14] Updated
BY —» DFK*(nm) ¢, LHCb 61] Updated
D— Ktn~ cos 8™ sin68™, (rf™)2, 2% y CLEO-c 62 As before
D — Ktn~ Axr, A"}{”W“O, rB™cos 08T, rETsin 5™ BESIII 63 As before
D — hth~ 7 Ft o Fir o CLEO-c 64] As before
D—ntn—ntn™  Ff CLEO-c+BESIII 64, 65] As before
D= K*K-ntr~ Ff,. BESIII 66] New

D — Ktn—n° pErm’  §Emn’ o Kmn® CLEO-c+LHCb+BESIII  [67-69] As before
D — KEpFptp—  pB3m §E3™ K CLEO-c+LHCb+BESIII  [54,67-69] As before
D — K{K*nT rgng, 5§g“, mggKW CLEO 70] As before
D — KQK*nT rggKﬂ LHCb [71] As before

Aidan Wiederhold

Auxiliary inputs to the combination

. 68.3% CL 95.4% CL
Quantity Value Uncertainty Interval Uncertainty Interval
v[°] 64.6 +2.8 (61.8,67.4] o [58.9,70.1]
rDE* (%) 9.73 021 19.53,9.94] 042 19 33 10.15]
§DEF ] 127.4 28 [124.4,130.2] 56 [121.2,133.0]
0T (%) 0.49 +0.06 [0.44, 0.55] 012 0.39,0.61]
507 ] 292 9 281, 301] s 269, 310]
rD K (%] 10.6 +1.0 (9.6, 11.6] +2.0 (8.6, 12.6]
SO ] 312 5 304, 318] 12 296, 324]
rD (%) 0.74 i [0.42,1.15] o 0.12,1.61]
60 ] 37 39 17, 76] i (6, 131]
rDK (%) 10.6 00 9.6, 11.5] MY 8.6,12.3]
§DE™[e] 49 14 38, 63] 30 26, 79]
rOE (%) 23.4 My 21.8,24.9] 2 20.1, 26.3]
SEE[°] 192 +6 186, 198] 2 180, 205]
ros < (%) 33.3 87 29.8,37.0] 75 [26.2,40.8]
553 K 349 +6 343, 355] +12 337, 361]
rod %) 46 +8 (37, 54] +16 29, 62]
Sps KTl 345 +3 333, 358] +20 320, 371]
Dy ™ (%] 3.0 3 [1.8,4.3] 3 [0.3,6.1]
ek 30 +25 [—6, 55] +45 [—47, 75]
PRI (o] 8.0 21 [4.7,10.7] by 0.0, 12.9]*
rDIET T () 6.2 22 3.2,8.4] 3 0.0, 9.9]*
z[%) 0.41 +0.05 0.36, 0.45] +0.09 0.31,0.50]
y[ %] 0.621 +0.022 10,600, 0.643] +0.044 10.579,0.665]
rET (%] 5.855 0010 [5.846, 5.865] 0020 [5.836,5.875]
oK™ [°] 191.6 T2t [189.2,194.1] 29 [186.5,196.5]
g/ 0.989 +0.015  [0.974,1.004] +0.03110.959, 1.020]
o[°] —25 +12  [-3.7,—1.3] +2.5 [—5.0,0.0]
ad , . [%] 0.06 oo [0.01,0.12] +0.11  [-0.05,0.17]
ad, (%] 0.22 +0.06 0.16, 0.28] +0.12 0.10,0.34]
al. (%] —0.60 +027 1-0.86,—0.33] 058 [-1.14,—0.07]

University of Manchester

Combination results for Beauty and Charm parameters of interest
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A matter of time

S L e s B L B S B W WL
- | < [LHCb 4 & S
» Some small tension between time ‘_|4 0 S;EEEEIJTI%Z l' B A1l Modes -
dependent and time integrated °l |
measurements ol

» Clearly need to push harder on time _
dependent analyses to get this 0.4
uncertainty down ;

0.2

0.0

2024 LHCb y combination for time dependent and
time integrated analyses

Aidan Wiederhold University of Manchester
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