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Why weak decay?

How do quarks participate in weak decays? -> CKM matrix
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* d — u: Nuclear physics (superallowed B decays)

* s — u: Kaon physics (KLOE, KTeV, NA62)

* ¢ — d, s: Charm physics (CLEO-c, Babar, Belle, BESIII)

* b — u, cand t — d, s: B physics (Babar, Belle, CDF, DG, LHCb)
» t — b: Top physics (CDF/DQ, ATLAS, CMS)
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Why weak decay?

Leptonic decay
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Semi-leptonic decay
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hadronic decay

> Extract CKM Matrix parameters: |V, ¢; (test unitarity)
* CPV & FCNC < LFU (new physics)
* Decay constants and hadronic Form factor (LQCD)

* Decay parameters, Branching fraction, PWA (QCD,
other hadrgns)
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Charm Decays

leptonic decay of D,
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I extracted with v, taken from the CKM global fit -> Calibration of LQCD

Veacs): determined with o taken from the LQCD -> test CKM unitary



Charm Decays

leptonic decay of D* — v, BGS]]I

PRD 89, 051104 (2014) PRL.123.211802 (2019) 2.93 fb-1 data
@ 3.773 GeV

—— Data

10° | D u — -
— Lk N(uv) = I
Other D decays O 25 10 J— + +
" B 1on-DD processes % C R F(D —-T VT)
b= S C 10 _
= S r + =
9] 20—
2 8 2F bt 27 D r(D*-ptvy)
bS] % - ~0.2 0 0.2
o 2 15 o —_
: Db =321 £ 0.64 % 0.43
- PDF: D — v
= o o e PDF: D — t(— non-mv)v
Z S 10f~ == PDF:D—K’x .
5 10f —rrooi SM : 2.67
g [ = PDF:D— A
€ F — POF: Dn;o O .
3 oL Siemn Consistent
0.2 0 02 04 0.6 %03 02 -o0d 0 01 02 03
2 2.4
My [GeV7/cT] M2, (GeV/c?)?
T I T T T I T T T I T T T I T T T I T i L y ’ I i ' i X I : !
FNALUMILC  PRD98,074512 212.7:0.6
SMfit PDG18 0.22438+0.00044
RBC/UKQCD  JHEP1712,008 208.7:2.8°% ——
ETM o e 2074438 = PDG  PDG18, D*' 5 ry 0.214:0.003:0.009 e
FNALMILC  PRD90,074509 212.6:0472 -
HPQCD PRD86,054510 208.3:3.4 —— CLEO  PRD78,052003,D"uv, 7 v 0.218:0.009:0.003 —
FNALMILC  PRD85,114506 218.9:11.3
BESII PRD89,051104, D' —>uv 0.2150+0.0055+0.0020  =—mtemme 2.7%
CLEO PRD78,052003, uv, © v 206.8:8.7+2.5 ———— . (¢]
BESIII PRD89,051104, juv N T L
a BESII  Expected (20fb™), D*—>yuv 0.2150:0.0021:0.0017  =e= 1%
BESIII Expected (20fb"), iv  203.8:2.0+1.5 ——
1 | 1 1 L | 1 1 1 | 1 1 1 | L 1 1 | 1 L L L - | L L L L l - -
140 160 180 200 220 0.15 0.2

fp- (MeV) Ve 5



Events / (100 MeV)

“ 6.32 fb! @ 4.18-4.23 GeV:
tt > %, V,[PRD 104, 052009 (2021)]
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> Nsig
> Nsig =946 + 46
RDg“ =972+ 0.7

B(tt - ntvy) = 10.82%

D} - pv Updated in

2307.14585
GeV :
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T - 1 v, [arXiv:2303.12600]

Charm Decays

leptonic decay of D} — ¢v

r(Dd-ttvy)
(D3-utvy)

=9.75

BESII

1t - eTv, ¥, [PRL 127, 171801 (2019)]

B(t - etv,9;) = 17.82%
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Charm Decays

leptonic decay of D} — ¢v
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Charm Decays

leptonic decay of D — £y < 7.33 fb1 @ 4.13-4.23 GeV BGS]]I

B(D:* — etv) = (2.1%}3 5etar T O- zsyst)x10—5 (2.90) Total width T2 = (121.97§35 + 11.8)eV
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fD;

Theoretical prediction:
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The first hint of leptonic decays of the excited D;*



“ 733 fb 1@ 4.13-4.23 GeV :

2 a3
d’T(D(5)~>5¢*ve) _ GElVears)| ¢l -
= 3/2 2 2 2 2 = I — Total fit

dsdq? - 192n*m} 1 (mDs’S’q )|f+ (q )l P(S) §40'_ el

(S) g : - - - Background
91Prr \\; i i

- , Flatte fi 980 980 s

Im§—s—i(g1Prntg1PxK) HELE 105 gy (9800, o580} N USEY ]
Pls) = Mo l'(S) e Rk A (Lo AT T VI
RBWfOI‘fO(SOO) e o5 1T 12 7 ¥ -

(s-m} )2+mf r2(s)’

Charm Decays

Semi-leptonic decay of D} —» f,(980)etv,

f0(980) - ™™ arXiv:2303.12927

B(D} - £o(980)e*v,) = (1.72 + 0.1344; + 0.104y5,) X 1073
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> First BFs Measurement:
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This work  0.518 & 0.018¢at &= 0.036ys¢
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0.48 +0.23
0.30 £0.03
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0.39 £0.02

B(D& - £5(980)et v, (980) - 7°70)
= (7.9 + 1.4 + 0.4)x10™*

» No significant signal and upper limit on BF @90% C.L. :
B(DS - f,(500)e™ v, f5(500) —» 7°7%) < 7.3 x10~*
B(D& > K{KJetv,) < 3.8 x107*

O.%

0.5 1
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[6] Phys. Rev. D79, 076004 (2009). [7] Phys. Lett. B579, 59-66 (2004).
[8] EPL90, 61001 (2010).

[9] Phys. Rev. D81, 074001 (2010).

[11] Phys. Rev. D80, 074030 (2009). [12] Phys. Rev. D102, 016013 (2020). 9



Semi-leptonic decay of D, » nVe*v,

Charm Decays

arXiv: 2306.05194

“ 733 fb 1@ 4.13-4.23 GeV :
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Charm Decays

PWA of Semi-leptonic decay . l‘; BES]]I
% 7.33 fb~' @ 4.13-4.23 GeV : R el

D} » K*K p*v arXiv:2307.03024 I

B(Ds - ¢pu*vy,) = (2.25+0.09 £ 0.07)x107 R T

Umiss (Gev)

B(DS - ¢uv,)/B(DS - pe*v,) = 0.94 + 0.08 -> No LFU violation
B(DS - £o(980)utv,) - B(f(980) » K*K™) < 5.45x107*@90% C.L. ~2.20

Table 5. Measured FF ratios and comparison with previous measurements.

Experiments Ty o
1.
PDG [42] 1.8040.08 0.84+0.11 BaBar 214 fb-:

This analysis  1.58+0.17+0.02 0.712£0.14+0.02 PRD 78 (2008) 051101
BABAR [25] 1.807+0.0460.065 0.816-0.036+0.030 |

FOCUS [58]  1.549+0.250+0.148 0.71340.202+0.284 > 30005 . data
Theory ry T E 7000E- a) [Isignal
CCQM |[5] 1.34+0.27 0.9940.20 E gsgg:

CQM [6] 1.72 0.73 & 40005

LFQM [7] 1.42 0.86 3000

LQCD [3] 1.72+0.21 0.7440.12 fggg:

HM T [8] 1.80 0.52
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From Shulei Zhang
More can be seen in:

Charm 2023

Decay Mode Exp/Year/Yield BF/FF/Polarization BESIII Status
BESIII/2018/26 Y/N/N
D} - (KK )etv, CLEO/2015/207 Y/N/N Internal Review@4.13 ~
BABAR/2008/25k Y/Y/N 4.23GeV
CLEO-11/1994/308 N/Y/Y
BESIII/2018/22 Y/N/N Internal Review@4.13
- nternal keview . ~
Dy = ¢(K K )u'v, FOCUS/2004/793 N/Y/N
4.23GeV
E687/1994/90 N/Y/Y
BESIII/2016/18k Y/Y/N
Dt - K*°(K~nH)etv, BABAR/2011/70k Y/Y/N v
CLEO/2010/5k Y/Y/N
D* - K*°(K nH)uty, CLEO/2010/5k Y/Y/N In process
FOCUS/2002/15k N/Y/N
D*—> K*°(K°n%)e*v, N N/N/N In process
D* - K*°(K°n®)utv, N N/N/N In process
D% -» K*~ (K~ n%e"v, CLEO/2005/94 Y/N/N In process
D° -» K*~ (K~ n®%)u*v, N N/N/N In process
D° > K*~(R°m )etv, BESIII/2019/3k Y/Y/N v
CLEO/2005/125 Y/N/N
D° - K* (K’ )utv, FOCUS/2005/175 Y/Y/N In process
DF - K*°(K*n)etv, CLE0/2015/32 Y/N/N In process@4.13 ~ 4.23GeV
BESI11/2019/155 Y/Y/N
DS - K*°(K*n )uty, N N In process@4.13 ~ 4.23GeV
Dt - p°(r~nt)etv, CLEO0/2013/447 Y/Y/N
BESIII/2019/1.7k Y/Y/N v
D* - po(m~nH)utv, FOCUS/2006/320 Y/N/N In process
D* » w(n~ntn%etv, BESIII/2016/491 Y/Y/N v
D* » w(n~ntn%)uty, BESIII/2020/194 Y/N/N v
D% 5 p~(m n%etv, CLEO/2013/305 Y/Y/N
BESIII/2019/1.1k Y/Y/N v
D° - p~(n~n%)utv, BESIII/2021/570 Y/N/N v
Dt > ¢(K*K )etv, BESIII/2016/- Y/N/N In process
D* - (K K )utv, N N In process



https://indico.physik.uni-siegen.de/event/1/contributions/83/attachments/73/182/SLDdecay@BESIII_zhangshulei_2023July20v2.pdf

Charm Decays

Semi-leptonic decay of charmed baryons
A. Semi-leptonic decay will be reported by 5K337 in the next talk.
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Lo o | o r—em——wam— Belle: PRL 127 (2021) 12, 121803 E
2000 —Totg| Fit 1500 . Fitted Bk Z sideband - oy
Sy 7 SDUE ST B(E0 S 57 etv,) = (1.3140.39)%
3 [ : =0 ==t -
2 Al B(E? > E”- ptv,) = (1.27 £ 0.39)%
g ol £ 500 PRL 127 (2021) 27, 272001
| @ B(E? > E- e*v,) = (2.5+0.7)%
1.5 2 25 3 i 2R HLICE o ) v
-, (GeV/c) Mz, Q0,5 ) [Val S2e(p, 5,5L)) = (P, 5) [m (FY v+ Fy - g + 5y “)+G‘ u(p, )
0 + ‘
Q.c - O~ 3 V. QW s,5) AL Qlp, s,5.)) = a (P, s.) [nfﬂ (Ff ”+FA i +F4:Z)+" u(p,sz)
NQ ——Data NQ 3 —«Data
2100*(b) + + ::ﬁt::tf;tcalBkg 2100;(0) + — Al Fited Bkg B([)O—>,Q e v)
ideban L 0 u-m misID .
3 moarns| B | BN | palogan - 1-98+0.15
g J@ 2 L fnn >
g7 ! SO B> 1'v) _ 494 4 0.21
Lt : B(Q¢-0"mY)
SRR S S - o Previous: 2.4 + 1.2
2 25 3 ) 2 2.5 3 ,
My« (GeV/c?) My, (GeV/e)  PRD 105 (2022) 9, L091101

It is unlike for us to extract BF vs g2 for £¢ and Q2.
Et > E% ¢*v: bkg/signal mixed due to contamination of gamma 13



Charm Decays

Hadronic decay of D} —» K§K9m* PRD 105,L051103 (2022)

;J or  BESII | Amplitude Phase FF (%)
é) L (@) Total fit D - K9K*(892)* 0.0 (fixed) 43.5+394+0.5
=40 KK’ (892)" } D} — S(1710)z+ 234+0.1+0.1 463+4.0+12
ST - S(1710)r* } :
g 20r e fo(1710) not seen in o0 @
Q it U T +p—t Tt
ks At G| D o KYKTmtdecay & Fl pRrp 104, 012016
1 12 14 16 18 -> K*K* molecule = 1000} (2021)
M o0 (GeVic?) -> [sospin one partner §

an(1710 0 5 soof-
D} - KOK*m® PRL 129 18 (2022) 0(1710) g1
QO %Sllll _* 0_ 1 2 3
‘§ _ : K;K *(892)2 ) m? (K K" ) (GeVZ/c?)
oi50L (@) KK 392 Observation of a;(1710)
=k —- K'K (1410)
S i +
S a,(980) 1’ Amplitude Phase (rad) FF (%) BF (10 °) o
= 50 — a,(1710)'1’ Df — K*(892)°K T 0.0(fixed) 32.7+224+1.9 4.77+0.38+0.32 > 10
= | Df — K*(892)* K¢ —0.164+0.12+0.11 13.9 £ 1.7+ 1.3 2.03 +0.26 £ 0.20 > 10
2 DY — ap(980)T7®  —0.974+0.274+0.25 7.74+1.7+1.8 1.12+0.25+0.27 6.7
= D} — K*(1410)°K*™ 0.17+0.15+0.08 6.0+ 1.4+1.3 0.88+0.21+£0.19 7.6

DY — ao(1710)T7®  —2.5540.21 +0.07 23.6 +3.4 £ 2.0 3.44 £0.52 £ 0.32 > 10

Moy (GeV/e?)
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Charm Decays
Decaymode ___|Paper ___________|comment

D - K*YK n*n® PRD104,032011(2021)

D - KK ntmt PRD103,092006 (2021) Mainly K*(892)*K*(892)°

Df - wtn~mtny PRD104,L071101(2021) We-annihilation — a, (980)p

Df - K%n+n® JHEP 06,181(2021)

Df —» KOK*n® PRL129,182001(2022) a$ (1710)

D - KQKInt PRD105,L051103(2022)

D - ntnly’ JHEP04,058(2022) p*n' dominant

Df »atnnmt BESIII: PRD 106,112006(2022) m*m~ S-wave dominant
LHCb: JHEP 06 (2023) 044

D » T n® JHEP 01,052 (2022)

D} » Ktmtm™ JHEP 08,196 (2022)

D - K*K-mntntn~  JHEP 07,051(2022) a1(1260)" ¢ dominant

Df » K*tntn~n® JHEP 09 242 (2022)

D - wn™y arXiv: 2302.04670 First observation

15



Charm Decays

Decaymode ___[Paper ____________ |comment

D° - wg

D° - K, nm

D° - K.KtK~

D° - Ktn—n®,
> K*'n n’n

Dt »ntn—n*X

Df - nmtn—ntX

Dt > K*K mtn®

D(*,;) - K*'n n*n",

0

BESIII: PRL 128 011803 (2022)
BESIII: arXiv:2212.09048
BESIII: arXiv:2006.02800

w@ transversely polarized

0,0

T

BESIII: PRD 105,112001 (2022)

No signal forK*n~n

BESIII: PRD 167, 032802 (2023)

Important for R+

BESIIT: PRD 108, 032001 (2023)

Belle: PRD 107,033003 (2023)

16



Events / (0.033 GeV/c?)

Charm Decays

A, - At ® JHEP12 (2022) 033

1000

500F  py138s)

| —— Data BES]]I
| EE8 Background

— Total fit

— Ap(770)*

- NRy(mw'n")A
L — n0%(1385)*
| mOZ(1670)*
— n°2(1750)*

400 400

F— mZ(1670)° 1 200
- (17500 5

200

Events / (0.033 GeV/c?)

Events / (0.033 GeV/c?)

04 06 08 1 12 092 14 16

L : " A§ - Ap™ consists of both
(a) (b) (© factorizable(a) and non-factorizable(b-d)

e )7 contributions.
At o C:d A a Cd(u) At — X(1385)m consists of pure non-

A ¢ s ]z~0<+> factorizable(e) contribution.

U——-—=mpy—1u

(d) (e)

c S

Uy—p—1u

*Decay asymmetry parameters: relevant to the interference of
the internal partial wave amplitudes.
*Provide important inputs to the theoretical calculations for non-

factorizable. !



Decaymode _______ [Paper ____________________ Jcomment ___________

A - Antn et Belle: PRL 130, 151903 (2023) Peaks at 1434 MeV M, _+
At - An® Belle: PRD 107, 032003 (2023)
BESIII: PRD 106,072002(2022)
Af - Ah,X°h Belle: B8R 68 583 (2023) CPV measurement for Belle
BESIIT: PRD 106,L111101(2022)
PRD106,052003(2022)
At = pK,K,, pK7p Belle: PRD 107, 032004 (2023)
At - Sty B0 - B0y Belle: PRD 107, 032001 (2023) o
BESIII: arXiv 2212.07214 no evident signal
AL - pKtm~ Belle: PRD 108 3 (2023) Amplitude analysis from LHCb, observe
LHCb: PRD 108 012023 (2023) A(2000)
A S IKCKLE ¢ BESIII: arXiv 2304.0940 idence T+K*+m~m°
S SR () s arXiv : 5 no evidence T
A >n+X BESIII: PRD 108 L031101(2023)
AL - nmt BESIII: PRL 128,142001(2022) Less Non-factorization contributions

A} > nrtaf,

e e BESIIIL: CPC 47 023001 (2023)

At = pn, pw BESIII: arXiv 2307.09266
Belle: PRD 104, 072008 (2021)
At > pr® Belle: PRD 103, 072004 (2021)
A > py’ Belle: JHEP 03 2022, 090 (2022)
5+ - AKg, 3K, TTK™ Belle: PRD 105, LO11102 (2022)
Q00 > E gt EKY, QK Belle: JHEP 01 055 (2023) No evidence of CS decay fromBelle

LHCb: arXiv 2308.08512 CS decay observed by LHCb



Charm Decays

CP violation effects are small at charm sector < 0(1073)
-- Only bound HF system made of up—type quarks, high sensitivity to NP effect wrt K and Bq
—— difficult for the observation

The only observationof CPV of D is D —» KK,z PRL 122 211803 (2019)

r(D° = f)—T(D° - f) Run 2 (5.6fb-") data
Aclf) = (DO - f) + (DO - f) S - -
% + Data % 1800 + Data
2 5000 . 2 1600 .
— D°>KKY  — 1400F D’ -t
Detection < 4000 Comb.bke.] = 1200F Comb. bkg.
. > 3000 1 < 1000 E
How experimentally? asymmetry of £ oo g w0
/ tagging track = =
£ 1000 § 388
Q N J - e —
0 s %005 2010 2015 2020 %005 2010 2015 2020
- f) =
AD ) ACP(f) + Adet 1 APrOd \ m(D°7*) [MeV/c?] mD°7*) [MeV/c2]
i x10* 10°
/ — Production g 6ok f‘ LHCb 1’: izg" " A LHCb
— The asymmetr asymmetr 2 ok | . 1z r "
ND® = £) = ND° > f) T S WA e
= = T 400F \ Wy oxx] T 100f [ A
ND° - f)+ NDO - f) measure 5 300f- II \ 7 Comb. bke. E 80F 7 Comb. bkg.
5 o I E eof ]
= 200F | S
o o
g g 40
. . O 100F 7 O 20p E
to cancel Detection and production asymmetry e

AACP — A(D - K+K—) —A(D - T[+7T_) m(D°) [MeV/c?] m(D% [MeV/c?]

e —4
= (—15.4 £ 2.9)x10 See M. Piscopo's talk

@ BEAUTY 2023 for theory review.



Charm Decays

observationof CPV of D - hh: arXiv:2209.03179

x10?
, 1800 BT T T + B
sowp ey wess Run 2 (5.6fb) only:
=100 | 7 ata -
231200 ~ Run2 — Fit - TE) = -4 + —4
=it Kol b Arp(KTK™) = [6.8 £ 5.4(stat) £ 1.6(sys))] X 10
2. 800 | 3 ( )
€ 600 | .
g oE J L : af = Acp(f) = . 7 A% ndirect term,
S ey ' asymmetries in effective
2005 2010 2015 . . .
m(D°xt) [MeV/c?] width, lifetimes

ACP(n n) = A(K+K ) AACP

N,:% i ‘— LHCb combmanon 87fbl Run1 + RU n2 :
cﬁ D06 :_ ------ = LHCb combination, 3.0 fb ' LHCD —:
0.004 :_ + NodirectcPV e _: d " 4
" L L abKK) =[17£571x 10
S - - agp(zﬁzt“) =[232+6.11x 10~
—0.004 con'\nou;';'l.'nolic;;)ii% 95% CL —j ° ° ° -~ —
. val IR First evidence (3.8 0 )of CPVIinD > 1mt™ 1w
—0 004 —0002 0 0.002 0804
Ak-x+
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Charm Decays

Other recent search for CPV in Charm sector: not see CPV in all cases

D(’;) > KtK"K*

DO 5> gtop—nt

D5y » nm*

D(J;) —» KYK ntnO,

> Ktn
Dt > K ntntn®

D° - KKt ™
Dy = K*Kh*h~
D} - K*K Kdn*
D° - hth u*tu~

Angular analysis

LHCb: JHEP 07 067 (2023)
LHCDb: arXiv:2306.12746

LHCb: JHEP 04 081 (2023)

Belle: arXiv 2305.12806

Belle: PRD 107, 052001 (2023)
Belle: arXiv 2305.11405

LHCb: PRL 128, 221801 (2022)
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Charm Decays

Rare decays: %

Candidates / ( 5.0 MeV/c?)

*PRL 131 041804 (2023)

LHCb —— Total

— D" >ty
—1
6 fb - = = - Combinatorial

BD° - utu) <294 x107° @90 % CL
0.666 <BDT <1.0

e D S K (LHCb 9/fb Run1+2)

MisID background

Most stringent
limit on charm FCNC!
O‘” """ ;u;&4|.u.1 PR W 1 T i il i

1800 1850 1900 1950 2000 2056_ 2100 2150 B(DY(2007) - ptp™) < 2.6 x 1078 @90 % CL
BRI B Eur.Phys.).C 83 (2023) 7, 666

1071 . DO 'u—’u+ D — ?[FE_
10124 Flavour Changing Neutral Current o s o D — hh'e 0T
10~13 — € € D — Vite
10—14
107" Lepton/Baryon Number Violating D — (h)e p*

l Lepton Flavor Violating D — (h)eter

22



Beauty Decays

Semileptonic B Decays
% determine the CKM elements |V| and |V
% Tests of lepton universality, R(D(*)), R(K®™)

—————— Inclusive

2
Exclusive IVcbI Ay” =1.0 contours

Inclusive
Iv,:GGou 3

IV IV ‘ IV, global fit
- HFLAV Average ~ 3 V ]

= Exclusive IV |

HFLAV &=
3

P)=89%
1 1 1 1 1 1 l 1 1 1 I 1 1 1 I 1 .
36 38 40 42 44

IV,I[10°] Reconstruct a lepton and

. . assign other tracks and clusters
Reconstruct all daughters The current experlmental focus is as an inclusive daughter X.

through specific channels ., || qerstanding the origin of this
exclusively. :
discrepancy.
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Beauty Decays

Semileptonic B Decays

V.| from B - D*lv(l = e, u): [Vup| from B — wlv(l = e, p):

O,

T T | T T T | T T T ] T T T I T T 1 I T T T | ) T T T I L K T T T T | T T T T I T T T T I T T T T I T T :I T ] T ]
. Belle Il Preliminary i 1  Belle ll Preliminary :
= 0 _ E = :
- Untagged B —D*'['v ; 1 b B
:_ To be submltt_e{(i)(o Phys‘ici/._l) E _: : Untagged Boe”_‘_l-v :
[ Tagged B —D*'TV - : 1 [ axivi221004224 .
[ arXiv:2301.04716 . 3 - _
[ Untagged B—=DI'V ; 1 | Tagged B—>mev . ]
[ arXiv:2210.13143 v ] L arXiv:2206.08102 i
- Tagged B—X I'V (Combination with Belle) : 1 F = N B
[ J.High Energ. Phys. 2022, 68 (2022) . ] [ j“'" — ]
N cl e | ] [ ' ]
- 4 F Inclusive . .
E . i 41 [ HFLAV 2021 (BLNP) ) ]
- Inclusive —— 1 K ]
C Phys. Lett. B 822 (2021) 136679 1 ] B i
: I I I I I I : I : 1 1 1 L I L L L L I 1 L L L I 1 L 1 1 I L L EI 1 I L L L 1 ]

30 32 34 36 38 40 42 44 2 25 3 v ?[ﬁ o 4 45
17 cbl [1 0 ] ub
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Incl. |Vyp| + 103

Beauty Decays

First Simultaneous Determination of Inclusive and Exclusive |V ;|
arXiv:2303.17309

D

<o

BELLE

V| = (3.78 4 0.23513¢ 4 0.16%5 4 0.14the0)x10-3
vincl.| = (3.90 + 0.205%t + 0,325Vt + 0,09the0)x10-3

Correlation = 0.10

vexcl| s yincl) = .97 4 0.126XP

5 - Bkg-sub‘(racted (fit with LQCID&exp. const.) I BCL (fit with II_QCD&exp. consl.)l
=/ Bkg-subtracted (fit with LQCD const.) == BCL (fit with LQCD const.)
=i Input LQCD const.
| 4
>
O]
] :§i:'
o 3 l:k
=N -
o L e ~
—
S
X 2+t R B
o~ \\
o —8—
S 5
— 1 \
© \
Y
A
Ay
0 I I ! I i,
0 5 10 15 20 25
9’ [GeV?]
4.8' LIt it e o B R PR Pl R e S R T it Bt ) R e B [ e i e
e Bomnttv TXJ Comb. m* fi SM: e =1 ]
46 L e B-nllv = Belle (GGOU) W HFLAV (incl. GGOU) ]
Form factor from LQCD ]
44 - -
: s == e ol :
42 - -~ RS 3
............................. Persmsnnnnn L LR LR LR LR
L / \ 4
L / 1 E
40 - v \ 5
i I e a ® | 1
L 1 -
38 - | / 7]
L \ ’,
- \ /
36 [ N & .
: \~~_.——'
| TS 4 S T S T T T [N O VO W Y Y WY WO B

34 Lo
300 325 350 375 4.00 425 450 475 5.0

Excl. V| - 103

Incl. | V| - 103

4.8""l""l""!""l""l""l""l""
I e Bomtty  TX) Comb. n* fi SM: o =1

46 * Bon’tv ees Belle (GGOU)  y HFLAV (incl. GGOU) ]

» Form factor from LQCD and exp

42|

40 |

3.8

3.6 | S

3.4-lllllll'lllllIIIIIIIlllllllllllllllllll
300 325 350 375 400 425 450 475 5.00

Excl. |Vy| 103
25



Beauty Decays

% Tests of lepton universality, R(D(*)) R(K®™)

R(D*)

04

0.35

0.3

0.25

02

lllllll Trrrrrrrryrrrr[yrrrr[rrrrrrrrrr T

HFLAV Ayx? = 1.0 contours

T TTT

Bellell _---- " i, X

Belle”

LHCY

F Belle®

World Average

*I‘H"LAV SM Prediction R(D) =0.357 £0.029,,
R(D) =0.298 = 0.004 R(D*)=0.284 =0 ()12

R(D*) =0.254 +0.005 p=-037

IIIIIIIIIII IIIIIII

BaBar 2012 B . ,
| Had. tag, 426 b ; '

Belle 2015 . ,
Had. tag, 711 fb™' ! ;

?323/%(3,177 11 fb! _'_‘_'_'_'_

Belle 2019, | 5.,
- gj(l)-lf(b;lb2022 l , :

2B, e

| Belle II 2023
| Had. tag, 189 fb™!

HFLAV Summer 2023 | 3+

SM Prediction ke

L | u : | L
0.1 0.2 0.3 0.4
R(D*)

R(p®) = BE 2DV

,({=eorpu)

LHCb: PRD 108 012018 (2023)
=>reduce tension 2.49¢ — 2.15¢

*Belle II: PRD 108 012018 (2023)

=> 40% improvement in statistical precision

over Belle at the same sample size

LHCb: arXiv 2302.02886

=> simultaneous measurement of R(D)

and R(D*), 1.9¢ tension
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% Other recent checks:

Beauty Decays

LHCb: PRL 131 051803 (2023), Phys. Rev. D 108, 032002 (2023)

BaBar
0.1<g?<8.12GeV2 c*
Ref. '°

Belle
1 0<q <6.0 GeV2c™*
Ref.

Nature Physics 18, 277 (2022)

LHCb 5 o™
1.1<g?<6.0GeV2c™*
Ref. !

H LHCb 9 fb™
——i : 1.1<q?<6.0 GeV?c™
H This work
| 1 1 Il 1 ! 1 1 1 L |
0.5 1.0 15

Ry

Gnax B (B—Hutp~) de?

2 dg?
P qmin 9
RH — 2 —
4% dB (B—Hete™) da?
qmin dq2 q

Bellell: Phys. Rev. Lett. 131, 051804 (2023)

R(X./,) = B(B - Xev)/B(B > Xuv)
= 1.007 + 0.009 + 0.019

1.4 : LHCD Ry low-¢> = 0.994+0:0%4
9fb! Ry central-g> = 0.949700%8
1.2 [ Ry low-¢> = 0.9271) m)

_ —~+0.077
Ry central-g® = 1.0277)0%%

Sl Jﬁ
= I {
0.8F
_ { Da‘.ta‘ 2=16,p=0812 o =02
o.6f M
Ry low-¢°> Ry central-g> Ry low-¢g> Ry central-g>
qb dIr'(Bt+0) 5 g(+20) y+ )d
R (2 q2) = % o !
S e a, dF(B(+*0)—>K(+’*0)e+e_)d 2
9z dg* 9
LHCb: Phys. Rev. Lett. 128, 191803 (2022)
LHCb R(A))
l LHCb-PAPER-2021-044
0.242 £0.026 + 0.040 £ 0.059
0 g SM prediction
Ry = B(Ap = AcT V) PRD 99 (2019) 055008
AF = — with input from
¢ B(AO - Afu Vu) PRD 92 (20115) 034503
I PR I T T I I |0'3|24i|0'0p4 L1

|
<l

0.2 0.3 04 0.5



Beauty Decays

: VudVy,
Hadronic decay(Measurement of CKM angle ¢; = arg[V”defb D
cdVchp
i : . O ~
O Theoretical uncertainty on measurement is %5 1077
3
O Test physics beyond SM
O CPV in the interference b — cus and b — ucs :
Va i K~
= w= c o LHCb-PAPER-2023-009 —
s B_b Vi, ;)0 * Limited statistics, ¢3 = (49218)"
B - _K _ < _ . CPV still observed
i U “ " in some bins
D = . N0 _
JHEP02(2022)063 ¢y = (784 +114+05+1.0)7° | —— B = D'(=D(= Ksh*h")n"/y)h
—— LHCb-PAPER-2023-012 | ¢, = (69 + 14)°
g oF OC 110: I I Evo:utlonlofLHbeyc:)mblnla'clonI I - S B_ R D R K+K—Tt+n_ h_
AR ( %
2 ol Bello T 3 ] Eur Phys.).C83(2023)547 | ¢, = (116*12)"
2 —=— BPGGSZ 80F 3
< 8f g l i { E
sl —— GLW + BPGGSZ > ‘ { { } E .
A 60 3 | Precision LHCb | Upgradel | Upgrade Il
N 1| in2013 2018 | (50fb™1) | (300 fb~?)
40— y L L L L L L L L
OH‘2‘“‘4‘1H‘6‘3H‘2‘3H‘1‘0 (\9\%@\&’\9\‘3@\‘0(&{\@®,@®@'§(&®(&'@@ﬂ? ~10—12° 40 1° 0.35°

Luminosity(ab™)

~ 1.5° (50 ab~ @Belle II) Data limited! 28



=
=

Candidates/(2

B~ = J/yAp

PRL 131 031901 (2023)

N Y o
oI L W
aof T,
20;—+ tH

> 180F LHCb E
- 1 — Nominal fit
2 160 9 fb — Baseline fit ]
S 140 t NRU/W )
8 120F + — P :
S 100F }  Background
= = ]
g sop Y ) E
O 60 _ -]
40F ; E
20F E
92 425 43 T 435

m(A p) [GeV]

—T—
—— Data

m(J/wA) [GeV]
P..(4338) : Ef D~ threshold

Yield / (10 MeV)

Yield / (20 MeV)

Beauty Decays

Hadronic decay (exotic, light hadron states)

ch
- THES

J/AK™

Science Bulletin 66 (2021) 1278

103 E —e— Data I9 ﬂ)“‘l =
E @ P E
- LHCb  —= =(1690)
7 P - =(1820)
10°E A A 20000 e =(1950) E
g =(2030)
r B T U NR
10 3 + : 2 " =
&y md 1
1E " L~ =
S n o o,
2.0 2.5
m, .~ (GeV)
I y I
ol LHCb )
9 fb! * ;
40 - * H * -
20} + { + -
| O ok sk NIRRT LeT- TR
L i { - -:-:. & &~ : A :_-.;.‘.-. S S— l_ SR i_'f
4.5 5.0
M 10 (GeV)

P.;(4459): ~ < E2D*° threshold



B* > DFD;K*

PRL 131, 071901 (2023)

Beauty Decays

Hadronic decay (exotic, light hadron states)

il

;50 F T T T T T ™ & FT T T T T T T T
5 I LHCb Data : 230F  LHCH E
= ok 9fb-!  —— Total fit : = b on! f
S —— X(3960) ; Skl ’ :
g Xo(4140) ; S20F E
=30F | —— 9 (4260) ] - :
S| --== ¥ (4660) ] =15k ’ 3
wE [\&L Nonresonant D} Dy - ]
; ] 10f ]l E
10 : "+ _: 5 E * "‘l RAL T o 5 S B 2
[ l + ] C . *4 l + )
I | N o H i Tt ] L G 1T Jooo 1 S 1
o A Jihﬁﬂiu_‘ 9 2.6 2.8 3.0 3.2 3.4
4.0 4.2 4.4 4.6 4.8 m(D;K+) [GeV]
m(DF D) [GeV]
Component  JFC M, (MeV) [y (MeV) F (%) S (o)
X (3960) o+t 3956 £ 5+11 43+13+8 254+7.7+80 12.6 (14.3)
X(4140) g+ dlddxb-+l1l O6iH1fEt7 107477 3.7 (3.9)
1 (4260) 1 4230 55 3.6+04+3.0 3.1 (3.3)
1 (4660) 1= 4633 64 22024105 2.9 (3.2)
NR S-wave - - 46.1+13.2+11.1 3.1 (34)

Hrongrong Qi, https://indico.itp.ac.cn/event/161/attachments/293/660/2023HAPOF_X3960.pdf



Beauty Decays

Hadronic decay (exotic, light hadron states) arXiv 2301.04899 %

Candidates / (10 MeV)

Candidates / (10 MeV)

700F 4 Data LHCb =+ ' B~ > J/WbK~ £ | ' i
600 — Total fit 9 b =+ +] / Yo + -
500 ;— ++++ Background A _; _;;_ —;
400F- - = AllK and X 4 7 3 + 3
300F — Tyi(4220) = - =
200E- NN7,,(4000) E i ;
100 = - * N\ TP -
E L~ AONUANNNTNNTT NN NN Y - %3 Al \\\\\\\\\\\\\\\\{\\\\k&%\h‘\\\ pip——d 5: ---------- \\3\\\\\%\\\\\&\\\\\\\\\ \" é
70F = 0 0oF
60F ' B” = J/YéKs 1 +
50E + :
o Lt
0 f T,
20 i IR L, W
10 - - 2 LN\ M- e\ 7
0E I AR RN v PPRCTETPOPIN e AR e— "~
42 44 4.6 48 3.6 3.8 4 42

m,, [GeV] m,,, [GeV] m,, [GeV]

State Mass (MeV) Width (MeV) Fit fraction (%) AM (MeV)

0 0 +12 49 +29 +17 +3.0 +11 +6

T9.,(4000)° 3991712 %2 105+ FT 79x25730 12411 FS

6 0.
Tps1 (4000)°:4.0 o
Change to 5.4 0 when isospin symmetry imposed on T£s1 (4000)%+ .



Beauty Decays

Hadronic decay (exotic, light hadron states)
PRD PRD 108 (2023) 012017

2

(=1

S
T

—~ —_———
> 4 Data ] > )
(bo LHCb Background 8 100 [ HCb I ]
250 - Total fit . < _ E
- 9 fb! —— D, (2460)~ D} ] S 9 fb~! b
P prasn- oy 1 2 80T ]
0 _, FOp+— S (a) | b o S| (b) |
BY - DDm = pye160)- D 1 o ol i
S 8150} D(3000)~ Dy ] L * |
B L D*@010-Dy 1 *
5 = TH(2900°D° 1 5 01 ]
g 100 - —— DxS-wave D - g * *
o 1 © . i !
50 | ] 20 . s
1 o
e ] gy & < SR
0 DS S . | o Wf‘ N ;
20 22 24 26 28 30 32 34 0 22 24 26 28 30 32 34
M(D7~) (GeV) M(D; ) (GeV)
< T LR T L G L L < L B B LI B L LA RN BELENLL B
% + Data ] %
® 250 LHCb Background = O LHCb
et : Total fit ] - 80 1 7]
= 9 fb- —— Dj460 D 1 5 9 fb ]
S 200 -~ D600 Dy ] I ]
NG (C) —— D;@2750°D; 1 ot (d) 4
2 150 D;(2760)° D} 1 » 1
£h D(3000)° D = 1
= — D007’ Dy 1 T 4ol H ]
+ -+ .+ S 100k T4,(2900)** D~ ] O
B* > D Din ; L |
4 20 h -
50 . et ]
] Ny 1,
oLET e SN . 0 . R it B ..
20 22 24 26 28 30 32 34 22 2.4 2.6 2.8 3.0 3.2 3.4
M(D~n*) (GeV) M(D} x*) (GeV)

Particle Mass ( GeV) Width (GeV)
6.6 T%(2900)°  2.879+0.017+0.018 0.153 4 0.028 4-0.020

cs0

480 T%y(2900)*" 2.9354+0.021+0.013 0.143+0.038£0.025 -,

cs0




Beauty Decays

Hadronic decay (heavy hadrons)

Bt - AfAZKY

LHCb: PRD 108, 012020 (2023) Belle: EPJC 78 252 (2018)

3 3 F® LHCb | %0F ~ome
s S “t Hl W}H R E
ég % ZZ: NW”\ *H H H)”\M : g?g_ .-~ Generic MC
S 8 " JT## % HjH&H*HNﬂ +_ 8 12: -
000850 2900;4'(/; 12<9§0[Me.V] ot 2600 4650 47;(‘);‘(2' _Ai)7l5[(l)w :\:] o:f- 'Z'i‘ 2 1 2 -9 gl
_ . R My, (GeV/c?)
B® — %.(2455)mp Belle: PRL 130, 031901 (2023)

80F —e— Data

I (a) ........ ;:::al:gl—;i;und -
60 - + [ B sideband

soffritt N .H+ LHﬂ”ii

ol 4T Tyw t Possible j? = %_, agrees with A G_,ZP),
B i romes: .ot

2.8 3 3.2 34

M; 2455, (GeV/c %) 33

Event (20 MeV/c?)



L~1 —3%1035¢cm 257! L~4 — 6x1035cm2s-! L~4%1036cm 25!

Start taking data RF power and IR upgrade 50 ab’! 250 ab!

Belle II l l 20 ahl l l

Belle Il Running period Upgrade

2015-2018  2019-2021 2022-2025 2026-2028 2029-2032 2033-2034 2035-future

Cree uo | s e s | s

Phase I Phase Ib Phase 11
-1 -1 -1
LHCD Upgrade 231b Upgrade S0 1b Upgrade SO0
L~4X10%2¢cm2s1 L~2X10%3cm2s1 I~2X%X10%cm2s1
Data ~ 9 fb™! Data ~ 50 fb"" Data ~ 300 fb™!
~1 interaction/Xing ~5 interactions/Xing ~50 interactions/Xing

The more we know, the more we do not know!
pgiEE HAgm s, E¥ ETmMRE
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CKM Process Observables Theoretical inputs
Vil 0T =07 3 |Vad | nuel = 0.97420 + 0 + 0.00021 Nuclear matrix elements
[Vass| K — nly [VuslsLfE=7(0) = 0.2165 =+ 0.0004 fE=m0) = 0.9681+0.0014 + 0.0022
K —ev B(K — ev) = (1.582 + 0.007) - 10~° fx = 155.6 4 0.2 + 0.6 MeV
K — pv B(K — uv) = 0.6356 4 0.0011
T — Kv B(r — Kv) = (0.6960 + 0.0096) - 10~2
Vs K = uv/m — pv BK = ) = 1.3367 + 0.0029 fr/fr = 1.1959 + 0.0007 + 0.0029
[Vual B(m — pv)
T Kv/r — v Br = Kv) = (6.438 + 0.094) - 102
B(r — wv)
|Ved| vN |Vedlnot 1attice = 0.230 £ 0.011
D — uv B(D — pv) = (38.7440.17) - 1074 fo./fp = 1.175 + 0.001 + 0.004
D — 7wty [Vea| fP7™(0) = 0.1426 + 0.0019 D=m) = 0.621 4 0.016 + 0.012
|Ves| W —cs |[Ves|not lattice = 0947058 +£0.13
Ds — v B(Ds — v) = (5.55 + 0.24) - 1072 fp, = 247.8 4+ 0.3 + 2.0 MeV
Ds — pv B(Ds — pv) = (5.39+0.16) - 103
D — Ktv [Ves|f275(0) = 0.7226 4 0.0034 27K = 0.741 + 0.010 =+ 0.012
[Vaus| semileptonic B |Vub|sL = (3.98 £ 0.08 £0.22) - 1073 form factors, shape functions
B —Tv B(B — Tv) = (1.08 +0.21) - 1074 fe./fs = 1.205 4 0.004 + 0.006
|Ves| semileptonic B |Ven|sL = (41.8+0.4+£0.6) - 1073 form factors, OPE matrix elements
Vs /Ves| semileptonic Ay BlAp = pu V)_"2>15 = (0.947 £+ 0.081) - 102 (A = pu V)_‘?2>15 =1.471 + 0.096 + 0.290
B(Ap = Aep™ )27 C(Ap = Acp™ V) 257
« B — 7w, pm, pp branching ratios, C P asymmetries isospin symmetry
B B — (c0)K sin(28)[. 0.699 £+ 0.017 subleading penguins neglected
cos(28) B® — D®RO cos(28) 0.91 4 0.25
0 B — DM KX) inputs for the 3 methods GGSZ, GLW, ADS methods
bs Bs — J/Y(KK, ) (¢s)b—sces = —0.021 + 0.031
VieVig Amg Amg = 0.5065 =+ 0.0019 ps~—* Bg,/Bp, = 1.007 + 0.013 + 0.014
Amg Ams = 17.757 4 0.021 ps—*! Bg, = 1.327 + 0.016 + 0.030
Bs — pp B(Bs — pp) = (28707)-107°[x (1 — 0.063)] fB. = 226.0 4 1.3 4 2.0 MeV
V5 Vis and €K lek| (2.228 +0.011) - 1073 Bx = 0.7567 4 0.0021 + 0.0123
¥ Ves Ke = 0.940 4 0.013 £ 0.023

https://indico.cern.ch/event/684284/contributions/2952455/attach
ments/1719296/2774804/Vale Silva 3.pdf
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Experiment Machine Operation C.M. Lumin. N(D°) efficiency ~ ©advantage/@disadvantage
CESR -1 29M © extremely clean environment
cLEQ (ete) 2003-2008 Sl 08 f D*:23 M © pure D-beam, almost no bkg
' 4.18 GeV 0.6 fb! 0.6 M ~10-30% © quantum coherence
i i -1 105(—=72) M ® no CM boost, no T-dep analyses
sepc  2010-2011(2021) 377GV 2.92(—20) fb D¥e5.4 M
BESI[[ (ete") 2016-2019 4.18-4.23 GeV 73 fb1 46 M
201442020 4.6-4.7 GeV 45 fb! Af: 7 M
* *okk
SuperKEKB 1 0.6+ G © clear event environment
(eTe) 2019- 10.58 Gev 428+ fb D*:03G © high trigger efficiency
© high-efficiency detection of neutrals
KEKB i 1 14 G 108 © many high-statistics control samples
(efe™) 1999-2010 10.58 Gev 1000 D*:0.8G 5-10% © time-dependent analysis
@ smaller cross-section than pp colliders
(ZEZJI) 1999-2008 10.58 GeV 500 fb~! 0.65 G
*k *k

Tevafron 2002-2011 1960 9.6 fb-l 013 T © very large production cross-section

(pp) © large boost

LHC 2011 7 TeV 1.0 fb* © excellent time resolution

. <0.5%
(pp) 2012 8 TeV 2.0 fb! 50T °  © dedicated trigger required
2015-2018 13 Tev 6 fb ?
*okk *

here using ¢(D°D%@3.77 GeV)=3.61 nb, ¢(D* D~ ©@3.77 GeV)=2.88 nb, ¢/(D} Ds@4.17 GeV)=0.967 nb, 0/(cc@10.58 GeV)=1.3 nb, ¢(D°@CDF)=13.3 ub,
D | and (7(D°@LHCb)=1661 pb, mainly referring to Int. J. Mod. Phys. A 29 (2014) 24, 14300518.
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leptonic decay of D

100

18/0.02 (GeV/c®Y

>

Charm Decays

- [ ] Matched y(z°) D! p*v,
- [ Unmatched y(x") D}—> u'v,
300~ [ Real-D, and non-D;

200

Events / (8 MeV?/c%)

100

02 .01 0 0.1 0.2
M2, (GeV?ict)

Experiment FE.,, (GeV)

Reaction chain

B (%) T Ves (MeV)

CLEO [2] 4.170
BaBar [5] 10.56
Belle [6] 10.56
BESIII® [7] 4.009
BESIII® [8] 4.178

BESIII® [9] 4.178-4.226

ete” — DFD*T
ete - DKX~yD;
ete” - DKXvyD;
ete” — DI Dy
ete” — DED*T
ete” - DED:F

0.565 = 0.045 + 0.017 249.8 £10.0+ 3.8 =1.0
0.602 £ 0.038 + 0.034 2578+ 82 £73 1.0
0.531 £ 0.028 £ 0.020 2422+ 6.4 £4.7+1.0
0.517 £ 0.075 £ 0.021 2389 +17.5+4.9 £0.9
0.549 + 0.016 + 0.015 246.2+ 3.6 =34 £1.0
0.535 £ 0.013 £ 0.016 243.1+ 3.0 £3.6 £1.0

This work® 4.128-4.226 ete™ — D;ED;:F 0.5294 + 0.0108 + 0.0085 241.8 4+ 2.5 £2.24+1.0
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Charm Decays

Semi-leptonic decay of D,

dF(D(s)—>P3+V{’)_GI%‘|Vcd(s)|2 3 2\12
qu - 24_71-3 pf0|f+ (q )l

2
d*T(D(5)>5¢"vy) _ GE|Veas)|

dsdq? 192m%4m3, )

B2(m3,s,q°)If+ (@*)|?P(s)

91Prrn
; ) 980 980
M2 —5—1(91 Pt 91 PRI Flatte for a((980)/f,(980)

P(s) = mg,I'(s)
(s—=m# )2+m? I'2(s)’

RBW for f,(500)

— Single pole form — Modified pole model

0
1) = 22 AGE o

1-qg*/M2,, (1_ ¢ ><l_a a )
Mzoe Mzae

— ISGW2 model — Series expansion model

ay(ty)(1 + i re(to) [z(t, fo)]k)

2 2 fi=
fi(d%) = fi(2Rax) (1 + I—z(qiax - qz)) T PO, 1) post
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> 6.32 fb~1 data @ 4.178 - 4.226 GeV

> NJo(980) _

sig = 54.8 + 10.1 (7.8 o significance)

> First BFs Measurement:
B(DF - f5(980)e* v, f,(980) — m°n?)
=(794+1.4+04)x10™*

» No significant signal and upper limit on BF @90% C.L. :

B(DF - f0(500)e+ Ve, [5(500) - n%70%) < 7.3 x107*

B(D& - K{KJetv,) < 3.8 x107*

> BFs help to understand the nature of the f;(500) and
f0(980) , and test different theoretical calculations.

Charm Decays

;: [t D'ata ’ Lt ’ 1
<
b - R - g
%5 20k — Total fit (a) ] % [ (b) 1
& [ Signal 1 O 7
S | — - Background | g
S0l e .
:IO’ ~ 10 =
iz @ - Y -
g1 = f gt X
5 F o | il
il § > [ A P
-0.1 0 0.1 08 1 12
MM*(GeV?/c*) M., o(GeV/c?)
s T T B 3. T T T
o (o]
¢ } O N0 :
[3 40F t Data [} 6? t Data ]
= [ —-cev,MC 1 = [—K¥Kev,MC ]
8 | — Background MC 8 a— Background MC &
~ 20+ ' - ~ 1T 4
= e 2 15l .
) o |1 1
St | yl ° ]
0 = 1, ] = o " - i e = ]
-0.1 0 0.1 0.1 0 0.1
MM? (GeV’/c*) MM? (GeVZ/c“‘)
1= . -
(c) (d)
eé — Nominal — Nominal
i — Upper limit — Upper limit
ol

10
B(D?—ce*v,, 6->1'n’) (x 107

0 5 10
B(D'—>KKe*v,) (x 107
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Charm Decays

2
I[(Dgs) = V(8¢ vy) & |Veas)| T(A1(%), A2(q),V (q?), ... )dm?dq?dcos(8p) dcos(8,)dx

IV p,w,K* ¢ I iFormuIa: Phys. Rev. 137, B438 (1965)
'S: £5(500), £,(980) | 1 Phys. Rev. D 46,5040 (1992) |

» Decay intensity ¥ include S, P D wave components
» Un-binned Maximum likelihood (Based on RooFit)

» FF parameterization (single pole)

______________________ w \ K
' A: (0 vo) !

| 1—q%/M2? 1—q2/Mg1 Ve \ @

| V(0) A5 (0) :
VA MO
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il d

-
u n‘ﬁg

s b e_\

Kcég— B-ﬁ;’f

Ay

=
B D!—_‘éf

C c
D=y | S]]

t B B’
-

|Vesl, |Vea|: (semi-)leptonic charm decays
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B, & B, t\\ﬁb ,

From S. Descotes-Genon

(can be done and should be done, but

none has done anything yet)

Vubl, |Vep|: (semi-)leptonic B decays
[Vial, [Vis|: Amg, Amg

Charm Decays

(0.0) = (0.1)
s
Bw__—% D
a:B - nnm, B - pw, B - pp, isospin
analyses
B:B - (¢cc)K,B - Dh°, time-dependent
CP violation
yY: B - DK, ADS/GLW/GGSZ
¢s: B? - (cc) (KK, ), time-dependent
CP violation

—2B8.+v:B. » DK

¢%%* = —0.042 £ 0.075 £ 0.009 rad,
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Xc /[ Xu

=

e‘\
\ S

LIS RELANL AR R B I BN L R
4.75 3 Exclusive [V,,] &y’ =) frcontours ]
4.50 f — kxctusive|v,y g = g

425 F — Vv 277 M 3 Belle Preliminary

= 400 | T o I - 711 fo!

5 fee™ This analysis _ -~~~
2 375 N 3
Q = e
w 3.50 4 e =
325 _.-—~ E
- HFLAV &
3.00 : E
258 ., . ... . . . . 24

36 38 40 42 <

|Vcb|[10'3]

\
Big 1
: \
S1g ¥V >
T T ] L T L
LHCb z
B! >Ku'v, = LCSR (Khod.& Rus.2017)
q2 <7 GeV¥/ct
B! > K u'v, ~e~ LQCD (MILC2019)
q2>7 GeV?/ct
A) > puv, - LQCD (Detmold2015) >
q2> 15 GeV?/ ¢t >
IVUb |cxcl/| VCb |excl(PDG) |
1 L 1 " " " " 1 L
0 0.1 0.2
| Vio I/ Ve |

|vub|/| Vt.b|(lOW)

|Vub|/|vcb|(high)

= 0.0607 £+ 0.0015(stat) + 0.0013(syst)
+ 0.0008 (D) + 0.0030 (FF),

= 0.0946 £ 0.0030(stat) *0-%02 (syst)
+0.0013 (D,) + 0.0068 (FF),

Belle: inclusive |V,,;,| measurement complicated
v' Large “bg” contribution from B - X lv
Treat B - X_lv as part of signal
v' Simultaneously measure |V,,;,| & |Vy,5]
v' B - X,lv dominate (>86%) in high p? bins

LHCDb: 2 fb~'data at 8 pp collisions
Observation of B) - K~u*v,l

v' Branching fraction measurement
Roc — B(BY » K~ pu*v,)
BF " BB - Drut,

v Determination of |V,;| / |Vus| in low/high g2 bins

LHCb, PRL126.081804(2021), [arXiv: 2303.17309]
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> A few selected recent measurements from Belle(ll) and LHCb experiments
v' Measurements of |V, | & |V, |
v' Tests of lepton universality

» Discrepancies (> 30) of measured |V,,| and |V,,;,| between inclusive and
exclusive final states remains
v' Measurements not limited by statistical precision
v’ Better design analysis choice to reduce systematic uncertainties
v' Many systematic uncertainties can be reduced with more data
v Important to improve precision of theoretical calculations

> Deviation of measured R,y from the SM prediction remains (> 30)
v' More precise measurement expected with more coming data
v' Measurements as a function of g2 and angular distributions

» Test muon and electron universality: inclusive and angular distributions
v Systematic uncertainties that will further be reduced with more data

> Semileptonic b-hadron offer reach opportunities to look for NP, expect
new results soon



bj /DOK
b —>u

GLW: D = CP eigenstates, e.g. KK, nn bt o
PLB 265 (1991) 172

states to interference

XD@A
_ D° and D° decay to same final
fpK

ADS: D = quasi-flavour-specific states e.g. Kn CRECE G

GGSZ: D = self-conjugate multi(3)-body states e.g. Ksnn PRD 68 (2003) 054018
GLS: ADS variant with singly Cabbibo-suppressed decay D—KsKn ~ PRD 67 (2003) 071301
time-dependent Bs—DsK, B>—Dm etc Nucl. phys. B 672 (2003) 459

Dalitz (GW) method: BO—=DKn PRD 79 (2009) 051301

Sensitivities of y from many channels, important to measure as many as possible
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GLS result (Belle+Bellell!)

« B* > DK* with D —» KJK*n~ (SS) or D - KJK~x* (OS)

* Measure 4 Acp and 3 BR ratios.

« Get results in full D phase space and in the K*K region (large dp).

2r2Krpkp sin(65% — 6p) sin @3

ADK —

55 7 14 (rB%)2r2 4 2rDKrpkp cos(60K — 6p) cos p”
ADK _ 2rPXrpkp sin(65% + 6p) sin ¢3

05 T (rBK)2 412 + 2rDKy i cos(65K + 6p) cos g5
ADT — 2r2™rpkp sin(65™ — 6p) sin ¢3

S5 714 (rB™)2r2 + 2r2™rpkp cos(65™ — 6p) cos 3’
AP _ 2r0™rpkp sin(65™ + dp) sin ¢3 .

O5 ™ (rBm™2 4 12 4+ 2r27rpkp cos(68™ + 6p) cos Ps

RPK/Dx _ 1+ (rBE)2r2 + 2% rpkp cos(68K — 6p) cos ¢3
SS

(rB%)2 + 1% + 2rE%rpkp cos(65X + dp) cos g3

(rE™)2 +r% + 2r8™rpkp cos(65™ + dp) cos ¢

RDT 1+ (rB™)%r% + 2rg™rpkp cos(05™ — 0p) cos ¢3
$5/0S = (rD™)2 4 2 4 2rD 1k, cos(627 + 6p) cos @3

RES" = R

1+ (rB™)2r2 + 2r2™rpkp cos(05™ — ép) cos ¢3

« 2D Fit (AE, C') of 8 categories
(DK, Dr)x(SS, OS)x(+,-)
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GLS result (Belle+Bellell!)

« B* > DK* with D —» KJK*n~ (SS) or D - KJK~x* (OS)
* Measure 4 Acp and 3 BR ratios.
« Get results in full D phase space and in the K*K region (large dp).

In K*K region:
ALK = 0.055 + 0.119 + 0.020, * First Belle/Belle |l result from this channel.
Aos =0.231 +0.184 + 0.014, * The precision is worse than LCHb’s @ [arXiv:

2002.08858]

e With the D information from CLEO-c, will
contributed in a combined ¢ from Belle/

ADT = 0.046 + 0.029 + 0.016,
ABT = 0.009 + 0.046 + 0.009,

Rgg'/P™ = 0.093  0.012 % 0.005, Bellell. (May get out this summer)
R2X/P™ — 0,103 + 0.020 = 0.006, :
REZ o = 2.412 % 0.132 + 0.019, £

wEL

* Model-independent result from
CLEO-c.[arXiv:1203.3804]
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GLW result (Belle+Bellell!)

. B* - DK* with D — K¢n° (CP-odd) or D - K*K~ (CP-even)

B(B_ - DcpiK_) + B(B+ - DcpiK+)

Reps = ) :
op B(B- — D'K-) + B(B+ — D°K+)
=1+ 1%+ 2ncprp cos(dp) cos(ds),
A _ B(B_ — DCP:EK_) — B(B+ — DcpiK+)
P+ " B(B- = Dcp:K~) + B(B+* — Depr K+’
= 2770}::7"3 sin(63) sin(qﬁ;;)/RCpi.
68.3% CL _ 95.4% CL Reps = 1.164 % 0.081 + 0.036,
8.5, 16.5 150, 22.0] R =1.151 + 0.074 £+ 0.019
| ¢35 () [84.5,95.5]  [80.0, 100.0] § ~op-— . Rt
‘ [163.3, 171.5] [157.5, 175.0] | Acpy = (+125 £ 58 £ 1.4)%, |
| s [0.321, 0.465] [0.241, 0.522] | Acp_ = (-16.7+5.7+0.6)%.
IS

>
2 9 Bellell 8"~ DK (e)
3 Ldt=189fb
& 8
2 7 A
§ 6 s
w 5 ¢+ — BB
4 qq
3 i
2
1
0
= 5
- 0
ST 05 0 0.05 X 0.15
AE (GeV)

« 2D Fit (AE, C") of 6 categories misID Dr

(DK, Dmx(Kgn®, K*K~, K~ n™")

Large Rcp+ than W.A.
Competitive Rcp- and Acp- with W.A.
0.3

Belle + Belle Il preliminary
024 Jrdt=(711+189) fo?

-
0.14

world average: ¢;(°)=66.2133 = 0.0996 + 0.0026

396 1 oo
<
-0.1 CP+
CP-
0.2 T syst. uncert.
: {7 stat. uncert.
+ HFLAV 2021
-0.3 T T T T T
0.8 0.9 1.0 1.1 1.2 1.3 1.4

Rep =
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Measurement of CKM angle ¢;

. . . ) -
O Theoretical uncertainty on measurement is KLZ ~1077 b Vb u

¢3 Do
O Test physics beyond SM W- ¢
-
. S

O CPV in the interference b — cusand b — ucs

_———1° K_
a - a
.M suppr.[p—_nox— ] "
(p.n) A [B —->DVK ] _ rBel(58_¢3) -
AfavOT.[B—_)DOK—] s
|‘/I(/ Il: 4
Ve V(; o b  — - c
. Vuqub B~ Ven D°
¢35 = arg[ —""] a - o
cdVep —
% 10
@ . —=— BPGGSZ
-~ sf
O Foreseen precision of ¢3; is expected (current 6f —+= GLW + BPGGSZ
world-average d¢~4°) with the future Belle II dataset af
ol
The expected uncertainty S R R
2 4 6 8 10

of ¢p3 versus luminosity Luminosity(ab™)
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Belle II Measurements of CKM angle

P3

O (AE, C’) 2D simultaneous fit for all methods

O GGSZ method with B~ - D(—» K¢h*™h™)h~ decays It aiatiabies

-— The CP observables of interests 03— 1 —
x_ = +(9.24 + 3.27 + 0.17 + 0,23))(10_2 0.2j Ldt=(711+128)fb7' .' 0.8} J‘Ldt=(711+128)fb71
xy = —(1128 £3.15 £ 018 £ 022)x1072 | .25 3 08
y- =+(10.00+ 420 £0.23 £ 067)x102 = °F /(4 e T o4l a3
y+ = —(4.55+4.20 + 0.11 + 0.55)x1072 R 02

—0.2j B 95.54%(
¢3 = (784 +11.4+ 0.5 + 1.0)° %3 oz o7 0 01 0z 03 0 50 . HO 150
X 3

O GLW method 4., = +21psindpsings /Rep+

arXiv:2308.05048

Repy =1+ 12 + 2rgcosdgcosps

Acpy = (+12.5 + 5.8(stat.) + 1.4(syst.))%
Acp— = (—16.7 £ 5.7(stat.) + 0.6(syst.))%

Repy = 1.164 + 0.081(stat.) + 0.036 (syst.)
Rcp— = 1.151 %+ 0.074(stat.) £ 0.019 (syst.)

O GLS method with B~ - D(- KsK*m™)h~ decays arXiv:2306.02940

e 7 CPobservables: 4 asymmetries, 3 BRs ratios
«  Measurement performed in full D phase space and in the enhanced-interference

D - K*K region

« These results can provide constraint on ¢

-0.3 T T
0.8 0.9 1.0

0.3

0.2

0.14

& 0.04

-0.1

-0.2

Belle + Belle Il preliminary
[edt=(711+189) fo!

T

— cr+
— CP-

# HFLAV 2021
# Belle+Belle I

Rep+
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https://arxiv.org/abs/2306.02940

DK

Yy

LHCb Measurements of CKM angle @5

O GGSZ method

0.1

0.0

0.1

0.2

g
R i

-- B > D(-» Ksh*h™)K*°

Limited statistics,
CPV still observed

in some bins

¢3 = (49213)°

o I N O N N N BN B R N O By H o4 T T T T
T 15 Y servs " g o ’_— 4 =1
£ E 3 (.PObscr\deca Kt KK+ K3 = [ LHCb 1
;\ 1»():_ @  FitResults _: ook 9 fb-! ]
s F t 3 [ Preliminary ]
Ehe el gl 3 |
bt | L Ly 3 ; 2 ]
oy ; -
TR t 1 *
-0.5F - [ B ]
E LHCb = 0.4 = 1
10E 9 fb~! Preliminary 3 [ ]
CL L 1 1 1 | N N I T T2 T Y s 0.6 =
8 -7 6 -5 4 3 2 -1 2 3456 7 8 211 2 [ . f i = 9
Effective bin number —0.6 -0.4 -0.2 0.0 0.2 0.4

Preliminary

. B

0.1 0.2 0.3 0.4

P

- B o

LHCb-PAPER-2023-009

-~ B~ > D*(» D(» K¢h*h™)n® /y)h~
LHCb-PAPER-2023-012
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