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CP violation in SM

* CP violation essential in explaining matter-antimatter difference in universe
* Complex phases in CKM matrix and PMNS matrix generate CP violation in SM

 CKM matrix: unitary matrix connecting interaction and mass eigenstates

L IEFERE, AR Ry ME— PR AR CKM PMNS
dI Vud Vus Vub d : S b =
S =(Vea Voo Vaolls] = LM
b! Vie Vis Vo) \b) <L | ~»® B[

t ' : Vi .
Mass eigenstates H

Interaction eigenstates

* However, CP violation in SM model only contribute tiny to antimatter problem
in universe

* Need more sources of CP violation
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Unitary test
* Unitarity condition: only requirement in SM
* Closure test of unitary triangle etc Z ViiVii =1 Z ViiVik =0
* All measurements consistent with each olher? Yes %

* Is current precision enough? No 1075
VudVJd + VusVis + Vup V?jb —1

1.5 T 17T

[ | excluded area has CL > 0.95

= —0.0023010:59228 (10)
—0.0023019:39237 (20)
—0.00230%5:00242 (34)

Direct measurements:

a+pf+y=179))°

= 2221 Global fits:
_1 .5 C 1 1 1 1 | 1 I 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 | | I‘\» 1 1 1 ]
-1.0 -0.5 0.0 0;5 1.0 1.5 2.0 a + ﬁ + y = (179 9t%3 o

2024/05/12 4



CKM angle y

* Measured through b — ¢ and b — u interference

A = qei(®1191) 4 g, i(02102) A= alei(51—¢1) + azei(52—¢2)

_ AP 14
AP+ AP

* Tree level processes > SM candle, NP normally enters loop diagrams

Acp o sin(d; — d2) sin(¢y — ¢2)

* Loop level processes suppressed, theoretically clean, 8y/y ~ 107
JHEP 1401 (2014) 051
* All QCD parameters (hard to calculate) obtained from experimental

measurements (global fit)

2024/05/12 5



Probe y in different methods

/ DYK rpei®

Oand D° decay to same final

f DK B |
\ / states to interference
rBe 55=7) DO =
GLW: D = CP eigenstates, e.g. KK, nn PLB 253 (1991) 483
PLB 265 (1991) 172
ADS: D = quasi-flavour-specific states e.g. Kn PRL 78 (1997) 3257
GGSZ: D = self-conjugate multi(3)-body states e.g. Ksnn PRD 68 (2003) 054018

GLS: ADS variant with singly Cabbibo-suppressed decay D—KKn ~ PRD 67 (2003) 071301
time-dependent Bs—DsK, B—Dm etc Nucl. phys. B 672 (2003) 459

Dalitz (GW) method: B>—>DKn PRD 79 (2009) 051301

Sensitivities of Yy from many channels, important to measure as many as possible
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Global combination

LHCb-CONF-2022-003

B decay D decay Ref. Decay Parameters Source
B* — Dh* D — h*h~ 29] B* - DK** kDK LHCb
B* — Dh* D — htontn 30] B —s DK KK LHCH
Bi — Dhi D — Kj??‘(':':?;"_ﬂ_ 18] BY — DFxt B HFLAV
Bﬂ: K Dh:t b= Oh f_ 1] B) = DTK*(rm) ¢, HFLAV
gﬂ: - gzi g - g%};(:th - g;] D— Ktr~ cos 05", sin6&™, (rE™)2, 22, y CLEO-c
Bt : Dit D : h"'Sh_ m 29} D— Ktn~ Agn, AT 7E7 005 6E™ rEmgin §Km  BESIII
B* — DK** D — hth- 373] D — kth~x" F;mo, F;Kwo CLEO-c
BE s DK** Jo PNy S 33] D — rtr—ntn~ Ff CLEO-c+BESIII
B — Dhtrtn- D hth- 34] D — Ktn—7° gl i K CLEO-c+LHCb+BESIII
BY s DK*0 D — hth- 35] D — K*pFpte=  pkdr gE3m o lsn CLEO-c+LHCb-+BESIII
B® — DK*0 D htrntr  [39) D KRK*n% 15, o ke CLEO
BY — DK™ D — Krtn~ 36] D KJK*r% g LHCb
B — D¥rn* Dt - K—ntrt 37] .
By DFK* D¥ o hthort [39] Charm (and b) inputs
Bg — D¥ KEnta D — hth ot 39] D decay Observable(s) Ref.
D° = hth- Adgp 24,40, 41]
Measurements from b-decays D KK~ Acp(KYK") 16,24, 25]
D® — hth- yop — Yl ™ 42]
D° — hth- yor — Yyl ™ 15]
D° s hth- AY 43-46]
D° — K*7~ (Single Tag) R*, (2/*)?, y/* 47]
D® — K*n~ (Double Tag) R*, (z/*)?, ¢+ 48]
. e o 0 + - 2 2 ‘
Also constrain D mixing parameters D= Kot (@ +y7)/4 9]
D° — Kntm z,y 50]
D° - Kdntm™ zcp, Yer, Az, Ay [51]
D° - Kntm™ zcp, Yor, Az, Ay [52]
D° - K{ntn~ (u~ tag) Tep, Yor, Az, Ay [17]
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A table for strong phase measurements
[(Coeets || ey || cmits | EEDsw | FEeEm

D - th”h‘ binned Ci,Si 3 fb! published; 9 fb! published; (5° VS 1°)
8 fb-1 ongoing;
D > KYhth™ Fourier al,al,bl, bt 8 fb'1 ongoing; 9 fb'! ongoing
D -» K*nTn*m~  global and binned Rg3m, Ok3m 3 fb! published; 9 fb-! published; (6° VS 6°)
Ris,., 8Ls New data
ongoing
D -> K"K m*n~  global and binned F, c;s; 16 fb! ongoing 9 fb! published (MD);
9 fb-! ongoing (Ml); (12° VS 10°)
D > mntn n*m~  global and binned F, c;s; 3 fb'1 ongoing 9 fb'1 ongoing (MI); (9° VS 3°)
D - K*ntn® global R=0.792 +0.033 3 fb? published 9 fb! published;
New data
ongoing
D - KgKﬂtJ—r global R=0.70+0.08 8 fb! ongoing 9 fb! published;
D - K)ntn n® global and binned F, =0.238+0.017, 3 fb! ongoing 9 fb! ongoing
ci' Si
D-> KK n® global F,=0.731+0.06, 8 fb! published 9 fb! published;
Ci)Si
D - Kt~ global (o) 3 fb?! published 9 fb-! published;
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Charm mixing data

* Neutral charm meson can mix and thus affect the decay rate

2 2
T'(D°(t) = f), =~ (1 +HL—"(ry) ) + B? %(Ft) )
D
a5 (s @e. ) () o)
X,y : mixing parameters q/p : CP parameters

* Strong parameters same as those from charm threshold data

* With the inputs of charm mixing related parameters, strong parameters
can be constrained: global determination

¢ Charm mixing offers valuable constrains even with current LHCb data for

ADS modes
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Constraints from global fit

T l T T T I =
3000 CLEO/BES D*—K*7*
5 Q . LHCb D'—K*x"
s 250 I Auch
arm Modes
— All Beauty Modes
- Beauty and Charm

T T T T T T T

T T | T

LHCb
Preliminary
October 2022

e Uncertainties from charm threshold

around 8°, while including LHCb

200 measurements from charm and beauty

gives around 3°

150 *  With 20 fb-!, BESIII will give around 4°

jfL: L | L L | | L i | | I
0.06 0.062 0.064
p

NN
0.056 0.058

= f | EIRE
'_' [ C2%20 LHCDb Charm Only LHCDb 7 :
%220 E 51 LHCh Beauty and Charm Zoimme § ° Strong parameters receive more

constrains from charm decays

* Add beauty part further help reducing

uncertainties
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Global combination results

LHCb-CONF-2022-003

1-CL

|Ill|ll||lllll|l

50 60
— +3.5v0
y = (63.853)
w 0.16m——T———F—— .
g& [ U0 B*—Dh, D°—Khh
~ . R B'—D°h', D"—hha'I 3
0.14— 2008 B'—D°n*, D"—h'h'"
" SBBBB Al B*—D%* modes
0.12 :_ - Beauty and Charm
0.11
0.08}-
0.06 :o- | | |
30 40 50 60
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Compatible with indirect determination

Yy = (655t%%)0 CKMfitter

* Dominant by B* decays

* Different decays contribute differently,
global combination gives best sensitivity

* Sensitivity on y parameters improves

y (%]

| 20823 LHCb Charm Only
¢ 1 LHCDb Beauty and Charm

! T i T ! T

LHCb
Preliminary
October 2022
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CKM observables: magnitude

b

S
.
K :’:éf

&

|

D

D r\é%

t B B’

BSMES

* |V,al: superallowed nuclear 8 decays

From S. Descotes-Genon

* |Vus|: K = mlv,K - lv, T - Kv etc. + form factors, decay constants

o |Vl |Veal: (semi-)leptonic charm decays + Lattice inputs

* |[Vupl, |Vcpl: (semi-)leptonic B decays + Lattice inputs

* |Vigql, |Vis|: Amg, Amg + bag parameters, decay constants

2024/05/12
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General on magnitude measurements
b q

£+
. O Bq u,c,t L, c,t <>Bq
q W b

* Leptonic decays, only need decay constant of the decaying particle

 We]l

Gzmuym& m? \°
Precise BF measurements B[M — fv,]sm = FTM ( - _e) |unqd|2f/\2//’7'M(1 + 52”,,52)

* Semi-leptonic decays, form factor needed (2 when P is Pseudo-scalar, more for vector and fermions)

BF as function of qz ar(M = Ptv) (G2 Vau,l? (@ — m3)?/E3 — m2
dg? | 24x3 q*m?,

[(1 - %) mi(EB — mB)|1.(q) + 2’32 (i — 5| fo(q )iz]

* Meson mixing, decay constant and bag parameters

Gr

Amq = ﬁ |Vt*q | M[?[/SO (xt)quB?qMBqﬁl\?
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BESIII contributions

[ J I [ J
(S e ml-) ep tO nlc d e c ay S CKMFitter P'I’IEP2022(2022)083C01 l 0.9734910.00016 l
HFLAV21 arXiv:2206.07501 [hep-ex] 0.9701+0.0081
CLEO PRD79(2009)052002, t.v 0.981+0.044:+0.021 Lagl
% PRD80(2009)112004, Vv i X X -
Pure leptonic decays: ko FROTSGMORENL, ¥ Lm0 e
+ + + b -l THEPOONIID, 1, Lopseomsens v
D = t7y,t" = e"v, U, Phys. Rev. Lett. 127, 171801 (2021) BE ol s Noann p
D+ + + +; & DY +y _ Phvs. Rev. D 104. 052009 (2021 ot PRD820010091105, 1 Li230000029 ot
s =T VU,T — RV, s U V”, YS. K€V, ’ ( ) Belle JHEP09(2013)139, v 0.969:0.026£0.019
e L L
# TV, T TV, ys. . 9 et % ik PRDIGS2021)052009, v 0972400234006 W
-1 PRD104(2021)032001, v
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s Il 2 BESIII7.33 fb arXivi2303.12600 [hep-ex], TV 0991£0.015£0.013 W
4 arXiv:2303.12468 [hep-ex], 7,v 0. X X L
D} - tty,tt > #*p,, arXiv:2303.12600 s " T o o
1 1 1 1 1 1 1 L I 1 1 i L 1 1
* . .
D.* - e*v,, arXiv:2304.12159, first experimental result on fps. * V] ' 1
cs
Semi-leptonic decays: Mo | PRDOICOISOSSOT  amaeesl v
. P . +y e e
D" - K,(1270)"e™v,, Phys. Rev. Lett. 127, 131801 (2021) s i SO s
0 HFLAV21 arXiv:2206.07501 [hep-ex] 2522425 -
DT — a,(980)°%¢*v,, Phys. Rev. D 103, 092004(2021 Cixo PRDMOGOOIIZ00, o%  doT0iiiaes et
K 0 e’ ’ £ T .
B . i 5 . 0.8 e By, T R
D> K e'v,&D™ - K'e™v ) PhyS. Rev. D 104, 052008 (2021) Belle JHEP09(2013)139, 7., 'V 261.1:4.8:72 ot
e e BESIII 0.482 fb" :zm«gmbgzix uv 245.5+17.8+51 F—e—ri
D} - 7%%*v, & K°K%*v,, Phys. Rev. D 105, L031101 (2022 Badar PRDBOOIOMIIOS v J64oshAene e
s e 5SS e’ ’ Bell JHEP09(2013)139 248.8+6.6+4.8 bt
e ] , 1V
D} — n%*u,, Phys. Rev. D 106, 112004 (2022) maenn | POwGow [ ks
_ . BESII 6.32 b PRD104(2021)052009, W 249.746.04.2 e
D} — ztre*v,, arXiv:2303.12927 DESenn  PRLZGEDOIOL v i
+ o . BESHITaOM w203 1468 leperl ny 27008028 vm
Ds —>ne vp,ne v, arXiv:2306.05194 BESII I gy ' S 252:111.7#12:0 ™ Combineg
0 100 200 300
Gives the magnitudes of the triangles; could also be used to test QCD f Dt 7
S

Talk by Z. Lu
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Contribution of BESIII to CKM global fit

. _ +0.00014 — +0.00031
Indirect: Ves = 0.97358Z000023 Vea = 0.22483%( 00023
L B 1.00 1 T T T T T T 11 T T 11 T T T T T T 17T T T T T 1.00 T TT T T T T T T I T T T T T T T T I T T T T T
0.98 |- Indirect(yellow) T 0.98 Indirect(yellow) — 0.98 Indirect(yellow) -
I Direct(tusk) B physics(green) : = Direct(tusk) B physics(green) B + Direct(tusk) B physics(green)
0.96 — — 0.96 — 0.96 =
3 ] T8 [ 1 -8 [
= | = i | = L ]
0.94 — . 0.94 — 0.94 —
Nucleon & Kaon(blue) B o Nucleon & Kaon(blue) B - Nucleon & Kaon(blue)
092 — — 0.92 = 0.92 -
[ e excluded area has CL > 0.95 | |- Neme _ excluded area has CL > 0.95 | - [ o _ excluded area has CL > 0.95 | 4
0.90\|»|||||1|||||||||\||||\||\||||\|| 0.90||||||||||||||||||||||||ﬁ||||||| 0.90|.|||||.||||||||.||||||||||||||||
019 020 021 022 023 024 025 026 019 020 021 022 023 024 025 026 019 020 021 022 023 024 025 026
VI V| VI
cd cd cd
Leptonic decays Semi-leptonic decays Neutrino-nuclear + W —

cs no lattice needed

Vs =0.984 +0.010 Ves = 0.972970:000% Ves = 0.9670 £ 0.0080
Veqg = 0.2185 + 0.0060 Veg =0.2285+0.0054 Vg =0.230+0.011

« BESIII offers the world best direct measurements on |V 4| and |V .|

* However, still much worse than from indirect constrain; need improvements
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LHCb COntrib Utions Nature Physics 18 (2022) 1-5

* Measured using B — Dsn™,

B® - D™ yyx

Amg = 0.5065(19)ps 1
Amg = 17.7656(57)ps !

Precision of 0.38% and 0.03%!!!

t [ps]
G% * 2 n = _mt
Amg = —2|thth| M[%/SO(xt)quB?qMBanr Xt= 772
61 My,

19131]3

SO(x)_xLL 41—x 2(1-x)? 21—x] Inx

 LHCD not only contributes to |V,;| and |V ,|, but also |th|

* Uncertainties mainly from Bag parameters (3%) obtained from lattice
16
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CKM status over years

15 L L
10f
os|
I 00 -
-0.5 :
A0
155
-1.0
5
15 e
[ \"e{ 1
Y ‘%\& ]
Ly ' & Am; ]
my & Amg
0.5 r Amd N
. b
I= ool 2 ]
F o N\ ]
L o ]
05 \ =)
i \ i
10 Y \\ A
sol.\\f)\V\n{25<0 E
‘Summer 23 lexcl.& L>0.95) -
N

2024/05/12 17




Conclusion

* Understanding matter-antimatter problem through unitarity test of CKM matrix
is important

* Joint efforts from beauty to charmed data (LHCDb), charm threshold data (BESIII)
and charm mixing data (LHCb) are key to establish world-best sensitivity on
Y angle and on charm mixing parameters

* Global efforts also needed on measurements of CKM matrix element magnitude,

especially from charmed data
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Thank You for Your Attention
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QCD: key inputs to extract EW parameters

* Factorization assumption:

Physics of interest

I
' = (Weak) (EM)

/

Experimental measurements
Precisely calculated by QED

Theoretical inputs as important as experimental measurements

E (Weak), (EM),

[, (Weak), (EM),

Ratios generally preferred both experimentally and theoretically
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