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Fundamental questions on CP violation

C: Matter <& Antimatter

ORI,

positive charge negative charge
C + Parity
electron positron

e CP violation in SM is described by CKM mechanism

* Can explain all experimental results

* However, matter-antimatter asymmetry offered by CKM mechanism orders of
magnitude smaller than observed in Universe (Why human beings exist?)

e New CP violation mechanism needed: what are they?

e Precision test of CKM mechanism
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CKM Physics

. W°
1—)\%/2 A AX3(p —in) b T o
Vekum = -\ 1—)\2/2 AN? A
AN (1—p—in) —AN? 1 , W
b— < u

* A ssingle complex phase in CKM matrix generate CP violation

e With unitary condition, four parameters can describe the matrix

A~08, A~02, p~015  n~0.35

* Triangles from unitary condition
. . . I ok~
 All well crossed a single point, though still <
space for New Physics;
* New particles/forces can modify the picture : ]
iy 3= A,
* Precision needed to see them P S T I TR DN A
-1.0 -0.5 0.0 0.5 1.0 15 2.0
P CKMfitter
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http://ckmfitter.in2p3.fr/www/results/plots_summer19/num/ckmEval_results_summer19.html

Precision test at flavor sector

* Sensitive to New Physics scale much higher than direct search: 1-10* TeV

— Couplings O(1) to avoid fine tuning

C(-d) - d
i O'Y(SM fields).

NP

il
o
“l >
o0
Ll © Ll
\—ﬂf_J \_ﬁf_J
S <

e Statistics or precision 1s key for flavor program: New Physics scale, i.e. Dim = 6,

proportional to Vstatistics or 1/,/Uncertainty,
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Unitary constrain with and without angles

0.7 :n L B L L L L -
= 1 * Most famous triangle: (db)
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http://ckmfitter.in2p3.fr/www/results/plots_summer19/num/ckmEval_results_summer19.html

Angle y

|Vud| |VUS| IVuble_lv
Vekm = | =Vl [Ves| | Veb|
|th|e_'B —|Vts|e’BS |th|

* Angle y is the phase which enters in b - ulW ™~

* Indirect measurements give: y = (65.7f%jg)° [CKMfitter19]

« Directly measured through b — u and b — c interference with 5 — D) K etc.,

theoretically clean [JHEP 1401 (2014) 051]

b .oo 0.. u‘\l b'...o 0..- c‘\L
- . .‘ ) . | ' DIJ
'.vub F L D Amplitude ratio g‘..‘,cb ' |
Ceer’ T'BezéB cee
‘;s S
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Probe y in different methods

/DO

Oand D° decay to same final

f pK~ |
/ states to interference
T'Be B\ DOK -
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—KsKn ~ PRD 67 (2003) 071301
time-dependent Bs—DsK, Bo—Dmr 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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Two-body D decays

JHEP 04 (2021) 081
* GLW/ADS measurements now performed with LHCb full Runl+Run2 data, for
B — DK, D and partially reconstructed B - D*K, D*m

AC AC

B~ e [KKIpK~ wllp p & x| K

Q

oi@5—1) At o iOs+7) pu
2N 2N
~.800 LHCb 800 LHCb
> ) S e TPy Sy 9 fb-!
= =
6000 e o 00 e e e e -
o el
S SR B”
~400- ~~4001
& &
< 200 5 200
o} ] o}
O 05000 5200 5400 O 05000 520 5100
m([KTK~]pK~) [MeV/c?] m([KTK~|pK™") [MeV/c?]
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Three-body D decays

 BPGGSZ (GLW/ADS over Dalitz plot) measurements now performed with LHCb

JHEP 02 (2021) 169

full Run1+Run?2 data, for B - DK,D — Ksnm, KsKK

[Phys.Rev.D78:034023,2008]
. S o ,

w
—

New charm input from
BES-III (4 * CLEO-c stat)
[PRD101, 112002(2020)]

m?(K9nt) [GeVZ/c?

‘ ‘ P | f [arXiv:2010.08483]
1 2 3 ~ 3 1
2070 _— 2/ 4 N
m (KSTF ) [GGV /C ] % 5 7
<3 -
— 52 0.5
+ g
k 5 43
on 35
) w0
=™
[Phys.Rev.D78:034023,2008] g .
v e ™1 .
0.5 10 l ZU 2.5 3.0
-0.5

m?(K3m~) [GeVZ/ct]

m?(K3mt) [GeV?/c]

2 2 _ 2 2 i(5B:F7)‘ 2 2
A (M v My =) = Apo (M v, M ) +|B € Apo (Mg s M 7+)
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Combination between the two e s comn

& LHCb ? LHCb
QAm 150+ S 150
~ Two body ~
BPGGSZ
100+ 100
501 — 68% C.L. 50+
~~~~~~~~ — 95% C.L.
99.7% C.L.
o D K%th-
0 : - - 0 : : :
0 50 100 150 .06 0.08 0.10 0.12 0.14
o DK
v [°] y:

* Good agreement between the two modes (expected)
*  Much better sensitivity when combined => key feature for y measurements

* Important to add more channels and compare between them
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New story from B decays
B '_—-éi@\‘ cp
A D K*ntn~ —’

By 10 e
o+i2Bs

—

B =¥ B

JHEP 03 (2021) 137

A(X)

& DYK nrmt

/ﬁzm AY(X)

* b — uand b — c interference can also came with B mixing

* Measured using LHCDb full Runl+Run2 data

r
K

0 [°]
: T 265
s Ny(t) — Ny(2)
ny RN B 0 RY 70
~0 0.1 0.2 0.3 oo N0 = N7
t modulo (271/ Amy) [ps] mil®) = )+ V;0)
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0.56 =0.05=+=0.04 = 0.07
0.72+0.04 =0.06 = 0.04
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= =~
stat Sys model
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MiXing p arameter JHEP 03 (2021) 137

arXiv:2104.04421

b Vi, u,c,t Vis s , ,
- .- o Together with BY —» Dy mr™, yields
BO W E E W BO the most precise determination of
S ' ‘ S oscillation frequency!!!
¢ * Better precision from lattice needed

$ Wswol Vo b

See Michele Veronesi’s talk for details

* Mass eigenstates different from flavor eigenstates: Am
— B - D7t =— BY— D;n" — Untagged

17.64 17.66  17.68 17.70 17.72 1774 17.76  17.78
Am, [ps™!]

—~

m A i T T T T T T T

o, verage - 1 HCh T
g Dyt 6fb~ ' o
o’ Dyntrta 9fb~ 1
~
~— Dynt 1fb7 1|

?} J/K+YK= 2fb~'

8 J/YKTK~ 3fb~1F
a

17.7656 £ 0.0057 ps~—!
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New ¥y combination

LHCb-CONF-2020-003

+
o
o

Ky |:| B+—§D°h+, DhhnVidn | | | = I | | | |
ESEEE Pl D" —>Kshh l‘guca}?y’ 1%, 150 ILHHCaB_
1 B=Dnt, D°=n'h October 2020 | Q Bq October 2020
B All B* =D modes “« - .
0.15~ @& Full LHCb Combination ]
100 — —
01- B 50~ [ B =D, D°—)hh7r°/h3iri -
: [ B*'=D°h*, D° =K Jhh
[ B'SDh, D" —hh"” |
B l 0 I All B*—>D"h" modes _
[ Full LHCb Combination
005 1 | I 1 L | L - I | 1 | ! | -
0 50 100 150 0 50 100 150
Y 1°] y [°]

* Now precision mainly from B* decays, large potential from other b hadrons
* New average on ¥y from LHCb: y = (67 + 4)°, compared to 14° in B-factories

* Also now much closer to indirect determination: y = (65.7752)°
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Belle II starts to see signals

* Signal enhanced with M, = \/Egeam — (Pgc)? > 5.27 GeV/c?

e PID enhanced and clear BPGGSZ channel seen

~63 fb!
< N i N } ]
g 3(2) Belle Il (preliminary) B »D'(Kmmh |G 45 Bellell (preliminary) B — D’(Kmm)h
_ = . kaon enhanced
© 1gf|Ldt=6281" kaon enhanced | = 40 I Ldt=62.81"
E 16 T T R P B — DK o 3
L 1 N G g0 @ o
e e F e ackground )
10¢ -p---- ¢ background 20 *
8§ 15
g 10
5 i | } 4
0
= 5
= > [ ] L] Y Y Y
E ‘ a 0 '... < [ ] [ ]
: -5
-5 b= 5 o5 57 5E 07 01 02 03 04 05 06 07 08 09 1
AE (GeV) c

S. Sandilya@ Moriond QCD 21
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Angle ﬁ Ell:idigl (2018) 261801
PRD 98 (2018) 112012
|Vud| |VU5| IVuble_I’Y
Vekm = | =1Vl | Ves| | Vel

|th|e_16 —|Vts|elﬁs | Vib|
 Sensitivities on sin2f driven by B —>charmonium+KS(f .- 0.699 + 0.017 (HFLAV)
* b — cud penguin free

 Two fold ambiguity solved using B - Dh°, D —» KJh*th™ decays
S ey, mmm

b—cud sin(ZB) = sin(2¢ l) ' PRELIMINARY

m
Summer 2018 é
PRELIMINARY ] e
i & v -

. World Average i : 0.70 +0.02 =
b—ccs : : 5
+ HFLAV (Summer 2018) LS ' o
................................................ 77 N S —— 08 F <
: BaBar+Belle i 0.66+0.10 +0.06 e,
= ! PRL 115 (2015) 121604 : e
o H H 0.6 o
o i Average : 0.66 +0.12 8 3
: : < <
e A e N L A <
c ! BaBar+Belle . 0§80+ 0.14 +0.06 +0.03 i e-ééo >
‘R ! PRL121(2018) 261801 1 o2+ -7) Q
B : ’ Q
¥ i Average : 0.80 +0.16 ; B

ol i HFLAV ; [+ T et L S— T

-0.2 0 0.2 0.4 06 0.8 1 12 '
0 I L 1 1 1 —_
202 0 02 04 06 0.8 1 p
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https://hflav-eos.web.cern.ch/hflav-eos/osc/PDG_2021/

Belle II warms up on f measurements

« B? > J /YK provides additional information on
K} reconstructed using K’ and u detector

* Very good purity

~63 fb!
80 80
70 b Belle Il preliminary 70 | Belle Il preliminary ]
—~ C + —~ C + A~
> ek _[ Ldt=62.8 fb”" J/ '~|-’ —> U > 6 J.Ldtzsz‘s fo! J/ l.lJ —>ee E
= | o :
0 50 _ —e— Data To) 50 —e— Data B
N - — B K, Jly signal o~ —— B —K_Jly signal
— 40 - - Combinatorial background — 40 Combinatorial background -
; 30 - Peaking background ; 30
§ : T4
> 20 + 20 f + +
w : UL SO o - "lJfl# 0 Y L e **ll*iul
10F [ At f+ t't 10¢ t + + Tt + les
: 0 : L1 1 l L1l I Ll 1 1 I L1 1 l llllllllllllllll I Ll l-
20 -10 O 10 20 30 40 50 60 70 80 -20 -10 O 10 20 30 40 50 60 70 80

A E [MeV] A E [MeV]
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Angle a and related HFLAY

Bpp B HPLAV
 |B*=(pn) PDG 2021

i Combination
1 I I I

—

O 12
I

p—

[

I 1T 1
lﬁiéjlllll

I R I

0.8

0.6

0.4

llll

02, /

A .\ T
90 50 100

* Obtained using Isospin analyses of B — 7w, prt, pp systems

e Current precision: (85.217%)°
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https://hflav-eos.web.cern.ch/hflav-eos/osc/PDG_2021/

CP violation measurements in B ) — Rt R e oo s

e BY% - m*m~: inputs for @ measurements

« B2 - K*K~: U spin analysis with B® - n*n~ offering —28; and y
« BY% > K*m™: inputs to understand B — K7 puzzle, sec William Parker’s talk for details
* Now performed with 1.9 fb-! of LHCb Run2 data
g OSprrrr g OSprrrr
E ool oo E I o S . Combining with LHCb Runl results:
5 0.2 z*xm~ sample — :?: 02— n:*zr'sax.nple -
OQ‘QZi;‘Ej[' \ "01 e Crr = —0.320 £0.038,
pe I S.x = —0.672 +0.034,
o B | %o A%, = —0.0831 £0.0034
05T Ds 10 12[ 1]4 05 é']'jé 10 15{?124 2103 o . ' ’
ecay time [ps ecay time [ps
Acp = 0.225 +£0.012,
g Olr LA T 0. 1prrrprrrr e "
E | %}9[%1 1 E %19{%)' ] Cxx = 0.172 +£0.031,
g- 0.05- KK~ s&}mple — g- 0.05_—§ K- sar.nple ]
L % s Sk — 0139 +0.032,
I B A = AR = —0.897 +0.087
T RO ] T RO ]
;,,ﬁﬁl,,,,,,,,,,,,,,,,,,,,,I,; 2..??.....“.........,.......} First observation of time-dependent CP
-0]0 0.050.10.150.2 0.25 0.3 0.35 _0]0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 . . . 0
(1) mod (2/8m,) [ps] (1) mod (2/Am,) ps] violation in By decays!
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Belle 11 warms up: a measurement

Candidates per 0.002 GeV/c?

B° - 7Y driven a sensitivity with B — mm system
B(B® - 7°79)x 106 = (1.83 + 0.21 + 0.13) (BaBar), (1.31 + 0.19 + 0.18) (Belle)

Some predictions
Br(B°— z°2°) =[0.2310% (w;,) 1% ( £5)1095(a3)]x 1075, PRD 90 (2014) 014029

B(B4 — 770 |pmc = (0.98“:8;‘;‘1‘) x 1078, PLB 749 (2015) 422
Br(B°(B°) — n°2°) = (1.17101}) x 107S. PRD 95 (2017) 034023
Tensions seen and Belle II is approaching to solve that ~63 fb!
50 ;_ Belle Il (preliminary) ; ?c?tt:I fit E 70 g_ Belle Ii (pre/iminiry) :192:; fit
: Ldt=62.8fb" B - 050 o 60F J.'-dt=52-8fb B = 10
40 ; g%ntinuum § 50 E— + ---CB:%ntinuum
c]0] asnuat- ki Sk TIUEUEE SR S A ¢ 40
: o 30F T
201 + o V95 T
g T 20F
L © -
10p S 10F
T T T Y T BT 1T © : loooiiisennnss e i DL LT L
5026 S. 265 S. 27 S. 275 S. 28 d. 285 5.29 -0.3 0.2 _A0E1 G \0/ 0.1 0.2
e
Mbc (GeV/C ) ( S. Sangilya@ Moriond QCD 21
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Belle 11 warms up: a measurement

« Rediscovery of B - p*pY
« B(B? - ptp?) = (20.6 +3.2 +4.0)x107°, f; = 0.936%0:077 + 0.021 can already be

i v
achieved! 63 fb-l

. .
g . Belle Il (preliminary) "Q ok Belle Il (preliminary) “t\_, 70F  Belle I (preliminary)
= fl.dt:ﬁg.afb" > fl-dt=52-8fb" > Ldt=6281b" 1
z " s | 2 | [ro-e Generic B
g 50 ~ 50 ~ 50 1 1
N~

: 3 3 Longitudinal
5 g 4 g ‘
3. 2 2 - Transverse
T S g
O 20 g 3

2 ©

5 5

] O

h=] 4 B 4
%3 : 83 2 e if
© © N
Egq -2 Ed -2 : F2 0
50 -4 50 -4 " L . . Ep 2
ZT 0. ZC 0.6 0.7 0.8 0.9 1 2&’ -4
m(x*7°) [GeV/c -
(7'7°) [GeV/c] mi*n) [GeV/c]
- 200 Belle Il (preliminary)
o 250 [ Belle Il (preliminary) —-Data S 180 o Belle Il (preliminary)
~— 4 — Total fit [ del:GE.BIb" o 180 B
= fl_dt=sz.afb = Signal long Q 160} = del:GZ.BﬂJ
g 200 | — Signal trans P 8 160
@ ser @ 140 o 140
3 m BB bkg = 3
I EiB X D 120 T 120
- 150 []B— prx k<] o
° 1 Continuum c 100 2 00
c o c
© O 80 T g0
O 100 50 O
60
40
50 40
20
20
O, 4F
B 4 88 2F i Co
NG 2 T3 OF! gtk SR SN, SR NG 2p, 4 +
HE  F Bal et
R = L il 1 L L il e ke L ‘D - N PR ———
5§ -4 L L L L L L L L 20‘: -1 -08 -06 -04 02 0 02 04 06 08 o 8 -2 b L L L L L L L L
=z -10 -8 -6 -4 -2 0 2 4 6 8 10 cosO zT _1 -08-06-04-02 0 02 04 06 08 1
C'eeor e cos

% S. Sandilya@ Moriond QCD 21
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CKMfitter

New thSiCS hunting in ¢ S JHEP 11 ggg 062

* Analogous triangle from unitary 10T %‘; LR
conditions, but with (sb) quarks instead ‘20
of (db) quarks \

* Triangle squeezed, thus S very small

* Sensitive to new physics in loop

-¢ -¢ -¢

b t,c,u S
B° W W B!
S t ! c, u b 4-1 o i 1 1 1 1 l 1 1 1 1 i 1 1 1 1 I 1 1 1 1
- > - -0.10 0.05 0.00 0.05 0.10
psb

o pmeas. _|_op 4 Aqbfeng 4 NP

SM prediction for -2;: -0.03696 +0.0004 [ckmMfitter]
Well under control with B = J/YK*° and B - Jyp°
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http://ckmfitter.in2p3.fr/www/results/plots_summer19/num/ckmEval_results_summer19.html

Status of ¢5°S LAY

* Tensions seen between measurements for I'; and Al', scale factors on errors

applied: 2.5 and 1.77, respectively

« BY > J/Y¢: CDF, DO, ATLAS, CMS, LHCb

e LHCb: B - J/YK*K~, m(K*K~) > 1.5GeV,Bd - J/Yyn*n~, B -
Y(2S)P, DF D3 (111Ep 08 2017 037, Phys. Lett. BI9T (2019) 134789, Phys. Lett. BT62 (2016) 253, Phys. Rev. Lett, 113 (2014) 21 1801]

* Average: ¢S = —0.050 + 0.019, SM prediction for -2: -0.03696 +0.0004

— o
| HFLAV I HFLAV
3 DO 8 fb~? 3 0.16 DO 8 fb~!
L 0.13 68% CL contours 'L
) loge=11s) | S 01 CMS 116.1 fb~
0.11 CMS 116.1 fb~! 0.12;
0.101
CDF 9.6 fb~!
9:03 0.081 -
LHCb 4.9 fb—l LHCb 49 fb_l
' 0.061 Combined”
0.07 “I's errors scaled by 2.5 ATLAS 99.7 fb~1
0.04 1 ) AT errors scaled by 1.77
CDF 9.6 fb™
0.0575 03 0.1 0.1 0.3 ] 0-%640 0.650 0.660 0.670 0.680
s °[rad] Fslps™t]
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https://hflav-eos.web.cern.ch/hflav-eos/osc/PDG_2021/

New stories of ¢p5“° measurements LHChPAPER 2020-042

5 °

2 >

> Q

C >

= N

5 3

5 2

£ s

2 g

Q ©) ! ettt S S S PR WL T
07200 5000 5200 5400 5600

m(e*e” K'K~) [MeV/c]

T

>

ﬁ —+— Data

2 Total fit

Vb i a1 T B~ J/ y(ee)p te~

‘S ———- Combinatorial € € mOdeS

: e BY w(28)¢

: ceeeeees B g (IP)§

..c .

g

O

4800 5000 5200 5400 5600
m(e*e- K*K™) [MeV/c?]

 Reconstructed using B = J/y(ete )¢ using LHCb Runl data (3 fb-!)
» Zero (a), one (b) or both electrons (¢) with bremsstrahlung correction
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. CCS
New stories of > measurements LHCb-PAPER-2020-042

210 S1000- R LHCb

N PR + 3fbT

(\! 102 % 800_ ]
S S
= 3 600
8 10 E 2
3 © 400}
S s
8 200f
O -

- | 1 N N . " . M

10 5 10 05 05 0 05 1

Decay time [ps] cosf,

— r T L T L I ~ L L

S1000 LHCb §1000 LHCb -

@ :}( 3 fb! ; : 3 fb’! ]

2 80011 - 800:+ + 1 .

S ~: -

: o\ e MW H‘_-;

O 400 Nt y 1 8 -7 e Nl

: S e S L - ;

200F T T SO : 'g 200F R

E and T T B ']:""'4' © :'.""".""';:':':]:"'T'I""Z""'i""".""']'T::]:':‘—';'“'"I I:

o 05 0 0.5 1 0 -2 0 2

* Full time-dependent angular analysis performed to disentangle CP states

* ¢, measured to be 0.00 £ 0.28 £ 0.05 rad, consistent with other results
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Future data taking plans

L~1 —3%103°cm2s! L~4 — 6x1035cm2s-! L~4%103%cm2s"!

Start taking data RF power and IR upgrade 50 ab-1 250 ab-!

Belle 11 1 l 20 ab! l l

Belle Il Running period Upgrade

2015-2018  2019-2021 2021-2025 2025-2027 2027-2030  2030-2031  2031-future

Phase 1 Phase Ib Phase 11
-1 -1 1
LHCD Upgrade 231b Upgrade S0 b Upgrade 300 b
Z~4X10%2cm—2s~1 ZL~2X10%3cm2s1 L~2X103%cm—2s™1
Data ~ 9 fb" Data ~ 50 fb"" Data ~ 300 fb-"
~1 interaction/Xing ~5 interactions/Xing ~50 interactions/Xing

See LHCb upgrade talk from Sheldon Stone, Belle II status from Minakshi Nayak
2021/06/10 26




CKM angle potential in near future

Observable LHCb 2025 Belle 11 (2025) > 2030

Y/ b3

Sin2/sin2¢4

o/ b,
b5, with B = ] /i
¢, with B — DD

355, with B) = ¢¢

2021/06/10

0.011

14 mrad

35 mrad

39 mrad

<0.35°
0.005 <0.003
1.5° -
- 4 mrad
- 9 mrad
- 11 mrad
Belle II Physics Book

LHCDb upgrade II physics case
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CKM triangles in two decades

Phase 1 Phase 11

1-5IIII]IIII|III|IIIIIIIIIIII 1.5|||||III|II

| excluded area has CL > 0.95 IE <

|I|IIIIIIIIIII

I~ | excluded area has CL > 0.95 \E

1.0 1.0 -

0.5
Am,

IS 00| § \ IS 00

Amy

™
A

] 0.5

Illlllllv///

i | VvV 3 \\_
-0.5 — -0.5 — —
: : Y -
1.0 & ] 1.0 Y Ko —
cos2p<0 - i r . cos28<0
Phase | : (excl. at CL>0.95) — - Phase Il E (excl. at CL>0.95) —|

_1 5 I T | | | | | | | | [ | | L L L1 | L L1 ] _1 -5 B | I | | I | | | T | | | | | I I | | L 1 1

1.0 -0.5 0.0 0.5 1.0 1.5 2.0 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
p P

* With assumptions on improvements on lattice

e (Central values at current fit values See V,p, V., talk from Michel De Cian
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Conclusion

, Spectrum of H, n=3 — n=2

. |‘@ | | — 9] H®

O @® v ®®
®®
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