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Introduction:
motivating CPV measurements
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(UE)'UE = Vokw
Charged current: CKM matrix
Origin of CP Violation

CP violation in SM

In SM, the difference between mass and interaction basis induces rotation
matrices, which are the ONLY origin of the CP Violation in SM!
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P The existence of 3 generations
allows a freedom of one
complex phase, which provides
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the SINGLE source of the CP
violation in quark sector in SM.

v Test: Vckm has to be a 3x3
unitary matrix which includes
only one complex phase.




Kobayashi-Maskawa mechanism at work!

® SM is a very concise model which incorporates:
v Natural suppression of FCNC (i.e. GIM mechanism)
v A source of CP violation in the Vckm matrix (i.e. KM mechanism)
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The Unl’rarl’ry ’rrlangle fes’r of Unitarity?

Nobel Prize to Kobayashi-Maskawa (2009)
Origin of CP violation in Standard Model
KEK (Japan) = Belle/KEKB
SLAC (US) = Babar/PEP-I1
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p Successful explanation of
flavour physics up to now!
Hundreds of observables
(including dozens of CPV) are
explained by this single matrix.
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Flavour Physics beyond SM

The indirect search of new physics through quantum effect: very powerful tool
to search for new physics signal!

p This very simple picture does not exist in most of the
extensions of SM: suppression of the FCNC is NOT automatic

and also CP violation parameters can appear.
N.B.: SM also has an “unobserved” CP parameter (strong CP problem).
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( “taited OLATJOB SUSY: Quark and Mutli-Higgs model:
— Squark mass matrices Many Higgs
can not be appearing in this
diagonalized at the model ---> tree level
same time ---> FCNC FCNC and CP
and CP violation violation




Flavour Physics beyond SM

The indirect search of new physics through quantum effect: very powerful tfool
to search for new physics signal!

p This very simple picture does not exist in most of the
extensions of SM: suppression of the FCNC is NOT automatic

and also CP violation parameters can appear.
N.B.: SM also has an “unobserved” CP parameter (strong CP problem).




Searching New Physics via
CPV measurement



CPV in oscillation measurements

Box digram induces oscillation. In B-Bbar oscillation contain CPV phase in SM.

B-Bbar oscillation
B = B B
— - By piB)+alB) \/M12
: . o |B;) = p|B)—q|B) Miz = ‘F”
W W= q
| a ) ) #1  is the condition to have CP violation.

¢ Wrong sign semi-lepftonic decays measurement:

B and Bbar produce same-sign lepton after oscillation.
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Theory prediction:
M. Artuso, G. Borissov and A. Lenz,
arXiv:1511.09466 [hep-ph]]

Wrong sign semi-leptonic decays
measurement

e Unfortunately, the
DO anomaly is not
confirmed by LHCb.

e The standard Model
prediction is re-
evaluated: the
uncertainty is VERY
small.

® Since It enters with
power of 4, even a
small deviation can
be enhanced!


http://arxiv.org/abs/1511.09466

CPV in decay measurement

Interference of Tree and Penguin diagrams induce CPV observable.

B decay

\. d)

(b — a [A(B = f)l # |A(B — f)]

We can measure GP only through an interference of two amplitudes with
different CP conserving and CP violating phases.

A(EO —a ?) — Ale+i91€+i51 _|_ A2€+i92€+i52
A(BO — f) = Ale—i016+i51 + A26—i926+i52

01,2: CP the violating phase, ¢; >: the CP conserving phase.

r(B°—f)-r(B°—f)  2(Az/A1)sin(0; — 02)sin(5; — 62)

F(BO — f)+r(BO — f) 14 2(Ap/A1)cos(f; — 02) cos(d; — 62)

Overlaps with two diagrams with
different CPV phase with different
CPV phase needed.

d—>\::g is the condition to have CP violation.

e Tree/Penguin
contributions provide
two sources of weak
phases.

¢ Big challenge is to
theoretically/
experimentally obtain
the strong phase
difference.




CPV in decay measurement

Challenge of extracting the strong poses

Two body decays

Source of strong phase from
penguin annihilation diagrams

Perturbative QCD computation

p Theoretical development in QCD higher order corrections,
Lattice QCD etc allow to reduce the theoretical
uncertainties.

» Improved measurements of "theoretical control channels” are
very important to reduce the theorefical errors.




CPV in decay measurement

Challenge of extracting the strong poses

Three body decays
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CPV is VERY large locally...

and smallish after integrating the whole region

arXiv:1408.5373

+0.025 =+ 0.004 £ 0.004 + 0.007,
—0.036 £ 0.004 £ 0.002 + 0.007,
+0.058 £ 0.008 = 0.009 =+ 0.007,
—0.123 = 0.017 £+ 0.012 £ 0.007,

® Strong phase can be obtained by the

Dalitz plot contains full of
source of strong phases:
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CPV in decay measurement

Challenge of extracting the strong poses

Three body decays CPV is VERY |Cll"g€ locally...
and smallish after integrating the whole region
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B(t)) = f4(t)|B) + %f— (t)|B)

Gold-
plated

CPV in time-dependent measurement

oscillation =

where

J+

_ 1 —1Mit
— 26
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The time-evolution gives the CP
conserving phase and the B-B
mixing gives the CP violating phase.

In SM =] =1, g#l

4
p



sin2®1(B) measurement with tree decay

1ﬁ(B ()= J/YKs)-T(B°(t)—=J/¥Ks) _

AJ/wKs( ) T F(B (t)—J/YyKs)+T'(B(t)—»J/¢YKs)

B q A(B — J/YKg)
. Syjpks = Im "
oscillation p A(B — J/YKs)
r G- - = ) S~~~ ~ Vs -
b t d __oscillation decay
Wt W=
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. J/ — Im | —

Vil ViV
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= sin 203

New physics particle might be in the loop!

Gold-
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sin2®1(B) measurement with tree decay

=

F(B (t)—=J/vKs)-T(B°(t)=>J/¢yKs) _ -
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We'll come back to the interpretation later...



B:°-B° mixing and ®s measurement

decay

oscillation

For Bs mixing, the analysis becomes much more involved since:

—the width deference, Al for Bs. It has to be simultaneously
measured.

—the final state J/Yd is not only S-wave, the angular
momentum has to be decomposed.

https://arxiv.org/pdf/1909.11087.pdf



B:°-B° mixing and ®s measurement

0.06¢

| CDF 9.6 fb™"

bo 8™ HFAG B '2 014
?:

68% CL contours | 0.12

(Alog L = 1.15)

ATLAS 4.9 fb™"

Combined

O

DO 8 fb~!

HFLAV
68% CL contours
(Alog £ = 1.15)

CMS 19.7 fb!

CDF 9.6 fb™!

ATLAS 19.2 fb!
: n : n n -0.4 -0.2 -0.0
-0.4 -0.2 0.0 0.2 O._4
65 [rad)]
7
n HFLAV

5, 014 DO 8 fb
z 68% CL contours

0.12
CMS 19.7 fb !
0.10

0.08

0.06

(Alog £ =1.15)

CDF 9.6 fb!

04 02 00 02

T
¢ [rad]

02 0.4
¢ [rad]

N
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Bs°-Bs° mixing and ®s measurement
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New physics scenarios with 5-10% with large CPV phases are possible!



Sin2®1(3) measurement with penguin decays

Time dependent CP asymmetry in the By system

With tree process . With penguin process |—
s _ g | M2 A(B = J/YKs) Sox. = Im Mis A(B — ¢Kg)
T M, A(B — J/¢Ks) s My, A(B — ¢Ks)
\ /7 \\ ~ J/ N o’ N - -
| oscill. decay | | oscill. decay |
VeV VaVa B A R
VisVia Vi Ves VisVia Vip Vis
— N
| oscill. decay | oscill. decay
— sin28(2¢;) = sin 26(%1)
4 4 )
h — b

02

e
Q,CDI

No phase in SM!



Sin2®1(3) measurement with penguin decays

Time dependent CP asymmetry in the By system

With tree process - With penguin process
Mis A(B — J/YKg) My A(B — ¢Kg)
= 1 Sex, = Im »
PIIEs " | My, AB = JjYKs) . M7, A(B — ¢Ks)
v\ ~~ J/ N— AN —~ v
| oscill. decay | | oscill. decay

Difference in the measured [3(¢|)1th3 ViV
| indicati $Via Vi Vis
N——

ll.  decay




Sin2®1(3) measurement with penguin modes

sin2¢; from b->sss (penguin) decay

S(N’Ks)
Belle (2002)

1 _0.28+0.55+0.07-0.08

2
Babar (2003)

0.02+0.34+0.

(

(
Belle (2003)
Belle (2003
Belle (2005

(

(

Babar (2009
Belle (2014
AVERAGE (2018)

S($Ks)
2003)
Babar (2004)
Belle (2005)
Babar (2005)
Babar (2006)
Belle (2007)
Babar (2012)
Belle (2010)
AVERAGE (2018)

)
)
Babar (2005) -
)
)

0.43+0.27+0.05
0.71+0.37 +0.05 -0.06
0.65+0.18+0.04

| 0.30+0.14+0.02

0.57+0.08+0.02
0.68+0.07+0.03
0.63+0.06

—-0.96+0.50+0.09-

0.5 1
sin 2([)1

0.47+0.34 +0.08 -0.06
0.08+0.33+0.09
0.50+0.25+0.07-0.04

1 0.21+0.26+0.11

0.50+0.21+0.06
0.66+0.17+0.07
0.90+0.09-0.19

0.74+0.12

sin2¢$1=0.70+0.02 as of today

e Summer 2002, Babar/
Belle announced 2.7
sigma deviation!

e Unfortunately, the
deviation is diminished
as time goes...




Sin2®+(B) measurement with penguin modes

Sin(ZBeﬁ) = Sin(zq):tr)m Various channels are

.pREL'M'“_‘AF( measured but some contains
[ 0702002\ tree contributions at leading
rder, which induces SM

sin21ef£sin2d1iree. v 1808.10567

KS KS KS Ave;rage Table 75: The predictions for AS; (315), for charmless two-body final states listed in the
- /
ﬂ:0 KO AV 'er aqe ‘ first column, using different theoretical approaches, are listed in the second, third, and fourth
. g ____________ e column, while the experimental values ([230]) are given in the last column.

b-sccs Warld Average

----------------------------------

. 0.63+0.06

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

........... s

0 : '
p Ks  Average : Mode QCDF [681] QCDF (scan) (681] SU(3) Data
f : K2 007755 0.02,0.15) (~0.11,0.12] [683] -0.117517
oKs Average i | pky -oosid® (029,002 0147018
' / i’0 +0.01 [ ] 2 [ ] [
K Average K%  0.01*30 0.00,0.03] (0 = 0.36) x 2cos(6;)sin~y [684] —0.05 = 0.06
0"'S . 0 U011
__________ - SuS S nKZ  0.10° 0.1 [—1.67,0.27)
f K Average H— _9KS 0.0273 01 0.01,0.05] (0 +0.25) x 2cos(o;)siny [684]  0.06%713
203 - - WK  0135% 10.01,0.21) 0.037 02!

f,Ks Average —

—

® Theoretical computations
097 %% | show that $K and n’K

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

. 0.01+0.33 modes are very clear

0.68 *9% (penguin-dominant).

1! 0.66 +0.28

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

K"K K° Average

-18 14 12 -1 08 06 04 02 0 02 04 0B 08 1 12 14 186

L ——




Sin2®1(3) measurement with penguin modes

sin 261 + 2rNP sin(2¢1 — ¢NF) + (rNP)2sin(2¢4; — 26NF) with

S —
K s 1+ 27NP cos gNP | (7NP)2 ANP _ NPT
ASM o

— Snk ’roday\

| : R

2 1 ,

1J Ll | Syk=0.7420.12
| 0 _ Syk=0.63+0.06

pNP® | - .
-1 -1 - comparing to Syyk=0.70+0.02
-2 -2 ]
o 04 -02 00 02 04 - 204 -02 O_E\o_g 04 With the same central value with +0.02
NP NP zsd,K af Bélle 11 50 ab™| Sy« at Belle 1750 ab|
12 ]
The experimental errors will 1 J | LL
go down to 2% level at Belle  HNP o .
II. An appearance of a few -1 =] ]
to a few 10% of new physics - -2
effects (") are possible. b4 05 00 02 o4

04 -02 00 Q2 04 :
NP ,431?



The ®s measurement with penguin modes

, : 1907.10003.pdf
3 angles and time dependent analysis. P

| 6 = —0.073 £0.115 (stat) £0.027 (syst) rad,
¢— KTK~ Al = 0.99 £ 0.05(stat) £0.01 (syst).
91))3 ¥ ,(<92
‘\Q y /v¢ To be compared to ¢s=-0.055+0.021
K- \(ID+ K

LHCD ,
NG e Theory predicts very small

LA 00,00, ZK £(61.62,9) deviation from ¢s (2% level,
penguin-dominant).

dr
dt d cos 8y d cos Oy dD

Triple product measurement

e Definitely a important case

Ay = —0.003 +0.011 (stat) = 0.004 (syst), for upgrade of LHCb!
Ay = —0.014 £0.011 (stat) £ 0.004 (syst),

e Triple-product (yet another
way to measure the CPV) is
also studied.

Polarisation mesaurement

|A.|2 = 0.290 £0.008 (stat) :}:0.007(sys ), Vet et fat: oy G160
., = 2.818 +£0.178(stat) £0.073 (syst) rad, e
5, = 2.559 £0.045 (stat) +0.033 (syst) rad. ?

charmless B decays.




Polarisation measurement of B->VV modes

Longhtudisal Polarization Fraction ln Charsless IF Decays

HFLAV
May 2018

—— oK, (1270)

g oK
= oK
g @K3(1430)
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BABAR

Longitudinal Polarization Fraction in Charmless B, Decays

Our Avg.
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0.7
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my

A

my

14

Longitudinal polarisation is dominant at LO QCD
)2

e The breaking of f =1 is more significant in
the penguin modes.

® Perturbative QCD computation explains the

enhancement of the annihilation diagram
(formally A/mp) a part of the reason.

e Transverse polarisation is harder to
compute in perturbative QCD.

arXiv:1808.10567




Perspective of CPV measurement with
penguin decays

The 2002 “exercises”:

- Is it possible to see order one new physics in b->s penguin process within the
constraint coming from the Bs-Bs mixing (b->s box)? YES!

- Is it possible fo see different new physics effects in S¢x and Syk ? YES!

- Is the SM uncertainty under control? YES!

The year 2019:

- LHC has changed completely the allowed parameter spaces for new physics.
- The new physics contributions are more like < a few 10%.

- What is the role of ®s measurement of Bs->dd channel?

Perspective - Precision era just started! -:

- Experimental uncertainties will be reduced drastically in the near future.
- More theory works needed (effective theory approach?) to elucidate the
possible new physics scenarios.

- Further verification of SM uncertainty is always welcome.




Perspective of CPV measurement with
penguin decays

P Many statistical uncertainties become at a few per-cent
level: increasing number of systematic uncertainties (of order
of a few per-mill!) are to be taken into account.

e.g. systematic uncertainty for s
measurement with Bs->J/psi KK

Source |[4o|>  |ALP? s [rad ] [N|  dL—3d [rad] 65 —dp [rad] Ts—Ta[ps™'] AL [ps'] Ams[ps™!]
Mass width parametrisation 0.0006  0.0005 = - 0.05 0.009 - 0.0002 0.001
Mass factorisation 0.0002 0.0004 0.004 0.0037 0.01 0.004 0.0007 0.0022 0.016
LHCb upgrade LOI: CERN-LHCC-2011-001 Multiple candidates 0.0006 0.0001  0.0011  0.0011 0.01 0.002 0.0003 0.0001 0.001
see alO POS(FPCP2016) 041 Fit bias 0.0001  0.0006 0.001 - 0.02 0.033 - 0.0003 0.001
Csp factors - 0.0001 0.001 0.0010 0.01 0.005 - 0.0001 0.002
Quadratic OS tagging - = = = = = = = _
Observable LHCb 2018 I;%gf?ge Time res.: statistical - - - - - - - - =
( ) Time res.: prompt = = e = = 0.001 = - 0.001
0 Time res.: mean offset - - 0.0032 | 0.0010 0.08 0.001 0.0002 0.0003 0.005
2B5(BY — J /¥ ¢) 0.025
Zﬂs(ﬂo — J/w fo(ggo)) 0.045 Tilll(‘ res.: \VI‘()I]Q P\v = . = o = 0.001 = T 0.001
§ .
@ 0.6 x 1073 Ang. acc.: statistical 0.0003 0.0004 | 0.0011 | 10.0018 - 0.004 - = 0.001
. .

— Ang. acc.: correction 0.0020 0.0011 0.0022 0.0043 0.01 0.008 0.0001 0.0002 0.001
265" (B; > ¢¢)7 0.17 Ang. acc.: low-quality tracks  0.0002 0.0001 | 0.0005 | |0.0014 - 0.002 0.0002 0.0001 -
28¢7(BO - K*0K*%) 0.13

~"ﬂ :) 0 ' Ang. acc.: t & o, dependence  0.0008 0.0012 | 0.0012 | 10.0007 0.03 0.006 0.0002 0.0010 0.003

C
28 (B —> ¢Ky) 0.30 Dec.-time eff.: statistical 0.0002 0.0003 = - - = 0.0008 -
28T(BY — ¢y) 0.09 Dec.-time eff.: AT’y = 0 sim. 0.0001  0.0002 - - - - 0.0003 0.0005 -
t*(B) —> ¢y)/1p0 5% Dec.-time eff.: knot pos. - = . - - = = - =
S3(B® = KOt pi1 < q2 <6 GeVz/c") 0.025 0.008 Dec.-time eff.: p.d.f. weighting = = - = - = 0.0001 0.0001 =

3 H . .
soApp (B —> K*(’p.""u.') 6% 2% Dec.-time eff.: kin. weighting = = = = - = 0.0002 = =
0AFB o )
. scale g = = = = - & 2 0.
Ar(Kutum; 1 < g? < 6 GeV2/ch) 0.08 0.025 . uh
B(B"' N TE+LL+LL_)/3(B+ N K+I—'»+M_) 8 9 2.5 % Qllmll'atil‘ sum of syst. 0.0024 0.0019 0.0061 0.0064 0.10 0.037 0.0015 0.0026 0.018
0 .




What is the odds for discovery in
CKM unitarity triangle



The Unitarity triangle: test of Unitarity?

Can we expect a discovery of New Physics ‘
with the Unitarity Triangle ?!




Future of the Unitarity Triangle

What do we expect to see in the future???

E.K. for B2TiP working group

[ 2016 2018

Consistent with SM New lattice result
on AMs/ AMd

hadronic parameter:
Consistent with SM

Latest average of
the v measurement
of LHCb:
Consistent with SM

Fermilab-MILK arXiv: 1602.03560
confirmed by RBC arXiv:1812.0879



Future of the Unitarity Triangle

What do we expect to see in the future???

E.K. for B2TiP working group
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we expect the errors to be reduced significantly
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Future of the Unitarity Triangle

2018

Consistent with SM

]



Future of the Unitarity Triangle

2018 ~2027

If the central
value remains
exactly the
same (though
unlikely)...

Consistent with SM 350 effect 0(:5;{}\???)

tree ' —— —c ~2027
o w §< 2 If 3 angles |
¢ d 04T .

measurements

S

move a little
loop higher (within

7 ——bun—— 70 effect (ESM)!



Future of the Unitarity Triangle

~2027

2018

If the central
value remains
exactly the
same (though
I I unlikely)... | R
Consistent with SM 3565 effect O(=S;§;\??O’f?)

~2027

If 3 angles

asurements
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Conclusions

The coming years are very exciting for flavour physics: the
startup of Belle II and the upgrades of LHCb will improve
the sensitivity fo new physics drastically.

Searching new physics through CPV is legitimate:
introducing a new particle induces an extra freedom for CP
violating phase.

The direct CPV in 3 body charmless B decay result is very
intriguing. The amplitude analysis push forward that a deep
understanding of the strong phase.

Advancing mixing CPV measurements narrows the allowed
range of new physics contributions: we are entering
“precision measurement era”. Global study of various
observables would be useful fo elucidate new physics
scenarios.
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Strategy II: reducing theoretical uncertainties

arXiv:1808.10567 (PTEP 2019)
Belle Il Physics Book

e.g. Vub measurement from exclusive B->mlv decay
(agreement inclusive/exclusive crucial!)

Lattice forecast

-1 forecast
Statistical Systematic Total Exp [ Theory Total L [ab™"] o (stat, sys) 7QCD ov,,(EM) ov,,(no EM)
(reducible, irreducible) 1 T 3.6, 4.4 current 6.2 -
|Viup| exclusive (had. tagged) UuT 1.3, 3.6 3.6 3.6
711 fb~1 3.0 (2.3, 1.0) 3.8 7.0 8.0 5 T 1.6. 2.7 3.9 3.0
-1 y 4. 5 . .
S R N kT AL TR
2 . ' = ' ' ' 0 T 1.2, 2.4 , 2.7 2.6
|Vup| exclusive (untagged) in 5 yrs
605 b~ 1.4 (2.1, 0.8) 2.7 7.0 7.5 UT 0.4, 1.9 1.9 1.7
5ab ! 1.0 (0.8, 0.8) 1.2 1.7 2.1 50 T 0.5, 2.1 10 1.7 14
50 ab~! 0.3 (0.3, 0.8) 0.9 0.9 1.3 UT 0.2, 1.7 A s 1.3 1.0

/

e.g. sin 2®; from b->sss penguin modes
Theory predictions depend on models. Different

\ theoretical methods must be applied to cross check.

Mode QCDF [662] QCDF (scan) [662] SU(3)
™Ky 0.07700 [0.02,0.15] [—0.11,0.12] [664]
P°KY  —0.08T0% [—0.29,0.02]
= 7TKg 00l .0 [0.00, 0.03] (0 +0.36) x 2cos(¢y)siny [665—
nK?%  0.1077577 [—1.67,0.27]
< ¢K7  0.02107; 0.01,0.05] (04 0.25) x 2cos(¢y) siny [665—

wK% 0137508 [0.01,0.21]
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