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Why look for CP violation

The violation of the Charge-conjugation m

AV MMETR

and Parity (CP) symmetry is a well gl
established experimental fact; 1 3 red -

-

=

The Standard Model allows for the of | [ seeme TE“

presence of CP violation thanks to a 1 |l [
non-trivial complex phase in the ] A
Cabibbo-Kobayashi-Maskawa (CKM) i 2 T

quark mixing matrix;

All the phenomena we have observed so far at HEP experiments are
consistent with this paradigm:;

But one fundamental question remains:

“How could the Universe, starting from a substantial

matter [anti-matter equilibrium, become dominated by matter?”
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We need (more) CPV

How do we reach the observed level of matter dominance?

Sakharov proposed three conditions that are necessary for
baryogenesis:

1) The baryonic number must be violated,;
2) The C and CP symmetries must be violated;

3) The interactions must happen outside of thermal equilibrium;

However... the amount of CP violation we have in the Standard Model
is by far too small to explain the baryogenesis;

We have to look for new sources of CP violation outside the Standard
Model!

This 1s one of the main motivations for the LHCb and Belle 11
Experiments.
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Status of the Experiments

Two major players on the scene now:

_Mucn system
A

/
/ _Electromagnstic calorimeter

adronic calorimetar

it chaambei

> 9 b in Run1+Run2 Physics Run starts next March
(most results shown so Plan to accumulate 50 ab™
far based on 3.0 fb™) in ~5 years.
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CP violation in B decays

There are three kinds of CP violation in B physics:

1) Direct CP violation:
PB’ - f) #PB’ > f)

2) CP violation in the interference between mixing and decay:

B, > fer
\EO /

3) CP violation in B°B° mixing (still unobserved):

P(B’° - B°) # P(B° — B°)
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Direct CP violation

PB’ > f)#PB’->f)

* Direct CP violation has been observed already in many
B decay channels;

* It’s easy to explain to students, but difficult to interpret
in terms of the fundamental parameters of the
Standard Model, as many amplitudes and strong phases
can contribute.
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0 + -
B"—- K'm
e The direct CP violation in B decays was discovered on the B’ —» K'n
decay channel,;

LHCb Collaboration, 2
PRL 110, 221601 (2013) C
o
g

1.0 fb™ S 300}

Lo C

c C

@© = [

o

200¢

100}

0153 53%32 55 56 57 5T 5353 B4 55 56 57 5.8
K* invariant mass [GeV/c ] K =t invariant mass [GeV/c ]

A, =-0.080 + 0.007 (stat) + 0.003 (syst)
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The Kr “puzzle”

W - - -
Color allowed tree YWV S Gluonic penguin

The “puzzle” arises from the fact that, by changing the spectator quark,
we obtain the B* — K*n’ amplitudes. But these exhibit a very different
value for the asymmetry:

A_ (B"— K ) = (-0.082 + 0.006)
A_, (B*— K* n°) = (+0.037 £ 0.021)

(World Average)

(World Average)

AA_ (B - Kn) = (+0.122 + 0.022)
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The Kr “puzzle” Color

suppressed
tree

« The non-zero value of AA CP(B — Kn)

is not necessarily a sign of New
Physics; B

 Other amplitudes (that were

expected to be negligible) contribute
to the decays;

* To disentangle effects originating from suppressed amplitudes from
New Physics, a wider combination of all the observables of the B —» Kn
system must be taken into account:

Mode Br(10~°] Al S,

BY 5> 7 K*| 19.6 4+ 0.5 —0.082 + 0.006 —
BY - K" | 99405 0.00£0.13 0.58 £0.17
Bt - 7ot K°%| 23.74+0.8 —0.017 + 0.016 —
BT - K7 12940.5 0.037 £0.021 —
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The Kr “puzzle”

Several tests or sum rules can be defined
for the K system;

The observables of some modes can be
used to predict those of a specific one;

The precision of the test is (and will be)
driven by K’=’;
The current tension between data

and predictions for the direct and

time-dependent CP asymmetries is at
the 2.20 level;

Strong motivation to improve these
measurements further.

November 16th 2018 A. Gaz

SCP(KOJ'L’ %)

06

04+

02-

0.0 TR

R. Fleischer, R. Jaarsma,
K. Keri Vos
PL B785, 525 (2018)

TP S T TS S S SR SR S S
-0.2 -0.1 0.0 0.1 0.2

ACP(KOJZ’ %)

Data point: experimental averages

Colored bands: predictions based
on the other observables

10



CP violation in the interference
between mixing and decay

~,

* This was the main motivation for building the
B factories (and still a big part of the current Flavor
Physics programme);

» Its interpretation allows a direct access to the

fundamental parameters of the theory (elements of the
CKM matrix).

 In general, theoretically very clean.

November 16th 2018 A. Gaz

11



Motivations (1)

The unitarity conditions on the CKM
matrix define a triangle in the
complex plane;

Several observables (most of which
from B physics) concur to define the
position of the Unitarity Triangle
(UT);

The area of the triangle represents

the “amount” of CP violation allowed
by the CKM matrix;

1=

1

0.5

%

We can actually over-constrain the fit to the UT: as of now the

agreement is fair, but there are some tensions at the ~20 level;

A possible way to New Physics: find some inconsistency in the UT, and
demonstrate that the complex phase in the CKM matrix cannot be the

only source of CP violation.
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Current precision on the angles

Im

P2

arg | — %d ‘/{II;
VadV,,

Current precision: ~5°

(0,0)

o = ang-

Vud Vi
VeaVia,

|

Current precision: ~5°
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« J/p K’ dominantly proceed through tree
amplitudes, while n’K° is dominated by
penguin amplitudes:

Motivations (2)

Not only we can over-constrain the UT, we
can over-constrain the measurement of the

same angle;

Example: time dependent analysis of both
B’ —» JAp K" and B® - 'K’ measures sin2¢ ;

J /¢
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sin2¢  from B° — JAp K

BaBar Collaboration
PRD 79, 072009 (2009)

Belle Collaboration
PRL 108, 171802 (2012)

S =0.687 £0.028 + 0.012
-A=0.024 +£ 0.020 + 0.016

C

S = 0.667 £0.023 £ 0.012
-A =-0.006 + 0.016 + 0.012

C

e -
< 400 B’ tags n=-1 8 400F a i
E °B" tags f g 350;— 2 250
52000 2 = 300} =
2 % 2505_ ‘g 200; o 04 E T T I 5
> [ E [ a — C 3
g 2 2005_ 2 150E bl 0.3 F e
£ 150} i = E LHCb =
2 E 100} z E
b 100F ol 5 02F =
2 SOF : Z 015 e EE
5 S
3 o ; z 0: i 0 —[_ / -
% 0.6f < 0.6f o o / 3
E 0.4F E 0.4} = L0lE =
> [ > [ fav] - =
< ik < ok 5 —0.2F -
0 0 om = ]
-0_2— _0_2 _0.3 5 =
-0.4 } -0.4 i EE e
-0.6 -0.6 5 10 15
||||||| t (ps)

LHCb Collaboration
JHEP 11, 170 (2017)

S = 0.760 = 0.034
-A=-0.017 + 0.029

C

The measurements will be systematics-dominated very soon:

> we need to control/improve the experimental uncertainties;

> effects from suppressed amplitudes can no longer be neglected.
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“Penguin pollution” on sin2¢_

Penguin diagrams carrying
different weak phases
contribute to these decays
and can shift the measured
value of the phase by as
much as 1°%

see e.g.
K. De Bruyn, R. Fleisher

computed by QCD; JHEP 1503, 145 (2015)

Those contributions cannot be reliably

Need a coherent plan to constrain these effects experimentally,
measuring weak phases of SU(3) or U-spin related decays:

B — Jhp K° B — Jh . B — JAP K° Recent measurements from LHCb:
?
d d i JHEP 1506, 131 (2015)

B - JAp ¢ B — Jhp K°, B, - JA p°  pLB 742, 38 (2015)

This is a place where cooperation between LHCb and Belle II can be
advantageous!
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sin2¢  from penguin dominated modes

* Several modes are theoretically very clean;
 The quantity AS =5 -5, KO

small theoretical uncertainty:

can be predicted/constrained with quite

Mode QCDF [32] QCDF (scan) [32] SU(3) Data
(%)m°Kg  0.07F50; (0.02,0.15] [—0.11,0.12] [36] —0.111017
K% —0.081598 [—0.29,0.02] Lg1aibm
* 7K 001739 0.00,0.03] (0 £0.36) x 2cos(¢1)siny [37] —0.05 + 0.06
IeUE S e [—1.67,0.27]
R o008 0.01,0.05] (0 £0.25) x 2cos(¢1)siny [37]  0.0670 1
R 00 0.01,0.21] Sl

The Belle Il Physics Book, arXiv:1808.10567, submitted to PTEP
« Most promising modes: 'K°, ¢ K’;

* The precision of the constraints will be increased by measurements of
(for example) SU(3) related modes;

 These modes will be statistically dominated for a few more years!
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Measurements of ¢,

o In principle ¢, can be measured in the same way as ¢ ;

* In practice the penguin pollution is so high that alternative methods
should be used:

> 1isospin analysis of B — m;
> 1sospin analysis of B — pp;

> TD Dalitz plot analysis of
B’ - s

» Isospin analyses are affected by (8-fold) ambiguities;
« s in the final states are unavoidable;

* Once more the name of the game is checking the consistency of the
determination of ¢ with the rest of the UT, and the consistency of the

different methods.
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Isospin analysis of B — nw

* Observables:
> branching fractions of: B - n'n°, n'n’, n°n°;
> direct (time independent) CP asymmetries: C*, C%;
> time dependent CP asymmetry: S*.

> 0.5 > 0.5¢
. 5 04 S 04F
LHCb Collaboration, = 03 - o5f LHCD
PRD 98, 032004 (2018) 4 02 < 02f
0.1F 0.1F
0: OW‘\
0l —0.1F —+- +
S = '063 + 005 + 001 _()_2;— —02F
C=-0.34+0.06 +0.01 :8: e :gi: S
e e B L e
Decay time [ps] Decay time [ps]

* In general, the isospin analysis is affected by an 8-fold ambiguity;

« By adding the time-dependent CP asymmetry of B’ —» n’x’ S%, the
ambiguity would be reduced by a factor 2-4.
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Time dependent B® — n’x’

xr e

Only at Belle II: TD CPV of B® — a’x’, 0
. 0 , i At ~1.13ps A
exploiting n” Dalitz decays and y conversions; .
o | B
Expect ~270 signal events with full dataset; %

Predicted error on S% ~ 0.28;
This would reduce the ambiguity on ¢, by a

factor 2 or 4 (depending on central value).

bl = e
- 0.87 ~08- | .,
0.6 0.6 S P
0.4 0.4f T & pe
0.2 0.2 8
iy L | AR R 0 A L i I O:_
0 30 60 90 120 150 180 0 30 60 90 120 150 180 i
0, () 0, () |
: . -2r
Filled area: extrapolation of Belle results to Belle Il sensitivity. r
_3I ;

Dashed line: same as above, but adding S®.
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Measurements of ¢,

o The first (and currently most precise) way to measure ¢, relies on the

interference between the color allowed/suppressed tree amplitudes:

g

i . (o

favored suppressed

~0.15

e Other methods exploit the time dependent CP asymmetry of B = Dt
and B — D "K" decays (where ¢, is measured together with the mixing

phases).
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», from TDB_— D K

[(Bs(t) = D, KT) —T'(Bs(t) = D, KT)
['(Bs(t) — Ds K+) +T'(Bs(t) = Ds K1)

—C'r cos(Amgt) + Srsin(Amyt)

cosh(Al'st/2) + A%F sinh(Al'st/2)

Parameter Value
C; 0.730 + 0.142 + 0.045
AT 0.387 + 0.277 + 0.153
A%F 0.308 £ 0.275 + 0.152
S —0.519 £ 0.202 + 0.070
5= —0.489 + 0.196 + 0.068

v = (128155)°
9 — (353"

HiE +0.10
o,k = 0.37 Ty o9

LHCb Collaboration,
JHEP 1803, 059 (2018)
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¢, status

LHCDb is now leading the
competition;

Best sensitivity still
coming from B*— D°K";

The compatibility of all the
measurements is not
fantastic, 1t could be due to
statistical fluctuations ...
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0.03

) Uncertainty

©0.025

0.02

- 0.015

sin2<|) (B— Jly K

0.01

0.005

¢, [deg] Uncertainty
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Projections on the UT angles

BT L | SN D R | ‘ | B R S | I | S R B | | i S E | | SR RGN | ‘ S e TR |
- . Bellell PrOJect|on (Feb 2018) —
r ‘ ?BO J/ K0 ]
" ‘ : e 1P ]
3 2, E | _ )
RN RO, . \ T LELAC e SR e A e i
- - "\ . . |
PSR B i AN W R I ol B R ihL SR B8 o
- : i m------- -
3 Belle (I 70% data Y(4S), 6 mOAHS, SI6H T L T T |
t~ —@— Belle (Il) 70% data Y(4S), 6 months
: —@— Belle (Il) 70% data Y(4S), full 9 months : :
£ Bell (1) 70% data Y(4S), ull & monihs; improved K. e o —. Svveverreres
|~ —A— Belle (Il) all data Y(4S), full 9 months, |mpmved K : :
| -8 - LHCb estimate : : : f

1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 | 1 ‘ 1 1 1 1 [ 1 | 1 1 | 1 1 1 1 | | 1 1 1 ‘ 1 1 1 1

2017 2018 2019 2020 2021 2022 2023 2024

Year

Belle Il Projection (Nov 2017)

; 5 \
+ Belle (II) 70% data Y(4S) : :

Belle (1) 6 of 9 months, slow ramp- up 70% data Y(4S)
Belle (Il) all data Y(4S) : : :
~- LHCb i g ; 5 5 -

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
Year
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Scp (B — m n*) Uncertainty
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¢ fy ~1.0°
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CP violation in BB mixing

P(B° - B°) # P(B° —» B°)

e (P violation was discovered in the mixing of neutral K’s;

e Still to be discovered in BB mixing, current limits one
order of magnitude above SM predictions;

« Sizable improvement is expected in the near future.
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Formalism

e Formalism of BB oscillations:

Time evolution of a B’B system z% ( ;gg%; ) - (M B %F) ( gg% )

Mass eigenstates

Bg.i) = L(p[B“) T q|BY)) 1 |q/p| # 1 the probability for a B’

\/§ to oscillate to a B? is different from the

probability of a B’ going to B°
* Experimentally we measure: -
I'NB—B— f)-T(B—B—f) ~2(1 ‘qD

['(B—B— f)+I(B— B— ) p

Agr, =

The Standard Model predicts tiny CP violation in mixing:
A% ;= (—4.14+0.6) x 10~ Experimental precision ~107,
s, = ( 1.9+0.3) x 10~5 still room for surprises...

A. Lenz, arXiv 1205.1444 [hep-ph]
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Experimental approach

F : o
:EI Tog Side [ | r
[l Reco Side

S
6 x
o
53

o
o
o

Different strategies to measure A :

» W
Q
Qo
o

= N 5
e * o
- o B - |
o000 ©

N

1) Tag two B”'s (at B-factories and DO):

entries/0.36 ps  entries/0.36 p:

Ao, - N@H) - N )
TN + N S

Can also tag B’s using kaons. B SR S s R e ot

-0 =75 =5 =25 o 25 5 7.5 10
At(ps)

BaBar Collaboration, PRL 111, 101802 (2013)

2) Untagged measurement (at LHCb):

N(B,t) - N(B,t) _ Asi
N(B,t) + N(B,t) 2

cos AM t] x10° :
- - LHCb ¢ Data

cosh %

Events / ps
=
S

Complications arising from the o

asymmetric production at a pp collider. X 3
For the B, the high oscillation frequency g 3
washes out the production asymmetry, so S
< -1

i)

a time integrated approach is ok. 1 T

0
! [ps]
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BaBar (l]):
BaBar (D*[v):

DO (DuX):
LHCb (DuX):

DO (D uX):
LHCb (D uX):

Current status

Experimental status:

Al -

SL

(-0.39 £ 0.35 £ 0.19)%
(0.06 +£0.17 + 0.35)%
(0.68 +£0.45 +0.14)%
(-0.02 = 0.19 + 0.30)%

Ad

SL
(-1.12+0.74 £ 0.17)%
(0.39 £0.26 = 0.20)%

Dg“o.m
7
o

-0.01

-0.02

-0.

The next years will be interesting: still margin for improvement
(many systematics depend on statistics of control samples).
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Decoherence in BB mixing

General assumption: the time evolution of a coherent B’B° system does
not depend on the rest of the Universe;

This has verified at Belle with high accuracy (using 152 x 10¢ BB’s);

Strong motivation to look for effects of decoherence with a much larger
sample;

1

I T
3¥

Quantity of interest:

o
o
R

i

F(OF)(t) _ F(SF)(t)
[OF)(t) + [(SF)(¢)

+

Best fit, allowing
o + for decoherence

T effects

II|III|II|IIIIIIIIl]IIlIII

2 4 6 8 9 12 14 16 18 20 22
t(ps)

F. Benatti et al., EPJ C77, 651 (2017),
using Belle data from PRL 99, 131802 (2007)

o

Asymmetry

AAm(t) —

IIIIII|

o
o1

A= (15+8.4)x 103

]
—

(e
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Conclusions

e (P violation is a fundamental ingredient for the evolution of
our Universe;

* Only a small amount of it is allowed in the Standard Model,
which, after many years of Flavor Physics, keeps standing
strong;

 Improving existing approaches and probing new ideas might
lead us to New Physics;

 The next few years will be crucial!

November 16th 2018 A. Gaz 30



November 16th 2018

Backup slides

31



The CKM Matrix

« The CKM Matrix can be parameterized as: j WT MT
2 . p harm op
1— 4 A 2 AN3(p —in) ) - E !
Verm = —A — 2 AN? + O(\Y) J o
AAg(l —p — 7/77) _A)\Q 1 Down Strange Bottom
A\. expansion parameter, aka Cabibbo angle, A~ 0.22
d S b
« Strong hierarchical structure: the ( )
coupling between quarks of different u a
generations is suppressed; -
C u
 There can be a weak phase, affecting
only the smallest elements of the t . -
Matrix, at first order; \ /

 This weak phase is the origin of all CP Violating phenomena we
have observed so far in the quark sector.
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The Unitarity Triangle(s)

Six (only three are independent) of the unitarity

f _
conditions of the CKM Matrix define triangles VermVegy =1

on the complex plane:

1) ViaVip + VeaVp +ViaVy = 0
o) o) o)

2) VusVJb + VcsVSé + Vtthz = 0
opy)  opy  opd f_ =

3) VuaViys + VedVos + ViaVie = 0
O(A) O(A) Oo()%)
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The Unitarity Triangle

Dividing 1) by V_ V', we obtain: ud Qib 1 td ti 0
VeaVa VedVe

which defines the standard CKM Unitarity Triangle:

Im (P.1) ;o (1 . %2>

0,0) (1.0) Re

 We can (over)constrain the position of the apex (p, n), by performing
independent measurements of the magnitude of the sides R and R,

and of the angles ¢_, ¢_, and ¢_.
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