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Introduction

» CP symmetry describes the invariance under
charge conjugation C and parity operation P

» Diagonalizing Yukawa matrices lead to quark

mass eigenstates which are mixed by virtue of Photo: R. Hahn, Sandbox Studio
the weak interactions — CKM matrix
d:> Vud Vus  Vaup d> d Vid u
S > = Vea Ves Ve |- 5>
b/> V;Sd V;&s V;Sb b> W
h ~ g |
Veku
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Introduction

» CP symmetry describes the invariance under
charge conjugation C and parity operation P

» Diagonalizing Yukawa matrices lead to quark

mass eigenstates which are mixed by virtue of Photo: R. Hahn, Sandbox Studio
the weak interactions — CKM matrix
d:> Vua Vis Va d> d Vid u
) > = | Vea Ves Ve |- S>
b') Via Vs [V b) W
h ~~ g |
Veku

* Mixing between families is CKM suppressed
* |n case of 3 families elements are complex
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Introduction

» CP symmetry describes the invariance under
charge conjugation C and parity operation P

» Diagonalizing Yukawa matrices lead to quark

mass eigenstates which are mixed by virtue of Photo: R Hahn, Sandbox Studio
the weak interactions — CKM matrix
Vud Vus Vub 1 - %2 A A)‘B (p
Vokm = | Vea Vs Vo | = ) — %2 A2 + O\
Vie Vis Vi AN(1 = p @ _AN2 1

Wolfenstein parametrization A\ ~ 0.22

Only source of CPV in SM
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» CP symmetry describes the invariance under
charge conjugation C and parity operation P

» Diagonalizing Yukawa matrices lead to quark

mass eigenstates which are mixed by virtue of Photo: R Hahn, Sandbox Studio
the weak interactions — CKM matrix
Vud Vus Vub — %2 A )\3
Vokm = | Vea Vs Vo | = - _ X A2 + O\
Via Vis Vi kD el

Wolfenstein parametrization A\ ~ 0.22

VesV
* cb
VUS ub M
%
‘/ts tb
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Introduction

» CP symmetry describes the invariance under
charge conjugation C and parity operation P

» Diagonalizing Yukawa matrices lead to quark

mass eigenstates which are mixed by virtue of Photo: R Hahn, Sandbox Studio
the weak interactions — CKM matrix
Vud Vus Vub 1 - %2 A A)‘B (p
Vokm = | Vea Vs Vo | = ) — %2 A2 + O\
Vie Vis Vi AN (1 —p @ —AN? 1

, Wolfenstein parametrization A\ ~ 0.22
Only source of CPV in SM
» Decays of heavy flavoured particles are well suited to test the CKM

mechanism and search for non-SM contributions to CP violation.
— focus is here on beauty and charm hadrons
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Mixing in Neutral Mesons

Neutral mesons (K, D, B, B,) are created as flavour eigenstates of the strong

interaction. They can mix through weak 5,¢,b,0 d,u,d,s
Interactions. - (\-/-) >
d,u,d,s s,C,b,b

» The time evolution is obtained by
ZQ P°(t)\ _ [(Mun Mip\ i (T Tig PO(t)
Ot\PO(t)) |\ My DMy 2 \I'Ts T2 PO(t)
> The physical eigenstates are Prand Pg:
|Pr.wr) = p|P°) F q|P”)
Py (t)) = e " men =t /20 pr oy (¢ = 0))

» Define mass and lifetime differences of P and Pgy:

[ Am  mg—mg AT Tgyg-Tyg J . I't +Tg
r=— = = =

r T =% = 7 or
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Mixing in Neutral Mesons

Neutral mesons (K, D, B, B,) are created as flavour eigenstates of the strong

interaction. They can mix through weak 5,¢,b,0 d,u,d,s
Interactions. - (\-/-) >
d,u,d,s s,C,b,b

> BY — BY oszillation frequency Am, measurement in BY — D71 decays
S S S S

/g e Tagged mixed §
S - : o Tagged unmixed 8
Z 400 2 N O — Fit mixed -
f B ’ £ <
% ------------ Fit unmixed g
- ™
=2 O
S 200 —
(g}

b wan

- S

0 : : )

0 1 2 3 4 Z

decay time [ps]

Amg = 17.768 £ 0.023 (stat) & 0.006 (syst) ps~*
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Classification of CP Violation

For CP violation need 2 interfering amplitudes with different strong 4 and
weak ¢ phases

Amplitudes of the decay P — f and their conjugates are Ay = (P|H|f),
Ay = (P|H|f), Af = (P|H|f) and Ay = (P[H|[)

» CP violation in decay (direct CPV)
L= f)#T(P = f) Al #|Af]
» CP violation in mixing (indirect CPV)
q
= #1
p
» CP violation in interference of mixing and decay (indirect CPV)

arg(Ag) #arg(Ap), Ay = A
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Selected results

CP violation in Mixing




Introduction - CPV in B(,) Mixing

Semileptonic B?s) decays are tree-dominated transitions, CP-conserving
and flavour specific.

» Provide theoretically clean measurements of CP violation in B( ymixing
by comparlng probabllltles P(B(S) — B(S)) and P(B(S) — B(S))

S = ~ tanqﬁq
L= P( Gs) %f)+F(B?) f) Amyg) 12

e (1

e Standard Model predictions are small

as; = (22+£027)-107° a% = (-4.7+£0.6) 101 PRD 83 (2011) 036004

arXiv:1102.4274

» Two experimental methods

Same-sign dilepton asymmetry Untagged t dependent asymmetry
Pl—}"i_ —Pu N(Bat) — N(B7 t) (sl (1 COS(Amt) )
a/S — — — T
LT opit p N(B,t)+ N(B,t) 2 cosh(3 AT't)
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BABAR - CP Violation in B° Mixing

» Measure the asymmetry Acp in the dilepton same-sign rates using the

full BABAR dataset Phys. Rev. Lett. 114, 081801 (2015) i
SApp™
Pit =Py NAs ~ _  T(45 ) g1t
‘ACP_PZ_}"F—FPJ_ X o B+ 90 *»B*B Ly
10F  _ %
* Allow for 4 lepton comb. —~ O _f____}_ ‘f‘L"';'i""? _____ -1
o —10f 9 g I
Lly = {ee ey, pe, ppy = 0| | t
< _30l
—40!}
:Il. I2 I3 /11- I5 I6 | ll-4 5I-6 | ele Blu ,ule ,ulpz
Subsample

e Asymmetry in B® — B? mixing from semileptonic decays in T (4.5)

Acp = (—39+35+1.9)-107° [FZWW A.LY = (—1.9+2.7)-1073

=
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LHCb - CP Violation in B; Mixing

Phys. Rev. Lett. 117, 061803 (2016) ILiIHCb

> Measure a; in semileptonic BY — D, (— K™K 7 )u"v,X decays
* No determination of the initial flavour and integrate over the BS decay time
N(Dgp") = NDfp™) _ aa

Araw — —
N(Ds p*) + N(Dp=) 2

* No dependency on the production rate of B and BY due to the high mixing

frequency of Am [L~3fb1
e Fit D, mass for various subsamples EN e e M
. . . R Y D; - K K'mt
(magnet polarity, Dalitz region, 2
data taking period) L}; L5E .0
e Asymmetry in BY mixing R 14,
a%; = (0.39 £ 0.26 + 0.20)% 0sE 1 T
| | | 1

m2(K*K™) [GeV?/ ]
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Summary of CPV in B/, Mixing

> Measurements of a%, and a2, are fully compatible with SM predictions

20,01~
7 -~ LHCb |
< L > S 0ux
0 ™\ e Theory x 10
AR World average
-0.01—
i D) Do
muons ; B, = D uX
20.02- Do S S
‘ e No significant CP violation Iin
HFLAV B factory i 0 0
e average mixing of B*and B,
I |
-0.02 -0.01 0 0.01 .02
Ag(BY)
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Selected results

Direct CP violation




Direct CPV in Charmless B(,) Decays

» The interference between b — u tree and b — s(d) loop processes gives
access to direct CP violation in B?S) — Km decays

* Measure the t-integrated asymmetries

B NB_>]LT — NB_>f BY

Acp = *
N5+ Npy
B - Ktx~
B=J= (Bg —>K—7r+)
* Test Standard Model prediction in a model independent way by
0 — 0 —

A Acp(B” = K'n™) BB, = K n')m _ 0  H.J. Lipkin, Phys. Lett.

Acp(BY - K—nt)  B(BY? - Ktn~) 74~~~ B 621 (2005) 126

SM
LHCb measurements external averages
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CP Violation in B — K "7~ Decays

» First CP asymmetry measurements by B factory experiments in 2004

* First evidence CPV in B® — Ktrn~ e Results after updates to the full datasets

compared to CDF and LHCDb
Phys. Rev.Lett. 93 (2004) 131801

~
-
-

Acp = —0.107 £ 0.016 (stat) 9098 (syst)
Phys. Rev. D87 (2013) 05009

()
-
S

Acp = —0.083 £ 0.013 (stat) & 0.004 (syst)
Phys. Rev. D87 (2013) 031103

Asymmetry Events /2.5 MeV/c’

0.1- 7
&) Acp = —0.069 £ 0.014 (stat) £ 0.007 (syst)
O————="T""1— 1 — " Phys. Rev. Lett.113 (2014) 242001
i . . ‘:'/// m\\\\\;‘ |
10.1] CPV significance 437~ A @Aop = —0.084 & 0.004 (stat) £ 0.003 (syst)
52 522 524 526 528 53 %c ~ 3fb! arxiv:1805.06759

m (GeV/cz) uncertainties decreased significantly
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Direct CP Violation in B, Decays

PRL 110 (2013) 221601
20 — -+
B — K v :l Bﬂ_)Kn

4000

3000

N
[=]
(=]
o

1000

]

(4]
[=]
o

Candidates / ( 10 MeV/c ?)

First observation of CPV
in BS — K~ 71 (2013)

200

III‘IIIIlI\IIlIIII‘III\ IIF!lI \llIII|IIII|HII|IIII|III\|IIII|IIII|I

100

[ ————

58

5 51 53 54 55 56 57 51

-

T~ =N 57, O e g g Faptatnass
5.2 52 53 54 55 56 57 58
K~ invariant mass [GeV/c?] K w* invariant mass [GeV/c?]
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Direct CP Violation in B, Decays

arXiv:1805.06759 ({4
> Mass and time dependent asymmetry of BY — K m~

o = ;. 0.5E
S 8000 ﬂ : 04 1gey BY —» K
5 [ LHCb E 03f
B —1 B
> - JL=3fb 2 0.2k
< V.zp
© 6000 | ol
P - DB°—>K+7:* : é
B r .4) - O:
'_g 4000 — B‘;_>K+n7 0 1:
e - B'—K K ", AE
= = B'>mtn- ,‘Y _o2k
8 m 3-Body bkg. . «” .
2000 n Comb. bkg. o —0.3 o
R z —04f
_0’5:..|...|...|...|...|...|.
5 52,5456 2 4 6 8 10 12

» Results after correcting for detection and production asymmetries

-

- rTzK - [GeV/c?]

Decay time [ps]

e Acp(BY — K~ 7)) =0.213 £ 0.015 (stat) £ 0.007 (sys)

A )

4

.» HFLAV averages + JHEP 04 (2013) 001

>

arXiv:1612.07233

e A=-0.11+0.044+0.03 —

Jorg

Marks
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Selected results

CP Violation in the Interference
of Mixing and Decay




First Observation of CPV In B System

CP violation in the B" System was observed in 2001 at the B factories

in B/B" decays to a CP eigenstate ) q/p )

B’ <t— B

> The interference between B® — J/¥ K% decays and %, ™" y
Ag

B’ — B — J/¥ K? mixed decays gives access to  A4;
CP violation in the Interference of mixing and decay J/YK,

PRL 87 (2001) 091802

» Measure time-dependent asymmetry to get B0 > /KD a)

the CP violating phase 7 fjﬁy‘*\&:ﬁ |

Aty = DB = J/WKD) — T(B(E) — /W) i i
T'(BO(t) — J/UK9) + I'(BO(t) — J/UKO) . »

~ sin(2/3) sin(Am4t))

e Requires flavor tagging

[ ==

% SIH(Q/BB fac) = 0.679 4+ 0.020

@8 pRp7g (2009) 072009, PRL 108 (2012) 171802

asymmetry
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summary - sin(23) Measurements

» World average as compiled by the Heavy FLavour AVeraging group

e Compatible with indirect prediction .
from CKMfitter(2016) sm(ZB) = sin(2¢,) HFLAV

. o _|_0020 ' PRELIMINARY
Sln(25indirect> - 0740—0 025 BaBar ; ' ,E : 0.69 +0.03 +0.01
PRD 79 (2009) 1072009 i 5
* Uncertainty of the LHCDb result BaBar x & i, 0.69+0.52+0.04%0.07
L ) PRD 80 %0009(‘3 112001 | —
e “with [ £ =3fb"" is competitive with| Basar Jy (nadronic) K, : ; 1,5640.42 £ 0.21
‘ PRD 69 (2004)5052001 5 :
*«. Belle and BABAR JHEP 11(2017) 170 Belle : § i 0.67 +0.02 + 0.01
e, PRL 108 (2012) 171802 | o
S, ALEPH ; = N 0.84 *%% 1 0.16
T PLB 492, 259 (2000) ! T
e, OPAL ’ 5 oL 3.20 350 +0.50,
TreelL L EPJ C5, 379 (1998) ; P *
Tt=....|, _CDF - S N 0.79 T044
~ PRD 61, Q72005 (20000 i T[T
LHCb Tt e : 0.76 £ 0.03
JHEP 11 (2017) 170 ‘ o
Belle5S : : N 0.57 £0.58 +0.06
PRL 108 (2012) 171801 | T
Average : § : 0.70 £ 0.02
HFLAV : 5 ' | |
-2 -1 0 1 2 3
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summary - sin(23) Measurements

» World average as compiled by the Heavy FLavour AVeraging group

e Compatible with indirect prediction
from CKMfitter(2016) sm(2[3) = sin(2¢,) HFLAV

o +0.020 PRELIMINARY
SIN(2Bindirect) = 0.740Z5 a5 BaBar : ! | 0.69 +0.03 + 0.01
PRD 79 (2009):072009 |
* Uncertainty of the LHCb result BaBar x ., 0.69+0.52+0.04+0.07
. L - _ PRD 80 %05)112001 . —
with | £ =3fb~" is competitive with| BaBar Jay (hadronic) K, ; 1,56 £ 0.42 + 0.21
PRD 69 (2004):052001 ! :
Belle and BABAR JHEP 11 (2017) 170 Belle : ; 0.67 +0.02 £ 0.01
PRL 108 (2012} 171802 | 1
; H oo +0.82
e Current average allows for two PLE 402, 259 fooo) " A (084702016
: : OPAL : i Pl 3.20 *18 +0.50,
solutions in |0, 7] EPJ C5, 379 (1998) ; L EE—
’ — CDF - E i, 0.79 "4
Sln(ZBHFLAV) = 0.699 £ 0.017 PRD 61, 072005 (2000) E 0.44
LHCb : E : 0.76 £0.03
B = (22-2 T 0-7)0 p = (67-8 + 0-7)0 JHEP 11 (20175)170 5 :
Belle5S : ; N 0.57 £0.58 +0.06
PRL 108 (2012} 171801 | —
Average § : 0.70 +0.02
HFLAV : : 5 | |
2 s 0 1 2 3
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summary -

sin(2/3) Measurements

» World average as compiled by the Heavy FLavour AVeraging group

e Compatible with indirect prediction
from CKMfitter(2016)

Sln(25zndzrect> = 0. 74O+8 ggg

* Uncertainty of the LHCD result
with [ £ =3fb"! is competitive with
Belle and BABAR JHEP 11 (2017) 170

® Current average provides two
solutions in [0, 7]
SiIl(QBHFLAv) = 0.699 = 0.017

B=(222+0.7)° B :EE@@?)O

730
recent combined Belle and BABAR
analysis measures cos(23) > 0

arXiv:1804.06152, arXiv:1804.06153

Jorg Marks

sin(2f) = sin(20,) it

PRELIMINARY

BaBar ; 0.69 +0.03 +0.01
PRD 79 (2009): 1072009 :

BaBar y » . 0.69+£0.52+0.04 £0.07
PRD 80 %05) 112001 —

BaBar J/y (hadronic) K 1,56 +0.42 % 0.21
PRD 69 (2004):052001 ' 5

Belle : 0.67 +0.02 + 0.01
PRL 108 (2012) 171802 | |

ALEPH ; o N  08479%+0.16
PLB 492, 259 (2000) " T y

OPAL - ' F 3.20 7380 +0.50,
EPJ C5, 379 (1998) ; x
CDF 0.79 34
PRD 61, 072005 (2000)

LHCb : 0.76 + 0.03
JHEP 11 (2017) 170

Belle5S : ; " 0.57 £0.58 £ 0.06
PRL 108 (2012) 171801 |

Average ' 0.70 +0.02
HFLAV : . : . .
-2 -1 0 1 2 3
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sin(28s) Measurements

Similar to the B system the interference of mixing and decay gives access
to the CP violating phase ¢, = —24, in the BY system

mixing ) decay : %
5 Y WV s b Vo : By = JY¢ S
------ & J/Y o
T e+ o e T
------ ~ )¢ 5o S
2 Vie W WV B s s O'~=—; o
i )
Q
X

> Measurements of BY — J/vy¢, J/WKTK~, J/irTr~ first by CDF and DO

then by LHCD, Atlas and CMS

» Access new physics contributions by deviations from SM
° ¢8 — ¢SSM + A¢s ) AQSS — arg(M12/MigéM)'

* Get Cb;gM from global fit ignoring penguin contribution, CKM fitter arxiv:1501.05013
oM = —0.0364 + 0.0016 rad
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LHCD - ¢, Al'sin By — J/Y¢

» Need an angular analysis to statistically separate CP eigenstates
¢» — K"K~ in Pwave — CP-even, CP-odd
¢ — KTK~ inS wave — CP-odd

depending on rel. orbital
momentum of J /v and ¢

» LHCDb determines in a max. likelihood fit to
the physics quantities ¢, Al'y, T's, ....

helicity angles Q = (8,,,0x, ¢»)

d*T(B° — JYKK)
dt d)

e Key ingredients to t — dependent flavour tagged angular analysis
PRL 114 (2015) 041801

[L£=3fb"! LHCb

- probability of getting the initial B flavour wrong 10

p—
[
w

- decay time measurement

—
)
o

[S—
=)
T T 1T T TTJT

- event by event decay time resolution

Candidates / (0.2 ps)

[a—
LILILLL LIl

- knowledge of Am

p—
<

Decay time [ps]

ﬂrﬁmg Jorg Marks Rencontres du Vietnam: CPV in Heavy-Flavoured Hadrons



LHCb - ¢, AT in By — J/io

» Need an angular analysis to statistically separate CP eigenstateg
¢» — K"K~ in Pwave — CP-even, CP-odd K ”_

¢ — K"K~ inSwave -+ CP-odd (g BB &
depending on rel. orbital :
momentum of J /v and ¢

» LHCDb determines in a max. likelihood fit to
the physics quantities ¢, Al'y, T's, ....

d*T(B° — JYKK)
dt d)

PRL 114 (2015) 041801

= LHCb

CP-even CP-odd S-wave
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Summary - ¢,, Al'y In By — J/9¢

» LHCb results for B, — J/W K K, J/yYrta™, J/Yd(KTK™) jnep 08 (2017) 037
O = —25+45+8mrad Al's =Ty —T'g = 0.0813 £ 0.0073 £ 0.0036 ps_l

T, = 0.6588 & 0.0022 + 0.0015 ps~* [A| = 0.978 + 0.013 + 0.003

no evidence for CPV

* Measurements include the mass range above ¢(1020)

> HFLAV average for ¢¢° vs AT,

HFLAV

68% CL contours

(Alog £ =1.15)

CMS 19.7 fb !

DO 8 fb !

Combined

()

ATLAS 19.2 fb !

LHCb 3 fb~!

0.06

904 02 00 02 04

6 [rad]

Jorg Marks

e Reached a precision of 33 mrad with
LHC run 1 data, which includes also
ATLAS pLB 757 (2016) 97 and

CMS uHEP 08 (2016) 147 data

* Good agreement with Standard Model
expectations
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Selected results

Measurement of the CKM angle ~




Introduction - vin B — DK Decays

b — ¢ and b — u transitions are sensitive to v = arg[—VuqVi,/VeaVy

- ) suppressed
v - - > “—0
favoured % / K Vb . _D — /D
Vo B~ -l
L A — v .
B DO %fD K
T -t _ -l

u u u

Reconstruct DY/DY in a final state fp accessible to both to achieve

interference
* Interference allows to determine rBei(‘SB@ K
- weak phase v A ,
SUp i(dB—")
- relative strong phase op B Aro rBE K
- magnitude ratio of the amplitudes r -
e Hadronic parameters (rp,dp) of fp K "D€

(e”:her determ|ned or external |nput) 5D, 53 : Strong phases B, TD: Amplltude ratios

* Considered as SM benchmark since only tree level processes are involved

*Egﬁﬁg Jorg Marks Rencontres du Vietham: CPV in Heavy-Flavoured Hadrons



~ Measurementin B — DK Decays

Depending on the final state D — fp distinguish methods of v extraction

* Measure CP asymmetries and charge averaged partial decay rate ratios
— fit for(% B, 53)

> GLW (Gronau, London, Wyler) [1991]): fp = [KT K], [v 7], [K?7°]

* fp is a suppressed CP eigenstate

> ADS (Atwood, Dunietz, Soni [1997,2001]): fp = [K n 1], [K 7]
* |[nterference of B D decays and favoured B /

doubly suppressed D decays 1L~ 3!
—_— T T T T T T T T T N~
2 100 BT LHCb -  —
[ (@]
2 2
S B*[n'K | Kt =
o ©
g N~
I - % T L N7 Y A , 0
o

1 + 1
5400 5500
m(Dh") [MeV/c?]
Rencontres du Vietnam: CPV in Heavy-Flavoured Hadrons [E¥]
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~ Measurementin B — DK Decays

> GGSZ(Giri, Grossman, Sofer, Zupan) [2003]): fp = [KonTr , KV KT K]

* fpis a multibody selfconjugate state, which contains different quasi 2-body
final states (D° — K*~«t, D° = K*t7n~, D% - K%°)

arXiv:1806.01202

* Interference of and % 2 LHCb
favoured B decays followed S | ° !
. . s 57
by D decays provide amplitude < S
S S S
and phase variations across the T N
Dalitz plane B B
m(K o) [GeV/c?] mA(Kor) [GeVc*]
® Measure yields in bins across B S
the Dalitz plane and compare = f %
Use strong D phase measurement, :
60§|> - no CPV
CLEO-c PrD 82 (2010) 112006 sofl T
''''''' bin number

Jorg Marks

Rencontres du Vietnam: CPV in Heavy-Flavoured Hadrons



LHCD - Results of v+ Measurements

» Combine 16 v measurements to obtain global LHCb average

* Determine v and hadronic amplitude ratio and phase difference

® To achieve optimal sensitivity, use 94 observables with a likelihood ansatz
for the combination

I-CL

0.8
0.6

0.4

0.2

- B B decays

B” decays

95.5%

- I B* decays
- [ Combination

Jorg Marks

50

100

LHCb -

Preliminary _ |

150

v [°]

LHCb-CONF-2018-002

D — hth™

D — hth™

D — htrntn™
D — hth—7"

D — Khth~
D — Khth~
D — K)K*7n~
D — hth™

D — hth

D — htr—ntn-

D — hth

GLW

ADS
GLW/ADS
GLW/ADS
GGSZ
GGSZ
GLS

GLW
GLW/ADS
GLW/ADS
GLW/ADS

Run 1 & 2
Run 1
Run 1
Run 1
Run 1
Run 2
Run 1
Run 1 & 2
Run 1 & 2
Run 1 & 2
Run 1

D— Ktn™
D — hth~

D — Klrtn~

ADS
GLW-Dalitz
GGSZ

Run 1
Run 1
Run 1

BY —» DFK*

D¥ — h*h—z+

TD

Run 1

B — D¥qt

Dt— Ktr—at

TD

Run 1
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LHCD - Results of v+ Measurements

» Combine 16 v measurements to obtain global LHCb average
* Determine v and hadronic amplitude ratio and phase difference
® To achieve optimal sensitivity, use 94 observables with a likelihood ansatz
for the combination
* Uncertainty of ~ decreased by a factor
of 3 from 2013 to 2018 combining
more and more measurements

* Most precise determination from a
single experiment to date

W yomoy = (74.0555)°

4
* BABAR result using the full dataset

LHCb-CONF-2018-002

o +17\0
YBABAR — (69—16)
PRD 87 (2013) 052015

.
.
-
.®

ST
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World Average of v Measurements

» All experiments performed measurements with the various methods
* Determine v and hadronic amplitude ratio and phase difference

e Uncertainties of the averages are dominated by the LHCDb results “

D>
BELLE

5

| | ‘ S4pp
Q| WZVTA | e Average from HFLAV
— 08 | oW
||| B,  |[y#reav =355
: 1A | v
04 ML\ 3% ] . ‘COr'npatibIe with indirect prediction
0‘23 E "x‘ from CKMfitter(2016)
0L e Voredicted = (65.15575)°
: REE AN
RS o -
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Selected results

CP violation in the Baryon Sector




CPV in Charmless 2-body A} Decays

Phys. Rev. Lett. 113, 242001 (2014) (€ J

CDF measured the first time in 2014 CP asymmetries in baryonic decays,
AY — pr~and AY — pK~, using the full dataset (9.3 fb~1)

) _ Nowy —crNof
) Nesg+cpNpy

Adzr _ I

Phys. Rev. D 80, 034011 (2009)

> While theory predicted 30 % asymmetries 5 gl . ou S fojs:
the measurements are compatible with = - ;ﬁm
no direct CP violation g 10 .
% E || Combinatorial bkg

AZE(AY — pr~) = +0.06 & 0.07 £ 0.03 3 0

S

AZE(AY — pK~) = —0.10 £ 0.08 + 0.04 10

5.8
. [GeV/c]
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CPV in Charmless 2-body A} Decays

arXiv: 1807.06544 (2018’ THC,

> LHCb measurement of direct CP asymmetries in A} — pr~
and AY — pK~ using all run 1 data

APT, = —0.035 £ 0.017 + 0.020
ABS = —0.020 4 0.013 4 0.019

Candidates / ( 10 MeV/c?)

1000

800 |-
600 [
400 |

200
:M——#A_ ! I. *

o [emspn AR
A? > pK~ ] Zu:f K ]
WA LHCD 1000 |- @A  pr- LHCb
: Eoﬁ‘K_ﬂ."" ] : Bo _)K+:r— ]

B" S KK

Candidates / ( 10 MeV/c?)

800~ po gk~

2 54

5.6

m, - [GeV/ c?]

» Most precise measurement to date, compatible with no direct CP violation

5.8

ARS, — AP, =0.014 4 0.022 £ 0.013

cancels most systematic uncertainties

Jorg Marks
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CPV In Ao%pﬂ T

Nature Physics 13,391-396 (2017)  (si&%

» Two amplitudes of. o }w‘(K—) ;@ }w—(K—)
comparable magnitude ;@ o R
interfere and give u }W (K7) < (KT
access to ol > [ > ‘

] _ Ab d > p }p d > d P
CP violation e AY .
ub v J t ] .
»\—\‘_/:Ku }ﬂ'_ Lbﬁ—&i‘/}b DT d }ﬂ-
» Measure P and CP violation observables aﬁ/co‘]f,d =1/2(A; £ A.) using

triple products of final state particle momenta in A} — pr~ 77~ decays
inthe A} c.m.s. Non-zero values indicate P/ CP violation.
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CPVin A} — pr— 77~ Decays

d(s)

» Two amplitudes of 4 }w—(K‘) }W
comparable magnitude g“@ o gd“ K
interfere and give }W (K7) (K
access to o > “ } N }

- AY: ¢ > ¢ D P
CP violation s _— Ag
Vtzkd u }ﬂ-_ Vip W V;:l i T

» Measure P and CP violation observables aﬁ/g‘]f,d =1/2(A; £ A.) using

triple products of final state particle momenta in A} — pr~ 77~ decays
inthe A} c.m.s. Non-zero values indicate P/ CP violation.
N(Cs#>0) = N(Cr <0)

N(Cz > 0)+ N(Cs < 0)
N(-Cz>0)— N(—Cr <0)
N(—=C; > 0)+ N(=C4 < 0)

Ay Cp =Dy (Fr- X Prt)  Ap =

AY: Cr =Py (Prt X Pre)  Ap=—
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CPV In AO%pW T

Decays

» Signal Distributions

N—6646i105 [L~~3fb1
R L L B
S - LHCb — Full fit
0 e
%1500_(3) — A P
> - --- Part-rec. bkg.
L Comb. bkg.
Z B’ K*mnrm*
N l _
§ 000 -----AE—) pK 7t -
ks ]
500 . | .

56

m(p -

2 54

6
) [GeV/c?]

Events/(9 MeV/c?)

(\®)
-
O

400

N = 1030 £ 56 [L~3fb"
L L
LHCb — Full fit
L (b) — A= pr KK
i -~ Part-rec. bkg. |
..... Comb. bkg.

5.4

56

B’ = K K*K*mr~
---B'> K K1+

NP 13, (2017) 39

58 6

m(p KK [GeV/c?]

> The A} four body decays have a rich resonance structure dominated in

A} = pr ntr” by A(1232)7F = prT and p°(770) — 7w

Jorg Marks

decays
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CPV In Ao%pﬂ T

Decays

CP asymmetries vary strongly over the phase space, therefore determine

T —odd

Ap,cp In a phase space and & dependent binning.

» Asymmetry measurements over the entire phase space do not show

P / CP violation

» First evidence for CPV in the baryon sector at 3.3 ¢ is found in localized

asymmetry measurements

(N}
=)
o

'U
O T

|
\®)
O

T —odd
_aP |

- LHCb

_DJ;@@@@@@@@_

A) = prata

Scheme A

5 -

Asymmetries [%]

Do
-

CP

-

I
()
K=

T —odd
_CLCP

22ndf=27.9/12 2.8

: ¢ 3¢ 3
3} v ¥y

Yndf=21.1/12 200

@ME Jorg Marks

5

10
Phase space bin

g 20
— 0
2 20
= -
g
g
5’; X
< 200
0
—20¢

- i
L T —odd

- LHCb

" X/ndf=20.7/10 2. 30_

—

Sclheme B

N

-

=

=

—dr,

T —odd

_CLCP

¢

¢

5

®

| ¢mat=30.5/10 3 A0

1

2

3

[Pl [rad]
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Selected results

Mixing and CP violation in Charm




Mixing and CPV in the D System

> SM predicts small effects (~ 10°) in mixing and CP violation

e Complement K and B systems, access to new physics coupling to up-type sector

* D mixing first observed at hadron colliders by LHCb in 2013
- Established earlier by combining many B factory results

X103 107 0 _
N T 7 D" 5 K'tn
o ) : | - L4 Data 7
) % [ LHCb + WS data i 6.5 F _ Mixing fit E
= E 8¢ — Fit ] OT 6 E - No-mixing fit 3
— I Background Q : :
™ = 6F ] grou = 55t
~ = - ~— L
O % B |t< 5 E
& ks + 45
‘9 5 w 4:
= 5 T 4
_ © A 35 .
0'd i = ]
o 0 3B Wy E

2.005 2.01 2.015 2.02 0 2 4 6 20

M (D°n?) [GeV/c?] t [TDO ]

no mixing excluded at 9.1 o

* Not a precision testing ground, since calculations are difficult due to the
intermediate mass range
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LHCb - CPVin D° — K7~

A determination of mixing parameters for DY and D" gives access to CPV

» Using data of 2011 — 2016 LHCb determined the time dependent
D’ —» KTn=/D° — K~ =t rate RT(¢)

» Mixing parameter

124+ 12+
R*(t) occe™™ <R% + /Ry F Tt + vty ]g\z(Ft)2>
D

Yt = Z%Fl[y cos(5 + ¢) T x sin(5 + ¢)]

T = |]%|i1[:1: cos(0 &+ ¢) £y sin(d & ¢)]

RE =Rp(1+ Ap)

Jorg Marks

R*[107]

4

R [107]

—+ (0 — direct CPV
<

0]

R/l

+

-+ (0 — indirect CPV <«

PRD 97 (2018) 031101
;_DO — K+7T_ ...... R _:

Wy -

3 5.0 b

- — CPV allowed _E
P R — No direct CPV -
E et No CPV ]
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LHCb - CPVin D° — K7~

A determination of mixing parameters for DY and D" gives access to CPV
» Using data of 2011 — 2016 LHCb determined the time dependent

D’ —» KTn=/D° — K~ =t rate RT(¢)

» Results
e CPV in mixing
1.00 < |q/p| < 1.35
¢ direct CPV

- Rt+ R

Ap

@ 68.3% CL

(—0.1£9.1)-107°

No indication for direct or indirect CPV

Jorg Marks

R*[107]

R [107]

*— R [107]

PRD 97 (2018) 031101

;_DOI%K_FW_ ...... F _:
- es

3 5.0 fo!

- — CPV allowed _E
P R — No direct CPV -
E ™ No CPV ]
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t-dependent CPVin D' - K™K /r77~

» Access CPV through decay time dependent asymmetry measurements
_ D) = /) -TD°®) = f) _ air

t
A 1) = — ~ — —A
e D= R0 —» 100 - ) "L A
CP eigenstate CPVin decay CPV in mixing + interfer.

PRL 118 (2017) 261803(§&6
I 1 1 1 I T 1 1 | 1 T 1 1 LI ]

F T 7 [T T 1,
C LHCD DY — wtne -+~ Data ~f nHO DY - K+K- 4 Data -
3 — Fit X 1F — Fit -
“““““““““““““ . = F ate —
T e :
I R A ] _ [N T AT SN SN A SN TN WA AN T SN T MR Ly ]
8 2 10 2 4 6 8 20

t[TDO] t[TDo]

e World best measurement using Lin: ~ 3 b}

Ap(ntn7) = (046 £0.58 £0.12) - 107° | | Ap(KTK™)

(—0.30 £0.32 +0.10) - 10~°

No indirect CPV, level of precision 1073
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summary - CPV in Charm

» LHCDb takes the fine results of the B factories and Tevatron in charm
physics to an even higher precision

g 1_2 CPV alowed S 60 : ég
B S 40 il 50
0.8 8 -
0.6 i:_ 6 207 ........
0.4 R e
02 B N
- L
-0 : /' Wio -4 B o R ...
s f f f 20 B
s (L . T . B30 B :
No Mixing b 6 “wmms No CPV
........ T e e e . X i o e e ey !
_0'— .6-04-02 0 0.2 04 06 08 1 1.2 0.6 0.8 1 1.2 14 1.6
%] lq/p|
® Experimental data indicates mixing ® No indication for CP violation

» All results are compatible with Standard Model expectations
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sSummary

» Measurements of the CKM triangle made
an enormous progress in the LHC era
and are a very important tool in the search
for new physics

» All measurements of CP violation are
consistent with the predictions of the : :
CKM mechanism of the Standard Model -1-°ﬁ%7 -

1 I '
ICHEP 16 H (excl.at CL > 0.95) -

— no evidence for new physics contributions e es e es 0 sz

» First evidence of CPV in the baryon sector is found by LHCDb in localized
asymmetry measurements — many more measurements to come

» BELLE Il and LHCb Upgrade will further improve the precision in
CPV measurements — stay tuned
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Contributors Beauty / Charm Physics

B physics experiments are also well suited for charm physics

hadron collider |-

CDF at

TEVATRON
[L~9.6fb"

1.3-10'° vb

= _1
@ OJ;/ L~ 3fb
(5]

_|_

Belle at KEKB
[ L~ latb™?

1.2-107 bb

e e collider

BABAR at PEPII|
[ £~ 550fb""
6.6 - 10° bb
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Experimental Aspects

Different experimental requirements at pp and e*e™ facilities

hadron collider e e collider

PV resolution
Ozy ~ 11 pm, Ny, = 30
0, ~ 65 pum, Np, ~ 30

o ~ 0.03 - TRO

LHCD

Ehbnl

3500 F P 0 ;fﬁ ~ 425fb~! §
”g 3000; © m(B — J/\If KS) N§ 0o - B0—>J/q;Kg Q
= 2500 3 e B" w(2S)K’ 5
F —~ O
= 2000 0 0 : - = B’— x K S
~ E ~ — 1 N
% 1500f S B” CP violation Sl Bk S

< E N ¢
£ 1000f s measurement 5 i o
& 500 = = ame N
:._l__-r‘f. 20 e ki e e e EI () Pootufestteetes; nfteosttegeeete® — e
5240 5260 5280 5300 5320 Q. 52 52 524 526 528 Q.

m (MeV/c?) myg (GeV/c?)
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Asymmetry Measurements

Measure CP asymmetries at 1072 — control systematic uncertainties
at a similar level

» Determine raw asymmetries A,..,, by comparing partial decay rates of a
process and its CP conjugate 4 N(z) — N(z)
" N(x) + N()
e Systematic uncertainties cancel, 2 contributions in case of LHCb
- production rate asymmetries, Ap (measurements for BY. BS, BT, Ag )
- asymmetries due to particle / anti-particle detection, Ap VS Mot BI74 (2017159

® For LHCb Ap and Ap are determined by
- use of control samples
- regularly reverse magnet polarity
- remove fiducial volumes contributing to asymmetries

» CP asymmetry: Acp = Araw — Ap — Ap

*Eg[g Jorg Marks Rencrontres du Vietham: CPV in Heavy-Flavoured Hadrons BB
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