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CP violation

Violation of CP is required by matter-antimatter asymmetry of the
Universe. Discovered in quark sector 50 years ago.

SM predictions for CPV effects

proven extremely successful
* Quark sector well described
by the CKM mechanism

But SM is not complete
—> search for signs of New Physics

* Indirect searches probe virtual effects of new particles.

Aim of LHCb at LHC pp Collider: search for NP with precise
measurements of CP violation and searches of rare decays of
beauty and charmed hadrons. ( =2 see also M.Kenzie talk this morning)
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Outline

Highlights of LHCb results on CP violation in

BY, mixing and decay

« BO.>J/p KK, BO.>D,D*,
Gluonic penguins

© B%, > 9o

B% mixing

* a; from B>D) "utv

o
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* D% mixing and search for CPV in D°> Kt
* Direct CPV in D°2KK, D°2>nr

* Indirect CPV in D92>KK, D°=2> i




CPV in BY, mixing and decay

A weak phase ¢, is arising from interference
between B°, decays w and w/o mixing to
a final state CP eigenstate.

In SM precise prediction for b—=>ccs transitions, eg. B°.2J/y ¢,

neglecting penguins contributions

q) M = (I)mlx_ 2 (I)dec = 2 arg ( Vtthb*/Vcs cb )
= (- 0.0363 + 0.013 ) rad

New Physics might add large phases

d — ?7?
q)smeasure — q)SSM + (I)sNP + o

A precise measurement of ¢

is a sensitive test of NP presence in the B, sector.
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Flavour Tagging and Time Resolution

Fast BO.B®_ oscillation frequency

( period 2;t/Am.~ 355 fs ) require
very good time resolution for time
dependent measurements

Time resolution
o(t)~45fs B 2J/WwK'K™, mHr”

* determined event-by-event from
the vertex fit and calibrated on data

Many possibilities for determination
of B flavour at production

Effective tagging power
£'%8(1-2w)%=(3.73 £0.15)% B>/ PK*K"

(5.33 £0.25)% B°.>D,*D,"

€t?8 = tagging efficiency
w = mistag probability

e Tagged mixed
o Tagged unmixed
Fit mixed

Fit unmixed
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decay time [ps]
Eur. Phys. J. C (2013) 73:2655
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¢, from B 2]/ KK

P—=>VV decay with CP-even and CP-odd components (P-wave, S-wave)

* Fit to invariant mass, decay time and angular distributions of flavour
tagged events.

* 3fb! dataset: 95690 + 350 signal events

Candidates / 0.05
DN W W

Candidates / (0.2 ps)
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¢, =-0.058 +0.049+0.006 rad
I, =0.6603 £0.0027+0.0015 ps™
AI',= 0.0805 +0.0091+0.0032 ps™

Candidates / (0.05 & rad)

arXiv:1411.3104 Sub. to PRL

M.Calvi- Bormio 2015



: 2J/v

From amplitude analysis (PRD89 (2014) 092006 )
B 2 J/ymtm is CP-odd > 97.7% at 95% CL.

¢, measured from likelihood fit to mass, time
and angular distributions of tagged events
with no CP assumption.

* 27100 B®.2J/y m*w signal events, 3fbt

¢.=0.075 +0.067 £ 0.008 rad

* Consistent with B2 J/1y K*K- and SM
prediction
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Mixing-induced CPV in B/’

Combination B, 2J/YK*K" & B°.=2J/y mw*m (3fbt)
¢.=-(0.010 £ 0.039 ) rad
Dominating the wold average (¢, "FA¢WA=-0.015 + 0.035 rad)

In agreement with SM predictions, but still room for NP

=
D@ 8 fb HFAG

CDF 9.6 fb~!
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¢, from B®. 5D D+

First measurement of ¢, in an open charm decay of B°,
* Measurements of ¢, in mode

with different penguin amplitudes

CP-even final state, no angular

analysis needed but low decay rate.

Reconstruct signal and control channel in 3 D,* mesons final states
3345+62 B°.>D, D}
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21320 + 148 B°>D™ D,

--- B D! D,
B D KK
B.»D;D.
B'—D'D;

A AcD;

[ Combinatorial

---B'-»D D!

:

B>D D’
B DKK
B’ D' D!

[

. Combinatorial

Candidates / (5 MeV/¢?)
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$.=0.02+0.17 +0.02 rad

TOSTT(¥T0Z) ETT ‘No1'AdY'sAyd
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BY. 2 ¢, 92 KK

b—2>s5s gluonic penguin induced decay.
* SM prediction for CP violating phase ~0
* Sensitive to NP

Time-dependent angular analysis of tagged events.
* 4000 B°. > ¢ signal candidates in 3fb™!
 Effective decay time resolution 44 fs
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$.=-0.17+0.15+0.03 rad

: o Phys. Rev. D 90 (2014) 052011
In agreement with SM prediction
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CPV in B’and B.° mixing

Violation of CP symmetry in B0 BO mixing can be proved by measuring
the semileptonic asymmetry

_T(B’ = D ('vX)-T(B’ = D*/"vX)

a, = —= —
" T@B’ = D 'vX)+T(B" = D' vX)

In t.he SM a,, is predicted to be very small a’(SM)=(-4.1x0.6)x10™
arXiv:1102.4274

s -5
= A good probe for NP contributions. ay(SM)=(1.9x0.3)x10
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LHCb had measured a,; in the B,

system with 1 fb-! of data
(Phys Lett.B 728 (2014) 607)

[11])

New: a, inthe B systemin 3 fb!
of data 2.1 x10% B®>D )u+v decays

Events / (2 MeV/c?)
5




Semileptonic CP asymmetries a

Fit to mass and decay time distributions of D"u*and D*u™ events.

Correct for fake asymmetries

* Detection asymmetry measured on control channels
« BO9B° production asymmetries measured in the same fit

b o 4 _(—0.02+0.19 +0.30)%
D U __lsgtggil asl = (_ . i . i . ) (0]
Comb-ble: arXiv:1409.8586, Sub. to PRL

Compatible with SM
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Mixing and CPV with D> Kn

* Small CPV expected in SM (~1073) good probe for NP in “up” quark
sector.

* Measure time dependent decay rate of Right Sign and Wrong Sign
RS=D2>Kmw* CFdecays

S
WS = D%=>K+*t~ DCS or oscillations

« DOflavour tagged by slow st* in D**—> D%+

Mixing CF
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Time-dependent rate of D> K

Time-dependent ratio of WS to RS decay rates

x'=xcosd+ ysind
y' =ycosd—xsind

Ry = ratio suppressed/favoured decay rates 0 = strong phase difference

Two sets of parameters for initially produced are used
for CPV studies

* Direct CPV:
* CPV in mixing or interference: [CANMADETCANSN
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CPVin WS D'-2>Kmn

* Mixing parameters:
Rp=(0.3568 + 0.066) x 103
x'2= (5.5£4.9) x 10~
y' = (4.8+1.0)x 103

world best determination

* No evidence for CP violation
(Rp* - Ry)/(Ry" +Ry) =(-0.7 £ 1.9)%
0.75< |g/p| <1.2 at 68% CL
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PRL111 (2013) 251801




Direct CPV in D2 K*K-, D’>n*r

Time-integrated CP asymmetries measured in two channels
AAqp = Arp(KK) = App(TT)

* robust observable against detector systematics and production
asymmetries

D* tagged, 1fb!
AA=(-0.34+0.15 + 0.10) %

preliminary LHCb-CONF-2013-003
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B->Duv tagged, 3fb! TTCYY Tp—
AA= (+0.14 £ 0.16 +0.08) % [ 5 T y——

| 30 fb'
World dverage
— :

JHEP 07(2014) 041

—
[EE
(o))}

—/

Consistent with no direct CPV



Indirect CPV in D> K*K", D> n*mn

Time-dependent CP asymmetry of D° decays to CP-even eigenstates f

F(DO ft) F(D ft)NAdlr A L

Ap(t)=

I(D" — f,)+T(D" — £.1) ‘T
where A; is given by the asymmetry of the effective lifetimes
#(D")-t(D’)

(D) +t(D°)
In terms of x,y mixing parameters

A =

M.Calvi- Bormio 2015

~|—As —Agg)ycosgb—xsingb

—
[EE
~N

—/

In SM the phase ¢ is independent on final state and is zero if CP is
conserved.



Effective lifetimes in D°> KK, mx; D* tag

3M D°=2>KK and 1M D=2t signal candidates tagged by D**—2> D%t
Maximum likelihood fits to D° and Am mass and D° time distributions
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A(KK)=(-0.035+0.062 +0.012)% et
A () =(0.033+0.1060.014)% | aiants .

No evidence of indirect CPV and no significant difference between
the two final states.




Effective lifetimes in D°2> KK muw; u tag

D tagged by semileptonic decays B->D°uv with 3 fb! data
* DY lifetime obtained from D°u to D°2>hh vertices

BaBar D’/
Belle D°—hh
CDF D°-KK
CDF D°—nn

LHCb D°—KK
(1.0 b7, pion tagged)

LHCb D°—>nn
(1.0 b, pion tagged)
LHCb D°—KK

30 5, muon tagged)

LHCb D’—nn
(3.0 f6, muon tagged) |
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A(KK)=(-0.134x0.077% 0:)%

-0.034

A () = (-0.092 £ 0.1457) )%

-0.033 Consistent with no indirect

arXiv:1501.1637 Sub. to JHEP CPV in D°>KK, D°2>nr



Conclusion

The excellent performance of LHCb in Run | have provided a
large variety of tests of CP violation in the B and D systems.

Examples are the world best measurement of
B9 mixing phase ¢, from B°.2J/pK*K", m*w decays
* D%mixing parameters

 Search for indirect CPV in D°2>K*K-, D°2>xt*n decays
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All results show good agreement with the SM predictions.
* No evidence of CP violation in charm sector.

Many new results to come with next data taking periods.







LHCb data taking

Instantaneous luminosity limited to
~4x103%? s1cm? —>Clean events

Integrated luminosity in LHC Run 1
* 2011 pp Vs=7TeV L=1fb!
* 2012 pp Vs=8TeV L=2fb?
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Delivered / Recorded Luminosity

2.21/2.08 [fb™), in 2012
1.22/1.11 [fb™), in 2011
0.04/0.04 [fp“], in 2010
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Warm dipole magnet 4Tm

* polarity can be reversed ——— .
SPD/PS M3 M4
__RICH2 M2
Excellent position A e
and momentum
resolution
° ~20 um

for high p; tracks
* 0p/p=(0.4-0.6) %

Excellent Particle Identification g

* ¢(KID)~ 95% with 5% m mis-ID

* g(uID) ~ 97% with (1 - 3)% 7 mis-ID

Versatile two stage trigger 40 MHz~> (3 - 4.5) kHz {23)

* ¢g(trigger) ~ 90% di-muon final states
* g(trigger) ~ 30% multi-body hadronic final states



Prospects: the LHCb upgrade

Is1 LS2
IISEEEEE 20102011 2012 2013 2014 2015 2016 2017 2018 2019 .. 20xx
LHCb
Vs (TeV):  09-7 - 8 - 13-14 Upgrade

10% 3-4x10% 4x10% 10 — 20 x10*

3 fb! 5-7 fhy! > 50 fb!

b, (B2 - J/w ¢) (rad) 0.050 0.025 0.009 ~0.003
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b, (B — ]/ £,(980)) (rad) 0.068 0.035 0.012 ~0.01
B (B° > J/wKD) 1.7° 0.8° 0.31° negligible
o (B? - ¢ ¢) (rad) 0.15 0.10 0.023 0.02
eff (B2 - K*° K*°) (rad) 0.19 0.13 0.029 <0.02
2p°f (B® - ¢ KO) (rad) 0.30 0.20 0.04 0.02

v(B? > DI K¥) 17° 11° 2.4° negligible

N\
N
S

| —

“Impact of the LHCb upgrade detector design choices on physics and trigger performance”

LHCb-PUB-2014-040, to be published



0 + B Parameter Value
(I) from B 9] / ’q) K K T, [ps}]  0.6603 £+ 0.0027 &+ 0.0015
S S AT, [ps~!]  0.0805 & 0.0091 = 0.0032
|A, |2 0.2504 =+ 0.0049 + 0.0036
| Ao|? 0.5241 + 0.0034 + 0.0067
o) [rad] 3.26 X517 Y007
4 8, [rad] 3.08 T915 £ 0.06
T diors(ff ;;:/:f ;‘28 o — [(¢s: Als,Ts, Ams, M(Bs), |Avl, Ay, |Asl, 61,5y, -..) ¢, [rad] —0.058 = 0.049 + 0.006
1Al 0.964 =+ 0.019 & 0.007
Am, [ps™Y]  17.711 T59%5 4 0.011

Table 3: Statistical and systematic uncertainties for the polarisation-independent result.

Source B AT, A1 ]2 |Ao)? g BY Am,
[ps~']  [ps7'] [rad]  [rad]

Total stat. uncertainty 0.0027 0.0091 0.0049 0.0034 519 01 0. 0.019

Mass factorisation - 0.0007 0.0031 0.0064 0.05 0.05 i 0.001

Signal weights (stat.) 0.0001 0.0001 - 0.0001 - - -

b-hadron background 0.0001 0.0004 0.0004 0.0002 0.02 0.02 : 0.003

B} feed-down 0.0005 - - - -
Angular resolution bias - - 0.0006 0.0001 592 0.01 —~
Ang. efficiency (reweighting)  0.0001 - 0.0011 0.0020 0.01 - 0.005
Ang. efficiency (stat.) 0.0001 0.0002 0.0011 0.0004 0.02 0.01 0.002
Decay-time resolution - - - 0.01 0.001
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Trigger efficiency (stat.) 0.0011  0.0009 - - - -
Track reconstruction (simul.)  0.0007 0.0029 0.0006 *903 0.002 0.001
Track reconstruction (stat.) 0.0005 0.0002 - - -
Length and momentum scales  0.0002 -

S-P coupling factors - 0.01 0.001

'
N
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—

Fit bias - 0.0005 0.01 0.001
Quadratic sum of syst. 0.0015 0.0036 0.06 0.007




¢, from B 2] /¢y KK

Parameter Value

IA°] 1.012 = 0.058 = 0.013
IAIl/ 20| 1.02 +£0.12 +0.05
IAL/A°] 0.97 +£0.16 +0.01
IAS /A0 0.86 +0.12 +0.04
¢? [rad] —0.045 & 0.053 £ 0.007

I — 49 rad] —0.018 = 0.043 + 0.009
¢+ — % [rad] —0.014 £ 0.035 & 0.006
¢S — % [rad]  0.015 £ 0.061 £ 0.021

Table 4: Statistical and systematic uncertainties for the polarisation-dependent result.

Source I DU I D S I D I
[rad] [rad] [rad] [rad]
Total stat. uncertainty 0.058 0.12 0.16 0.12 0.053  0.043 0.035 0.061
Mass factorisation 0.010 0.04 0.01 0.03 0.003  0.005 0.003 0.016
b-hadron background 0.002 0.01 - 0.01 0.003  0.001 0.001 0.009
Ang. efficiency (reweighting) - - - 0.02 0.001  0.002 0.001 0.007
Ang. efficiency (stat.) 0.004 0.02 0.01 0.01 0.004  0.007 0.005 0.004
Decay-time resolution 0.006 0.01 0.01 0.003  0.002 0.001 0.002
S-P coupling factors - - - I - 0.006
Quadratic sum of syst. 0.013 0.05 0.04 0.007  0.009 0.006 0.021

M.Calvi- Bormio 2015

'
N
(o))}

—



B°. 2] /¢y ' amplitude analysis

An amplitude analysis allows a precise study of CP content
* Decay described by five interfering states:

f,(980) dominant, f,(1270), f,(1500), f',(1525), f,(1790)
 CP-odd >97.7% at 95% CL

Fit fractions (%) of contributing components for both solutions.
( PRD89 (2014)092006 ) Component Solution I Solution II
fo(980) 70.3 + 1.5701 92.4 4+ 2.0% 03
— fo(1500) 10.1 £ 0.8+31 9.1+£09+0.3
. fo(1790) 2.4 +0.4757 0.9 +0.3723

Background

G \ £2(1270)0  0.36+0.07+0.03 0.42+0.07 £ 0.04
g S5 " S . f2(1270), 0.52+0.1550%  0.42+0.135)1
] ' £(1270),  0.63+£0.34*016 0,60+ 0.36+012 i
£4(1525), 0.51 +0.09+0-03 °~' 0.52 +0. 09t°_°9
f5(1525), 0.0679 4% £ 0.01 0.1 505003
£3(1525) 1 0.26 4+ 0.187) s 026i022+°°6
: NR . 59+ 14797
1.5 2 _—
m(m) [Gev] Sum 0 82 00000 1106
—InL —93738 —93739
x2/ndf 2005/1822 2008/1820

._
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Penguin pollution to ¢,

The main uncertainty to the SM prediction of ¢, is due to unknown

penguin contributions ¢>°M =—-2 .+ A, Pene

BY. =)/ K*°bar decays can be used to estimate the contribution
of penguin diagram to ¢,

c

]
| ‘ J /P

eV b—cCs
penguins suppressed by )2
relative to tree
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b— ccd

penguins are not suppressed
relative to tree
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—0.17 £0.15 (stat) +0.03 (syst) rad
1.04 +0.07 (stat) +0.03 (syst).

Candidates / 0.13
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Candidates / ( 0.42 rad

810
Decay time [ps]







