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1. LHCDb
2. CPV in beauty

» CPV in Bt — DK+

> ACP in BO — K*’y

» CPV phase ¢s from B — J/ipX
» CPV in B — hh

3. CPV in charm

» D 5t~ and D° — KT K~
» Search for CP violation in DT — KTK—#t
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LHCDb experiment

» Designed for CP violation and rare
decays of heavy mesons

» Single arm forward spectrometer,

bb pair production correlated, 40 %
in the acceptance.

» Unique kinematic region (among
the LHC experiments): high
rapidity (2 < n < 5) and able to
access low pr

HCAL
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SPD/PS s M

Magnet RICH2 My
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» Excellent momentum resolution
and PID

» Huge amount of bb and cc
produced in the LHCb Acc:
o(bb)Lrcy = 75.3+£5.4+13.0ub
U(CE)LHCI; =1742+ 267[Lb
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beautiful CPV

CPV in B* - DK*

Acp in B - K*y

CPV phase ¢s from BY — JpX
CPV in B — hh
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» CPV in BT — DK*: PLB 712 (2012) 203-212
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Observation of CPV in B - DK
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CP modes: B~ — DK~ and D — KK,nmw
ADS modes: B~ — DK~ and D — KTx~ [PRL 78 (1997) 3257]
Favoured mode: B~ — DK~ and D — K~ n " (favoured)

rp/1rg= 0.6 ~1

1% simultaneous anlysis of Bt Dcphi and BT — DADShi < motivated by

the future extraction of ~.
Gives access to 7 ratios (not discussed here) and 6 Aop
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Observation of CPV in B - DK
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» Key point, the PID: thanks to our RICHs !

> Cross feed (double misID in ADS mode): Vetoed in a swap mass hypothesis
method — cross feed rate: 6 x 107°
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favoured mode
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Events /(5 MeV/c?)
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7 mode
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» A(B~ = [KTK |pK " )&A(B™ — [rTn~|pK™)

= Acpy = (145£32+1.0)% : 4.50
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ADS mode

LHCb
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Events / (5 MeV/c?)
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First Observation of BY — [T K]pK¥ in the ADS mode (100):
B(B* = [n*K|pK*) ~ (2.24+0.3) x 10~

Apps(my = (14.3£6.2£1.1)%: 2.40 and A g pg(x) = (—52+£15+2)%: 4.00

AADS(K)&ACP+ = CPV@5.80
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» Acp in B — K*y: LHCb-CONF-2012-004
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> Study the b — sv transition. NP can arise in
new particles contributing to the loop.

» Small value predicted by the SM:
APE = —0.0061 +0.0043

» Measurement by BaBar
[PRL 103, 211802 (2009)]:
ABaBar — _(.0016 4 0.0022 4 0.007
Stat. limited.
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The raw A op measured in data:
Acp=A%p —Ap(Km)—kAp
» Ap(Km) and Ap: Detection and B

production asymmetry (from control
channels)

> r: dilution factor due to B°
oscillation

Measurement done on fll =1.0fb~ !
Total yield: Ngo + N§0 =5300+£100

Acp = —0.00840.017(stat.) £ 0.009(syst.)

Systematic dominated by background
model, bb production asymmetry in pp
collisions and (K+77) /(K™ 7") detection
asymmetry
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» CPV phase ¢s from BY — J/pX: arXiv:1204.5675, arXiv:1112.3183,
LHCb-CONF-2012-002
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CPV phase ¢, from B, — J/WX

» Measure relative phase difference: b, dp
$s=dup — 26D ‘B JIyX
» In SM, normal conventions and ignoring penguins:
¢p~0
M=oum

predicated to be small (~ —0.04) and predominantly determined by arg( Vis)
s = —2arg(VisViy, /Ves Vep)]

» New Physics can add large phases: ¢s = ¢>§’M +¢IS\IP

> Bs— J/ip® and Bs — J/iywm: very clean decays

» But requires time-dependent, flavour tagged, angular analysis
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» differential decay rate for Bs — f,qq:

oots -
ForB, B
P > foaa) = HeTot {AT20 b cosgn) + AT 20— cosgy) 1 s
oot [Monte Carlo
7sin(d)s)siu(Amst)}, on- ¢, =SM x 5]
o008
0008
(B — foqq) = e Tst {cAFst/zu +cosps) + e AT/ 2(1 _cosgg) ud
0002
+sin(¢s)sin(AmsL)}. o 1 2z 3 4 5 e 71 8

Decay time (ps)

» Signal is sinusoidal time distribution:
- Amplitude proportional to sin(¢s)
- Opposite sign for B and B = must Tag (using opposite side: €tag ~ 33%)
- Diluted by wrong tagging probability (wiag ~ 36.8%)
- Diluted by detector resolution (o)

» What we measure: sin(¢s) x D(o¢) X (1 — wiag) X sin(Amst)
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» LHCb updated ¢s measurement with 1.0 o L.

> m(nm) [775,1550] MeV. The statistics is doubled with respect to the events
only in fp(980) peak region. 7421+ 105 events.

» Boosted Decision Tree selection is used.

Events in B, signal region
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3 . 3 E LHCb 3
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g sooE LHCb '

N 700F 4

» Simultaneously fit tagged and untagged 2o 3

events 2 sk E

» ATl and T's constrained to LHCb’s o : 3

measurements in J/ . 100E ¢ 3

> Ams=17.63+0.11+£0.02ps ! ° ® Decay time (ps) "

constrained to LHCb’s measurements in L e ' T3

Bs — Ds(3)7, [PLB 709 (2012) 177 gf 3 E

I " 3

AT —0.019J_r8:¥i(stat.)fg"ggé (syst.)rad -ozé_ . . 7
“o 0.1 0.2 0.3

Decay time modulo 2/Am, (ps)
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» Decay to CP-odd and > but much larger BR: J/ib¢/Jbmm ~ 5

CP-even final states, — » Differential cross section is "very rich":
need analysis of decay angle
distribution

- 3 P-wave amplitudes of KK system
(AJ_7AO 7AH)

- 1 S-wave amplitude (Ag)

- 10 terms with all interferences
FSvAFSaAmSa(bSv|A0|27|AJ_|27
8,61,1A4sl%, 05

> ... but fundamentally for ¢s we still
measure:
sin(¢s) X D(o¢) X (1 — wiag) X sin(Amst)

» and because we separate the terms, we
measure the lifetimes of Heavy and Light
eigenstates separately: Al's and I's

J/y rest frame O rest frame

Transversity angles Q = {60,¢,v}
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l Parameter ‘ Value ‘ Stat. ‘ Syst. ‘

Ts[ps 1] | 0.6580 | 0.0054 | 0.0066
ATs[ps™! | 0.116 | 0.018 | 0.006

» Maximum likelihood fit to signal |41 (0))? 0.246 0.010 0.013
+ background time, angle and | Ao (0)]? 0.523 | 0.007 | 0.024
mass distributions. Fg 0.022 0.012 0.007

» Constrain Ams to 17.63+0.11ps 9y [rad] gy 0.36 0.07

51 [rad] [2.81, 3.47] 0.13

s [rad] 2.90 0.36 0.08

¢s[rad] -0.001 | 0.202 0.027

[ [ 1 AT; | 1A 2 | 1Al | o5
I's 1.00 -0.38 0.39 0.20 -0.01
> ¢, uncorrelated with other Als | LA || =087 0:6388RE0-01
.. |[A; (0)] 1.00 -0.53 -0.01
quantities |4 (0)]2 1.00 -0.02
Ps 1.00
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= 777 PRI ]
cb onf. Level :
é 0.18 Ir:‘:|eliminary —ncl. 3
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¢, [rad]

rs = 0.6580:I:O.OO'L")Zl(s'cat.):|:0.0066(syst.)ps_1

ATs = 0.11640.018(stat.) £ 0.006(syst.) ps ™ *

¢s = —0.001+£0.101(stat.)40.027(syst.) rad
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» Used a simultaneous fit to both datasets, taking all common parameters and
correlations into account

> Used largest syst. error.

¢s = —0.002£0.083(stat.) £0.027(syst.) rad
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» CPV in B — hh: PLB 707 (2012), arXiv:1202.6251, LHCb-CONF-2012-007,
LHCb-PAPER-2011-029
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CPVin B — hh

Direct CP asymmetry in By ; — K7: LHCb-PAPER-2011-029

» Interference of tree and loop diagrams.

» Potentially sensitive to new physics.

Time dependent CP violation in B — hh: LHCb-CONF-2012-007
> Sensitive to 3, s and 7.

> First measurement for Bg — KK.

B? — KK effective lifetime: LHCb [PLB 707 (2012)] , LHCb-CONF-2012-001

» Sensitive to Al's and ¢s.

» Two measurements: 2010 and 2011 datasets.
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»in By, — Km

Interference of tree and loop diagrams.
» Potentially sensitive to new physics.

> Acp in B(g — K is established.

» Consider Bg0 system: 14 times lower decay rate, 4 times lower production rate.

F(é(s)"f(s))fl—‘(B(s)"f(s))
F(B(s)%f(s))JrF(B(s)%f(s))
The raw Acp measured in data: Agp = AFF — Ap(Km) —kAp

Direct Acp defined as: Agp =

» Ap(Kn): Instrumental asymmetry studied with D* and D decays.
» Ap: BY production asymmetry studied with B® — T () K*(K)

» r: dilution factor due to B° oscillation
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B, . — Km: mass distributions
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Results with f£ = 0.35pb71:

Acp(B — Kr) = (—8.8+1.1(stat.) +0.8(syst.)) %
Acp(BY = Kr) = (27 +£8(stat.) £ 2(syst.)) %

Acp(BY — K)

» The most precise measurement available to date

0.012

> good agreement with the current world average from HFAG: —0.0981LO_011

» Deviation from 0 exceeds 6 s (sum in quadrature stat + syst)

> Systematic uncertainty most important contribution from instrumental and
production asymmetry

ACP(BQ — Km): 3.30 significance !
» First evidence of CP violation in the decays of Bg mesons

» In agreement with CDF result: 0.39 &+ 0.15 (stat) £ 0.08 (syst) [PRL 106,
181802 (2011)]

> Systematic uncertainty most important contribution from modelling of the
signal and background components in the maximum likelihood fit

C.P. | CPV Measurements at LHCb | IMFP-2012




Time dependent CPV in B — hh

R. Fleischer PLB459 (1999) 306

_ FB—)f(t) —T'py(1) B A% cos(AME) + A sin( A Mt)
FB—>f(t) +Tpy(1) cosh(%t) _ AAT Sinh(%t)
with the constraint that: (,4}1”)2 + (A}niz)Z + (Apr)g -1

Acp(t)
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Results form the B-factories

Adlr ; : | ‘
08 o
ICHEP 2008
PRELIMINARY
77 BaBar
0.6 - . Belle | 1
2 Average |
» Only the measurement Bg — T
available (No B? — KK) 04 r ﬁ 1
» Not in good agreement @
— a third measurement is necessary 02 T
0 SRS —————- T -
1 1 L |
0.8 -0.6 0.4 -0.2 0.
Az
Experiment Adir Amix p( Adir, Amix)
BABAR 0.25+ 0.08 £0.02 | —0.68 £ 0.10 £ 0.03 0.06
Belle 0.55 + 0.08 £ 0.05 | —0.6140.10 4 0.04 0.15
HFAG average 0.38 £ 0.06 —0.65+0.07 0.08
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Analysis strategy

» Integrated luminosity : 0.69fb ™"

> Events selection:
Common kinematic cuts for B — Kn, B — nw, Bs -+ KK,
PID cuts to distinguish the different final states

> Decay time resolution: Form B — J/X: 50fs
» Decay time acceptance from MC

> Flavour tagging:
Use Opposite side (OS) tagging
Use B — K to calibrate efficiency and mistag rate
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“m,, (Gev/c

» Very small contribution from A,
negected

» Input form other LHCb
measurements
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Y
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LHCb
Preliminary
\s=7TeV

Events/(0.14 ps)

-
=

Input parameters :

parameter value reference
Am, 17.634£0.11+0.02 ps*  arXiv:1112.4311
T,

s 0.657 +0.009 +0.008 ps* arXiv:1112.3183

ATy 0.123+0.029 £+0.011 ps* arXiv:1112.3183
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Time dependent B — K fit (2/2
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5. 5.7 ;).B
my (GeV/c'

> 5 tagging categories
> ~4.5% efficiency

> No large difference between B
and B observed

Production Asymmetry — Propagated
Gaussian term in 77w and KK

» Ap(BY) =-0.015+0.013
» Ap(BY) =—0.03+0.06
Bg parameters:

> Amg=(0.48440.019)ps
» 7(BY) = (1.509+0.011) ps
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parameter value reference

Amy 0.499£0.032£0.003 ps! LHCb-CONF-2011-010

AT =0.1140.21+0.03
A = —0.56+0.17+0.03
(AL ATE) = —0.34

7(BY) = (1.497 4 0.025) ps

in agreement with World Awarage
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C.P.
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17.63+0.11+0.02 ps?  arXiv:1112.4311
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Adr =0.02£0.18+0.04

AT = 0.1740.18+0.05

(A, ARE) = =0.10

AT, = (0.076 £0.019) ps—*

in agreement with LHCb-PAPER-2011-021
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dir dir
Az 0.8 AKK 0.6+
0.6 0.4- LHCb preliminary
0.2~ T

.. o~
o- -0.2+

N | | | |

%208 06 04 02 0.2 042 o 0.2 04 06 08

AT ARK

» A% favours BaBar result

> A™T compatible with world
avarage

Assuming U-symmetry and neglecting penguin
contributions (small):

At~ Aop(B° — Km) = —0.088 £ 0.011 £ 0.008
[LHCb-PAPER-2011-029] )

SM prediction assuming U-symmetry: Aj ~ 0.15

Largest systematic contribution is due to the errors on the input parameters in all results
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— KK effective lifetime

The untagged decay time distribution:

T(t) o« (1—Aar,)e” 2 + (14 Aar,)e
Aar, = —2Re(M/(1+|A]%) A= (q/p)(A/A) No CPV A =1

BY — KK effective lifetime:

[1+2AAF ys+ye}
TKK =TB07

1+ AAr, s
= ATs/2Ts and 750 =2/(Cy +Tp) =T5"

Alternative way to extract I's and ¢
New Measurements from 2011 data fﬁ =1.0tb~ L

> T = 1.468 £ 0.046(stat.) +0.006(syst.) ps [LHCb-CONF-2012-001]
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Fleischer, Knegjens, [arXiv:1109.5115]

Using effective lifetimes to constrain of AT's and ¢s

== T = [LTOR ] £0.03
= [L44 % 0.006 = 0.010] ps
L of \* fit

4p IEAY: -
=180 —135 e —45 0 40
0. [deg]

Constrain of Al', and ¢

Including direct measurements

Y R
== DO: 68% & 95% CL (prelim.)
== CDF: 68% & 95% CL (prelim.) ||
== LHCb: 68% & 95% CL (prelim.)

=z Lifeti 39% CL

Tic+ k- = [1.44 + 0.096(stat) & 0.010(syst)] ps

LHCb [PLB 707 (2012)]

Tapog, = [LT0T01T (stat) + 0.03(syst)] ps

CDF [PRD84:052012, 2011]
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charming CPV

» DY 57T n~ and D° - KTK—
» Search for CP violation in Dt — KT K7t
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v

3 modes of observing CP violation:

> in the mixing: rates of DY - DY and D° — DO differ,
> in the decay: amplitudes for a process and its conjugate differ,
> in the interference between mixing and decay diagrams.

v

In the SM, indirect CP violation in charm is expected to be very small and
universal between CP eigenstates O(10~%)

v

Direct CP violation expected small as well

» Negligible in Cabibbo-favoured (CF) modes (SM tree dominates
everything)

> In singly-Cabibbo-suppressed (SCS) modes: up to 0(1073) plausible,
and few x1073 possible

v

Till some months ago it was usually said that any enhancement bringing CP
asymmetries in charm to O(%) would have been a sign of NP...
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» D' 5 7tr™ and DY — KT K~ arXiv:1112.0938
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D’ —sata  and D' —- KTK~

Time-integrated asymmetries
» Looking for the time-dependent CP asymmetry defined as:

D(D%(8) = £) =T(D°(t) = f)

Acp(f;t) = (D90 = NI o )’

where f= KTK~ or nF7—.

» The asymmetry has a time dependence due to mixing. but the
time-integrated asymmetry is measured:

Ace(r) = adip(r) + g,

» The flavour of the initial state (DO or 50) is tagged by requiring a
Dt Dorf decay, with the flavour determined by the charge of the slow

pion (7d)
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AAcp

_ _ . _ . _ At .
AAcp=Acp(KTK™) = Agp(rtn7) = [afp(KTK™) — alp(n T )]+¥a’5}i,

> A(t) — 0, AAgp = difference between the two direct CP asymmetry.

» if time-acceptance is # for KK and 7w — remaining contribution from
indirect CPV.

To 1% order the raw asymmetries are:
Araw(f) = Acp(f)+Ap(f) +AD(7T+) —&—AP(DH—)7 D = Detection, P = Production

» Ap(at) and Ap(D*+) are indepentent of f — , cancel in AAgp
» Ap(KTK™)= Ap(zTn7), final states are self-conjugate

AAcp=Acp(KTK )= Acp(nT 77 ) = Araw(KTK™) — Avaw(rTn7)
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Total signal yield with fﬁ =0.62ftb™
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p measurement at LHCb

» LHCb uses 1D unbinned max. likelihood fits ofr dm.

> In order to take into account kinematic differences of reconstructed decay
(related to KK and w7 masses), fits are performed in kinematic (7, p7) bins
of D** and 7. (In total 216 subsamples of data)

» a AAcp is determined in each bin.

» Consistency for AAgzp amongst kinematic bins:
chi? /ndf = 211/215 (x? prob. 56 %)

weight average:
AAcp =[—0.82£0.21(stat.)] %
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p measurement at LHCb

systematics
Fiducial cuts 0.01 %
Peaking background asymmetry cuts  0.04 %
Fit procedure 0.08 %
Multiple candidates 0.06 %
Kinematic binning 0.02 %
Total Syst. 0.11%

several of the systematic uncertainties have a statistical component (\, with stat.)

final result:
AAcp =[—0.82+0.21(stat.) £0.11(syst.)] %

= 3.50 deviation from zero.
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£5 0.02 prerrvesprmmm \“ Z S— Year|Experiment Results A(t)T (I:T
< 0.015 — &: = Z :Lm 2007 Belle Ar = (0.01 +0.30 (stat.) +0.15 (syst )% B
0.01 No CPV Nz 2008 BaBar Ar = (0.26 =0.36 (stat.) +0.08 (syst))% B
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Data is consistent with no CPV at 0.006 % CL,

Al = (—0.656 +0.154) %,

ad = (—0.025+0.231) %.
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> Search for CP violation in D¥ — KTK~7T: PRD 84 (2011) 112008
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Scarch for CP violation in DT — KTK 7"

» Phys. Rev. D 84, 112008 (2011)

» Model-independent search for direct CPV in three body decays.
» Look for CPV in SCS decay DT — KT K~ x ™.

» Search for local asymmetries across Dalitz space

» Model-independent method based on binning Dalitz plot and comparing
corresponding bins.
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Scarch for CP violation in DT — KTK 7"

Bin Dalitz space and compare bins between D1 and D~ Dalitz space.
Based on the Miranda method (PRD 80:096006, 2009)

NYDT)—aN (D7)

Scp =

« normalise away overall
asymmetry, but also mrevoes
production and detection
effects

Plotting S¢gp for all bins,

if NO CPV — Gaussian with
p=0and o =1

Calculate 2 = Zi(Sép)Q and
p-values under NO CPV
assumption.

Use CF (DY — KT K~ 7™T)
where NO CPV expected to
check for Apes

V/Ni(DF)—a2Ni(D-)’

o Niot (DY)

~ DNiot (D7)
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Scarch for CP violation in DT — KTK 7

> Sevral binning tested
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Scarch for CP violation in DT — KTK 7"
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> All consistent with no CPV. Binning shown agrees with hypothesis of NO
CPV (with p-value of 10.6 %)

» Carried out on 35 pb_1 — update on full 2011 data set in progress
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Conclusions

CPV in beauty

» CPV in BT - DK*:
Direct CPV @ 5.80, 1% obs. of the ADS mode.
> Acp in B — K*’yi
In agreement with SM expectation
» CPV phase ¢s from BY — J/pX:
World’s most precise measurement of ¢s = —0.002 £ 0.083 + 0.027 rad., first
direct obs. for a non-zero Al'.

» CPV in B — hh:
First evidencg of CPV in the decays of Bs mesons. First measurement of
B — KK. Aﬁlr?,rr favours BaBar results.

CPV in charm

» D’ 5 7tr~ and DY - KTK~:
First evidence of CPV in the charm sector (3.50).

» Search for CP violation in Dt — KT K= t:
No evidence of CPV.
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