Introduction
.

CP violation in charm

Towards a measurement of the CKM angle ~

0

Study of CPV in b and charm systems at LHCb

Conclusions and prospects

Emilie Maurice,
on behalf of LHCb collaboration

CPPM, Aix-Marseille Université, CNRS /IN2P3, Marseille, France

29 February 2012

E. Maurice CPPM

.
La Thuile
Study of CPV in b and charm systems at LHCb

Les Rencontres de Physique de la Vallée d’Aoste

[m]

=3

12N Ge
29 February 2012

1/22



Introduction
.

CP violation in charm

OUTLINES

Towards a measurement of the CKM angle ~

B? mixing phase ¢g

Conclusions and prospects

Introduction
CP violation in charm
Towards a measurement of the CKM angle ~y
BY mixing phase ¢

Conclusions and prospects

E. Maurice CPPM

Study of CPV in b and charm systems at LHCb

12N Ge
29 February 2012 2/22



Introduction CP violation in charm Towards a measurement of the CKM angle ~y B(\} mixing phase ¢g Conclusions and prospects

PHENOMENOLOGY

In Standard Model, neutral mesons mix with their antiparticles via box

diagrams
u d.sb c b uct d
DO w w B° w w
c dsb u d uct - b

3 types of CP violation
» Mixing: rates of H > H and B’ — H° differ, with H® = D°, B°, BY
» Decay: amplitudes from a process and its conjugate differ

» Interference between mixing and decay
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LHCB DETECTOR

Single-arm forward spectrometer

>

>

Excellent vertex resolution

separation of primary and secondary vertices
Precise tracking system

IP resolution ~ 15 pum (at high pp), 6 p/p ~ 0.5%

Excellent particle identification

7 /K /p separation over large momentum range
Calorimeters:
‘zroT ~y reconstruction, e identification

High trigger efficiency (many BF < 107%) Tracking eystom

Conclusions and prospects

[ ————

iadronic calorimster

LHC Integrated Luminosity at 3.5 TeV in 2011

Data taking efficiency: 91 %

~1fb~! of data recorded

ntograted Luminsiy (1)

99 % of data good for physics

|
e
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CP violation in charm

with D — hth™

LHCb-PAPER-2011-023 to appear to PRL, £ = 0.62fb—!
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Towards a measurement of the CKM angle ~

CP VIOLATION IN D° — hth~

B(s) mixing phase ¢g Conclusions and prospects
CP violation and charm physics
> DO mixing is well established (no mixing excluded at 10.20)
» CP violation in D decays not yet seen

» CP violation expected to be very small in SM but significant hadronic uncertainties
Aim

Measure the difference of CP asymmetries

with Acp(D° — f)

_ D05 -r (@ =)
D(D9—=f)+I (D —f)
Experimental challenges
» Initial flavor of D tagged by slow pion : D** — D07r;'
» Experimental asymmetry:
Araw(f) = ACP(f) + Ap (f) + AD(WS)
——

AAcp = Acp(D° — KTK™) —Acp(D° — 7m7)

Physics CP

+Ap (D* + )
N——
Detection of D Detection of mg
E. Maurice CPPM
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Introduction CP violation in charm Towards a measurement of the CKM angle ~ BY mixing phase ¢ Conclusions and prospects

CP VIOLATION IN D° — hth~

Raw asymmetries difference : AAcp = Acp(KK) — Acp(77) = Ara(KK) — Arayy (7070)
» Production and soft pion detection asymmetries cancel at 1st order
» No detection asymmmetry for KK or 77 final states

— Systematics suppressed at 1st order

Measurement of AAcp:

g‘:“m_ LHCb a) 1
» from fits to 6m = m(D*) — m(D®) — m(7 ™) H
S LAMK KT
» in bins of : kinematics, magnet polarity, running periods £ soof- E
» measured asymmetries are consistent in all bins = J N\ k|
» final AAcp is a weighted average over 216 bins ’ " smwoui)
g
Bt 1 R
. . . L H ik~ wt
First evidence of CP violation in charm sector (3.50): 3 3
£ ot 3
AAcp = (—0.82 £ 0.21(stat)=0.11(syst)) % = ] ]
° * Sm (MeV/c?)
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CP VIOLATION IN DY

B(s) mixing phase ¢g Conclusions and prospects
— h"h™
AAcp interpretation [arXiv:1111.6515v2]
A
MAcp = (afp(K~KT) —afp(nnt))  + - agy
DO
direct CP asymmetry ——
indirect CP asymmetry
i = (9.8 £ 0.9)%, with A(r) difference of averages decay time for KK, 7w (experiment dependent)
"p0
Current HFAG world-average
.02 g N\ :

098 62 20.015 0.01 .

HFAG combination
atnd —
CP

005 0.01 0.015 0.02

(—0.019 + 0.232)%
Aalit = (—0.645 £ 0.180)%
Consistency with NO CP violation : 0.128%
New Physics or hadronic uncertainties ?
P Analyze more data (only 60% of 2011 is used)
P Look for direct CPV in other modes
E. Maurice CPPM

P Search for indirect CPV
P Need more theory work
Study of CPV in b and charm systems at LHCb
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Towards a measurement

of the CKM angle

LHCb-PAPER-2012-001
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Introduction CP violation in charm Towards a measurement of the CKM angle ~ B(s) mixing phase ¢g Conclusions and prospects

¥ MEASUREMENT

ViV .
¥ = arg (— V"—Zvﬁ;’l) — Interference between b — u and b — ¢ transitions
cd " ch

Indirect constraint: v = (67.1‘_"‘;13)0 [CKMfitter]

Towards a measurement of v at LHCb

Many milestones passed :
» B — D(hh, hhhh)K : LHCb-CONF-2011-031, LHCb-CONF-2011-044
» B — DK™ : Phys. Lett. B 706 (2011)32-39
» B — DK : LHCb-PAPER-2011-040
> Bg — DK + . LHCb-CONF-2011-057

» B — hh : LHCb-CONF-2011-042

Presentation of the first LHCb paper with 1 fb™ ! [LHCb-PAPER-2012-001], for submission to PLB
Direct CP violation in B¥ —D K= decays

«O)» «F»r «
E. Maurice CPPM Study of CPV in b and charm systems at LHCb
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CP VIOLATION IN BT — Dh*|Lucs-pAPER-2012-001]

Vs =i 98 o] .
Vm< B* — DK with D decays to:
b Veo ¢ . Ve .+ d » CP cigenstates (GLW): KT K—, 7t n—
i - DY a a” — large BR, but small mterference
Iy o 0.06 Phys. Lett. B 265 17 (1991)
Vab Yoot » non CP eigenstates (ADS): K~ 7, Kt 7~
o [« C

— combinations of favoured X suppressed
decays lead to comparable amplitudes

Phys. Rev. Lett. 78 (1997) 3257-3260

== more sensitive to 7y

CP asymmetries and partial widths compared to the favoured control mode: B~ — D%~

Rgiw =1+ r]23 + 2rg cos dp cos y Raps

1§ + rp + 2rprp cos(dp + dp) cos 7y
Agrw = 2rg sin 5]3 sin 'Y/RGLW Aaps =

2rgrp sin(dg + p) siny/Raps

with the relative magnitude of suppressed amplitude rp, weak phase -, strong phase dp
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Introduction CP violation in charm Towards a measurement of the CKM angle ~ BY mixing phase ¢ Conclusions and prospects

ANALYSIS : BT — Dh™T(LuCs-PAPER-2012-001]

» Reconstruction of every mass hypothesis combination : B — [hh']ph’’, with h, b | B = K,
P Extract ratios and asymmetries with a simultaneous fit

P Most systematic uncertainties cancel

g LHCb g 8 LHCb
3 Preliminary 3 Preliminary o + +
: L Clear asymmetry in B — [KK|pK
5 B [K'K]K 3 B [K'KT K"
t :
i
i) (Mevic) i Mevic)
% 800 LHCb % 800y LHCb
s Preliminary| 2 Preliminary . 4 +
5 - i 6 o No asymmetry in B — [KK|p™
> B[K'KT z k B L [K'K]
H § o
2 g
° 5400 ° 5400
{8y (Mevic) (B (Mevic)
Preliminary results:
(R o RE T
= cwT el . . .
Rery = R 101l == EHEs == 001 Compatible results with B factories

Acpy = (AKKAT™) = 0.154£0.03 £ 0.01 4.50
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CP VIOLATION IN BT — Dh* [Lucs-PAPER-2012-001]

% LHCb %“ LHCh
g 15 Preliminary| 2 2 Preliminary
e <
% 10) B'a[TrK']DK' é ‘l B" Q[H'K]DK'
i
& o 23 evts b l 73 evts
% e I
m(B) (Mev/c) m(B) (Mev/c)
%‘ 40} LHCb "%‘ LHCh
H Preliminary = Preliminary
g B «[TrK’]DTr 3 B* «[n‘K']Dn'
; §
)

by

First observation of BX — [7K]pK+

ev/c) Mel/czl
Geing ¥ = DBF o= FkE kT _Rg RS _ Rg —RE
MERK = TBT S KFrE|pkT) ADS(K) = 2 ADS(K) = Rg 1RE
Preliminary results:
Raps(x) = 0.0152 % 0.0020 & 0.0004 100 Aaps(xy = —0.520 £ 0.150 + 0.021 | 4o

Raps() = 0.0041 & 0.0003 £ 0.0001

Apps(xy = 0.143 +0.062 £ 0.011 240

— Most precise measurements

E. Maurice CPPM

Study of CPV in b and charm systems at LHCb
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Introduction CP violation in charm Towards a measurement of the CKM angle ~ BY mixing phase ¢ Conclusions and prospects

CP VIOLATION IN BT — Dh* [Lucs-PAPER-2012-001]

» Rcp, Raps and Acp, Aaps contain dependence on the weak phase
— important contribution to a future extraction of this parameter

» Good agreement with B-factories results

Belle 103007+ 003 Belle
BaBar - 1182009+ 005 BaBar —
CDF - e e—— 1:30£0240.12 CDF |
LHCb, 35 pb"' 148:031+012|  LHCb, 35pb" -
HFAG average —_ 111006 | HFAG average —
Belle Dalitz — —— 0581006 Belle Dalitz —
BaBarDalitz [~ 097410033 | BaBar Dalitz|
CKMFitter |+ 0.981: 0.022 CKMFitter — .
LHCD, 11" | 1009+ 00382 0012] - LHCb, 110" — Important milestones
1 15 2 02
Rep, towards 7y measurement

Belle 00163501 Sors. Belle —
BaBar — 0.011%0.006:+ 0.002 BaBar — 0.86+0.47 510
CDF- 0.0220.009:+ 0.003 CDF — 08210441 0.00

——— ———
LHCb, 343 pb - e 0016820.0039:0002 | | oy g3 ppt _, amsomiom
HFAG average |- 0016000027 | EnG average 046013
Al 00152+ 00020+ 0.0004 o 052+ 015+ 0.02
LHCb, 1 fb - LHCb, 116" — =
001 002 003 004 O 45 4 w05 o
Raos

o =2 = = 12N Ge
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BY mixing phase ¢,

LHCb-PAPER-2011-021 accepted by PRL
LHCb-PAPER-2011-031, PLB 707(2012)497-505
LHCb-CONF-2011-056
LHCb-PAPER-2011-028
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Introduction CP violation in charm Towards a measurement of the CKM angle ~ B(s) mixing phase ¢g Conclusions and prospects

PHENOMENOLOGY: ¢y

¢s: interference between mixing and decay

- Vis® Vi 7
5 — b
Interference between the direct amplitude and the (@2)

. . b= . . . . RO = 0
amplitude via B2-BY oscillation gives rise to a CP Bs " W B
violating phase ¢s= ®y — 2Pp b e e e

Oy T/
e
B ¥ ¢ : . )
\ / BO w*
o
Standard Model
VisV,
=-2 arg ( V‘ Vﬂ; ) &;%gums

Penguins are expected to be small :
With Spmguins = 0 = ¢ = —(0.0363 + 0.0017) rad [CKMfitter]

If New Physics: ¢ can be larger !
P - 9Yac
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Introduction CP violation in charm Towards a measurement of the CKM angle ~ BY mixing phase ¢ Conclusions and prospects

¢s EXPERIMENTAL CHALLENGES

» B system oscillates rapidly » Flavour tagging required :
— Requires very good proper-time resolution [LHCb-PAPER-2011-028, submitted to Eur. Phys. J. C]
B! — Jbo: oy = 50fs B — Jjp¢ OS tagging power :

(1.91 4 0.23)%

» Proof of principle: Ams measurement <E Rrivsiom)  OSTaSSKT
LHCb-CONF-2011-050 0L
Analysis B! — DI 7w, £ = 370pb~' of 2011 data == 9
Preliminary Am, = 17.725 & 0.041(stat) = 0.026(syst) ps " oa =
— Most precise measurement
-0.4

» P—VV decay: mixture of CP odd and CP even states
— need angular analysis to disentangle statistically the 3
polarization amplitudes: Ag, A|| (CP even), A (CP-odd)

» KK S-wave component : add a CP odd polarization Ag

3

I/ rest frame ¢ rest frame )

E. Maurice CPPM Study of CPV in b and charm systems at LHCb 29 February 2012 177122



Introduction CP violation in charm Towards a measurement of the CKM angle ~y B? mixing phase ¢g Conclusions and prospects

FIT PROJECTIONS, LHCB-PAPER-2011-021

B 1000 ‘ ] & S0
2 LHCb + data 7 S £ o et
i — signd i g AN s _._ CPevenP-wave
5 | -~ background | i 20¢ Sl A
i —sum | -7 . _.._ CPodd P-wave
500 R . 105 008 e Swave
1 = S ol o
] Sa0 2 Py 7
4 P L%’do» R =
] g0 ] 20t /1»:;;:\—
5300 5350 - b3
mg [MeV] 2 ofaa) 05 0 °'c5osw
Most precise measurements: T o LI— 7]
Iy = 0.656 4 0.009 (stat)=0.008 (syst) ps—! = st —
¢s = 0.15 £ 0.18 (stat)£-0.07 (syst) rad =0 el e ]
ATy = 0.123 + 0.029 (stat)£0.011 (syst) ps—!
First direct evidence of non-zero AT .
2 solutions, 1 in agreement with SM prediction .
0 2 4
— Current uncertainties still leave room for New Physics ¢, el

12N Ge
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Introduction CP violation in charm Towards a measurement of the CKM angle ~ B(s) mixing phase ¢g Conclusions and prospects

¢s: SOLVING THE AMBIGUITY, LHCB-PAPER-2011-028

Why 2 solutions ?

Invariance of the differential decay rate :
(¢s, ALs,8) — 89,01 — 80,05 — &o) > (m — ¢, —ATs, 80 — ), 80 — 61,00 — &)

How to solve this ambiguity ?

Ambiguity is solved by studying the interferences between S-wave and P-wave:
following similar method as BaBar cos 23 measurement (Phys. Rev. D 71 (2007) 032005)

»  P-wave strong phases: do, d), 6 1 — P-wave phase increases rapidly as a function of mgg going
through ¢ resonance

P S-wave strong phase: §s — S-wave phase g varies slowly as a function of mgx

Solution
55 -0 L5 =
P extracted from a simultaneous fit in 4 bins of } E o —1
MKk E } ‘

~== solution |

P expected to decrease as a function of mgx
— Solution 1 is correct

—=— solution Il

E et

ot
b

The chosen solution is the one compatible with SM

R T T R N N [
M (Mev)

- L = A
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¢s MEASUREMENT IN B? — JA)fo , LhcspapER 2011031

» 2008: Prediction of S-wave interference in Bg — Jip¢ decay (arXiv:0812.2832)
— S-wave could manifest as fp(980), CP odd eigenstate

» Feb. 2011: 1st observation of B(S) — Jipfy decays at LHCb, then Belle, CDF, DO

_ TB=yf) _ +0.046+0.027 .
R/ = TESee) — 0.2527 5 0350 033- (Phys. Lett. B698:115-122, 2011)

» fo is a spin-0 resonance — no angular analysis

> £ =378pb~! (2010 + 2011 data),
1428447 signal B — J/ify events

» Constraining AT's and Iy to Bg — Jip values

5200 5300 5400 5500
m(JAy ) (MeV)

¢s = —0.44 £ 0.44 (stat) +0.02 (syst) rad 109 no

4

5200 5300 5500

5400
m(Jy ) (MeV)
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¢s: COMBINATION OF B? — JAbe AND B? — Jjiif,

Simultaneous fit with common ¢, I's, A5, Ams:
Artist’s view

Preliminary results overlaid Oo s
4E O cor s’
[ b 031"
4 Standard Model

¢s = 0.03 4= 0.16(stat)£=0.07(syst) rad

Main systematics come from:

AT (ps?)

P Decay angle acceptance

» CP in mixing and decay 0af

» Background modelling 32 A ¢”“?°( d)‘ 2 3
X ra

CDF update (Lake Louise), £ = 9.6pb— !:

¢s € [—m, —2.52] U [—0.60,0.12] U [3.02, ] at 68% CL

¢s prospects

»  Use the whole 2011 statistics (1 fb~!) = Expected o4, ~ 0.10 rad for Bg — Jp¢ only
P Add tagging information: Same Side kaon

> Add new channels as B! — JAbm

> Control penguin pollution with B — JApK*? [arXiv:0810-4248]

o s = = A
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Introduction CP violation in charm Towards a measurement of the CKM angle ~ BY mixing phase ¢ Conclusions and prospects

CONCLUSIONS AND PROSPECTS

2011 has been an excellent year for LHCb
Selected CPV results:
» CP violation in charm:
First evidence of CPV at 3.50 with AAcp measurement in D — KK, D — 7w
» Towards a measurement of the CKM angle
Important milestones with the measurements of Rcp, Acp, Raps, Aaps

» Measurement of the B(S) mixing phase: ¢s
Most precise measurement :
AT's= 0.123 4 0.029 (stat)2=0.011 (syst) ps !
¢s= 0.03 £ 0.16 (stat)£0.07 (syst) rad
— Compatible with Standard Model but still room for New Physics

Use the full 2011 statistics

Much more results are in the pipeline for 2012 !

o =2 = £ DA
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