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Outline |

I.  Three ways of CPV

Il. Selected CPV results from LHCb:
> sin2BinB° - J /¢ K
» CPV in decays (direct) via B — hh, hhh
» CKM y angle with B - DK

» search for CPV in charm

See also other talks @ this conference:

e Past present and future of the LHCb detector
 LHCb measurements at 13 TeV

e Highlights of LHCb measurement in rare decays

lll. Prospects for measurements in Run Il with Run1 data
IV. Summary * Determination of CP-violating phase ¢g in B —
J/Y ¢ decay
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CP Violation in SM |

= Within the framework of the Standard Model CP Violation effects
arise from the CKM matrix parameters.

= The predicted CP asymmetry in the SM is not sufficient to explain the
baryon dominance in the Universe.

= New Physics CPV effects would be warmly welcomed.

mass
eigenstates

weak
eigenstates

—l d’ Vud Vus Vub d <
s’ | = Vcd Vcs Vcb S

Via Vis Vip /) \b

= Four free parameters to (over-)constrain

= So let’s measure (very precisely) CPV in the SM

Vo4l |Vi,sl Vple ™\ /d and try to see if any differerences emerge.
=| -1Vl Vs | Vel (s)
[Viale ™ —|Visleths Vil b
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The unitary triangle I

= We assume the CKM matrix is unitary. 07

. /gl I - | ]
= The unitary condition can be represented in a complex os Z m, . cbenc b
plane as unitary triangles. ‘TE C

= Among them there is one of a special meaning: 0s : sdwlcn <o _5
0.4 % -

* * * -

VuaVup + VeaVep + ViaVep = 0 = B 3
el —5
ubl€ Veale™™# 01 v

J L

n(1-2%/2) o0 k1
0.4 2 0.0 02 0.4 0.6 0.8 1.0

=]

= Experimentally the observation of CPV effects involve
measuring the sides and angles of the UT

0(1-32/2) 1o,
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Three types of CP Violation I

Where do we hope to find CP Violation effects? Whenever a quark’s flavour change occurs!
N° \n,,.
¥ My,

— two amplitudes
with different
phases interfere

o< (f] = Bo B® — BO

g . )
" the interference betWe®

Mixing and decay Excellent performance:
0 N 3 fb! accumulated in RUN |
B Excellent Decay time resolution ~50fs Let’s see how
B0 Precise tracking: 6p/p~0.4 — 0.6% it’s going...
Particle identification 2 — 100 GeV /c
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(588 sin 2B measurement strategy I

0 0 . : - :
B® — ]/1/) KS The first observation made by BaBar and Belle in 2001.

¢Dec
= The sensitivity to angle 5 comes from the B? < B° mixing: VeaVis r\
p =arg| - :

ViaVup

= CPVin interference between direct decays B — f and decays after mixing, B - B° — f o 2p 7
mixin
" The decay width are sensitiveto ¢ = ¢ — 2¢p.. g_
_¢Dec

B c
g W )b / ]/
B° BO %< ¢
_ ) ¢
e d \ i Ks

2

B —J/Y Ks) =

. Amt . Amt
Ae~imt-Tt (cosT + e~ sin T)
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% sin ZB B the reSUItS Phys.Rev.Lett. 115 (2015) 031601 !UJ,J,
= Time dependent assymmetry (relies strongly on flavour tagging) I'{B -]/ K} —T{B - J/y K}
= 114 000 signal candidates (41 000 tagged) Acp(t) = I'{B—-J/W K} +T{B—-]/Y K} -
—sin 2 sin Amt
= need a handle on penguin pollution sin 2 — sin(2f + ¢yp)
Acp(t) = Ssin(Amt)

—~ 3500 I e AT
§ 3000 £ 03F S=sin(2B) LHCbH
O g 02
< 2500 =
= = 0.1
= 2000 Z 0 74
~ o 2 —
g 1500 T 01k ﬁ’\#:/,L E
< 1000 ~ —02F 3
T 500 & —0.3F 3
Od Ot e e T e 1] e s e S SR 'r' i

5240 5260 5280 5300 5320 D 10 15

m (MeV /c2) t(ps)

S = 0.731+ 0.035(stat) + 0.020(syst) |  "ewresultfrom L =3fb™
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.031601

888 sin 28 summary of the results

Phys.Rev.Lett. 115 (2015) 031601

0> /9 Kg is a ,golden mode” for CP violation in B® meson system.

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

PRELIMINARY
‘e BaBar :  ; 0.69 +0.03 + 0.01
The world average is: RO 79 (2009) 072009 =
- _ BaBar | | 069+0.52+0.04+0.07
sin2f3 =0.682+0.019 RO 80 @ba&j 112001 ——
. BaBar JAy (hadronic) Kg 1,56 +0.42 +0.21
The SM expectation: PRD 69 (2[:[]4) 052001 |
) Belle D : 0.67 +0.02 + 0.01
sin 2,3(SM) —=0.771 +8 84; PRL 108 (2-:)12? 171802 Y
ALEPH : ] 0.84 *]5; £ 0.16
PLB 492, 259 (2000) el
_ _ OPAL ; { 3.20 350+ 0.50,
The values are consistent with the current world EPJ C5, 379 (1998) .
. . i ; +0.4
averages and with the Standard Model expectations. \ g%:m 072005 (2000 L 0.79 T4
The most precise time-dependent CP violation LHCb | ‘D | 0.73 + 0.04 + 0.02
measurement at hadron colliders. PRL 115 (2015) 031601 .
. "y . . Belle5S | 0.57 +0.58 + 0.06
The precision is competitive with B-factories PRL 108 (2012} 171801 '
Average 0.69 + 0.02
HFAG I . |
-2 -1 0 1 2 3

$=0.731+0.035(stat) + 0.020(syst)
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.031601

(588 Direct CPV in Bg —» K7t

PRL 110 (2013) 221601 lll

= Direct CPV requires the existence of (at least two) amplitudes
with different both weak and strong phases.

= Large asymmetries are expected in the interferences between
trees and penguin diagrams.

= First direct CPV in beauty sector:

2004 BO N K+T[_ Belle & BaBar Phys.Rev.Lett. 87 (2001) 0091801

Phys.Rev.Lett. 87 (2001) 0091802

2013 B - K~m™ LHCb

Direct (time integrated) CP asymmetry:
o 'B- Ktn=}—-TI'{B-> K n"}
7 MB > Ktn-}+T'{B > K—nt*)}

o
7 1T
W d
E —< <1
0 _ _
Bd,s d. s S g TT ,K
W+
- M 2
p—< <d -
u
BO _
d,s d,S N duS TL'_,K_

= available with flavour tagging — opposide side, same-side pion (new),
= with the determination of production and detection asymmetry
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.22160

% Direct CPV In BS — K1 —the results PRL 110 (2013) 221601 lll

e This is the most precise measurement to date:

0 +o—Y — 2 =
- =—-80x07+0.39 : :
A(B K'm™) 80+0.7+0.3% 00l LHCb 3 5k
significance 10.5 o. - Bo - go 1 Bk
3000} = i BO%:rl::r[
g 5 | BRKK
= First observation of direct CPV in BY meson: ~ 2000k 3 o g*‘"’l;b‘::"
o™ - | om g
) = =
0 -t = 0 5 F 3
o = E
with significance 6.5 o z
> 3
T .F LHCb ©
£ 0.5? _ o 300
E . BYoKn' g
8 8
s ¢ { 200
o = ————
I
3 —— 100
L \ .
= 057 52 53 54 55 56 57 51 52 53 54 55 56 57 58
020 e b L] K*v" invariant mass [GeV/c?] K =* invariant mass [GeV/c?]

0 0.05 0.1 0.15 0.2 025 0.3 0.35
(t-to) modulo (2n/Am,) [ps]

Consistent with SM

08.01.2016 XXlIl Epiphany Conference A.Obtgkowska-Mucha (AGH UST Krakow


http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.221601

% Direct CP ViOIHtiOn in Bi — hih+ h— Phys.Rev.D90(2014)112004 lll

B~ > h™h*h™ B* - h~h*h*

x10°

(\E\ 1_—' llllllll I T 11T W =TT I LI e | I l T II] T h&o[déll T I LI :‘ - , I I T I f : 1 1 2 E
N 0 8: LHCb | A .. Bt KK (\i 25F N LHCb T BF LHCb 8-2 <
Py ] 1 ++-Combinatorial ] o 0 3 e — )
E o ] | = Bg4-body O 20F 9::: 205 04
S 0.6} . | —B-4-body o F 2 sk 0.2
S 1 BOKKK < F [ °
< oal- 1 s =Bk S £ b — 02
= [ . g C e
'_'g 0.2 5 ] 5F lﬁ 5P -0.6
2 [ : 5 os
< = - : S B M 1 T T T T e S S -1
O “51 52 53 54 55 51 52 53 54 55 0 5 10 15 20 0 > 0, A5

I T M) [GeV et m(m'n )low [GeV7/c?

m(mt K'K ) [GeV/c?] m(mK'K ) [GeV/c?]

" |Inclusive charge asymmetries and CP asymm. in the regions of ACP(Bi N niK+K_) — 0123+ 0.017 + 0.012 + 0.007 5.6 o
phase space B B B

= Rich resonance structure, variety of strong phases, ACP(Bi - nin+n_) = +0.058 + 0.008 + 0.009 + 0.007 4.2 0
= CPasymmetries < weak and strong phase differences (Dalitz
olots) Acp(B* - K*ntn™) = 40.025 £ 0.004 + 0.004 + 0.007 2.8 ¢

= Large asymmetries in low mass (KK) and (7r7r) region (final
state rescattering?) , the CP asymmetries are positive for pions,
negative for kaons

Acp(BEY - K*KTK™) = —0.036 + 0.004 + 0.002 + 0.007 4.3 ¢
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http://inspirehep.net/record/1311994?ln=pl

(8% CKM ¥ angle

AGH
1. The 7y angle is the only one that can be determined from tree only )
processes, no loop diagrams, no New Physics y = arg <_ Vuqub>
2. The weak phase y can be measured in the interference of b = cand b - u VeaVep
decays.
3. Theoretically clean: 6y /y < 0(1077) trees - direct
0./ T T T LR LA
4. So far has the worst precision: :
W P ! 0.6 : v %
a) direct measurements: i
0.5 :

e BaBar:y = (69 +17),

excluded area has CL = 0.95

« Belle:y = (68 +15)° = o4
b) indirect measurements (dominated by loops): 0.3
(66-9t51’:9 ) 0.2

0.1

5. CKM fitter 2015: y = (73.2753)°

= IIII|IIII|IIII|IIII|IIII|IIII|IIII

0.0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8

ge]|
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(8% v combination in LHCb LCb-CONF-2014-004 |

6. Direct, time integrated measurements: Bt? — DOKk+*0 r\
7. Mixing induced, time dependent analysis: B2 — D& K+
The 2014 combination for y measurement (LHCb-CONF-2014-004) 7
B0 &—

y = (72.9%32)

mixture of L = 3fb~! and L = 1fb~! measurements

= A I;HICbI 1 LHCb Analysis
~ 08k Preitniniey ] Bt — DK*, D — hh, GLW/ADS
0.6 . B* = DK+, D — Krrr, ADS
[ i BT — DK*, D — KZhh, model-
0.4 . independent GGSZ
o.zi """"""""""""""""""""""""""""""""""""""""""""""""""" e B* = DK*, D — K°Kn, GLS
i i B° — DK GLW/ADS
o

50 60 70 80 90 100 110
,Y[o] BE—?D;FK:I:
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https://cds.cern.ch/record/1755256

(888 CKM y angle from B

- DK

+ |

BiO N DOKi*O

f

_I'{B~ - D°K~} - rI{B* - D°K*}
P~ r{B- -» D°K-} + I'{B* - D°K+}

X siny
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. Sensitive to the ¥ when D° and DO decay to the same final

state.

. The interference of these two amplitudes depends on their

relative magnitudes - one of them is usually suppressed.

AB~ > K™ f)~A(D - f) +rge'®sMAD - f)

3. Hadronic unknows: rg and épg

4. Different experimental techniques (GLW, ADS, GGSZ).
5. Plenty (>16) of final states : new!

= D — CP eigenstates: K+K_,T[+TL'_
= D — CP flavour specific: K™, K*¥n n n KK Tt~

= D —3 body self-conjugated: K¢ ™, KcdKTK ™~
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% CKM y angle from multibody final states Phys.Rev. D91 (2015) 112014 @“]J!

LHCb B - DK LHCb

ADS-like D° - K*K~m°

B >[n K] K ’ B*>[n*K n’) K*

luﬂ Il H 1 } ..... * }Im I | HH 1] |

M |

5200 5400 5600 5800 5200 5400 5600 , 5800
m(Dh™) [MeV/c?]

40 GLW-like

| | Dpomtma®  LHeb ot v LHCb
30 i ml -
20 T B —[nnn’] K 11 J} B*—[n*tn’] K* n
L \ D 4 L l D -
(
oF ot \ Ny TELA o -
5200 5400 5600 5800 5200 5400 5600 5800

m(Dh™) [MeV/c?)
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.112014

888 CKM y angle from B — DK+

Phys.Rev. D91 (2015) 112014 Ell

m

G

!
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.112014

% CKM ) 4 angle from Bi = Dhiﬂ'ﬂ' Phys. Rev. D 92, 112005 (2015) !Im!]!

G

= Inclusive analysis of the process: B — DXg , where X = K ntn~and D - KTK™, 7T+7T_,KJ—“7T$

suppressed favoured
B~ > DK n'n~ B~ - D mwtm D — K*m™ is doubly suppressed
_ SR B ~ Decay mode B~ yield B yield
B -[Kn'] Kn'n B*—[K ] K'nnt EFA TG A
a (T [ T T [ T T T T [ T T T T ] — — — — — T — 1A g It Ag
® [LHCDb —— data 1 % [LHCb = —+ daa 1 B* = DX;, DK n' 36956+214 37843 %219
= T [ —— Total PDF 1S 7 — Total PDF + + o . . .
D 400 - - © 30— 4 BYT=DX; . D—+K'n 161 + 20 162 + 20
ST B B—D*Kn'n s L I B—>D"Knr i ' F 7
© BN B DD, D°K™Krefl{ © BN B,—DKnnn | {"ﬁ""m.x ,—] '[*n""m._x;}
= | W BoD mmmrefl. ] J Comb bkg 1 BE S DXE D K ot 1234+37 1226 +37
o) 300(— [ Comb bkg = w Signal ] g
ot — 1 2, 1 B*= DX’ D Kfn 13.0+53 6.6 + 4.0
© - . ©
T L 1 © _
O L i © i
g 2001 -4 3 ] . . .
ST 1 & Y is mainly constrained by the
[ i 10 ][ suppressed modes
100— —]
Ry ] : i
o : ] first measurement with these modes
Mass [MeV/c?] ass [MeV/eT y = (74+20 ’
= -19
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http://arxiv.org/abs/1505.07044

% 1 CKM y angle frOm Bg — [)S:T_Kvi JHEP 11 (2014) 060 @“JJJJ

H
0 + ot Time dependent =
Bs - DgK P (BY) DIK

—2Bs(f

1. The interference between mixing and direct decay, large effect because S <30 y
decays are not colour suppressed, - s_ Bg

2. Sensitive to (¥ + @), strong phase &, w

3. Need to measure 4 time dependent decay rates =0 b > > u +

2 = <

= bhey

=7 g 3 Cagr (£)

g [~ Ny 0 e B! — D¥(n}p*) —I'st

3 cimimee (B, AY) > X 2 2\N€e S AFSt _ AFSt _

§ ok SNl Combinatorial = |Af| (1 + |/1f| ) > (coshT + D¢ sth + Cr cos Amst — S sin Amgt
l‘, 5\\ Df (04 COS(6— (Y—Zﬁ_g)) Sf OCSin((s— (Y—ZBs))

N
(2;7*“‘ I
MRS TR T First measurement with this o8y’
? ) ° " 11((1)39 —>ll§fKi)1?PsJ tEChnique' 1o y ~ (115_43
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http://arxiv.org/abs/1407.6127

(46% Search for CPV in charm

In the Standard Model:

= expected CPV in charm sector is small < 1073

= New Physics contributions enhance CPV up to 102

LHCb measurement of the Ay asymmetry from D? - K*K~,D° - n*m:

The asymmetry of the decay frequencies of D and D° to CP- eigenstates D® - K*K~, D° - mtm~

_ I'(D°-KTK)-T(D'-=K"K™) __ /1 :
Ar = PEDO:K+K—;+PED_O:K+K—§ ~ (g4m + Ad)ycos ¢ — wsing

A — | A
g/ |12 _ (P2 Ay = —
A, = %" — 1%l f \ ’ Ar|” + ‘Af‘z

- 2 2
1" + 1%l in the mixing In the decay amplitudes
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6884 Ar asymmetry

JHEP 04 (2015) 043, 3 fb!

Il

AGH

B° - D°u~X and B® - D°u~X

Ar is a measure of indirect CPV, since the contribution from direct CPV is considered as very small.

2.3Meventsof KT K~

. x10? -
< i 28; LHCb A ~Daa
2 ok (a) ;1 —Total fit
- 1205_ :- 3 ""DOQK_K-I-
= 1005- t 1 [ Comb. bkg.
g
S OUF
'c% 405-
O 20k :
5' ------ i f f s 1 L
— | | B
:: olmﬂ'ri*ﬁrﬁ##ﬁww--g
5 L .

1850 1900
MK K*) [MeV/c?]

® ISFLHCb 4+ Data -
?‘% 0 _ DK K — Linear fit 1

{71+ 10 band1

= oF-.-..«Hln-'-h—.-.: el :
R 5 [ [ [ [ 3
0 1000 2000 3000 4000 5000
t [fs]

-

Ar(K*K™) = (—0.134 £ 0.0773:33%)% A

Ap(mtrn™) = (—0.092 + 0.145339%3)%
\No evidence for indirect CPV in charm within 1 per miI.J
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(8% Prospects for ¥ in Run ||

1. What are the requirements for better precision for the y
angle?
the theoretical predictions are of order of 107 (no
penguins), so the only quest is to obtain:

more data,
more signal events to perform time dependent analysis

of more challenging channels as BY — D;”‘Ki*
more signal in suppressed modes,

less background,

no loss in tracking performance & vertex resolution.

The higher energy @ Run Il means 2x higher bb cross-
section

During Run Il LHCb detector will benefit from novel
approach to trigger performance.

The trigger is optimized to reconstruct charm events with
greater efficiency .

aly) [°]

We expect close to 10 fb! of data Run
(2016-18)
The precision for y of the order of a(y)~4°

v from B->DK
inputs from LHCh-PUB-2014-040

\.  10fbt

12018

=T Y R L - T -
%

Rum 1 Run 2 Run 3 Run 4 Run 5
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488 The TURBO stream power

This idea is quite amazing! 2. Huge gain

) » The event size is much smaller

1. Let’s save only the trigger level objects that caused it to ,fire’ )
= No reprocessing

= Tracks and vertices

= No raw data is stored for the TURBO " Analysis much faster
Used for high yield exclusive modes (charm)

Plots obtained directly after the HLT

0P 07 1
T s e B T A T e S B o
onf + ou ~ mesim [ 4 D S mmams L o + S
r — FIc g t’.'_\o-' = | — Fic [ t:.;“ z 8 r— Fr " t:-.l.'.c—' m
[ --— Signal 1 ] 100 ~ —-— Signal F E r —- Slgna ]
Pl Background LHCb preliminary -] - [ — Background ] LHCb preliminary a5l Backgrourd LHCb preliminary
:_-‘f. ,\__-"E = 13TeV i :‘f. L \,-"E = 13TeV e \,-"E =13TeV
| ] 3w i = .
Y = 2 Background almost non existent
sl :
D06 L= o, M
= = = The number of events much higher
= . Ewf - £ ;
Suf E ] : that in RUN |
o wor f 3 g
an i r
T ot
3 af 3
E -2 L
3 w1 -4 10 E ol
Tz T & TEE ] Ti2 T T T4 6 T 3 T 704
m(K —wtat) [MeV/c?] m(K-K+xt) [Mev/c?]
DT — K—m7m™ D;"—»K_K_?T_
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(888 Summary @JJJ

1. LHCb is the experiment to study CP Violation.
2. After three years of data taking in data with B decays:
a) weak phases:
sin2f =0.731 + 0.035(stat) + 0.020(syst)
Y obtained with variety of methods in B — DK decays,
b) Direct CP Violation observedin B - h™h™(h™) -

3. LHCb managed to achieve precision comparable with or better than
B factories in f and made a great progress in the y angle
measurement
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