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LHCb Detector
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Single-arm forward spectrometer covering range: 2<n<5 (10< 6 <300 (250) mrad)
Momentum resolution: Ap/p = 0.4% at 5 GeV/c to 0.6% at 100 GeV/c

Impact parameter resolution: 20 um for high Pt tracks

L =3 fb~1, collected in 2011-2012 at /s = 7-8 TeV
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Violation of the CP symmetry

. . . . J/
Three mechanisms of CP violation exist: 4’ /s
BL‘

e Direct (in decay amplitudes)
hrh-
e Mixing (indirect) ‘
e Described by phenomenological Schrodinger equation:
d (1BXO)Y _ (m_ir) (1B2(t)
2 (astey) = (- 2) (1280 7 B

e Solutions give two mass eigenstates: By and By
|BL) = pIBg) +alBg)
|BH> = p|Bs> _q|Bs>
e Mixing parameters
Ams:MH—I\/IL AFS:FL—FH
Mo =300 415 = arg(—Mi2/T12)

e Interference between direct decays and decays with mixing

In the Standard Model CP violation is described by the CKM matrix
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Due to interference between direct decays (D) and decay with mixing
(M) we can to measure the value of ¢

b5 = Gy — 20p = —26, = —2arg (— vk )

e from mixing:

In the SM the phase ¢ is small and
oM = 2arg(Ves Vi) e phase ¢;
c p d very well predicted [prD 84 (2011) 033005]:
e from direct ecays: - 40.0012
d)D — arg( Vs V:b) ¢5 = —0.0363_0.0014 rad
o If new particles are exchanged V(1) ViV
in box diagram, then value of ‘ b <6 5 .
»™ will be different than SM B w W \B!
prediction
¢s — ¢SSM + d);\IP s t,c,u> b

Vi) V(1)
The measurement ¢, is crucial in LHCb from B? — J/1¢ decays
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BY — J/v¢ decay

Three final states with relative Al
0 orbital momentum .
Bi — I/ & (cPliws) = (-1)HI/v0)) w
e (CP-even: L
pseudoscalar  vectors L =02— Ao,Aj.d0.0) Al

e CP-odd: L=1— A, ,0,

The variuos components of CP can be separated statistically by measurement of three angles:

e O and ¢ - polar and
azimuthal angles which
describe p* direction (in
the rest frame of J/4)

e 1) - angle between B(K™)
and —p(J/9) (in the rest
frame of ¢)
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Decay rate of BY — J /¢ decays

10
d*W(B—~J/y¢) _ d*w
dtd cosOdpd cosyp — dtdQ X kX—:l hk(t)fk(Q)

e Time dependent part: hg(t)
° Ao, A, AL As
o Os,Is, Als, Ams

e Angular dependent part: ()
* ¥,0,p
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The phase ¢s measurement in BY — J /4

[NJP 15 (2013) 053021]

E o Tagged mixed
e Trigger and selection =] o Tagged unmixed
0 < 400 Fit mixed
of By — J/1¢ events § oo Fit unmixed
=1
. 5
e Measurement of mass, proper time 5 20
and angular variables value
e Determination of an initial flavour % 1 2 3 4

decay time [ps]
e Simultaneous fitting function of 12 physical observables:

d*W(BJ — J/v9)
dtd cos8dpd cos 1)

= f(¢s, A5, s, Ams, Ao, A, AL, As, 00,01, ), 65)
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BY — J/y( )¢ decay in LHCb

[PRL 114 (2015) 041801]
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o Additional channel [PLB 736 (2014) 186]:

e £=3fb~1 (2011+2012) o BY — J/vy(up)fo(980) where fo — ntm—
o Ngg = 95 690350 o Ngg = 27 100£200 (3 fb~1)
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o The relative orbital angular momentum of the
< . . .
N final states is an admixture of:
g .
g e Total fit
El
8 e CP-even: L =0 and 2
e CP-odd: L=1
" . .
10 5 10 e S-wave

Decay time [ps]
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The results of the parameters measurement

Standard Model predictions:

o ¢St = -0.036379%012 rad [PRD 84 (2011) 033005]
o Alg = 0.087£0.021 ps—! [A. Lenz et al, arXiv:1102.4274]

e LHCb results [PRL 114 (2015) 041801]:

DO 8 fb~"

014 HFAG N
¢S = -0.01040.039 rad
— 012 Cz“ésfb . 68% CL contours ATs =0.0805+0.0091+0.0032 ps—*

(Alog £ = 1.15)

e HFAG combination (including D@ and
CDF measurements):

CDF9.6fb"

€€ = -0.03440.033 rad

ATLAS 19.2 0~ Als = 0.0824+0.006 ps—1!

~04 02 0.0 02 04
¢5% [rad]

Compatible with SM estimations!
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BY — J/y( )¢ decay in LHCb

In order to increase the statistics of the data and to improve the
accuracy of CP violating phase ¢s measurement, the analysis of
eTe™ mode in BY — J/v¢ decays is underway

Experimental problems:

e e'e™ irradiative Bremsstrahlung photons = degradation of
the BY and J/4) mass resolution;

e Large electromagnetic and hadronic background in the
electromagnetic calorimeter;

e Different trigger than in the up channel final state
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BY — J/y( )¢ decay in LHCb

[PRD 87 (2013) 112010]

R B RN - - ™)
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§ 1400 :_\‘§=7TEV Data —: g \'s =7 TeV Data ]
2 1200 4 g 8 ]
< 1000 E_ —E E 600 J/1 signal —:
E 800:— 3 S Comb. background 1
5 o00f ERL R 7 iddl J
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o BR(J/Y — ptpu~) = (5.96140.033)% e BR(J/Y — ete ) = (5.971+0.032)%

o Estimated yield of ete™ channel is ~ 10% of the leading BY — J/4(uu)p(K+tK™)

mode



e Using LHCb data collected in Run | (3 fb~1):
e =96 000 BY — J/v(uu)p(KK) signal candidates were selected
e ¢s and Als were measured with the best world accuracy

$S = —0.010 + 0.039 rad

ATs = 0.0805 & 0.0091 & 0.0032 ps—!

e All mesurements are in agreement with the Standard Model predictions and
with the results of other experiments

o B? — J/i(ee)p(KTK™) decays is underway:

e Estimated number of signal events is ~10 000 for 3 fb—! (201142012 data)

o et

e Future estimations for LHCb: [LHCb-PUB-2014-040]

e~ channel could bring ~ 10% of the leading BY — J/4(uu)p(K+tK™)
mode statistics

Decay mode Run | (3 fb—1) Run Il (8 fb— 1) LHCb upgrade Theory
Gatat(Ps) [rad] (2010-2012) (2015-2018) (+2024, 46 fb—1) limit
BY - J/yKTK— 0.049 0.025 0.009 ~0.003

V. Batozskaya, NCBJ, Warsaw, Poland




Thank you for your attention
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CKM - quark mixing matrix

The Cabibbo-Kobayashi-Maskawa matrix is a 3 x 3 unitary matrix which consists of
information about flavour changing weak decays

J
! L
u d Ve Vs Vb d Vi
!
cCl| < |s = Vea Vs Ve -l s -
t b, th Vis th b
2 .
Vid Vs Vib 1- 3 AL AN —in) \
Vekm = | Vea Vs Vo | = —A _ 2 A)2 +0(\*)
Vie Vis Vi A= p—in) —A2 1
A~ 0.22



CKM - quark mixing matrix

Vid Vs Vb
VCKM = Vcd Ves Vcb
Vid Vis Vib

Im
Im
n(1-2%12) n
o
ViV, .
Vud Eb VLbVIb VUd Via
; 2| LY Vi
v VeV " Ve e
> . cdVep B Re AA__ Sy : Re
p(1-2%/2) 1 P (1-2224p2?)

Vi Vi + VisVes + Vi, Vi = 0

Vud Vi + Vea Vi, + Vg Vi = 0
M«d‘)S ﬁ nV =5
Vs V:b + VsV b + VisV, b =0= s = arg V*b 2

Can be measured in the decay of BY — J/¢¢: (bs) — (c€)(s3)




The BY — J/1¢ decays

The amplitude for b — &c3 decay maybe expressed as a combination of:

e a tree amplitude (A7)
e the penguin amplitude (P, Pc, Pt)

A= Vcsv:bAT+Vus V:bPu+VcsV:ch+Vts V;},Pt

= Vs Vi (AT + Pe — Pe)+ Vs Vi (Pu—Py)

where ViV = — Vs Vi) — Vs V3

u (e
o VesVZ, ~ AN2(1—22/2) and
Vus Vi, ~ AN (p + im),

e the BY — J/v¢ decay amplitude is
dominated by one weak phase

_ *
®p = arg(,vci VCb) Penguin diagram
V(1) VIA)

In the SM, the B2 meson may change into B2 and vice
BY BY versa through box diagrams
Dy = 2arg(Ves Vi)

VO V()



The angle measurements

The differential decay rates:

PWEISI/VE) _ dw 3 PW(ES I/ ve) _ dt W S2 7
dtd cos Odpd cosp — dtdQ & Z hk(t)fk(ﬂ) dtd cos 0dpd cosyp — dtdQ X ; hk(t)fk(ﬂ)

(6,9, 9) |

k| hi(t) | he(t)
1 Ao(t)]? Ao(t)]? 2 cos? (1 — sin? § cos? )
2 Ay(n)? A(0)]2 sinZ (1 — sin” @ sin? )
3 Al (t)]? AL (t)]? sinZ ¢ sinZ 0

4 | 1As(t)P |As(1)[? 3sin®0

5 \S{A (t)AL(t)} S{Aﬁ(t)AJ_(t)} —sinZ v sin 20 sin
6

7

8

9

%{A*(t)AH(t)} R{AS(D)A|(8)} %sin2¢vsin205in2¢

S{As()AL(D)} | S{As(D)AL(2)} % sin 29 sin 20 cos

R{AL(OA(D)} | R{AL(DA (D)} | —2V6sinysin20cosp
S{AL()AL(t)} | S{AL(DAL(t)} % 6sin ¢ sin 20sin ¢

10 | R{AL(1)Au(t)} | R{AL(H)Ao(t)} | £V3sin®fcosy

for particles 1} for antiparticles 1}



Amplitudes for BY — J/1¢¢

|Ao(2)|2 = |Ao|2e"st[cosh ( ) _ cos ¢s sinh (Ar;')-s.n b sin(Amgt)]
|A(8)2 = A Pe " [cosh (25 ) — cos ¢ sinh (N;*) sin ¢ sin(Amgt)]
AL (8))2 = |AL e #¥cosh (2551 + cos ¢, sinh (25s% ) Bsin ¢, sin(Am, )]
|As(t)]? =  |Ag|2e Tst[cosh (“; )+cos¢, sinh (”;‘).sm bs sin(Amgt)]
S{AT(MAL() = A 1A Ll cos(5 — &) )sin 6. sinh ((£5:%)

-sin(JJ_ — &) cos( Am,t).cos(él — 0))cos ¢s sin(Amst)]
[Aol|A) |e7r"cos(6” — 80)[cosh (Ar t) — cos ¢ sinh (A—rz'—t)
-sm ¢s sin(Amgt)]
|Ao||A | [e~"st[— cos(5 | — do)sin s sinh (N;*)
-sin(a L — b0) cos(Amyt)[Blcos(5 | — So)cos ds sin(Amy )]
|A$HAH \efr"[— sin(éu — 8s)sin ¢ sinh (%)
BBlcos(s) — 65) cos(amst)Bllsin(5) — 8s)cos b5 sin(Am, )]
|[As||A L |e st —sin(§, — &g)[cosh (Arz’t).cos s sin(Amgt)
.sin ¢s sin(Amgt)]
|As||AoleTst[— sin(S0 — g)sin bs sinh (%)

.cos(éo — Ss)cos(Am,t).sin(éo — dg)cos ¢ sin(Amgt)]

R{AF(DA (D} =

S{Ag(1)AL(t)}

R{AZ(DA) (1)}

S{As(HAL (1)}

R{A5(t)Ao(t)}




Trigger and selection

Candidates / (2 MeV/c?)

Reconstructed as BY — J/v¢ with J/¢p — utp™ and ¢ — KTK—
Trigger: Muons from J/v — pu~
Selection based on Boosted Decision Tree
trained on Simulation (Signal) and Data (Background)
Event yield: 95 6901350 signal candidates
[PRD 87 (2013) 112010]
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e Mass model:

e Mass model:

e P-wave: RBW®Gauss function

* Sum of two CB function e S-wave: polynomial function



The flavour tagging of initial B2

e Since B? and BY mixing
we need to tag the initial flavour

state - bypo -
b=y E7)SS teseer. gyl
e In LHCb is used two types of Cﬁl} o* @ B,
tagging: y & g,
e same side - charge kaon PR - e 2
which is correlated oot e Slend! p

*eeee " Same Side

with B2 L L )
e opposite side - charge e e Opposite Side

lepton or kaon from :--. 5 @G/U tagger
second B decay 4 e':':-:_.—.’; e amm .}@

e To check the tagging algorithm A 3
similar and self tagging decays 5 =
to signal are used: : .\{ertex taggf“.'" °K tagger
Bt — J/yK* for OS and
B? — Dy nt for SS
e Estimated the efficiency of the algorithm:
o tagging efficiency €tag
e corrected mistag probability w
o total efficiency e gr=ctag(1-2w)? =(3.73 & 0.15)% for BY — J /()¢



The results of the parameters measurement

CP violation measurements in Run | data from LHCb, ATLAS and CMS:
Measurement of ¢ in b — ccs modes:

e LHCb (BS — J/9KtK—, BY — J/ypmtn—, 3 fb~1): ¢S¢5=-0.01040.039 rad

o ATLAS (B? — J/opK+tK™, 19.2 fb~1): ¢S€5=-0.09440.083+0.033 rad

o CMS (BY — J/opKtK—, 19.7 fb~1): ¢S€5=-0.07540.097+0.031 rad
Measurement of Alg in BY — J/1%K*TK~ modes:

e LHCb (3 fb~1): Als=0.08054-0.0091+0.0032 ps—*

e ATLAS (19.2 fb—1): Al;=0.0824-0.011+0.007 ps—*

e CMS (19.7 fb~1): Als=0.09540.0134-0.007 ps—*

CM
ATLAS >

EXPERIMENT
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