CP Violation in BY — J/1¢
- Theoretical Background
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CKM Mechanism

Mixing of neutral B mesons

Current experimental status of ¢
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Parity:
The parity converts a right handed coordinate system to left
handed (x,y,z = —x, —y, —2z).
Py(r) = o(—r)

Eigenvalues are 1
Any physical process will happen identically when viewed in a

mirror image
does not affect time, charge and angular momentum
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Parity:
The parity converts a right handed coordinate system to left
handed (x,y,z = —x, —y, —2z).
Py(r) = o(—r)

Eigenvalues are 1
Any physical process will happen identically when viewed in a

mirror image
does not affect time, charge and angular momentum

Charge conjugation

changes the sign of the all quantum charges

Cip(r) = ()

does not affect the mass, linear momentum and spin
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Parity Violation
Chien-Shiung Wu 1956, ®°Co decay
89Co — SINi + e~ + 7 + 2

cobalt nuclei were placed in the magnetic field

electrons would have no preferred direction of decay relative to the
nuclear spin

Most of the electrons favoured a very specific direction of decay,
opposite to that of the nuclear spin
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Parity violated - is combination of P and C violated?
Strong and EM interactions: CP conserved

Weak interactions: CP violated:
o Christenson, Cronin, Fitch and Turlay 1964
e study of two neutral K mesons in the kaon decays, K2 and K}
e if CP conserved:
K2 = or K? = 3x
e K? — 27 observed!!
e K°K?® oscilation, CP violated
Three types of CP violation:
e in decay
® in mixing
e in interference of mixing and decay
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probability of oscillation from meson to anti-meson is different from
the probability of oscillation from anti-meson to meson

Prob(P° — P°) # Proh(P° — P°)

Mass eigenstates are not CP eigenstates

Charged-current semileptonic neutral meson decays M, M — [=X

F0toe Lol o 7
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decay amplitude of particle into the final state is different from the
decay amplitude of its antiparticle into its final anti-state

T(M — f)#T(M—f)

In charged meson (and all baryon) decays, where mixing effects are
absent, this is the only possible source of CP asymmetries

e P T
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occurs in case both meson and antimeson decay into the same final
state
M—f M= M-—f
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occurs in case both meson and antimeson decay into the same final

state _
M—f M—M-—f

BE —_— =
0 Sy B
B|‘I.s VoW Bll.sﬂ
. R +NP? .
n BE =pp=0 d.s u,c, t " b
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Charged current part of Lagrangian for weak interactions of quarks

interaction eigenvectors in term of mass eigenvectors d] = V;Ld,_
and i = Vi, u

Ly = _%JLW"%JLJW: +he,

CKM matrix Vi = V.|, Viy:

Vud Vus Vub
Vekm = | Vea Vs Vb
Vie#k Vis Vi
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Complex 3 x 3 unitary matrix

only four parameters are independent - 3 Euler mixing angles and
one CP-violating CKM phase

1 0 0 C13 0 5136_1(S C12 s;2 0
Vekm =0 3 s23 0 1 0 —sp a2 0
0 —5S3 (23 —51361(S 0 C13 0 0 1
c12€13 512€13 sz
= | —S12€23 — C12523513€“5 C12C23 — S12523513€" w0 523C13
512523 — C12C23513e“s —C12523 — 512C23S13€ 23C13

Angle 01, identified as Cabibbo angle
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Wolfenstein parametrization

1—Ix2— 1M A AX3(p — 1)
Verkm = A 1— 2% — IX* (1 +4A%) AN2
AN —p—m) —AZ+IANY1-2(p+wm)) 1- LA
+0O(\°)
)

A = 0.22506 £ 0.00050
A =0.811 £ 0.026

p(1—3) = 01245503
n(1—%)=0.356+0.011

[
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4 d — y 0~ ° E_\
e
3 3 _
u ni__—\ép K?—‘\é# B ';"j
0 ¢ ;
5 Lﬁ ,Ly A_
De—=, |D==f|B D
0 B 5| ! N
t B"Bq B’ | B, B, b
~/




0.9742 0.2243 0.0039
Vekm = | 0.218  0.997 0.0422

0.0081 0.0394 1.019

O ; u
¥ = O " é
: t

d s b
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unitarity 1 = Vekm Vg'KM:
orthonormality of columns or rows in Vs expressed as

Z VaiV;j = 5,‘j, Z VQ;VE,- = 504[3

a=u,c,t i=d,s,b
One of triangles:
Vud V:b + Vcd Vc*b + th V:;? == O

Vis V:b + Ves V:b + Vis V?L =0
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flavour eigenstates of the B® meson and the B meson:

|B%) = |bd)  |B2) = [bs)
[B%) =[bd)  |B)=1bs)
Decay amplitudes of neutral meson (and anti-mesons) decays into
final states:
Ar=(fIHIB])  Ap=(fIH|BY)
Ar = (fIH|BS)  A;=(fIH|BS)
b u,c,t 3 B .
W
By W- w+ B, B i, &t u,c,t B,
W
y T owet b s T b
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o (1) - (B8) - - 29 (58

|B°(t)) denotes the flavour state at t =0
M, T hermitian matrices

My My M T
M = ) r= *
<Mf2 M22 r12 r22
Mass terms: M, Decay matrix I'
CPT conserved:
My =My=M, T =Tp=T

non-diagonal elements correspond to the BY — B% mixing
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1 1
= E(FL-FFH), M = E(ML"‘MH)

AF:FL—FH:2|F12|cos¢S7 Am:MH—/VIL:2|I\/I12\

Am > 0, AT can have either signs (Al > 0 sign convention in SM)

Solving eigenvalues problem:

(Am)z (AF)2 = 4|Ml2\2 - ||_12|2

1
4
AmAl = 49%(M12F12)
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Diagonalization of Hamiltonian leads to mass eigenstates:

|BL) = p|B°) +q|B°)

= ®3)
[Bu) = p[B°) —a[B?)
Solution of the Schrodinger equation:
[Bu(t)) = e Mte =" |BL(0)).
(4)

|Bi(t)) = e~ Mrte 2" B (0)),
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Time development of B® and BO:

1B(6)) = - (1Bu(t) +1Bu(t))
] i (5)
|B%(t)) = %(IBL(t» — |Bu(1)))
Substituting the solution of Schrédinger equation:
|B%(¢)) = % {emMie=t 1B (0)) + e~ Mrte "1 |By(0)) } o
1

[B(6)) = 5 {e ™M1 e ™ BL(0) — e M e |By(0)) }
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1 o o
‘Bo(t)> :% {pe—lMLte%t |B(O)> + qe_’MLte%t ‘B(O)>}
= - (7
o {pe e B(0) — qe e B(0)))

using g+(t) = % (efiMLte%Qt + ef"MHteiTer) :
[B°(t)) = 8:(1)[8°) + Zg- (1) |B°)
[B°(t)) = 8:(1)[8°) ~ L (1)|B°)
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. —r . —r
g+(t) =13 (e‘”‘/’LteTle + e_’MHteTHt) squared:

1 Al
lg+(t)? :Ee_rt (cosh2t + cos Amt)

1 Al
g+(t)gx(¢) :§e_rt (—sinh2t — isin Amt)

1 AT
gr(t)g-(t) :Ee*rt (—sinh2t + isin Amt)

Helpful parameter _
A= —L = nfe—itbs
pAf
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r(B(t)—f) =

|Af|267rt

ATt
(1 + |Af]) cosh 5 + (1 — | Af]) cos AMt

+ 2Re (Ar)sinh 2Lst

—2Zm (Af)sin AMt

r(B%(t)—f) =

|Af|2e—rt

A
(1 + |A¢]) cosh ;st

— (1 = |Af]) cos AMt

ATt
2

+ 2Re (Af)sinh +2Zm (Af)sin AMt

(10)
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CP eigenvalues of the J/1¢ final state are nr = 1, depending on
the total angular momentum L:

CP|J/vo) = nr|J/1vd) = (1) |J /)
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CP eigenvalues of the J/1¢ final state are nr = 1, depending on
the total angular momentum L:

CP|J/vo) = nr|J/1vd) = (1) |J /)

B? is a spinless particle, total angular momentum: J = 0
Adding the spin of the the J/v¢ and ¢ results into total spin

Se{0,1,2}

conservation of angular momentum: L + S =10
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CP eigenvalues of the J/1¢ final state are nr = 1, depending on
the total angular momentum L:

CP|J/vo) = nr|J/1vd) = (1) |J /)

B? is a spinless particle, total angular momentum: J = 0
Adding the spin of the the J/v¢ and ¢ results into total spin

Se{0,1,2}

conservation of angular momentum: L + S =10
CP even states: nf =1, L =0,2
e parallel (]|) state: J/+ and ¢ parallel with respect to the direction
of their momentum
e zero state: polarisation of J/1 perpendicular to ¢ perpendicular
with respect to the direction of their momentum

CP odd states: nr = -1, L =1
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CP eigenvalues of the J/1¢ final state are nr = 1, depending on
the total angular momentum L:

CP|J/vo) = nr|J/1vd) = (1) |J /)

B? is a spinless particle, total angular momentum: J = 0
Adding the spin of the the J/v¢ and ¢ results into total spin

Se{0,1,2}

conservation of angular momentum: L + S =10
CP even states: nf =1, L =0,2
e parallel (]|) state: J/+ and ¢ parallel with respect to the direction
of their momentum
e zero state: polarisation of J/1 perpendicular to ¢ perpendicular
with respect to the direction of their momentum
CP odd states: nr = -1, L =1
o perpendicular (L) state: polarisation of J/v perpendicular to ¢ and
parallel with respect to the direction of their momentum
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dr(8? = J/v¢) _ f: a

dedQ i(t)fi(cos b, p, cos 1))

Al Al
[Ao(t)? = |Ag(0)]?e” |:msh "f) — cos ¢, sinh (Tt) + sin ¢, sin (Am.ht)]

ATl Al
|A"(L)‘2 = | -1”((l)| e-Tst {coall ( 5 “t | — cos ¢, sinh (T"t) + sin ¢, sin(.-lm,;f)}

AL,
f) + cos ¢, sinh ( 5 "1) — sin ¢, sin (Am,,.t)]

[AL(DF = |AL(0)2e T [cosh A;’
. - . /AL
(A (OALL) = [4(0)]|AL(0)] e ™|~ cos (4. — &)) sin ¢, sinh Tf

+sin (8, — ) cos (Amgt) — cos (4, — ) cos o, sin [Am,.,t)]

AL,
St

RA () A (1) = [Ag(0)] |44 (0)] e cos ) [cosh (%f) — cos ¢, sinh ( .

+sind, cos (Amgt) — cosd, cos ¢, sin (Amﬁt)]

s E

+ sin ¢, sin (Arnﬁf]}

S(AGE)AL(E)) = |A(0)]|AL(0) e T [— cosd, sin ¢, sinh (Azrbf
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l i ‘ A; (v) ‘ A; () | fi(cosB, p, cost)
1 [Ao(t)]? |,Zlo(t)‘2 3%2008 ¥ (1 —sin® 0 cos? )
2 |4 (t)|2 |A‘|(t)‘2 3= sin® 1 (1 — sin® fsin® )
3 |AL(8)]? |AL ()] 33 sin2 ¢ sin? 0
4 %(A*‘(t)AL(t)) %(ﬁﬁ(t)ﬁl(t)) — 50 sin® ¢ sin 20 sin
5 | R(AH6)A)(t)) R(A; () Ay (1)) 327“/5 51n21/)51n fsin 2¢
6 | S(AF0)AL®) | S(A5(0)AL®)) 32: 5 Sin 2¢ sin 20 cos
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¢ is a vector meson - the K™K~ system is in a P-wave
configuration

Detected K™K~ results from a non-resonant contribution or decay
of the £(980) which is a scalar meson

In both cases: S-wave configuration

Introduce the S-wave amplitude A¢(t) with phase ds
S-wave amplitude can also interfere with the P-wave

The S-wave contributions have also its angular distributions

dr(B° — J 10
% = ;Af(t)fi(cos 0, ¢, cos1))
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k oW(1) 9® (07, vr, o)
11 A40(0)? [(1 +cosps)e —rey + (1 —cos¢s) e Tu i ] 2cos® i (1 — sin® Or cos® ¢r)
2 HAYO)P [(1+c0s60) 77 + (1= cos ) e ¢ ] sin® (1 — sin? Or sin? ér)
3 AL (0) [( [ 1—cosgs)e e T )t+(l+cos¢s)e_l‘§i)‘ } sin® ¢ sin® 7
4 £140(0)]|Aj(0)| cos §), — J5 sin 2¢r sin® Or sin 2¢r
[(1+Cos¢s)e’r8)‘ 4 (L= cosgy)eTH ! }
5 |4, (0)[|A L (0)][3 (e~ Lt — e7T5%) cos(8, — 8)) sin b, sin? 7 sin 207 sin 7
B
6 [A0(0)]|AL(0)[[3(e - Ty ") cosd sin¢s 3 $in2¢ sin 207 cos ¢
(), (s
7 11As(0)? [(1 — cos ¢s) € - +(1+cosdﬁs)c’rﬂ)’ g] 2 (1 — sin®Or cos® ¢r)
9 () ;
8 |As(0)[|Ay (0)|[§(e’r;- e TH *)sin(d) — ds) sin ¢s 1V6sinyr sin? Or sin 267
1 ; 1 JGsi : .
9 5|As(0)|[AL(0)[sin(61 — bs) V6 sinr sin 207 cos 1
(1 —cosq‘),\)e’rf)‘ +(1 +cosms)e’rg“ }
) ()
10 [A0(0)||As(0)|[4(e™ " — e7TL7*) sin ds sin o 43 costr (1 — sin’® Or cos® pr)
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k I0) + — B,/B; g™ (Or,¥r, é1)
1 1400 [(1 +cosps)e ety (1 —cosgps)e e P sin(Amst) sin 4):] 2cos? ¢r (1 — sin? Or cos® ¢r)
2 4,02 [(1 +cosps) e et 4 (1- CO§¢5)P7F(~)1 + 2e7T+! sin(Am,t) sindﬁs} sin? i (1 — sin® 07 sin® ¢r)
3 AL |2 (1 —cos¢s)e _l( e + (14 cos s P_l H t¥ 2e st sin(Amt) sin ¢, sin? ¢p sin? Op
P
4 1140(0)][ A} (0)| cos & — J5 sin 2¢r sin® Or sin 26
[(1 + cos ¢s ) e Tt 4 (1 — cos q)s)e’rgi“ + 2¢ et sin(Am,t) sind:s]
5 [A(0)[]AL(0)][5( ’rL e —r}_,"t) cos(d1 — 6y)) sin ¢ sin? ¢7 sin 207 sin ¢
+eTs ‘((s)m(zh —(5)”)005(Amgt) — cos(6L — &)) cos s sin(Amst))]
6 [Ao(0)||AL(0)|[5(e™TL ™" — 71 ") cos 51 sin ¢, %bin 2t sin 207 cos ¢r
+e ! (sin 81 cos(Amst) — cos d1 cos g, sin(Amit))]
() s
7 LAs(0)? [(1 — cosps) e "L + (1 + cos s e—r;)z T 2e Tt sin(Am.t) sin ¢ 2 (1 — sin® O cos® ¢
3
() o)
8 [As(0)[| A} (0)|[2(e7 L7 — e7Ti ) sin(8) — ds) sin s 1 V6 sinyr sin® Or sin 267
+e~ r‘ (cos(d) — ds) cos(Amst) — sin(d) — ds) cos ¢ps sin(Amit))]
9 3145(0)[|AL(0)]sin(d1 — ds) 1V6sin v sin 207 cos pr

() ()
(1—cos¢s)e "Lt + (1 +cosgps) e Tt F2e7 et

sin(Amst) sin ég]
(s) (s)

10 [A0(0)||As(0)|[2(e7"i"" — e7TL7*) sin s sin ¢ 4V3cosyr (1 — sin’ Or cos® pr)

+e T+t (cos ds cos(Amit) + sin ds cos ¢ sin(Amit))]
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- I S-wave contribution
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Our analysis: 5 dimensional fit: mass, lifetime, 3 angles

><103
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0 [ Vs=13TeV, 36.21b" — Total Fit 1
© B ---Signal ]
= b — B> Jy K2 g
@ B —B% I K ]
2 F Ag—=JppK .
f< B 1
w0 .
20 =
10F =
5_,_, ,_._T_.'_._._._.J_...___l_.._r.x......_\_._...._._u_._...L.._L:

el ol
52 525 53 535 5.4 545 55 555 56

e BT I e e



7] L L B L B I BN
Q

o~ ATLAS Internal . D
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s
ATl

T,
|A;(0)]?
[Ao(0) [
|As(0)]?
5,

g1

0, —0s

—0.055 £ 0.053 (stat.) + 0.0069 (syst.) rad
0.080 + 0.007 (stat.) + 0.0024 (syst.) ps~"
0.667 + 0.002 (stat.) + 0.0010 (syst.) ps~"
0.219 + 0.002 (stat.) = 0.0012 (syst.)

0.518 £ 0.002 (stat.) = 0.0028 (syst.)

0.053 + 0.005 (stat.) = 0.0072 (syst.)

2.767 £ 0.161 (stat.) £ 0.0390 (syst.) rad
3.123 £ 0.140 (stat.) £ 0.0054 (syst.) rad
—0.113 £ 0.025 (stat.) + 0.0079 (syst.) rad.
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. L Results

ol

N HFLAV

& 0.14 DO 8 fb!

2 68% CL contours
01a (Alog £ = 1.15)

CMS 19.7 fb !

Combined CDF 9.6 fb !

LHCb 3 fb!
ATLAS 19.2 fb~!

04 0.2 0.0 02 0.4
¢ [rad]
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