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Quantum correlations in flavor space

Particles can be entangled in flavor space, as informative as spin

E.g., meson pair decayed from Y(JX'¢ = 177)
1 _ _

BOBO . BOBO
(BB - |BB)

Vast number of events
e.g., BB 7x10°at Belle, 8 x 10° at LHCb

K,K,: 8 x 10° at KLOE and KLOE-2, etc

Precise measurement of flavor oscillation and correlation.

— B 5 D;nt — BY— BY — D_nt — Untagged

t [ps]
Decay time can be constructed very well!

Quantum correlation, Bell inequality, quantum decoherence, etc [LHCDb, 2104.04421]
have been studied in BB at Belle, KK at KLOE... [Belle, hep-ph/0702267; KLOE, hep-ph/0607027]

Reconstruct the complete flavor density matrix?
B ]].4-|-Rg40'7;®]].2+R7;B]].2®0'i+cij0'i®0'j

pMM 4

Flavor density matrix of MM pair
when they are produced,ie.,att =0
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Introduction: Quantum tomography

One qubit: 3 operators

12 + R;o;
P = 9 ,  Ri =03
Two qubit: 3+3+9 operators RA = (0; ® 1,)
1y RZLAO}; ® 1o RiBII.Q X 0 Cr,;jO'z' X T RB — <]l 2 0'>
p = A i 2 )

Spin-1/2 particle as qubit:
o is embeded in 3d spatial space.
Different direction of 6 = complementary.

Collider envoronments: infer (o;) from decay

What about qubit in flavor space?

An obvious challenge: cannot choose"direction” of measurement freely?

e.g. flavor tagging, only 6,: 0, |B°) = |B°), o,|B’) = —|B°)
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Introduction: Flavor/Mass eigenstate

m—iL P2 )

Hamitonian in flavor eigenstate: |M), |M) : H=M-il'/2 = ( Q? S i

Mass eigenstate is —
M) =p|M) +q|M), (m1,T)

p|M)—q|M),  (m2,T2)

>
|

difference between flavor and mass
eigenstate leads to flavor oscillation

CP conserving case: |M,,) o |M) £ |M)

1y + R;0;
Py = 9 , R still have physical meaning; conversions are:
Z-direction = flavor eigenstate, %i’%i 1 |
(oscillates with y) e
x-direction = mass eigenstates M;),R =1

(and CP eigenstates) M,),R. = —1
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State evolution in Bloch-vector space

; l(e—Flt/Q—’imlt _|_ e—Pzt/z—’imgt) i(e—I‘lt/Z—z’mlt . e—th/Q—imzt)
t) xU(t)pU/(t U — 2 : : 2p : .
p( ) ( )p ( ) 2P#q(6—]._‘1t/2—'l,7’)’l,1t . e—th/z—ngt) %(G—I‘lt/Z—zmlt _|_ 6—I‘2t/2—zm2t)

State evolution (Operator evolution)

Neglect CPV and decay (I << Am):

Schrodinger . . Io+B-G Heisenberg
picture denSIty matrix p = =2 2 picture

dA(t)

d[c)z(tt) = —i[H,p(t)] = (X X ﬁ(t)) %

dR(t) -

= X x R(t).
o X R(t)

Precession around X = (Am,0,0)
Example operator o.|M)=+|M), o, |M> = — |1\7-’>

Flavor tagging at different times = both o, and o
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Collapse the superposition 1+~
M 2
Two kinds of decay final states, CP eigenstate or not
_ _ 1R
M — f with CP[f) = |f) # |f): project to |M), |M) with Py, 7 = 5 -
. _ | 1 R,
M — f, with CP|f,) = nlf,), n =% 1. projectto |M,), |M,) with Py, ,, = 5
Br(M — fncp) Br(M — f)
By — J/YKs| (891+£0.21) x 107* |B) = £Tv, X~ | (20.66 + 0.56)%
BY - J/yn | (39+0.7)x107* |B) = Ty, X" (19.2 + 1.6)%
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Collapse the superposition

Two kinds of decay final states, CP eigenstate or not

l R
. " : - : <
M — f with CP|f) = |f) # |f): project to |M), |M) with Py, = 5
Decay rate asymmetry to f, f ;
1+ R, (t
FM(t)—>f/f: 9 ()FM—>f (Nf_Nf)N<Uz>:Rz
Observable: N RO R=0DD ]
fz—,; 0.5}
d(Ns — N5 e o
L d(Ns 7) = e " (R, /cos(Amt) — R, sin(Amt)) T pr_s s =
Ny dt .
- | -05]
Meson flavor state when it is produced, t = 0 | 4
1000 005 010 015 020 025 030
Both R, and R, are obtained as they oscillated into each other. ¢
y Am ~ 27T

slightly damped oscillation
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Collapse the superposition

Conside a meson that only decay to flavor eigenstate [f) (such as semileptonic) or CP-even

eigenstate |f. )
1+ R, ()

2

Both M(t) — f. and M(1) — fIf dependon R,

R.= 1, M, can decay to f,
R.=—1, M, can’'tdecay to f., more f
d(Nf+ Nz
]\1[ ( fd—: ) = e 1?(cosh(AT't/2) — R, sinh(AT't/2)) - ¢
0

Semi-leptonic channel is enough. e.g. B, — z/”+1/fX +h.c.

N/Ny

difference between each lines &« Al
l.e., decay to CP eigenstates.
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Observables in semileptonic decay
channel

A B . . .
Reconstruct p,,, at t = 0. _ L+ R{oi®l+ Rl ®0i + Ci0i ® 0,

pMM 4
One meson: P
1 B f .
]\9 B N]? N Ry, RZ N fdt ) _ ¢ Tt(R, cos(Amt) — R, 81n(Amt))FM_)f
]\9 + N]? —> R, ]\170 d(Nfd-: Ny) — ¢ T (cosh(AT%/2) — R, sinh(ATt/2))Tars ¢
Meson pair:

Four observables from the correlation between the above two
A2 @Ay Npp:meson A decay to f and meson B decay to f
L®L ——> Nyt = Ny + Ngs+ Neg+ Nis
0,0, —> Ay =Nss— Njs— Nrs+ N7r = Nike — Nunlike
0. ®L —> Af:foJfof—Nf‘f—fo
L®o, —> A} =Nj—Ngj+Npp— Nij
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Observables in semileptonic decay
channel

B ]].4+R;~AO'Z°®J].2+R?]].2®0'7;+Cij0'7;®0'j

Reconstruct p,,,att = 0.

Prurs 4
One meson: AN Ny |
]\9 B Nf — Ry’ RZ N 7 =e " (R,cos(Amt) — R, 51n(Amt))FM_,f
]\5[ - N]; —> Rx ]\170 d(Nfd_: Nf) = e '*(cosh(AT't/2) — R, sinh(AI't/2))ar— ¢
Meson pair:

Four observables from the correlation between the above two

c(litjl\r(;;tz — N0P230—>f e~ T(t1+t2) (ch¢, chy, — chy, shy, Ry — shy, chy, RE - Cug sy, shy, ) + O(e)

iﬁé = Nol'B,y g 07 (84,80, Cyy — €484, Cay | — 84,4, Cyz |+ €1, 1,Cz ) + O e)

d(i?d}:z - N0P280—>f e~ T (t1tt2) (chy, (ct, R — Sth;f’ — shy, (¢4, Crz — Stlcym)) + O(e) e~ 107107
d;lfﬁz = NoT'%, _, pe "0 2) (chy (¢, RS = 84,/RB) — shy, (ct,Cuzl — 51,Cay)) + O(e)
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Sensitivity estimation

We consider a C-odd flavor state (|MM) — |MM))/v2

Analogy to spin singlet R; =0, C;; = —0;
B pair: x-direction is hard to measure, y and z are the same

K, pair: y-direction slightly worse than z

1500 |
o

1000 f f\ - :
f\ AAAAAan ™
: | AN AN i :
| \vl Vyveyy < |
-500F | Ld FF | : ~10000 |
~1000 u 127 - :

_1500|a 6 Am A ~15000

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

llllllllllllllllllllllllllll

—o 1 Monte Carlo -
KK — Fitted '

Ags

nnnnnnnnnnnnnnnnnnnnnnnnnnnnn

BYB? fitted K°K?" fitted |Obs.
RA —0.01£0.06 |—0.00240.006 N
RE —0.01+£0.06 |—0.003+0.006 |
Ry 0.000+£0.003 | 0.005+0.006 |
RA 0.000+£0.003 | 0.003+0.005 | ’
Ry 0.000£0.003 | 0.005+0.006 | 4
RB 0.00140.003 | 0.002+0.004 | °’
Cra 12410  |-1.00540.012 | N
Cye 0.00+£0.06 | 0.005:£0.008 |
C.a 0.0040.05 | 0.006+0.006 |
Chy 0.00+0.05 | 0.006+0.007 |
Co- 0.00+0.05 | 0.004+0.006 | ’
Cyy,  |—1.00140.004 |—1.00340.008
C,- 0.001£0.008 | 0.00040.007 |
C.y 0.00040.003 | 0.000+0.006
C..  |—1.000+0.003 |—1.00140.003
Concurrence 1.14+0.5 1.005+0.007

BB: 10° ~ 10° at LHCb (HL-LHC)
KK: 8 x 107 at KLOE and KLOE-2, a fraction

of 107 decay to lepton in the first period we
consider.

Tab. Statistical uncertainty with 10° events
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Conclusion

The complete flavor density matrix of meson pair can be reconstructed!

We can ask about concurrence, Bell, discord and magic, eftc.

Larger Am/1’, better sensitvity on y, Z components. B0 B 750 770

.. Am/ps~"[17.76| 0.506 (9.2 x 107°[5.29 x 10~ °

Larger AI'/I', better senstivity on x components [/ps T 0.662] 0.653 544 559 x 103

AT /ps~10.082[2.6 x 10~3| 0.030 0.0111

Discussion [LHCb plots]

complementary . - . .
Belle «———— LHCDb {focuses on one meson, but a large fraction of bb are both in detectable region
C-odd state of meson pair not very clear about the flavor state, so interesting to measure

B at Belle, decay life time can also be constructed now (see poster of Timothy Mahood)

Bd: nothing new to do for now, but we would have much more events at Belle-l|
(aim to collect 5 X 101Y).

CP violation, more information, more precision, combine different channel, etc.
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