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Background

Heavy Flavor hadron physics

Flavor
CP violation; New physics; \Zgﬁ)\N PhJ//C'(}

Heavy quark symmetry;
nonrelativistic at Fermi-scale;
test effect theory of QCD;

Spin Physics

QET. SCET NRQICE

CP violation Decays
Polarization Unseparated

Angular statie

provide more information
in angular distributions of
polarized particles

Quantum entanglement 5’5,(5

Verify entanglement and \'%J/,
violation of Bell inequality ‘cs
in strong and weak interactions

Helicity amplituge
Entropy
Bell inequality



| Bc meson family spectrum

Mass (MeV) -
A (CMS/LHCh,2019) ( b,2019)
7100 (ATLAS 2014) B* (29)
n= 2 B.(2S) ]/ <
i 6800 ‘ .
[ T . B.D, L ntm
7200 - _ _____________________________ no m BD 6500~ =1 (CDF,1996) B::
| & (] - BC 14
7000 | s & = 4 6200L » _ _
= I " JP= 0 1
) n
76800 m " .
2 " Bc meson family
= 6600
] SRR
6100 - = 40E LHCbRun 1+Run 2 Total fit
) = QA +
R Al ®  Qurs = 35 - gﬁ??*
- - ¢ Exp. g 30 E— | [ Combinatorial
6200 Gl ‘; 25 E Same-sign
1 " 1 " 1 M 1 " 1 1 1 i 1 L 1 L 1 i 1 L (] E A
s, s, rop p, %, oo 5D, ,.E 20 :— } { } é‘ { {
T 15K s
g E b ] n I . + .!I I L IF
- - - - U ].0 i" H 1 1 '% Ll 8 ;
nonrelativistic potential model Sk | N UL
- 0: nonnll nnn ol . nnnonllnn n o
+ Coupled channel analysis 00 550 600 650 700
AM [MeV/c?]
Hao-Zhu, 2402.18898 AM = M(Bfrtr=) — M(BY)
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Nonrelativistic QCD/QED

A
QCD/QED
m—-
perturbative matching | perturbative matching
............................................ “
mv-}
NRQCD/NRQED
............................................ U
) non—perturbative perturbative matching
mv-—- matching

PNRQCD/pNRQED

ag(mv) ~ v

v2 a2 0.1 for the T

Bodwin-Braaten-
Lapage
1995

Pineda-Soto-
Brambilla-Vairo
2000



| NRQCD/pNRQCD/ypNRQCD in unequal mass case

» QCD Lagrangian
1

Lacp = D, Pau(@)[(9:D")ij — mgdi;]Wy;(z) = T F, (2) P (x)
g=u,d,s,...

» Rewrite heavy quark field and do the NR expansion

. ~ - gty ~ st !
U — e_,;,fl,.ft,:p — E—‘tﬂfft (;ﬁ) : l:[l" — e.sM t,;[Jr _ ecﬂrf t (;i)! ) :

» Obtain NRQCD Lagrangian

1 ‘ C
LNrocp =1 (iDt — —(iD)Z) b+ —pto - gBy

2M 2M
D T Ccs T ; t
+ SM[QW(D-QE—QE-D)?/) + 8]\/12?# (i - D x gE —io - gE x D)y
Cq 2 2 y 3
+ gyt (D%) W + 0 (1/M7)

+ [ = io?x'*, Ay = — AL, M — M'] + Liignt)-



| Vector Bc* meson decay width

» Bc* (1S) major (99.99%) electromagnetlc decays to Bc(1S):

M1 transition

§k = (ky, k)
H
Py = (My,0) Wvu T M, k) | A

”f

» We generalize the pNRQCD to
unequal mass case and obtain the
effective Lagrangian

200
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>
2
—
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0

€
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- ﬂQ LromsTr . Eems
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o VexrVE

v s [V (V"E“’“)]]%}

eqQmyg, m:
+e —Q Q Q)
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SmQ mQ s 7 Vi
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+vy 7 {she B} vive 8”




Decay constant

» Bc* decay constants in QCD >

(0 ‘B)/“C| B_.(P, 5)) = fBimB:._g”, o

» Bc* decay constants in NRQCD

mathing coefficients NRQCD LDMEs

= '/_mB;C"(mb’m“’ up) {0 |yjor %w ‘(P)) (u
Braaten-Fleming,PRD52,181(1995);

Lee-Sang-Kim,JHEPO1,113(2011)

» Matching Formulae

P~

1y

-~

L]

~157 572

ZJZz bZ2 Ly =Ci4, 2,72, c
Z;:NRQCD MS current renormalization constants -,



I Typical diagrams up to three-loop

> B 3

(a)LO (b) MLO (c) CF CF (d) CF (CA-2CF)

> B

CF (CA-2CF) (g) CF CF (h) GF CF
f) CF{CA-2CF) {a) TF nb TF nl CF (b) TF ne (CA — 4CF) CF

; y ) I
. '
R s : >
o N . ] (
(i) CF CA (jJCFCA (k) CF CA . 5 ) [
3 (
@ @ (e) CA (CA - 2CF) CF (f) (CA - 2CF) (CA — ZCE) CF (g} (CA = 2CF) CF CF (n) (CA - 2CF) (CA - 2CF) CF

m) CF TF nl (n)CF TF nc (o) CF TF nb

ST,
")

(I CF CA

LO:1, NLO:1, NNLO:13, NA3LO:268




II\/Iatching coefficients up to three loops

> for vector current

o) NS o\ °
C=1-229| =— | —35:44 | = —~ 168697 | = + O(a5),
™ ™ m

for mj =30, =17 =19,

Sang-Zhang-Zhou, arXiv:2210.02979

» for pseudoscalar current

2 3
(n) o . () . ,(‘?14‘:' .
C(apnys) = 1 — 1.62623 (“ (m’"’)) — 6.51043 (“ (m?)) — 152059 (”‘"’ (m’")) +Oa)

m m m

Feng-Jia-Mo-Pan-Sang-Zhang, arXiv:2208.04302



Ifor axial-vector and scalar currents

» Matching coefficients for axial-vector and scalar up to three

loops

1.5

1.5

1.0¢

0.5}

0.0f

-0.5}

-1.0}

-1.5=

Tao-Xiao-Zhu: 2303.07220

Nonconvergence behaviors also in other two currents

Multi-loop integral calculation performed by AMFlow (Ma et al)
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I Sub-leading Contribution

» Relativistic corrections

{[}IQ_V:-‘FJQE |Qi‘?_l>cgcrn

= V2My [{ﬁ‘f <ﬂ Xivs Qim{pnr«;nqcrn +Cy <[} ‘{D:ﬂ}' ' DT‘{LE} QEELP}>?{R(1ED T }
Employlng EOM: 0 (D?ﬂ DUE‘QEQI )> = —2m, E< ‘lllﬂz‘sz(P))
d EB* 8 3
U s«
—2 [ (31— o) | ez
NC d E
= 22| | 0)
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I Wave function scale dependence

» Wave function at origin

For Power-law potential V(r)=Ar*4+C
Exact solution |’LZ)E (0)|2 — f(fn,, (L)(AM)B/(2+G)
Scale relation |‘I’Bg (0)| = |lIJJ/¢(O)|1_y W (0)]Y,

y = Ye = In((1+mc/myp)/2)/ In(mc/myp)
Collins-Imbo-King-Martell, PLB 393 (1997) 155-160

2

W) =

1
0) — —Zmb(cﬂ-‘-’s)?r

Beneke et al., PRL. 112, 151801 (2014) 12

(myC'ras )3
8T

1461 (0)]2 = |9 (0)2 (1 2.1 ""“‘t) |
k=1

E|




IConvergent vector Bc* decay constant

Tao-Xiao-Zhu: 2303.07220

----- LO
NLO
NNLO
— N3LO
3 4 5 6 7




ILeptonic decay branching ratios

Branching ratios N°LO

+[] 29-0.07—=1.35

-6
9.0.4640.0340.37) X 10

B(B:" — etve)

3.8 -H]I 29—-0.07-1.35

—6
—[} 4640.0340.37 x 10

BBt — utv,)

B(B,:+ N T+U1-) 3 40-}-[] 25=0.06-1. i

0.414-0.0340.

B(BS — ptu,)

+0.63—0.83—2.99
8.18 —1.004+0.5240.94

1. gﬁ—}—[] 15=0.20-0.72

0.244-0.1240.23

(38 )
( )
( )
B(B! —»etve)  (LOUIERISRT) x 10°°
( ),
B(BY — 7v;) ( )

2
2
D(B*(A = £1) — ly) = Vo G f3. (1— T )

127 mB,‘
X M.,
miC(B:F (A = £1) — fug)

D(BX(\=0) — lyy) =

27”5*
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Bc and Bc* decays along with 3 pions

) L R BB B
LHCb
B.— Jiyrn'nn*

u- 1 Ll
1000

2000 2500 3000
M(r*m*) [MeV]

1500

LHCb, arXiv:1204.0079

S o — ——
N LHCb 1
% [ | 9fp~! 1
g 160~ ﬁf% -+ data i
0 ﬁ [0 simulation (BLL)
= +

= 1051 | . .
- Ly

50_— ** ﬁ { ] ]

w ﬁ%‘“@
et ;
0.60 1.25 190 255

([ — [GeV/c

LHCb, arXiv:2111.03001
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| Invariant mass distribution in Bc* decays to J/psi +n h

» Helicity decomposition of weak decay width

dF(Bi*) — J/1 + nh) \Vcb|2(}'}a"f|p"|
= Z J]AlJzAZ/\nh’
Ai

dq? 32w M2

T11110 =2 [VE ((M M- rf) ((M’ M) - q-?)
+ (41 (M2 = M”) + 426°) ] p(a).

P1

16



I Results of invariant mass distribution

Yield/50MeV

200}

1501

100}

50}
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LHCb, arXiv:2111.03001
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I Polarization Asymmetry(A general law in V(P) to V transitions)

)

FJl)\lllAnh T FlelloAnh
aLr= ) T -
Jid 11, T L a 100,

)\13 nh
1.0
*
B — J/¢Y+nm
eI ~——
R3] — Vector-ll T T— R
-------- Vector-I| I
Vector-| g
""
~”
= 0.0 [ ‘f"‘
s
----- - Pseudoscalar ,.*"
"
.“
_05 i ".‘,f"
e Be = J/Y+nmw
-
“"‘.
1. Qe

0.0 0.5 1.0 15 2.0 25 3.0



Bc decays along with 2 pions

L] Chang & Chen
. Liu & Chao
- Colangelo & De Fazio
- Abd El-Hadi, Munioz & Vary
- Kiselev, Kovalsky & Likhoded
. Ebert, Faustov & Galkin
- Ivanov, Kdrner & Santorelli
- Hernandez, Nieves & Verde-Velasco
- Wang, Shen & Lu
L Likhoded & Luchinsky
- Likhoded & Luchinsky
- Likhoded & Luchinsky
- o et al.
. Naimuddin ef al.
- Rui & Zou
- Issadykov & Ivanov
Cheng et al.
- Zhang

- Lin

3 4 5 6
BB[!’—> Jprrt
BB‘*.' — It

LHCb, arXiv: 2402.05523
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| Helicity angular distributions

» weak decay amplitude

ha ={p(p1, A)J /¥ (p2, \)|Herr|Be(p))
v ,’;(,E,u.mxlﬁ

bp* Nalf
=€1,(A) €2 (A)” (ag“”—i— PP n ?1.;0,5);

miMms mame

» Helicity angular distribution

d*T (B, — J/{(ptp~) + p(am))
d cos 0 d cos Oy do a

ngTl
12872 M2

. 1
{cos2 0, sin” 0, Hoo + x_—lsin2 0, (1 + cos> 92) (Hiyn + Ho1-1)

1 .
~3 sin? @y sin” 0, [cos2¢0 Re (Hi-1) — sin2¢ Im (Hy_1)]

1
~1 sin 260, sin 2605 [cos ¢ Re (Hio + H_10) — sin¢Im (Hyo — H_m)]} )

_ hol? ) |
= P+ P+ TRl apr=1-2fg. fL(J/y) = fr(p) ~ 0.877.

20



dr

1

dr

1

| Helicity angular distributions
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| Quantum spin entanglement and Von Neumann entropy

» Quantum spin entanglement state: two qutrits
[0) = [hoal T/ 1)p(+1)
H

ol T/ B(0)p(0)) + h_1]J /(= 1)p(~1)],

» Von Neumann entropy

/ o0 0 0 0 0 0 0 0\
00 0 0 0 0 0 00
00 h{lh-x;]_ 0 h.lhﬁ 0 h}lh*]_ 00 h h*
L oo 0o 0 0 0 0 00 R T
= —~ 100 hoh%y 0 hohi 0 hoh*y 00 QI = G ' oo '
o HQ J L 0y L 0T 01 \ | 0 0 h 1}1*1
H oo 0o 0o 0o 0 0 00
00 hyhty O h_hy O h_1h*; 0 0
00 0 0 0 0 0 00
\o0 0 0 0 0 0 00
e=—-Trlpalnps] = -TrlogInpgl. e = 0.405.
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| Quantum spin entanglement and Bell inquality

1
> Bell inquality  Is)=7( 11> —1T>).

|P(d,5) - P@G,3)| deﬂp(;{) (1— A(b,2) Alc, D))<

P(a,b) = | dip(W)A(a, D)B(b, ). )
(@) j p(D)Aa, DE(,A) =fd,lp()l)—fd&p(;l)A(b,l)A(c,A)=1+P(b,E).

» Collins-Gisin-Linden-Massar-Popescu gutrits inquality
A1,A2,B1,B»=0,....d — 1. PRL 88,040404(2002)

Is = P(Ay = B)) + P(B; = Ay + 1) + P(Ay = By) + P(Bs = A)
—P(Al=Bl—1)—P(Bl=A2)—_P(A2=BQ—1)—P(BQ=A1—1)‘“_{2

I; = tr(pB) = tr(|YXy|B) = (Y[By).

I, =|-291] =291 >2

CGLMP inquality breaks down in Bc to Jpsi+rho process.
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summary

Bc family spectrum and Bc* decay width are
studied In QCD effective approaches
Convergent B¢c* decay constant up to three-loop
accuracy Is obtained

Distinguishing vector B¢* meson at LHC is
possible by helicity decomposition

Angular distribution and quantum spin
entanglement are studied in Bc decays along with
two pions.

Thank you a lot!
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