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Motiva

e 2014, ATLAS observed

a new state Bc(2S):

BE(28) — BX(18)ntn~

with mass

6842 + 4 £+ 5 MeV

PRL.Rev.Lett.113(2014)n0.21,212004
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Motivation

 The mass of 5(25) Is below the threshold of BD, so it
has no OZI allowed strong decays, then its main decay
channel is strong decay: B:(25) — BX(15)r+ 7~

* Theoretical estimation of the strong decay:
E.J.Eichten, C.Quigg (PRD49(1994)5845): 50 keV
H.W.Ke, X.Q.Li (Sci.China.Phys.Mech.Astron.53(2010)2019). 64 keV

e This narrow width show its electromagnetic decays
will be important.



Transition Amplitude

o There are 3 electromagnetic decay channels of Bc(2S):

B.(25) — B*(lS) ,f
B.(25) = 17(1P)y
B.(25) = 17(1P)y
* Where the physical states B.(1*) and B,(11’) are mixing
states of B.(3*P)) and B.(*P;)

|1—H> COS 91}3 sin 91}3 |1P1>
1ty )\ —sinfip cosbip 3P)

where ¢,, = 23.2° IS used.



Transition Amplitude

"

e Diagrams .:: . . .
e Fy P Py

e Transition amplitude:
TS = (2m) %8P — Py — k)ME

e Overlapping integral over the meson wave functions

1 4
mé= | (jﬂ; éf;;% Xr, (49)@1e7 X5 (@) (27) 6% (02 = p72) S5 (=p2)

+Xp, (a5)(27) 0 (1 = P ST (P1) X () Q267"

. . T - .
where y,(q) is the Bethe-Salpeter wave function, pi» = — Ji“;_n Pxq, Xp, () =", (ar)
1 LY

Si(p1) and Sy(—p,) are spectators, ;¢ and (Qo¢ are charges of the quark and antiquark.
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Transition Amplitude

We choose the instantaneous approxiamation v(r:q.k) ~ V(g k),
¢ = ¢" — q, 57 (= ¢ in the CMS of B.), with the defination ¢, = 5%(=q,).
» Then the transition amplitude becomes

g P—r P
M ~ / om)° [Q (]—[wp "qu 4+ aaPri)v opt (q) — Qeeyp (ij lPr'L)ﬂéf;Jr(qi)”fg

where the three-dimensional wave function ¢(¢!) =i [ %2y, (q)
* The wave functions

‘1915'(1(?1.) =M [1’0'731(?) + &92((7) + ?j “{93(6) + A’U‘\?-L 94(6)] s

F’ Qf_]_ P.fgfj_ Ff
Pr- =l € (G‘I + 927 M, + 93 ”f_ + 9a M3 + Myy¢ (.Us +_qnj—[f)

T (ﬂrﬂé —dpy ) g7+ R (waﬁ P,fﬁ’u : f) gs.



Transition Amplitude

Py Py / Prd,
) ﬂ jJ_ o jJ_
Pap, = = €008 U (lu + hg—Uf + hy—— M, + hy MJE ,_

P 99" fL

j :‘g
A _ J'

where the numerical values of radial wave functions f:, g:, li, b;
will be obtained by solve the full Salpeter equation.

« For the transition 215, —; 135,~ , there is one form factor

Mt‘f — Eg#mrﬂf.]j.upfut
e For the transition 2's, — 1r,(1P)y , there are three form factors

M® =P -€P%; + P -ePpsy + Mc“ss.



Bethe-Salpeter Equation

« BS equation is relativistic equation describing a bound state

(#1 —ma)xp(q)(P2 + ma) = / (;ZW];;lV(Pa q, k)xp(k)

() = 1 / d*k V(P, q, k)\p(k) !
Xpr\q) = b —mi ) (2m) 4, R)X PR Yo + ma

where x p(q) is BS wave function, V' (P, ¢, k)is the interaction kernel
* The BS wave function can be described approximately by the figure

P/2+q
me Rq)
P/2-q

which show that BS wave function have two legs (propagators)




Bethe-Salpeter Equation

* The integral equation shows the ladder diagrams to all orders:

e Total momentum P and relative momentum qg:

T
pr=oP+gq, ap=
mq + meo
Mo
po = P — q, a9 =
mq —+ 1Mo

e Normalization:

d*kd*q B 9, » . ) |
/ (27) I'r f\'(’l")ﬁ [Sl (p1)Sy " (p2)0" (k —q) + V(P k. (1)] X(q) p = 21y



Bethe-Salpeter Equation

 There is difficulty about the kernel, the
 Reduced version is needed, Salpeter Equation
- Instantaneous approximation: V(P,q,k)|s_, = V(q,k)
* The momentum is divided into two parts:
¢ =qp+di .

df = (P-q/MYP* . ¢ =q" —df .

and the momenta :
P-q p P p

gp =" g = A=\

will become to the 9, and || in the center of mass system of the meson.



Salpeter Eequation

» The Salpeter wave function:

“VPQJ_—Z/Z Q||(ha

k2 dk ds .
n(q") E/ 5”(2;)”2 Vi(ki.qu,s)p,(E) .

and the useful notations (J=+ for i=1, and J=- for i=2)

— TR K= [{}@J()(mwm)

P25 0) = AFa0) D pnla) AT (@)

So the full Salpeter wave function:

eplar) = (q) + ¢l (q) + 9, (q0) + ¢, (q1)



Salpeter Equation

 And the Salpter equation can be written as:

o (qL) = A (g (q)A (q0) Ay (g (q)As (q0)
re (M — wy — ws) (M 4wy +wy)
« Or (positive and negative energy wave function)

(M —wi —w2)p " (q1) = A (q)np(q0) A5 (1)

(M + w1 +w2)p(q1) = =A7 (qu)n,(qu) Ay (q1)

—

el (qr) = ¢, (q) =0.

e Normalization

/’ﬂh. N Y SR G o _p
@m)E 7P MTP M TP M M 0



Salpeter Equation

* We use the Cornell potential:

I(r) = Va(r) + Vo+ 7% @ °Vo(r) = Ar + Vo — 5 @ 72—

e In momentum space:

"(a 2 Vg E)
V,(q) = ~53 (
PN (g + a?)
= 127 1
QS((): . g —
33 =200 og(a + i)



Salpeter Equation

The Salpeter wave function fora 07(0™") pseudoscalar meson

—

smso(w—\f[.m( )+ o) + (@) + ()| 5

The constraint equations . (¢) = ¢4 (¢) = 0 lead to relations

— -”’"2(?]' ﬂ-[(—cul -+ w9 — 21 (?]' ;U(u,'l =+ w
p3(1) = 7= ) — )-. pa(1) = - ) 2)-
Moy + MiWo

Moy + Miwo

So the positive and negative wave functions:

] - — my +mo\ | Wy + ws q.(my —my) d17 (W + ws)
5 (4 :—(-~ q) + p2(q)— ) N — 0 ~
M(")( ) 2 71(9) +¢2(2) Wi + wo my + mo % Moy + MyWs + (Mowy + Myws)

fo
wh -+ wo

- M - —_ my + m wy + wo my — my v, (w1 + w:
5:‘{;(‘1'):_—(5:1(‘1)—592((1’) 1 2) W ..) . +9jL( 1 2)_|_ 417 1_ 2) y
0 2 my + my Moy + My (Mowy + Myws)



Salpeter Equation

 The Salpeter equation

.
| e =emyp+ma| df 1
(M — wi — wo) [wl(q) + 2(9) w1 + wo ] - / (2m)3 2wiwa (E1ma + Eamy)

—2

— —
X {(Elmg + Eomq) (Vs —V,) {apl(k)(wlwg +mima — q )+ pa(k)(mowy + mlwg)]

- . - — — —
—(Vs +Vy) {apl(k)(ml + ma)(E1 + E2) + pa(k)(wir —wa)(Eq — Eg)} q - k} :

-
— —r 11 2 dk !
1[ W W ~ _ — ‘
(M + wi 4+ wo) { 01(q) — pa(4 w1 + wo ] / (2m)3 2wiwa(E1mea + Eamy)

—

3 i — —2 —
X {(Elmg + Eomq) (Vs —Vy) {pl(k)(wlwg +mimo — 4 ) — po(k)(maowy + ?T?lwg)]

(Vi + Vi) [a(R) 1+ mo) By + E) = (D)1 — ) (By — En)] 77}

where r,— fuzii



Results

e Parameters

a=e=271828, o = 0.06 GeV, A = 0.21 GeV*
Nocp = 0.27 GeV, my, = 4.96 GeV, m,. = 1.62 GeV.

e Mass Spectra

State Ours  Ref. [22]7 Ref. [11] Ref. [25] Ref. [26] Ref. [27] Ref. [23]
B.(15) 62756 6272 6264 6253 (6286 6271 6.278
B.(25) 6842 6842 6856 6867 6882 6855 6.863
B:(15) 6333 6333 6337 6317 6341 6338 6.331
1+(1P) 6732 6743 6730 6717 6737 6741 6.767
1Y(1P) 6749 6750 6736 6729 6760 6750 6.769




Results
e Form factors

Table 2: Form factors (GeV™") for three EM decay channels of B.(25). The errors come
from the variation of parameters in the Cornell potional by +5%.

form factors t S1 S S3
B,(28) — B*(1S)y 1507542 x 1072 0 0 0
B.(28) — 11 (1P)~ 0 0.970 00 —0.482700%  —7.75T0 3] x 1073
B.(25) — 17(1P)~ 0 L1255 —2.541036  1.901013 x 1072

* Decay widths

Table 3: Partial widths (keV) for three EM decay channels of B.(2S). The errors come
from the variation of parameters in the Cornell potional by £5%.

Channel Ours  Ref. [24] Ref. [11] Ref. [25] Ref. [26] Ref. [27] Ref. [23]
B.(2S) = B*(1S)y 0.192 008  0.488  0.093  0.096  0.139 0.3 ~ 1
B.(2S) = 1t(1P)y 22410357  1.02 0.0 1.9 6.4 1.3 0.62

B.(25) —» 1Y(1P)y 114113  3.72 5.2 15.9 13:1 6.1 3.03




Results

0.405 (23.2°)

« Changing along with mixing angle ¢




Results

Changing along with the mass of B=(25)
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Figure 2: The partial decay widths for three decay channels change with the mass of the
B.(25) state. The dotted line is for the 1P~ channel; the dashed line is for the 1P
channel; the solid line is for the B*(15)4 channel. For the B%(15)~ channel, to make the

results more :'|i'.'|l']}.' we have scaled the value to ten times Ltl'_l_;l'l'.



Summary

o Electromagnetic decays are important for B+(2s) , which
IS about 20% of its total width;

o EXcited state has larger relativistic correction than the
corresponding ground state, so a relativistic model is
needed to deal with a problem with excited state.



Thank you!
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