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Production of the X(3870 at the Y (4S) by the coalescence of charm mesons

Eric Braaten and Masaoki Kusunoki
Physics Department, Ohio State University, Columbus, Ohio 43210, USA
(Received 17 February 2004; published 9 June 2004

If the recently discovered charmonium stt€3870) is a loosely bound molecule of the charm meddhs
andD*° or D° andD*?, it can be produced ie*e~ annihilation at theY (4S) resonance by the coalescence
of charm mesons produced in the decay86fandB~ mesons. Remarkably, in the case of 2-body decays of
the B mesons, the leading contribution to the coalescence probability depends only on the hadron masses and
on the width and branching fractions of tBemeson. As the binding enerds, of the molecule goes to zero,
the coalescence probability scalesEi@log(Eb). Unfortunately, the coalescence probability is also suppressed
by two powers of the ratio of the width to the mass of Bimeson, and is therefore many orders of magnitude
too small to be observed in current experiment8 &ctories.
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The recent unexpected discovery of a narrow charmoniurfhteractions ofD° and D*°, a phenomenon called “low-
resonance near 3.87 GeV presents a challenge to our undehergy universality.” The universal prediction for the binding
standing of heavy quarkonium. The new charmonium stat@nergy is
X(3870) was discovered by the Belle Collaboration in
electron-positron collisions through tfi&meson decaB™* 1
—K*X followed by the decay)X—J/m" 7~ [1]. Its mass Ep=mMp + Mpx =My~
was measured to bkl y=3872.0-0.6-0.5 MeV [1]. It is
narrow compared to other charmonium states above th&herempps=mpompso/(Mpo+ Mpx0) is the reduced mass
threshold for decay int®D: the upper bound on the width of the two constituents. The universal prediction for the mo-
is T'y<2.3 MeV. The discovery has been confirmed by thementum space wave function of tB?D*° or D°D*? is
Collider Detector at FermilabCDF) Collaboration who ob-

@

2mpp«a?’

servedX throughJ/7" 7~ events in proton-antiproton col- _ (8m/a)?

. . B p(K)=———r, |k|<m,,, 2
lisions and measured its mass to Ihdy=3871.4-0.7 ke+1/a

+0.4 MeV [2].

The proposed interpretations of th&3870) include a Where the normalization igdk/(27)3|y(k)[?=1. This
D-wave charmonium state with quantum numbe]%c wave function has been eXpIOited by \oloshin to calculate

=2"" or 2~ ", an excitedP-wave charmonium state with the momentum distributions for the decays- D°D%#° and
JPC=1*" or 1%, a *hybrid charmonium” state in whicha X—D°D®y [6]. The universal prediction for the amplitude

gluonic mode has been excited, andDAD*° or D°D*°  for elastic scattering ofD® and D*° in the center-of-
molecule[3-12]. This last possibility is motivated by the momentum frame with total enerdy is
fact that theX(3870) is extremely close to the threshold

i — — 8mMpMp+
3871_.&00.7 MeV for decay into the charmed mesob$ A[DD*0_. DOD* 0]~ TMp o*__ PEr.
andD*°. o Mpp*(—1/a—ilk|)

If the X(3870) is anSwaveD°D*%/D°D*° molecule, its ()

binding energy is smaller than any other hadron that can be

: here|k| =[ 2mpp« (E— mp—mp«)]¥2 Other consequences
interpreted as a 2-body bound state of hadrons. For two haci—lf Iow|-e|neEgy Bgiv(ersalit?/ havDe )b]een discussed ig Ref
rons whose low-energy interactions are mediated by pio "

: Bne consequence is that as the scattering leagpticreases,

exchange, the natL_JraZI low-energy scgle for the binding €Mhe probabilities for components of the wave function other
ergy of a molecule isnZ,/(2m), wheremis the reduced mass thanD°D*° or D’D*° decrease as4/ In the limit a—soo. it

of t_he two hadrons. The natural low-energy scale for %ecomes a pure molecular state. If it has charge conjugation
D°D*? molecule is about 10 MeV. The measurements of the-_ . 1o state is  a superposition |D°D*©)

mass of theX(3870) imply that its binding energhichis |5°b*°>)/\/§
positive by definitio is E,=—0.5+0.9 MeV. ThusE, is One of the challenges for the interpretations of the

likely to be less than 0.4 MeV, which is much smaller than 0% 01O 4 0 . .
the natural low-energy scale. X(3870) as @D"D*"/D"D*" molecule is to understand its

The tiny binding energy of th&(3870) implies that the Production rate. The largp°D*° scattering length implies
D°D*? scattering lengtta is unnaturally large compared to that aD? andD*° with relative momentum small compared

the natural scale . The molecule therefore has proper- t0 M, have very strong interactions. One way to prodXde
ties that depend oabut are insensitive to other details of the therefore to producB?® andD*° with small relative momen-
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tum which then undergo a final-state interaction that binds The decay process(4S)— Xhh' is complicated because
them to formX. An example of such a process is the decay ofthere are many relevant energy and momentum scales and
Y (4S) into B*B™, followed by decays of th&" andB~  they range over many orders of magnitude. The ndagsof

into states containin@® and D*°, respectively. There is a theY (4S) is larger than the binding ener@y, of X by more
small probability that thé° andD*° will be produced with  than 4 orders of magnitude and the widt of the B meson
sufficiently small relative momentum for them to coalesceis smaller by about 10 orders of magnitude. We expect the
into X. In this paper, we calculate the leading contribution torate for this decay to go to 0 in the limi,— 0 (with Ej

the coalescence probability in the case of 2-body decays GfT';), because th®° andD*° must have relative momen-

the B* andlB*. We show that the coalescence probability tym k of order (mpp+Ep,) Y2~ 1/a in order to bind to formX

/ L \ .
scales a,logE, as the b|nd|1r}§1 energy ok goes to 0.  and such small relative momentum accounts for a decreasing
Remarkably, the coefficient dE;, logE, depends only on  f4tion of the total phase space available toBffeandD*°.

hadron masses and on the width and branching fractions &, cajculation shows that there are contributions to the rate

the B meson. 1/2 : - :
We consider the decay (4S)—Xhh', whereh andh’ that scale af;“. _They include contributions from relative
omentumk ranging from the scale a/to the scalem,..

are light hadrons. This process can proceed via the dec he contributions fromk~1/a are constrained by low-

Y (49)—B"B", followed by the 2-body decayd”—D°h energy universality, and we expect these to be calculable in
and B"—D*°h’, followed by the coalescenc®’D*°  terms of the scattering length. The contributions frém
—X. This process can also proceed through a second path-m_ necessarily involve the full complications of low-
way consisting of the 2-body decay"—D*°h and B~ energy QCD. Fortunately we find that there is a logarithmic
— D%’ followed by the coalescend®*°D°—X. In prin-  contribution coming from the rangeakﬁl&mw_, which.is _
ciple, these two pathways can interfere. However, we shafiso governed by low-energy universality. This logarithmic
see that the momentum configurationsfh andh’ are  term dominates in the limiE,—0. The logarithmic term in
completely determined by the masses of the hadrons ariée decay rate fol'(4S)—Xhh' is calculated in the Appen-
they are different for the two pathways. Thus there is nodix. The branching ratio that measures the coalescence prob-
interference between the amplitudes. ability for D°D*%— X or D*°D%— X is

I[Y(4S)—Xhh']
[[Y(4S)—D°D*°hh' ]+ I[Y(4S)—D*°D%hh’]

1/2

log

m2

ks

ZmDD* Eb

2mMymg 2E, 1

Mppx My (M% —4m3)2

2 _
(E) (2 B[B*—D%h]B[B~—D*°h’]
Mg

Mpp*

— J(My ,mg, My, My, Mpx, My, My
XY, B[B*—D°h]B[B~—D*°h’] 1(,2 ot o d w) , 4)
NAmg,Mp , M) A A(mMg, Mps,My,/)

whereJ(My, .. .) is thefunction of hadron masses given in glecting the light hadron masses, andmy,, and making the
Eq. (A21) and the functiom\ (m;,m,,m;) is given after Eq. approximationsng« —mp<My andMy<mg. In this limit,

(A4). The sum in the numerator and the denominator is ovefhe functiond(pg . po) given by Eq.(A21) approaches
two terms, the one shown and a second term obtained by

replacingD® andD*° by D*® and D°. Notice that the ex-

pression(4) depends only on hadron masses and on the 3 , My 5
width I'g and branching fractions of tH@meson. Itfh andh’ (Pq.Po)— — M2 —4m2)12’ ®)
) e - mg(My —4mg)

are each other’s antiparticles, such a$ and =, the

branching fractions cancel between the numerator and de-

nominator. If we take the binding energy of to be E,,  The branching ratio in Eq4) then reduces to

=0.1 MeV, the branching ratios in Ed4) for the cases

hh=(z"7",p"p KK ,K**K*") are )

(1.1,1.3,1.2,1.3x10 %% For any other combination off I'[Y(4S)—Xhh']

(it T KT + P o K - — —

=(m P K -,K-* ) and h'=(#w",p 1*_K JK* -), the F[Y(4S)4>DOD*Ohh/]+F[Y(4S)—>D*OD0hh/]

branching ratio in Eq4) depends on thB™ branching frac-

tions but it is in the range from 1.2 to 2x4.0"* _ 8mmiMy  (8E,\Y2 [ 2m2 \(Tg)2
We can get a simple expression that can be used to esti- — ——————- Mo og M-Eol ] (6)

mate the order of magnitude of the branching ratio by ne- My(My—4mg) | Mx X=b/ \TT'B
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If we take the binding energy to be 0.1 MeV, this estimate for

the branching ratio is 6:310 25, which is within a factor of

2 of the more accurate results calculated using(Eg.This

estimate applies equally well i or h' is replaced by a

multiparticle state of light hadrons or a lepton pair whose T(P)

invariant mass is small compared iz . We conclude that

the inclusive branching fraction fo¥ (4S)— X(3870) via

this coalescence mechanism is about 24 orders of magnitude

smaller than the product of the inclusive branching fractions

for B*—D% andB"—D*"°. _ _
We have calculated the leading contribution to the prob- F!G. 1. Feynman diagram for the amplitude %{4S) —Xhh’

ability for charm mesons produced by the decay¢#s) to Vi@ the first pathway.

coalesce intoX(3870). Remarkably, this coalescence prob-

ability can be expressed completely in terms of hadrorfequiresP=p+p’, p=k+q, p'=k’+q’, andq+q'=Q.

masses and the width and branching fractions ofBhee- ~ We can choose andq’ to be

son. Unfortunately there is a suppression factorlgf (mg)?

that makes the rate fof (4S)— Xhh' many orders of mag-

nitude too small to be observed at the currBrfactories. g“=—Q*,

This research was supported in part by the Department of
Energy under Grant No. DE-FG02-91-ER4069.

Q"= Q4 (A1)
APPENDIX: CALCULATION OF THE RATE X
FOR Y (4S)—Xhh'

P 0. 42
In this appendix, we calculate the rate for the decay>° that theylzare on the mass shells of Biéand D*°: q

Y (4S)— X(3870)+h+h’, whereh and h' are light had- =Mp andq’?=mp, . Since the binding energy of is so

rons. This decay proceeds through two pathways: the decdiny, the momentdAl) are consistent with the constraigt

Y (4S)—B*B~ followed by the 2-body decayB*—D%h T4 =Q. _

and B~ —D*°h’ followed by the coalescence process 1N decay rate can be written as

D°D*°— X, and the pathway obtained by replacib§ and

D*? by D*° andD°. As we shall see, the two pathways do I'[Y —Xhh']

not interfere. The amplitude for the first pathway can be 1 43K R #Q

represented by the 1-loop Feynman diagram with meson _ f

lines shown in Fig. 1. We denote th&(4S) simply by Y. 2My ) (2m)32k, (27)32k{ (277)32Q,
X(2m)*sM(P—k—k —Q)[A[Y—=Xhh]]Z  (A2)

The momenta o', X, handh’ areP, Q, k andk’, respec-
tively. The momenta of the virtuaB™, B~, D° and D*°
mesons arep+¢€, p’'—+€, q+¢€ and q'—€, respectively,
where ¢ is the loop momentum. Momentum conservation The amplitude for the decay through the first pathway is

d*¢

Al[YHXhh’]zf 2 A[Y—B*B~]AB*—=D°h]A[B~—D*°h’]A[D°D*°—-X]

)4

y i i i i
(p+€)>—ma+imglg (p'—€)>—m3+imglg (q+€)>—m3+ie (@' —€)>—mp, +ie

(A3)

The rate depends crucially on the widfly of the B meson,  amplitudesA for Y =B*B~, B*—D% andB~—D*°h’.
so the effect of the width must be included in the propagatorshey can be approximated by the amplitudes for the on-shell

+ - —
o tShi(raul:ae tﬁgdlgo. integral is dominated by very small mo_decays. For example, the amplitude ®f —D"h is deter-
P g y very mined by the branching fraction for that decay:

menta, we can neglect any momentum dependence of the
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AY2(mg ,mp ,my) —B"B™. The first step is to integrate over the compongnt
B[B+—>D°h]— |A[B+—>D°h]|2+, of the loop momentum. The dominant contribution to the
mgl's integral overf, in Eq. (A3) comes from the particle poles in

the propagators for thB° andD*° mesons:
where \(X,y,2) =x*+y*+ 74— 2(x?y?+y?z2+ z°x?). The

amplitude for the coalescence procé:_s%D*O—>X can be % ! S ! ——
deduced from the amplitudg) for the scattering process 27 (q+€)*~mi+ie (q' —€)2—mp, +ie
D°D*%—DD*0, This amplitude has a pole in the total en- _
ergy E at the massMy=mp+mp«—E,, whereE, is the _ : _ (A7)
binding energy given by Eq1). Its behavior near the pole is 4EpEp«(Ep+Epx—Qp)
— — 87 MpMp« In the rest frame ofX, the energies ar&p=(m3+ €%)*?,
0 0 0 0 - - =
A[DD*"—=D"D*"]— 2 a Ep«=(m>, +€%)*? and Qu=My. Expanding the denomi-
bDb nator to lowest order if and 14, Eq. (A7) becomes
1
X : (A5) 1 Mpp* 1
E—(mp+mpx —Ep) = 2 2
4EDED*(ED+ ED* _Qo) 2mDmD* € +l/a
The residue is proportional to the square of the amplitude for (A8)
no 0 .
D'D*"—X: which is proportional to the momentum-space wave function

167M XmDmD*
2
Mpp»a

If not for the loop momenta, the product of tB& propa-
gator in Eq.(A3) and its complex conjugate could be ex-
pressed as a Breit-Wigner resonance factor. If we take into

Our strategy is to manipulate the decay rate into a formaccount the loop momenta, that product can be approximated
that includes as a factor the differential decay rate Yor as

1/2 Y(€) in Eq. (2).
A[D°D*°— X]= ) (AB)

i i * 1 imglg
(p+€)>—m3+imglg |\ (p+€")2—m3+imgl p-(£—€")+(£2—€'?)[2+imglg (p?—m3)%+ (mgl'g)?

imo(p?—ma). (A9)

Ck-(£—€')+imglg

In the second line, we expressed the product of propagatoffhe expression foq in Eq. (A10) implies kg=p6 - Thus our

in terms of a difference between propagators and took thepproximation for the inner product in the denomlnator of
limit €—0 and ¢'—0 in that difference to get a Breit- Eq.(A9) can be written

Wigner resonance factor. In the third line, we took the limit

I's—0 in the resonance factor to get a delta function. We

also used the relationg?=—2q-¢ and ¢'?>=—2q-¢’, k- (€=€")=pq-(£—¢"). (A11)
which follow from the f_act that, g+¢ andq+ ¢’ are all on
the mass shell of th®° meson. The inner produdt- (¢ We can integrate in the momentyprof the B* using the

—¢’) in the denominator of EqLA9) can be expanded in jgentity

powers of the momenté and¢’. The termsq-¢ andq- ¢’

are already second order and could be neglected. However,

for the purpose of evaluating the integral overit is more

convenient to use the fact tige ¢ andq- ¢’ are second order f J 2 32 ———(2m)*s(p—k-q). (A12

to replacek” by a vectorkg whoseu =0 component van- (2)72po

ishes in the rest frame of:
The integral ovep? can be evaluated using the delta func-

k-Q tion in Eq. (A9). After similar manipulations involving the
kb=kH— —Q~. (A10) B~ momentum, our decay rate through the first pathway can

be written
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rl[Y_>Xhh']=f dI'[Y—B*B~ ]| A[B*—D%]|?

X|A[B~—D*%h’]|?

3
———(2m)*W(p—q—k
XJ(ZW)ssz( ™" 8 (p—aq—k)

d3 '
X - (2 45(4) g’ —k’
f(Zw)32k6( m)"67(p'—q )
'7TMX

[
mpmp«aJ  (2m)32Q,"

(A13)

wheredl'[Y—B*B ] is the differential decay rate foY

1 1

PHYSICAL REVIEW D69, 114012 (2004

into B* andB~ with momentap andp’. In the rest frame of
X, the factorl in Eq. (A13) is given by the integral

d3¢  d3¢’ 1
_f (2m)% (2m)% —po- ((— ') +ie
1 1
Xp'Q-(€—€’)+ie€2+1/a26’2+1/a2'

(A14)

We have replaced the termmagl'g in the propagators biye,
because the integral has a well-behaved limit'gs-0.

In order to evaluaté, we first combine both the denomi-
nators€2+m? and¢’'?+ m? wherem=1/a and the denomi-
nators —pq- (€—¢€')+ie and py- (€—€")+ie into squared
denominators using the Feynman parameteind z. We
then combine the squared denominators using an integral
overy:

1 1

—Po-(6—€)+ieph-(€—€)+ie +m? €'2+m?

K ! K !
~Jo X[x€2+(1—x)€’2+m2]2 0 Z[C(z)-(f—f’)Jrios]2

y

1 (1 (=
=6f dxf dzf dy ,
o Jo Jo y[x€2+(1—x)€’2+m2+yC(Z)-(€—€’)+i6]4

(A15)

whereC(z) = — zpg+(1-2) p’Q. The integrals over the momen€aand ¢’ can be simplified by first shifting them and then

rescaling them by factors of and 1—x:

1

f d3¢  d3¢’

(27)°% (27)° [x€%+ (1—Xx)€'?>+m?+yC-(£—€")+ie]*

1

_f a3 die’

(2m)2 (2m)3 {x€2+ (1—x)€' 2+ m?—y?C?/[4x(1—Xx)] +i €}

B B d3¢  d3¢’ 1
=x"¥1-x)"¥ f —. (A16)
(27)3 (2m)3 {2+ €' 2+ m2—y2C?/[4x(1—x) ] +i€e}?
|
The integrals ovey and thenx can now be evaluated ana- d3¢  d3e’ 1
lytically. The resulting expression fdris f —(m—A
yHealy e 2m? 2ap (et etimp Y
1 1 d3¢  d3¢’
| =47 f dz f _ 1A
0 C(Z)Z (277)3 (277)3 = 6472 |Ogm (A18)

1

“Er 0T (ALD

The integral over and ¢’ has a logarithmic ultraviolet di-

The appropriate choice for the cutoff fs=m_, since the
region of validity of the expressiof2) for the wave function
of X is |k|<m,. The integral overz in Eqg. (A17) can be

vergence. It can be regularized by subtracting the integraéxpressed in a manifestly Lorentz-invariant form. Our final

with m=1/a replaced by an ultraviolet cutoff >m:

expression for the integralin Eq. (A14) is
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lOQ(amw)J(pQ !p(lg)a (Alg)

77_2

whereJ(pq,pg) is a Lorentz-invariant function opg and
pg defined by the integral

1 -1

I(p ,p’)=f dz —. (A0
O o zpo— (1-2)pp)?
The integral can be evaluated analytically:
, 1 —Pgop
J(pQ,pQ)z —— C'{ahL,Q
D(pq.Pg) D(pq.Pg)
_P .n’
Jrarctaan,Q , (A21)

where py, pgo and Pq are all defined by Eq(A10) and
D(pg.Po) =[P5PG2— (Pg- PG)?1M2 In the rest frame o
wherepg andpg are spacelikeD (pg,pg) =|PgX Pgl-

It remains only to evaluate the integrals okek’ andQ

PHYSICAL REVIEW D 69, 114012 (2004

T,[Y —Xhh']
=I'[Y—B*B ]| A[B*—D%]|?
X|A[B~—D*%’]|?

MxJ(pq.Pg)
647TmDD* My( M%_4mé)1/2 amDD*

log(am,)

(A24)

The functionJ(pq,pg) given explicitly in Eq.(A21) is a
Lorentz-invariant scalar function of the momemtap’ and
Q. The Lorentz invariants arp?=p’?=m3, Q>=M% and

Mx
p-Q= m(mévLsz—mﬁ),
Mx
p'-Q=——(mg+m3. —m2),

2mD*

1
p-p'=5(M{-2mp).

in (A13). The integral ovek can be evaluated by using the The decay rate through the second pathway is obtained by
identity replacingD® and D*° by D*® andD°. The inner products
between the momenta k' andQ of the final-state particles
are completely determined by the hadron masses. Since these
inner products are different for the two pathways, they pro-
duce distinct momentum configurations and they therefore
cannot interfere.

The rate for the decay —B* B~ followed by the decays

d3k
- 458 (p—g—k)= —g)2—md),
f(%)azk()(zm (p—g-k) =27 5((p— )%~ m?)
(A22)

and similarly fork’. The two remaining delta functions can

then be used to evaluate the integral o@er

3
_ 2_ 2 I NI\2_ an!2
J' (277)32Q027T5((p Q) —mp2ms(p'—q’) —my°)
M

 Ampmp«My (M2 —4m2

i (A23)

B*—D% andB~—D*%h’ is
[,[Y—D°D*%hh’]
=I'[Y—B*B ]BB*—D°]BB~—D*°h'].
(A25)

The expression for the branching fractidﬁﬁB*—>5°h] is

Our final expression for the decay rate through the first pathgiven in Eq. (A4). The amplitude A[B*—D°h] in Eq.

way is

(A24) can be eliminated in favor dﬁ[B+—>5°h].
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