
Me
hanisms of DD̄ pair produ
tion ine+e− → e+e−DD̄and AA → AADD̄ rea
tionsand produ
tion of exoti
 
harmoniaAntoni Sz
zurekInstitute of Nu
lear Physi
s PAN, Kraków, PolandRzeszow Universitywith P. Lebiedowi
z, I. Babiarz and W. S
häferarXiv:2511.16862, Phys. Lett. B75 (2026) 140307.with P. Lebiedowi
zarXiv:2603.1915MESON2026June 25-30, 2026, Kraków, Poland 1 / 43



Introdu
tionThe ground state properties of P-wave 
harmonia χ
J (J = 0, 1, 2) are relatively wellknown.Re
ent studies indi
ate that also for the famous X (3872), although potentially anexoti
 state, the 

̄ 
omponent 
an play an important role.(Babiarz, S
häfer, Sz
zurek, 2023)This naturally raises the question of whether similar situation 
an o

ur for theJP = 0+ and 2+ states.A 
andidate for the χ
2(2P) state (χ
2(3930) in PDG) was observed by the BelleCollaboration and later 
on�rmed by the BaBar Collaboration in the two-photonfusion pro
ess.The 
andidate for the χ
0(2P) state is either the X (3860) (χ
0(3860) in PDG) orthe X (3915) (χ
0(3915) in PDG). The X (3915) state is relatively narrow(Γ ≃ 20 MeV) and was observed in two-photon fusion in the ωJ/ψ de
ay mode.B meson de
ays, B → KJ/ψω (Belle, BaBar) B+ → D+D−K+ (LHCb)The observation of a broad resonan
e identi�ed as a new 
harmonium-like stateX (3860).There is still mu
h un
ertainty about the above assignments for the χ
0,2(2P) statesPrompt hadroprodu
tion of the χ
2(3930) resonan
e was observed by the LHCbCollaboration. in the de
ay modes χ
2(3930) → D+D− and D0D̄0 in proton-proton
ollisions. 2 / 43



Introdu
tion
Regarding the rea
tions e+e− → e+e−DD̄, where D = D0, D+, we are not
onvin
ed of the existen
e of a broad resonan
e (Γ ∼ 200 MeV) at M ∼ 3.85 GeVreported by the Belle and BaBar Collaborations. The reason being that while anenhan
ement is observed in the D0D̄0 invariant mass distribution, the e�e
t is notseen in the D+D− 
hannel. In order to in
rease the statisti
s several groups
ombined the D0D̄0 and D+D− �nal states and studied the 
ombined data.
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Introdu
tion

4 / 43



Produ
tion of DD̄ pairs in e+e− 
ollisions via γγ fusion
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γFigure: Diagrams representing D+D− produ
tion in e+e− 
ollisions. For thepro
ess γγ → D+D− we 
onsider the t- and u-
hannel D± and D∗(2010)±ex
hanges, the 
onta
t term, and the ex
hange of χ
0,2 mesons in the s
hannel. The diagrams for the D0D̄0 produ
tion are similar, but in the 
aseof non-resonant produ
tion we 
onsider only the D∗(2007)0 t/u-
hannelex
hanges. 5 / 43



Produ
tion of DD̄ pairs in e+e− 
ollisions via γγ fusionThe fully di�erential 
ross se
tion readsdσ =
12qs(s − 4m2e )

|M2→4|2(2π)
4
δ

(4)
(p1 + p2 + p3 + p4 − pa − pb) (1)4

Yi=1 d3pi
(2π)32p0i . (2)Here four-momenta of in
oming and outgoing parti
les are denoted bypa, pb , p1, . . . , p4, the energy variable is s = (pa + pb)2, me is theele
tron mass, and |M2→4|2 is the amplitude squared averaged overinitial and summed over �nal lepton polarization states. To 
al
ulatethe total 
ross se
tion one has to perform an eight dimensional phasespa
e integration as is done for instan
e for the pp → ppπ+π− rea
tion 6 / 43



Produ
tion of DD̄ pairs in e+e− 
ollisions via γγ fusionThe generi
 2 → 4 amplitude has the form
Mλaλb→λ1λ2DD̄ = i j (1)α (λ1, λa) −igαµq21 Mµν(γ

∗γ∗ → DD̄)
−igνβq22 i j (2)β (λ2, λb) (3)where λa, λb, λ1, λ2 ∈ {1/2,−1/2} are the lepton polarizations, andq1 = pa − p1, q2 = pb − p2. Below, we also use the Mandelstamvariables t1 = q21 , t2 = q22 , and p34 = q1 + q2 = p3 + p4. Furthermore,j (1)α (λ1, λa) = v̄(p1, λ1)γαv(pa, λa) ≈ (p1 + pa)α δλ1λa ,j (2)β (λ2, λb) = ū(p2, λ2)γβu(pb , λb) ≈ (p2 + pb)β δλ2λb , (4) 7 / 43



Resonant produ
tion: γ∗γ∗ → χ
2 → DD̄The amplitude for the γ∗(q1)γ∗(q2) → χ
2 → D(p3)D̄(p4) subpro
essis given by
Mµν (γ

∗

γ
∗

→ χ
2 → DD̄) = iΓ(γ∗γ∗
→χ
2)

µνρσ (q1, q2) i∆(χ
2) ρσ,αβ
(p34) iΓ(χ
2→DD̄)

αβ
(p3, p4) .(5)Here, we have introdu
ed the propagator for a narrow tensor-mesonresonan
e in the relativisti
 Breit-Wigner formi∆(χ
2)

µν,κλ
(p34) =

ip234 −M2
χ
2 + iMχ
2Γχ
2 » 12 (ĝµκ ĝνλ + ĝµλĝνκ) −

13 ĝµν ĝκλ

–

, (6)where ĝµν = −gµν + p34µp34ν/p234. The total de
ay width of the
χ
2(3930) resonan
e and its mass is taken from the PDG. 8 / 43



Two photons vertex: γ∗γ∗ → χ
2Here we 
on
entrate on the resonan
e χ
2(3930) whi
h 
an beidenti�ed as the χ
2(2P) 
harmonium 

̄ state. We anti
ipate that themain 
ontribution to the 
ross se
tion will 
ome from quasirealtransversally polarized photons. In addition, we expe
t that theheli
ity-2 
omponent will dominate over the heli
ity-0 one.For example in the nonrelativisti
 quark model, the 
ontribution of theJz = 0 polarization of the heavy tensor meson vanishes, see e.g.S
huler:1997yw. We therefore limit ourselves only to heli
ity-2
omponent
Γ

(γ∗γ∗→χ
2)
µνκλ (q1 , q2) = e2 12“RµκRνλ + RνκRµλ − RµνRκλ

”FTT ,2(Q21 ,Q22 ) , (7)where e2 = 4παem, the photon virtualities Q21,2 ≡ −q21,2 > 0, andRµν ≡ Rµν (q1, q2) = −gµν +
1X “

(q1 · q2)(q1µq2ν + q1νq2µ) − q21q2µq2ν − q22q1µq1ν

”

, (8)X = (q1 · q2)2 − q21q22 . 9 / 43



Two photons vertex: γ∗γ∗ → χ
2This vertex fun
tion satis�es the relations
Γµνκλ(q1, q2) = Γνµκλ(q2, q1) , (9)qµ1 Γµνκλ(q1, q2) = 0 , (10)qν2Γµνκλ(q1, q2) = 0 , (11)
Γµνκλ(q1, q2)gκλ = 0 , (12)
Γµνκλ(q1, q2)(q1 + q2)κ(q1 + q2)λ = 0 , (13)and is also symmetri
 when ex
hanging κ ↔ λ.The transition form fa
tor will be parametrized asFTT ,2(Q21 ,Q22 ) = FTT ,2(0, 0) Λ2Q21 + Q22 + Λ2 . (14)In the 
al
ulations we take Λ = Mχ
2(3930) = 3.9225 GeV whi
h, inprin
iple, is a free parameter. FTT ,2(0, 0), the form fa
tor at theon-shell point, is not dimensionless. 10 / 43



Two photons vertex: γ∗γ∗ → χ
2Assuming that the tensor χ
2(2P) state is quarkonium-like (pure 

̄state) one 
an 
al
ulate FTT ,2(0, 0) in the NRQCD limit [see (4.2) ofBabiarz:2024sqw℄ FTT ,2(0, 0) = 8e2f√ 3N

πM3

χ
2 |R ′2P(0)| (15)with ef = 2/3 and N
 = 3. The �rst derivative of the radial wavefun
tion at the origin is estimated for several 

̄ intera
tion potentialmodels, listed in Table 1 below. Following the approa
h inBabiarz:2020jkh, we solve S
hrödinger equation, but for 2P state, andget |R ′2P (0)| values. 11 / 43



Two photons vertex: γ∗γ∗ → χ
2
Table: Results of the derivative of the wave fun
tion at the origin |R ′2P(0)| for
χ
2(2P) state obtained from the light front quark model for �ve di�erentpotential models, the 
orresponding values of transition form fa
tor (15), andof two-photon width for the heli
ity-2 
ontribution in NRQCD limit.Potential type |R′2P(0)| (GeV5/2) |FTT ,2(0, 0)| (GeV) Γγγ (λ = ±2) (keV)Cornell 0.405 0.314 0.840Bu
hmüller-Tye 0.326 0.253 0.544harmoni
 os
illator 0.275 0.213 0.387logarithmi
 0.263 0.204 0.354power like 0.228 0.177 0.266
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Two photons vertex: γ∗γ∗ → χ
2In the NRQCD limit, the heli
ity-0 term vanishes and the heli
ity-2 isthe dominant one. Then, FTT ,2(0, 0) is related to the two-photonde
ay width of the χ
2 state
Γ(χ
2(2P) → γγ) = (4παem)2 |FTT ,2(0, 0)|280πMχ
2 ; (16)see the dis
ussion in Se
. 4 of Babiarz:2024sqw.Using |R ′2P(0)| = (0.228 − 0.405) GeV5/2 we �nd

Γγγ(λ = ±2) = (0.27 − 0.84) keV assuming the dominan
e of theheli
ity-2 term.Here, the Cornell potential gives the largest value of the two-photonwidth. It is worth noting that the BLFQ predi
tion Li:2021ejv for thetwo-photon width of χ
2(3930), Γγγ = 0.58(25) keV (see Table I ofLi:2021ejv), is most 
ompatible with our result obtained for theBu
hmüller-Tye potential. 13 / 43



Two photons vertex: γ∗γ∗ → χ
2
For 
omparison, a value |R ′2P (0)|2 = 0.1767 GeV5 was found inEi
hten:2019hbb 
omputed for the mass M = 3.9554 GeV withm
 = 1.84 GeV within the Cornell potential. This value,
|R ′2P (0)| ≃ 0.420 GeV5/2, appears to be larger than our �ndings.Nevertheless, it was used for the in
lusive χ
1(3872) produ
tionCisek:2022uqx leading to a good des
ription of the proton-proton datawithin the un
ertainty of the model (di�erent gluon uPDFs).
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Two photons vertex: γ∗γ∗ → χ
2Alternatively, for the γ∗γ∗ → χ
2 vertex one 
an use the form given in(C25) of Pas
alutsa:2012pr. In this 
ase, the heli
ity-2 
omponentreads
Γ
PPV
µνκλ(q1, q2) = e2“Rµκ(q1, q2)Rνλ(q1, q2) +

ŝ8X Rµν (q1, q2)(q1 − q2)κ(q1 − q2)λ

”(q1q2)/Mχ
2 F̃TT,2(Q21 ,Q22 )where ŝ = (q1 + q2)2 = 2(q1 · q2) + q21 + q22 . We haveq1 · q2 = (M2
χ
2 + Q21 + Q22 )/2. Introdu
ing an extra fa
tor

(q1 · q2)/Mχ
2 the transition form fa
tor F̃TT ,2(Q21 ,Q22 ) remainsdimensionless. For the PPV vertex fun
tion we �nd the relations
ΓPPVµνκλ(q1, q2)gκλ 6= 0 , (17)
ΓPPVµνκλ(q1, q2)(q1 + q2)κ(q1 + q2)λ 6= 0 . (18) 15 / 43



Two photons vertex: γ∗γ∗ → χ
2In order to get 
ompatibility with the formula given by Eq. (7), we writeF̃TT ,2(Q21 ,Q22 ) =
Mχ
2q1 · q2FTT ,2(Q21 ,Q22 ) . (19)The two verti
es are written for `on-shell' χ
2 meson, that is forp234 = M2

χ
2 . For p234 6= M2
χ
2 the form fa
tor F (χ
2)(p234) 
an beinserted in addition.The form fa
tor should be normalized to F (χ
2)(M2

χ
2) = 1.In our 
al
ulation we put F (χ
2)(p234) = 1. 16 / 43



χ
2 → DD̄ vertexThe χ
2DD̄ vertex (see Eq. (3.37) of Ewerz:2013kda) for theanalogous f2ππ vertex 
an be written asiΓ(χ
2→DD̄)
µν (p3, p4) = −i gχ
2DD̄2M0 »

(p3 − p4)µ(p3 − p4)ν −
14gµν(p3 − p4)2–F (χ
2)(p234) (20)with M0 ≡ 1 GeV. We have Γ

(χ
2→DD̄)
µν (p3, p4)gµν = 0. Here we 
anassume the form fa
tor for the o�-shell χ
2 meson. In our 
al
ulationwe put F (χ
2)(p234) = 1.The de
ay width of χ
2 → D+D− is given by

Γ(χ
2 → D+D−) =
Mχ
2480π |gχ
2DD̄ |2(Mχ
2M0 )2(1− 4m2DM2

χ
2)5/2
. (21)We take mD = mD+ . The χ
2(3930) has isospin I = 0. Assumingisospin invarian
e in the de
ay, we get

Γ(χ
2 → D+D−) = Γ(χ
2 → D0D̄0) =
12Γ(χ
2 → DD̄) . (22) 17 / 43



χ
2 → DD̄ vertexWe noted that the most signi�
ant partial widths for χ
2(2P) are
Γ(χ
2 → DD̄) and Γ(χ
2 → DD̄∗). Di�erent 
al
ulations in theliterature support the fa
t that the total width of χ
2(2P) is largelysaturated by the DD̄ mode. For instan
e, in Eq. (24) and Fig. 24 ofWilson:2023anv one 
an �nd Γ(χ
2 → DD̄) ≈ 26(12) MeV and
Γ(χ
2 → DD̄∗) ≈ 22(14) MeV. In Table I of Gui:2018rvv one 
an �nd
Γ(χ
2 → DD̄) = 24 MeV and Γ(χ
2 → DD̄∗) = 13.6− 16.6 MeV(depending on model). In Table IV of Wang:2022dfd, the followingvalues 
orresponding to Mχ
2(2P) = 3930 MeV are stated
Γ(χ
2 → DD̄) = 20.4 MeV and Γ(χ
2 → DD̄∗) = 6.9 MeV. On theother hand, the authors of Ortega:2017qmg,Man:2024mvl found adi�erent de
omposition of partial widths.Thus, for the estimate, we take Γ(χ
2 → DD̄) = 14− 26 MeV, andusing (??), (21), and (22) we obtain |gχ
2DD̄ | = 8.34− 11.37. With
Γχ
2 = 35.2 MeV (49) we get the bran
hing fra
tion in the rangeB(χ
2 → DD̄) = 0.40− 0.74. 18 / 43



Resonant produ
tion: γ∗γ∗ → χ
0 → DD̄Here we write formulas for the produ
tion of the s
alar χ
0(2P) stateassumed by us to have the mass of χ
0(3860). The total de
ay widthof the χ
0(3860) resonan
e and its mass given in the PDG is:Mχ
0 = 3862+50
−35 MeV ,

Γχ
0 = 200+180
−110 MeV . (23)In the 
al
ulations, we also 
onsider another s
enario:Mχ
0 = 3862 MeV ,

Γχ
0 = 50 MeV . (24)The narrower total width of χ
0(3860) seems to be 
onsistent withBaBar data for D+D− 
hannel; see Fig. 3(b) below. Similar value isgiven in Table VI of Ei
hten:2004uh (see 23P0 state).The amplitude for the γ∗(q1)γ∗(q2) → χ
0 → D(p3)D̄(p4) subpro
essis given by
Mµν (γ

∗

γ
∗

→ χ
0 → DD̄) = iΓ(γ∗γ∗
→χ
0)

µν (q1, q2) i∆(χ
0)
(p34) iΓ(χ
0→DD̄)

(p3, p4) . (25) 19 / 43



Resonant produ
tion: γ∗γ∗ → χ
0 → DD̄The s
alar-meson propagator is parametrized asi∆(χ
0)(p34) =
ip234 −M2

χ
0 + iMχ
0Γχ
0 (26)with a 
onstant de
ay width.The γ∗γ∗ → χ
0 vertex, limiting only to the transverse 
omponent, 
anbe written as
Γ(γ∗γ∗→χ
0)
µν (q1, q2) = −e2RµνFTT (Q21 ,Q22 ) . (27)
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Resonant produ
tion: γ∗γ∗ → χ
0 → DD̄Here, Rµν is de�ned by (8) and the form fa
tor FTT is parametrized asFTT (Q21 ,Q22 ) = FTT (0, 0) Λ2Q21 + Q22 + Λ2 , Λ = Mχ
0 . (28)Assuming that the state is quarkonium-like one 
an 
al
ulate FTT (0, 0)in the NRQCD limit as [see (4.11) of Babiarz:2020jkh℄FTT (0, 0) = e2f√N
 12√
π

R ′2P(0)M3/2
χ
0 . (29)The two-photon de
ay width for χ
0(2P) → γγ is given by

Γ(χ
0(2P) → γγ) =
πα2emMχ
0 |FTT (0, 0)|2 . (30) 21 / 43



Resonant produ
tion: γ∗γ∗ → χ
0 → DD̄In Table below we list our estimates for |FTT (0, 0)| and Γγγ for the
χ
0(2P) state. These values are larger than for χ
2(2P) given inTable 1. It is worth noting that the BLFQ approa
h Li:2021ejv for thetwo-photon width of χ
0(2P) predi
ts Γγγ = 0.68(22) keV.Table: Results for χ
0(2P) state with Mχ
0 = 3862 MeV obtained from thelight front quark model for di�erent potential models in NRQCD limit.Potential type |R ′2P(0)| (GeV5/2) |FTT (0, 0)| (GeV) Γγγ (keV)Cornell 0.405 0.278 3.351Bu
hmüller-Tye 0.326 0.224 2.171harmoni
 os
illator 0.275 0.189 1.545logarithmi
 0.263 0.181 1.413power like 0.228 0.157 1.06222 / 43



Resonant produ
tion: γ∗γ∗ → χ
0 → DD̄For the χ
0DD̄ vertex we have (M0 ≡ 1 GeV)iΓ(χ
0→DD̄)(p3, p4) = igχ
0DD̄M0 F (χ
0)(p234) , (31)where the 
oupling 
onstant gχ
0DD̄ is related to the partial de
aywidth of the χ
0 meson
Γ(χ
0 → DD̄) =

M2016πMχ
0 |gχ
0DD̄ |2(1− 4m2DM2
χ
0)1/2

. (32)For the isos
alar χ
0 we have
Γ(χ
0 → D+D−) = Γ(χ
0 → D0D̄0) =

12Γ(χ
0 → DD̄) . (33)In (27) and (31) we 
an assume the form fa
tor for o�-shell χ
0 meson.In our 
al
ulation we put F (χ
0)(p234) = 1. 23 / 43



Resonant produ
tion: γ∗γ∗ → χ
0 → DD̄Taking Mχ
0 = 3862 MeV, Γ(χ
0 → DD̄) = 16.4 MeV, and usingEqs. (32), (33) we obtain |gχ
0DD̄ | = 2.52. This value for gχ
0DD̄ isused in our 
al
ulations. Considering the Bu
hmüller-Tye potentialfrom Table 2 and assuming the bran
hing fra
tionB(χ
0 → DD̄) = Γ(χ
0 → DD̄)/Γχ
0 = 16.4 MeV/50.0 MeV = 0.328we get
Γγγ × B(χ
0 → DD̄) = 2.171 keV × 0.328 = 0.71 keV . (34)It should be emphasized that the estimate of Γγγ × B(χ
0 → DD̄) ishighly un
ertain in view of the un
ertainty of Γγγ (dependent on the
hoi
e of potential model) and B(χ
0 → DD̄) regarding the 
hoi
e oftotal width Γχ
0 , (23) or (24), and of Γ(χ
0 → DD̄) (see the dis
ussionabove). Note that the present experimental widths are not welldetermined. Clearly, more investigations are ne
essary to 
on�rm theproperty of the χ
0(2P). 24 / 43



Continuum produ
tion of neutral D mesons: γ∗γ∗ → D0D̄0The γγ → D0D̄0 amplitude with the D∗0 ≡ D∗(2007)0 t/u-
hannelex
hanges 
an be expressed as
Mµν(γ∗γ∗ → D0D̄0) = iΓ(D∗0D0γ)

κ1µ (p̂t , q1) i∆̃(D∗0) κ1κ2(s34, p̂2t ) iΓ(D∗0D0γ)
κ2ν (−p̂t , q2)

+ iΓ(D∗0D0γ)
κ1µ (−p̂u , q1) i∆̃(D∗0) κ1κ2 (s34, p̂2u) iΓ(D∗0D0γ)

κ2ν (p̂u , q2) ,(35)where p̂t = pa − p1 − p3, p̂u = p4 − pa + p1, and s34 = p234.The D∗0D0γ vertex, in
luding a form fa
tor, is taken as:iΓ(D∗0D0γ)
µν (p̂, q) = −ie gD∗0D0γmD∗0 εµνρσ p̂ρqσF (D∗0D0γ)(p̂2, q2) . (36)
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Continuum produ
tion of neutral D mesons: γ∗γ∗ → D0D̄0We use the fa
torized form for the D∗0D0γ form fa
torF (D∗0D0γ)(p̂2, q2) = F (D∗0)(p̂2)F (γ)(q2) (37)with F (D∗0Dγ)(m2D∗0 , 0) = 1. We takeF (D∗0)(p̂2) = exp( p̂2 −m2D∗0
Λ2D∗0 )

, (38)F (γ)(q2) =
Λ2
γ

Λ2
γ − q2 , Λγ = 1 GeV . (39)
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Continuum produ
tion of neutral D mesons: γ∗γ∗ → D0D̄0Here p̂2 < 0 and q2 < 0. We take ΛD∗0 = 3.3− 3.5 GeV estimatedfrom a 
omparison of the model results to the experimental data (seeFigs. 3�5).The 
oupling 
onstant gD∗0D0γ is related to the de
ay width ofD∗(2007)0 → D0γ as follows
Γ(D∗0 → D0γ) =

αem24 (m2D∗0 −m2D0)3m5D∗0 |gD∗0D0γ |2 . (40)From PDG we �nd mD∗0 = 2006.85 ± 0.05 MeV ,mD0 = 1864.84 ± 0.05 MeV ,
Γ(D∗0 → D0γ)/ΓD∗0 = (35.3± 0.9)% ,

ΓD∗0 < 2.1 MeV . (41)There is no a

urate experimental result for the total width ofD∗(2007)0. However, there are some estimates, see e.g.Jaus:1996np,Rosner:2013sha,Guo:2019q
n,Jia:2024imm. WithD 0 55 3 keV Guo:2019q
n,Cao:2024nxm we get gD 0D0 5 97and this value is used in our 
al
ulations. The sign of gD 0D0 does notmatter as our amplitude is quadrati
 in the 
oupling. 27 / 43



Continuum produ
tion of neutral D mesons: γ∗γ∗ → D0D̄0We use in (35) ∆̃(D∗0)κ1κ2(s34, p̂2) the propagators for the reggeizedve
tor meson D∗(2007)0. Two s
enarios for the ve
tor-mesonreggeization e�e
t were 
onsidered inLebiedowi
z:2019jru,Lebiedowi
z:2021pzd. In the present work, wepro
eed analogously to (3.20)�(3.22) of Lebiedowi
z:2019jru. TheD∗0-meson propagator and the transverse fun
tion reads
∆̃(D∗0) κ1κ2(s34, p̂2) = −gκ1κ2∆̃(D∗0)T (s34, p̂2) , (42)
∆̃

(D∗0)T (s34, p̂2) = ∆
(D∗0)T (p̂2) „exp(iφ(s34)) s34sthr «αD∗ (p̂2)−1

, (43)where we take the simple expression (∆
(D∗0)T (p̂2))−1 = p̂2 −m2D∗0 , and

φ(s34) =
π2 exp„ sthr − s34sthr «

−
π2 , sthr = 4m2D0 . (44)We use a spe
i�
 nonlinear Regge traje
tory for the D∗0 mesons, theso-
alled �square-root� traje
tory Brisudova:1999ut, viz.

αD∗(p̂2) = αD∗(0) + γ
(

√TD∗ −
√TD∗ − p̂2) , (45)where governs the slope of the traje
tory and TD denotes thetraje
tory termination point. The parameters are �xed to beD 0 1 02, 3 65 GeV 1, TD 3 91 GeV; see Table I ofBrisudova:1999ut. 28 / 43



Continuum produ
tion of 
harged D mesons:
γ∗γ∗ → D+D−The 
ontinuum amplitude with the D± ex
hanges 
an be written in asimilar manner as in Lebiedowi
z:2015
ea,Klusek-Gawenda:2017lgt forthe γγ → H+H− and γγ → pp̄ 
ollisions. The amplitude for thesubpro
ess γγ → D+D− has the form:

Mµν(γ∗γ∗ → D+D−) = −ie2((q1 − 2p3)µ(q1 − p3 + p4)ν
1p̂2t −m2D+(q1 − 2p4)µ(q1 + p3 − p4)ν

1p̂2u−m2D − 2gµν ) × F (γ)(q21)F (γ)(q22)F (p̂2t , p̂2u , p234) .(46)Here F (γ)(q21,2) are given by (39) and the o�-shell meson dependen
esare taken into a

ount via multipli
ation of the amplitude by a 
ommonform fa
tor F (p̂2t , p̂2u , p234) [see (2.12), (2.13) ofKlusek-Gawenda:2017lgt but with the repla
ements mp → mD+ and
Λp → ΛD ℄. The parameter ΛD 
ould be �tted to the experimental data.In the present paper, we performed 
al
ulations for F (p̂2t , p̂2u , p234) = 1. 29 / 43



Continuum produ
tion of 
harged D mesons:
γ∗γ∗ → D+D−By a similar way as for D0D̄0, the D+D−-produ
tion me
hanism viathe D∗(2010)± ex
hanges 
an also be 
onsidered. To estimate the
oupling 
onstant gD∗(2010)+D+γ we �nd based on PDGmD∗(2010)+ = 2010.26 ± 0.05 MeV ,mD+ = 1869.66 ± 0.05 MeV ,

Γ(D∗(2010)+ → D+γ)/ΓD∗0(2010)+ = (1.6± 0.4)% ,

ΓD∗(2010)+ = 83.4± 1.8 keV . (47)Using (40) and PDG we get |gD∗(2010)+D+γ | = 0.3. Thus, the
orresponding 
ontribution of the 
ontinuum for e+e− → e+e−D+D−via the D∗(2010)± ex
hanges is mu
h smaller than that for the D0D̄0
ase, and 
an be safely negle
ted. 30 / 43



Results and dis
ussionThe experimental 
ross se
tion (e�
ien
y 
orre
ted) for χ
2(3930)produ
tion, determined by the BaBar Collaboration is
σexp(e+e− → e+e−(γγ → χ
2(3930) → DD̄)) = 741± 166 fb . (48)Here the error is only statisti
al. It is not 
lear whether the BaBarCollaboration imposed the 
ut on pt of the DD̄ pair when presentingthe integrated 
ross se
tion.The BaBar and Belle Collaborations obtained:

Γγγ×B(χ
2 → DD̄) =

{0.24± 0.05 (stat) ± 0.04 (syst) keV from BaBar ,0.18± 0.05 (stat) ± 0.03 (syst) keV from Belle ,(49)with the assumption for the Belle result thatB(χ
2 → D+D−) = 0.89× B(χ
2 → D0D̄0). The PDG average gives
Γγγ × B(χ
2 → DD̄) = 0.21± 0.04 keV . 31 / 43



e+e− → e+e−χ
2(3930)We made 
al
ulations of the 
ross se
tions for thee+e− → e+e−χ
2(3930) rea
tion for 
.m. energy √s = 10.54 GeV.The results are σ(e+e− → e+e−χ
2) = 1.577 pb using the Cornellpotential, and 1.022 pb using Bu
hmüller-Tye potential. To obtain(48), we �nd B(χ
2 → DD̄) 
orresponding to Γγγ from Table 1 forthese two potentials. We got
Γγγ × B(χ
2 → DD̄) =

(0.840 keV × 0.47+0.10
−0.11 = 0.39+0.09

−0.09 keV for Cornell ,0.544 keV × 0.73+0.16
−0.17 = 0.40+0.08

−0.10 keV for BT . (50)Comparing the results (50) to the BaBar result (49)(Γγγ × B(χ
2(2P) → DD̄) = 0.24± 0.06 keV) one 
an see that theyare roughly 
onsistent within the un
ertainty.Taking into a

ount the 
ondition pt,χ
2 < 0.05 GeV we obtain
σ(e+e− → e+e−χ
2(2P)) = 0.625 pb (Cornell) and 0.405 pb (BT).These results lead to B(χ
2 → DD̄) = 1.19 and 1.83 for Cornell andBT potential, respe
tively.This suggests that the value given by BaBar does not in
lude 
uts. 32 / 43



e+e− → e+e−DD̄In Table 3, we listed the values of the �tted parameter |gχ
2DD̄ |obtained from 
omparison to the 
ombined BaBar 
ross se
tion (48).For neutral and 
harged 
hannel we obtain
σ(e+e− → e+e−(χ
2(3930) → D0D̄0)) = 390± 87 fb ,

σ(e+e− → e+e−(χ
2(3930) → D+D−)) = 351± 79 fb . (51)The requirement of very small transverse momentum pt,DD̄ < 0.05 GeVis motivated by an untagged analysis of γγ → DD̄ produ
tion by Belleand BaBar. Due to the pt,DD̄ 
ut the 
ross se
tion is redu
ed by afa
tor of 2.54. In order to des
ribe the BaBar result (48), this 
auses alarger value for the 
onstant |gχ
2DD̄ | and thus leads to bran
hingfra
tion B(χ
2 → DD̄) ∼ 1. Then, the theoreti
al results for thepotential models under 
onsideration are not 
onsistent with theexperiment. 33 / 43



e+e− → e+e−DD̄Table: Results for the rea
tion e+e− → e+e−DD̄ via χ
2(3930) 
al
ulatedfor √s = 10.54 GeV without and with the limitations on the transversemomenta of the �nal state parti
les. In the last 
olumn the produ
t of thetwo-photon width of the χ
2(3930) state and the bran
hing fra
tion to DD̄for ea
h model is given.Potential |gχ
2DD̄ | B(χ
2 → DD̄) Γγγ × B(χ
2 → DD̄) (keV)no 
uts Cornell 8.1+0.9
−1.0 0.38± 0.08 0.32± 0.07BT 10.1+1.1
−1.2 0.58± 0.13pt1, pt2 < 1 GeV Cornell 8.4+0.9
−1.0 0.40± 0.09 0.34± 0.08BT 10.4+1.1
−1.2 0.62± 0.14pt,DD̄ < 0.05 GeV Cornell 12.9+1.4
−1.5 0.96± 0.21 0.80± 0.18BT 16.1+1.7
−1.9 1.48± 0.33 34 / 43



e+e− → e+e−DD̄From Table 3 one 
an see that the obtained value of the bran
hingfra
tion B(χ
2(2P) → DD̄) depends on the potential model (thetwo-photon width of the χ
2(3930) state) assumed in the
al
ulations.For the results 
al
ulated without kinemati
al 
uts, the obtainedvalue for the produ
t Γγγ × B(χ
2(2P) → DD̄) is 
onsistent withexisting Belle and BaBar measurements within un
ertainties.From our analysis, the 
orresponding bran
hing fra
tion isB(χ
2(3930) → DD̄) = 0.38± 0.08 for the Cornell potential and0.58± 0.13 for the Bu
hmüller-Tye potential. 35 / 43



Di�erential distributionsNow we wish to show some di�erential distributions for thee+e− → e+e−(χ
2(3930) → D0D̄0) rea
tion. Figure 2 shows thedistributions in pt,DD̄ the transverse momentum of the D0D̄0 pair, inlog10(pt1/1GeV) one of the integration variables, and in |t1| thefour-momentum transfer squared.In the 
al
ulation we used gχ
2DD̄ = 10.1 
orresponding to the BTpotential. We show results when we have not imposed any restri
tionson kinemati
 variables and the results with the 
onditionpt,DD̄ < 0.05 GeV.The distribution in pt,DD̄ peaks in the region of low pt,DD̄ . Thet distributions are strongly peaked at very small |t1| and |t2|. This is
aused by the fa
tors 1/t1,2 from the photon propagators. One 
an
learly see that imposing the 
ondition on pt,DD̄ < 0.05 GeVsigni�
antly redu
es the 
ross-se
tion and limits the momentumtransfers to the ele
trons, |t1,2| < 0.01 GeV2. 36 / 43



e+e− → e+e−DD̄
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tion for √s = 10.54 GeV. We showthe results without and with the 
ut on pt,sum < 0.05 GeV. The 
al
ulationswere done for the BT potential and with g
χ
2DD̄ = 10.1. 37 / 43



e+e− → e+e−DD̄In �gure below we show the distribution in pt,DD̄ in the regionMDD̄ ∈ (3.91, 3.95) GeV.
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Figure: The invariant mass distribution for the e e e e DD rea
tionfor the neutral and 
harged 
hannels, and the 
ombined DD �nal state. (a)Comparison of theoreti
al results to the Belle data. (b) Comparison oftheoreti
al results to the BaBar data (
) The di�erential 
ross se
tionsd dMDD for the 
omplete model (
ontinuum, 
0 3860 , and 
2 3930
ontributions) and for the 
ontinuum 
ontribution alone. For the 
0 3860term we take (24). The red long-dashed lines 
orrespond to the D0D0
hannel and the blue dashed lines 
orrespond to the D D 
hannel. Thebla
k solid line represents the sum of all 
ontributions for two 
hannels. Inpanel (d), we show the di�erential distributions in transverse momentum ofthe DD pair. The 
al
ulations were done for s 10 54 GeV and with the
ut on MDD 3 91 3 95 GeV. The meaning of the lines is the same as inFig. 3(
).
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e+e− → e+e−DD̄
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Figure: Comparison of theoreti
al results to the BaBar data. The meaning ofthe lines is as in Fig. 3, but for the χ
0(3860) term we used the middle valuesfrom (23). 39 / 43



e+e− → e+e−DD̄
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omplete model results to the e�
ien
y-
orre
ted(
ombined) BaBar data. The bla
k solid lines represent results obtained for
Γχ
0 = 50 MeV (24), while the blue dashed lines 
orrespond to
Γχ
0 = 200 MeV (23). Here, the 
al
ulations for the D0D̄0-
ontinuum
ontribution were made for ΛD∗0 = 3.3 and 3.5 GeV in (38), whi
h
orrespond to the lower and upper lines in the bands, respe
tively. We usedthe Bu
hmüller-Tye potential for the ex
ited 2P states, χ
0,2(2P). 40 / 43
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AA → AADD̄
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Figure: The di�erential nu
lear 
ross se
tions for the rea
tionsPbPb PbPbD0D0 (the red band) and PbPb PbPbD D (the bluedotted 
urve) 
al
ulated for sNN 5 02 TeV and imposing 
uts:D 2 5, pt D 0 2 GeV, and MDD 4 3 GeV. For the D0D0 
hannel, the
ontinuum 
ontribution was 
al
ulated for D 0 3 3 and 3.5 GeV in (38),whi
h 
orresponds to the lower and upper red long-dashed lines in the bands,respe
tively.
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Con
lusionsIn the present paper, we have 
on
entrated on the possible observation of ex
itedP-wave 
harmonia in the e+e− → e+e−DD̄ rea
tion.One of our goals was to estimate the 
ross-se
tion of meson-pair 
ontinua for bothD0D̄0 and D+D− 
hannels separately.We have 
onsidered t- and u-
hannel ex
hanges of the ve
tor D∗0 and D∗± mesons.The 
orresponding 
oupling 
onstants for the D∗Dγ 
ouplings have been obtainedfrom the experimental radiative partial de
ay widths of D∗ → Dγ.For the D+D− 
hannel, we have also 
onsidered the 
ontinuum me
hanism via theD± t/u-
hannel ex
hanges plus 
onta
t term.we �nd a large 
ontribution of the 
ontinuum to the D0D̄0 
hannel and a mu
hsmaller one for the D+D− 
hannel.Our analysis suggests that the broad bump at MDD̄ = 3.8 GeV observed in the D0D̄0
hannel, and not observed signi�
antly in D+D−, is rather due to the 
ontinuumme
hanism.We have shown that taking this resonan
e into a

ount with Γχ
0 = 50 MeVimproves the des
ription of the near-threshold data, in parti
ular, the BaBar data forthe D+D− 
hannelOur analysis indi
ates that further theoreti
al and experimental resear
h is needed tounderstand properties of the χ
0(2P) state more pre
isely.We have also estimated the 
ross se
tion for the χ
2(3930) produ
tion in no tag
onditions using R′2P(0) 
al
ulated within the light front quark model. We haveobtained an integrated 
ross-se
tion σ(e+e− → e+e−χ
2(3930)) ∼ 1 pb using theBu
hmüller-Tye potential.We have also obtained B 
2 DD̄ 0 32 0 07 keV This is not far fromthe experimental value. 43 / 43


