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Brief review of 7 (3875)

Loosely bound charm-meson molecule

Production of 7. and a soft pion at a hadron collider
+ charm-meson triangle singularity

+ cross sections in coupled-channel model

+ contribution from triangle singularity

Summary and outlook



T+(3875)

discovery by LHCb [arXiv:2109.01038, arXiv:2109.01056]
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quark contents: cciid
quantum numbers:
I1(J¥%)=0(1%)
mass (Breit-Wigner):
et = Mt - (Mp+++Mpo) = (-273 £ 63) keV

mass (pole energy) [D*+D0 threshold effect]:
er = Mt - (Mp*+Mbpo) = (-360 + 40) keV

width:
decay modes: DDz, DDOx+, D*D0y

many theoretical studies in the literature See “An updated review of the new hadron states”:
[more than 100 citations for the LHCb papers] Chen at al., arXiv: 2204.02649



T+(3875)

S-wave loosely bound charm-meson molecule!!

k
TC_I; — D"*DY  dominant component

at short distance

- M[DD*] —=M[D*D"] = 1.4 MeV, there is D 'D*
component with small probability
T I : isospin =0: (D*+D0 B D*0D+)/\/§

X(3872)

N } . other possible components of wave functions:
compact tetraquark ccqq,

qq bound to heavy diquark (cc)

(JP C=1+ J =» S-wave coupling to D*°D?/ D*0D?

[|Ex\ <0.22 MeVJ —>» resonant coupling




loosely bound charm-meson molecule

What is the 7" .(3875)?:

0000000000

JP=1* =3 S-wave coupling to D*+D?

S-wave loosely bound charm-meson molecule!!

er| = 0.36+0.04 keV [=¥ resonant coupling
U d J TC_I; — D"tDY  dominant component

. Universal properties determined by the binding energy |eT]|

* large scattering length: |a| = 1/4/2u[e;| = 1/y, |la|>>R = 1/m,
* large mean separation: (r)=al/2, |e7|=360%40 keV implies (r)=3.7+0.2 fm
* scattering amplitude at E < 1/(2uR?): f(E) = 1/( - 1/a + i\/2uE)

XEFT : effective field theory for charm mesons and pions . Galilean-invariant XEFT

Fleming, Kusunoki, Mehen & van Kolck [PRD 76, 034006(2007)] Braaten [PRD 91, 114007(2015)]
Braaten, He & Jiang [PRD 103, 036014(2021)]
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loosely bound charm-meson molecule
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momentum-space wave function: (k) =
k% + y?
d°k

~ wave function at origin: y(r = 0) = J o) (k) =+ o0
/3
unphysical results for some observables
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momentum-space wave function (more physical qualitative behavior at large k):

W(A)(k) _ \/872'(/\ + y)A\y | B 1
A—y k2 +y? k> + A2

- wave function at origin: y/\V)(r = 0) = \/(A + y)Ay/2z




loosely bound charm-meson molecule

including D "D component at short distance with binding momentum Yo+ = \/ 2u(0 + | er])

. e BIAFDAY (1 !
momentum-space wave function: y " "(k) =
Ot A =7, k2 4+y2, k24 A2

wave function at origin (determined by symmetry between the two channels at short
distances ): 1//5/:) = y'"N(r = 0)

(A +7p)y
(A + 70704

<1

relative probability for the D "D channel: Lo, =

N NS 1 L w k)




Production of 7. and a soft pion



charm-meson triangle singularity

for e, =0, I'H: =0 ]

+
TC C

A\ triangle singularity: —
three charm mesons can be on shell simultaneously [ 2

logz(E/EA) divergence in reaction rate at
P Ex = My /2Mp)E. = 6.1 MeV

v square-root branch point at £ = E, /
I . .

cuspat £ = k£

do/dEXo|

E+ — MD*+ - MDO - mn.() — 5.9 MeV



charm-meson triangle singularity

D*+/D*O _ - ntln

+
TC C

A\ triangle singularity:

logz(E/E’A) divergence in do/dE at complex £,

=t narrow peak in reaction rate

v square-root branch point at £ = E (complex)

do/dE

The shape of do/dE near the peak is determined by the
interplay between the logarithmic singularity and the
square-root singularity in the triangle amplitude.

[ for e, <0, I'p: >0 ]

E, | = -400 keV
5 . &=-360 keV
er=-320 keV




do/dE

-

coupled-channel model

—=at 7%

differential cross sections do/dE for T n

e7=-360 keV * 777~ : no triangle singularity peak
A/m,=1/2,12

* Tt77(n"): same shape as those with the
universal triangle amplitudes

* 77 7~ approaches 7 7" at large energy

* At large energy, do/dE o E~'?




coupled-channel model

difference between o[ 7" | for T 7" and T 7~

Alm,=1/2,1,2 | o |Ten™| = o |[Ton| & (1.3%53) X 107%™ [T, no ]

* independent of Enax
 dominated by the triangle-singularity peak

do/dE

e 777~ can be used to measure background




contribution from triangle singularity

subtraction of 7" 7~ subtracts the background for 7" 7"
but keeps the peak from the triangle singularity.

fraction of 7" 7" events with 7" 7" in the peak from triangle

singularity: 1.2%
a small fraction of events are from triangle singularity, but all
within 1 MeV of the peak

LHCDb observed 117 £ 16 events

more statistics to observe the triangle-singularity peak

ETY
{13



Summary and Outlook

™M charm-meson triangle singularities
produce narrow peaks in 7./ invariant mass near D*D* threshold

smoking gun for 7. as charm-meson molecule !!

compact tetraquark would have suppressed coupling to DDV

M At higher energy, do/dE for TT + n" decreases as E ~12 for molecule

do/dE for T, + n" increases as E*'* for compact tetraquark
& Background of 77 +z" can be determined experimentally by measuring 777~ events
CcC cC

M A small fraction of events are from triangle singularity, but within 1 MeV of the peak







Production of 7'’ at a hadron collider

production mechanism of 7 Multiplicity dependence

< creation of D**D? at short distances 100 ————

< "VVE T

+ rescattering of virtual D**D%into 7 < 90 LHC]lO E
>~ 80 ® Tl — D°DOnt 9th™" =

705_ DYDY mpogo < 3.87 GeV/c? E

= DYDY 3.75 < mpopo < 3.87GeV/c? =

S : 60-

S50 T E

10- [

production of D**D? at short distances 308 # - E
20 =

< single-parton scattering (SPS) 105_ + + N’[racks _
< double-parton scattering (DPS) OF e L T -

0 100 200 300 400 500

two charm mesons are created at shorter distance from SPS than DPS

increased yield for 7 at larger Ntracks may arise from the DPS mechanism

a larger fraction is produced by the SPS mechanism by the restriction Ntracks <80



contribution from triangle singularity

- erpott
- - model for background: interpolating between £~ at
small £ and a constant at the local minimum

@/D*O
C

T+ = D™D S g=-360keV

o|(Thn*),| # B6£05)x 107 [Thnoa] |

i
e,
\

0| (T42),| ~ (4.8 %0.2)x 107 [Tf.no 4

o
cross section at large energy increases as E'° Tix™*
= there is a local minimum near 17 MeV | | | | _ N -
+ 0
unphysical behavior: artifact of using the universal | /.~ / To—0u [
approximation for 7" beyond its range of applicability | ——.—”."'./’. S
0 S 10 15 20

E [MeV]
o A few of the 77 events observed by the LHCb should be from 7" + 7™ with Ejy35 < m,



