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• 1950-1960s, an era of new mesons and baryons  Quark model


• Living with mesons and baryons for a long time, until half a century later…


• Tetraquark states (and also later pentaquarks) were found, XYZs


• Exploring physics of hadronic spectrum:

➡ test of quark model

➡ understanding nonperturbative QCD: a mysterious area within the SM

Exotic hadronic states

[Gell-Mann,Phys.Lett.8(1964)214]q q
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Their nature 
is still unclear

 Chen, Chen, Liu, Zhu, ’16; Esposito, Pilloni, Polosa, ’16; Lebed, Mitchell, Swanson, ’16; Guo, Hanhart, 
Meissner, Wang, Zhao, Zou, ’17; Ali, Lange, Stone, ’17; Olsen, Skwarnicki, Zieminska, ’18  …



• An era of exotic hadronic states


• Recently, a new type —— singly-heavy tetraquarks: 


• Less recently, doubly-heavy baryons: 


• Next, more doubly heavy baryons and also doubly-heavy tetraquarks?


• A unique nice feature —— weakly decaying (at least )


• But first, are they there?
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Doubly-heavy tetraquarks

[LHCb,2009.00025,2009.00026]

[LHCb,1707.07621]
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A new window to 
tetraquark nature
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b q

[Eichten,Quigg,1707.09575]



• Two possibilities: yes or no.


• If no, a big problem to theorists. 


• If yes, we need to find them first.


• Two questions: 

✓ Can we?

✓ How can we?


• Two key issues to answer:

✓ Production

✓ Detection

Doubly-heavy tetraquarks
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• Heavy quark symmetry  two heavy quarks form a heavy diquark


• Hadronization from a heavy diquark jet as a heavy baryon: two steps


• Key issue: how to identify a diquark jet

Production
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1. Collinear bb quarks  diquark jet 


2. Diquark jet  fragmentation into hadrons 

→

→

[A.Ali, Parkhomenko, QQ, W. Wang,1805.02535]



• To form a diquark jet: bb quarks produced collinearly.


• To quantify how collinear, we use the invariant mass


                         


• The diquark jet resolution parameter  is determined 
by  meson production at LHCb and at Z factories


• The results for production rates


         


         

Mbb−jet < 2mb + ΔM

ΔM
Bc

σ(Hcc, Hbc, Hbb) ≈ 2.2 × 102, 2.7 × 102, 15 nb

B(Z → Hcc, Hbb + X) ≈ 3.0 × 10−5, 1.6 × 10−5

Production: diquark jet

6

[A.Ali, Parkhomenko, QQ, W. Wang,1805.02535]
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2 Production rate

Following the approach proposed by [39–41], we estimate the production rate of double-
charm hadrons Hcc at the LHCb and the CEPC. The basic idea is as follows. First,
the underlying processes for their production at the quark level are pp ! ccc̄c̄ + X

and e
+
e
�

! Z ! ccc̄c̄. The two charm quarks must stay close enough to form a cc

diquark jet, which further fragment into kinds of double-charm hadrons. The invariant
mass of two heavy quarks mQQ0 is used to parameterise their collinear level, and if mQQ0

is smaller than some cut-o↵ value MQQ0(�M) ⌘ mQ + mQ0 + �M , we accept the two
heavy quarks as aQQ

0 diquark jet that will eventually produce a doubly-heavy hadron. In
contrary, ifmQQ0 exceedsMQQ0(�M), the two heavy quarks fragment independently. The
parameter �M can be determined by matching the partonic bc̄ production simulation to
the experimental measurements of the Bc meson production cross sections [42]. Through
this procedure, it has been found in [39, 41] that

�M =

⇢ �
2.0+0.5

�0.4

�
GeV, for LHCb,�

2.7+1.3
�0.5

�
GeV, for Z factories.

(1)

LHCb: For the analysis of Hcc production at the LHC with
p
s = 13 TeV, we generate

104 pp ! ccc̄c̄+X events via the Monte Carlo generator MadGraph5 aMC@NLO [43]. It
is found that the total cross section �(pp ! ccc̄c̄+X) ⇡ 3.6⇥ 107 pb, and after applying
the invariant mass cut in (1) we obtain

�(p+ p ! Hcc +X) = (2.2+2.0
�0.6)⇥ 105 pb , (2)

in the transverse momentum range 4 < PT < 15 GeV and the rapidity range 2 < y < 4.5.
The double-charm hadrons Hcc include both the double-charm baryons ⌅++

cc (ccu),
⌅+
cc(ccd), ⌦

�
cc(ccs) and the double-charm tetraquarks T {cc}

[q̄q̄0] and their excited states. There-
fore, we still need to know the relative fractions of Hcc to these hadrons. It is di�cult
to these non-perturbative fragmentation ratios, while we can approximately borrow the
corresponding ratios of a b-quark jet under the heavy quark - heavy diquark symmetry.
Such a ratio has been measured by the LHCb [44]


f⇤0

b

fd

�
(pT) = (0.151± 0.030) + exp [(�0.57± 0.11)� (0.095± 0.016)pT(GeV)] , (3)

which is pT dependent. In addition, we assume that for states containing the same valence
quarks, the ground state fraction is about rg = 0.48 ± 0.08 [45]. Then, convolutingpT-
distribution of the cc-diquark jets fetched from the simulated events with the pT-dependent
fragmentation function (3), we estimate the direct production cross sections of the double-
charm tetraquarks to be

�(pp ! T
{cc}
[ūd̄]

+X) = (1.5+0.7
�0.5)⇥ 104 pb ,

�(pp ! T
{cc}
[ūs̄] +X) = �(pp ! T

{cc}
[d̄s̄]

+X) = (7.3+3.7
�2.5)⇥ 103 pb , (4)

3

at LHCb

at CEPC



• For bb and bc tetraquarks (stable): 


             


             at CEPC


                    at LHCb


• For cc tetraquarks (unstable), we still need the excitation-ground rate


              at CEPC


                                       at LHCb

f(T{bb})/f(Ξbb) ≈ f(Λb)/f(B)

B(Z → T{bb}
[ūd̄]

+ X) ≈ 1.2 × 10−6

σ(T{bb}
[ūd̄]

, T{bc}
[ūd̄]

) ≈ 2.4, 88 nb

B(Z → T{cc}
[ūd̄]

+ X) ≈ 1.1 × 10−6

σ(T{cc}
[ūd̄]

) ≈ 15 nb

Production: fragmentation
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fΛ0
b

fu + fd
(pT) = (1 ± 0.061)[(0.0793 ± 0.0141)

+e(−1.022±0.047)+(−0.107±0.002)×pT]
[LHCb, 1902.06794]

fΛc

fΛc+Σc+Λ*c
= 0.48 ± 0.08 [Belle, arXiv:1706.06791]



• Crosscheck with LHCb and NRQCD (  production at LHC)


           


• A brief summary

Ξ++
cc

Production: results

8

[A.Ali, Parkhomenko, QQ, W. Wang,1805.02535]
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[LHCb, 1902.06794]
[Chang, Qiao, Wang, Wu, ’06]σ(Ξ++

cc ) = σ(Ξ+
cc) ≈ 47 nb 30 ~ 130 nb      (LHCb)


62 nb             (NRQCD)

No. of 
events
LHCb  

(10        )
CEPC  

(Tera-Z)

fb−1

Ξ+
bc

T{bb}
[ūd̄]

T{bc}
[ūd̄]

T{cc}
[ūd̄] Ξ0

bb

106106

3.8 × 107

1.6 × 106

2.4 × 1078.8 × 1081.5 × 108 1.4 × 109



• Its gold channels (possible discovery channels), highly depend on its mass


           


• For different masses, we suggest

Detection: T{cc}
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[QQ, F.S.Yu, arXiv:2008.08026]

compared to 
 thresholdDD*

mass most favored channel

1. Above DD* threshold (strong decay)

2. Between DD* and DD threshold (EM decay )

3. Below DD threshold (weak decay)

Reference [26] [27] [29] [28] [30] [31] [20] [22] [14] [24]

T
{cc}
n̄n̄0 -79 -96 -150 +53 +166 +60 - AT +102 +88

T
{cc}
n̄s̄ -9 -56 +94 +128 +255 +166 +143 AT +179 +181

Reference [32] [23] [33] [34] [13] [35] [21] [11] [25]

T
{cc}
n̄n̄0 BT -215 -149 -182 +7 +98 +91 +125 AT

Table 1: Theoretical predictions on the mass di↵erences of T {cc}
n̄n̄0 and T

{cc}
n̄s̄ from their

thresholds D0
D

⇤± and D
⇤
D

+
s , respectively, in units of MeV. The quarks n, n0 = u or d.

For some works not giving explicits numerical results, we use ’AT’ and ’BT’ denoting
’above threshold’ and ’below threshold’, respectively.

some of them have masses below the threshold and thus can only decay weakly. If such
weakly-decaying tetraquarks are found, it will provide an evidence of compact diquarks
as building blocks of hadronic matter. Among these doubly-heavy tetraquarks, T {cc}

[q̄q̄0] is
the most promising one to be observed at experiments in the near future, because both
its production rate and detection e�ciency are the highest at the LHCb.

Physical properties of double-charm tetraquarks have been extensively studied by
theorists. Their masses have been calculated in di↵erent procedures, such as QCD sum
rule [20, 21], lattice [22], Bethe-Salpeter equation approach [23], heavy quark symmetry
[14, 24] and lots of QCD inspired models [13, 25–35]. The results are listed in Table
1 in form of the mass di↵erences of T {cc}

n̄n̄0 and T
{cc}
n̄s̄ from their thresholds D

0
D

⇤± and
D

⇤
D

+
s , respectively. It can be seen that some of the calculations suggest they lie above

the thresholds and that the others are against it. If they are stable particles below the
threshold, they will mainly decay radiatively (or even weakly according to e.g. [23]), and
thus have a relatively long lifetime, which will considerably suppress the background and
make the experimental hunting easier. On the other hand, if they are unfortunately
unstable particles above the threshold, they still get a good chance to be found at the
LHCb using the similar method of [36].

In section 2, we study the production of T {cc}
[q̄q̄0] at both the LHCb and future Z-factories.

According to our estimation of the production cross section, the LHCb has produced
O(108) double-charm tetraquarks up to now, and this number will increase by almost one
order of magnitude by the end of Run 4 [37, 38]. It is also shown that a Tera-Z factory
will produce O(106) double-charm tetraquarks in a very clean environment. In section
3, possible decay channels of T {cc}

[q̄q̄0] are discussed, for two cases with the double-charm
tetraquarks either above or below the threshold. At the LHCb, we propose the some decay
channels to search for the double-charm tetraquarks, because they have relatively large
branching ratios and more importantly all of their final-state particles can be detected at
the LHCb with a high e�ciency. On the other hand, future Z-factories have an advantage
over the LHCb of searching for other decay channels such as T {cc}

[ūd̄]
! D

0
D

+
�, whose final

states contain neutral particles. We conclude by section 4.
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• In contrary to cc,  has much lower exclusive branching ratios (~ )


• Go inclusive! 


• Weakly decaying  are the only sources for displaced  mesons

➡  transition is required


• The branching ratio


          


• With the  detection efficiency  and 
10  data at LHCb,  events are expected. 

Hbb 10−6

Hbb Bc
b → c̄

B(Ξbbq → B̄c + X) ≈ 0.8 %

B̄c B(B̄c → Jψ + π− → μ+μ−π−) ≈ 2 × 10−4

fb−1 𝒪(102)

Detection:  ( )T{bb} Hbb
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[Gershon,Poluektov,1810.06657]

[Ridgway,Wise,1902.04582]



• Some suggestions in the literature:

➡ 


➡ 


• A new idea. (come out soon)

B(Ξ0
bc → pK−) = 𝒪(10−8 − 10−7)

B(Ξ+
bc → Σ+

b K̄*0, Ξ0
bc → Λ0

bK̄*0, Ωbc → Ξ0
bK̄*0) = 𝒪(1% − 10%)

Detection:  ( )T{bc} Hbc
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[Li,Lu,Wang,Yu,Zou,1701.03284]

Small branching ratio or low detection efficiency.



• Come back to the two questions: 

✓ Can we? 

✓ Yes, if not too weird. For each doubly-heavy hadrons, millions will be 

produced at CEPC, and more by 1 to 2 orders at LHCb.

✓ How can we?


• For 


• For , a displaced  meson should be searched. 

T{cc}
[q̄q̄]

Hbb Bc

Summary
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Thank you!

mass most favored channel

1. Above DD* threshold (strong decay)

2. Between DD* and DD threshold (EM decay )

3. Below DD threshold (weak decay)

B(Ξbbq → B̄c + X) ≈ 0.8 %


