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e Itis important to study =, .

 We propose an inclusive approach to find =, .

 We will show it is feasible and timely for LHCDb



* Old myth

* New life

Murry Gell-Mann
1969 Nobel Prize for physics

The quark model
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Three new milestones

* Observation of tetraquarks

[BESIII, Phys.Rev.Lett. 110 (2013) 252001]

The Physics 2013 “Highlights of the Year” (rank 1st)

* Observation of pentaquarks

[LHCb, Phys.Rev.Lett. 115 (2015) 072001]

The Physics World 2015 "top-10 breakthroughs”

=Tt

» Observation of a double-charm baryon =

[LHCb, Phys.Rev.Lett. 119 (2017) 112001]
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“Periodic table of the hadrons”

Periodic Table of the Elements
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Beyond stamp collecting

 Because of color confinement, properties of quarks are studied via
hadrons

* New types of hadrons provide new visual angles into QCD and
also electroweak dynamics

e.g., doubly heavy baryons have a unique structure, resembling a
‘double star’ with a ‘planet’ attached

e.d., the doubly heavy tetraquarks help us probe the nature of
exotic hadronic states, cusps or true resonances



Who is to be shot next?

T..:[QQ, F.S.Yu,2008.08026]



Discovery of T,
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“Highlights from the LHCb Experiment” — —Franz Muheim

“Recent LHCD results on exotic meson candidates” —— lvan Polyakov

@ European Physical Society Conference

on high energy physics 2021

See also Zhihong’s talk

Discovery potentials of double-charm tetraquarks

We find that their production cross sections at the LHCb with /s = 13 TeV reach
O(10%) pb, which indicate that the LHCb has collected (O(10%) such particles.

Through the decay channels of T[E_;f]} — DTK~nt or D’D*+ (if stable) or T[f;f} —
DYD*+ (if unstable), it is highly hopeful that they get discovered at the LHCDb in
the near future. We also discuss the productions and decays of the double-charm

tetraquarks at future Tera-Z factories.

branching fractions of T[f_g]} decays is the same as the observed =+, Comparing with the
production rates between double-charm tetraquarks and baryons, and considering around
2 x 10° events of =" with the current LHCb data, the signal yields of T[f_“;i} would be

cC

O(10%) at LHCb, and will reach O(10°) at LHCb Run III. Thus it is hopefully expected

that the double-charm tetraquark will be observed in the near future. Although the
production rates are smaller at the future Z factories, it is also expected to be observed
at the Tera-Z factories due to the smaller backgrounds.

* Correct discovery channel
* Correct signal yields [QQ, F.S.Yu,2008.08026]



Who is to be shot next?

o(X,.) = 37 nb at 14 TeV LHCb
[X.G.Wu, et al 1101.1130]

2011 | 2012 2018 2023 2029 2035
LHCb Run Il
WG 1fb1 3fbt 9fb!  23fb!  50fb-1 300 fb

Run V

luminosity

Trillions of =, will be produced @ LHCb Run3.

T..:[QQ, F.S.Yu,2008.08026)

=, .- this talk



Difficulties in experimental searches for =,

[W. Wang, F.S. Yu, Z.X. Zhao, 1707.02834]
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(BA) — Afr7) =49 %1073

* Detection efficiency —— small exclusive branching ratios * First experimental attempts
(LHCb, 13 TeV, ~ 5 fb™ 1)

channels '/ GeV B ‘cha,nnels ‘ '/ GeV B 0(Ey.) B(Ep. — D pK™) < [1.7.30] %
Egc = Afr~ D [113x 1071160 x 107759, — Afp~  [3.31x 107%[4.68 x 107" o(Ap) B(A)— Dpk-)
2. = Ata;  [|442x1071816.24 xTI0~7|E). - AT K~ [9.36 x 10729(1.32 x 10~8 [LHCDb, 2009.02481]
:gc — ATK*™ [1.70 x 1079|241 x 1078|2) . — AT D~ ]2.27 x 10719(3.21 x 1078
_,bc — AFD* 242 x10719(13.42 x 10783(=). - AT D, |6.23 x 10718|8.80 x 10~
=0 s AXD* |5.82 x 10-18(8.22 x 107 <[0.6, 3] X 107
:gc —Srr 112 x 107181.58 x 107 Egc — SFp~ 353 x 10718|4.99 x 107 o2 XBE), — Atr) D »
=, = Xtar  [5.24x 1078|741 x 1077 |2), - LK~ [9.16 x 1072Y|1.29 x 10~8 o(A)) B(AY - Afrn) < 10525110
:gc — YFK*~ |1.86 x 10719|2.63 x 107 8|=) — =+D~ [1.96 x 10719]2.77 x 108
20— TFD* [3.85x 10710(5.44 x 108|290, — £ D; [5.34 x 10-18|7.55 x 10~ o) BE > BT 1 46 015 10
=0 XD [9.73 x 10-18[1.38 x 10~ o(Ap) B(A) = Etn™)

[LHCDb, 2104.04759]

,6(A)) ~ 10 ub,6(E)) ~ 40 nb)



A novel approach — — inclusive =, . search

Generally, inclusive decays have (1) larger branching ratios but
(2) lower detection efficiencies

JZ'+
— r——|——|— . K_
However, for =, . — 2.7 + X, the efficiency can be large by A+
making use of the inform of displaced vertex —=++ )
—cc ,* +
— ’ T

[Gershon,Poluektov,1810.06657] i
P § p

=, . is (almost) the only source for displaced = _.’s

The B, — E' T 4+ X decay is highly suppressed

cC
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Calculationof 5, - =+ X

=—cc

+
T
First important fact: =, . — = . +X = X, — X . K~
+
AC
E++ Ry

N CC', ]z_-l—

- &

Regarding the heavy diquarks y;, . and y,.. as point-like particles, ===

the decay at the quark-diquark diquark level is P ; P
Abe ™ Xec + Lﬂ_D? Acc + gq/

le.g.,Brodsky,Guo,Hanhart,Meissner,1101.1983]

By making use of OPE, the inclusive decay rate is expanded by
powers of 1/M ;. within the Heavy Diquark Effective Theory

[Y.d.Shi, W.Wang, Z.X.Zhao,Meissner,2002.02785]
At the leading power

B(E,. = X.) =By = Xee ¥ €70 Yoo +Gq) + O(1/M )
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Calculationof 5, - =+ X

mbv’ — k' YulT, mev — k
 The key issue is the 2-diquark-2-fermion interaction vertex, i.e. the ) r < »:s\\ ,'
Xbe = Xeoo diquark current Y a
\I I | I\
JecWs €) | EVPD | g (Vs €)) o — age™ - €'vi— ae* - eVvi+ ae* - viel+ azv-€ele L . L
mqv' + k' mou + k
HecW, €)1 E7"ysh | xp (V' €)) & — ibye® € " # — ib e«

* The large-recoil diquark current calctlated via NRQCD

a N.+1

\)

1
Ry (O)R:(0)

2 C
a,3(q°) =
2(1 —w/w  Ne mg

dp.1,2

* The small-recoil diquark current determined by heavy quark
symmetry

ao,1,2,3(%%1ax) = b0,1(6]§m) =1
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Calculationof 5, - =+ X

—cc

Numerical result for the decay width

s, - 2.+X)=019+03x04£0.6)x 1071° Gev

The branching ratio is

T
BE, - Z.+X)~6%x—
200fs

=T fragmentation suffers a factor of 1/2

1/ Tz =9 Tay, T T
B(Ebc—>EC+C++X)=6%><—< — - )—6%><< - -
2 \200fs  200fs 400fs

Lifetime [H.Y.Cheng, F.R.Xu, 1903.08148]

93fs < 7(2,) ) < 108 fs, 409 fs < 7(E} ) < 607 fs
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Search for 5,. — =" + X with displaced & "

* Estimated of signal signal events

20(5 )
NEye = BEF +X) = NED - —2 ”) B(E,, — Zt+

Three ingredients:

=++

1. Number of signals of = .

2. Production ratio 6(=,,.)/6(E...)

3. Branching fraction of inclusive decay of &, . — 517 4+ X

15



Search for 5, . — =7 + X with displaced ="

- =++
1.Number of signals of =
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Search for £, — =7 + X with displaced = *

2. Production ratio o(Z,;,.)/0(=E,..)
[X.G.Wu et al, 1101.1130]

TABLE VI. Comparison of the total cross section (in units nb) for the hadronic production of = ., E,., and =Z,, at JS = 7.0 TeV
and /S = 14.0 TeV, where [3S;] and ['S,] stand for the combined results for the diquark in spin-triplet and spin-singlet states,
respectively. In the calculations, we adopt p;y >4 GeV and |y| < 1.5.

P
oy
—

I11

Jrf
Jof
—_—

cc bc bb
JS = 7.0 TeV JS = 14.0 TeV JS = 7.0 TeV JS = 14.0 TeV JS = 7.0 TeV JS = 14.0 TeV

[°S, ] 38.11 69.40 16.7 28.55 0.503 1.137
[1S,] 9.362 17.05 3.72 6.315 0.100 0.226
Total 47.47 86.45 20.42 34.87 0.603 1.363

o(E,)/6(E,) ~ 40 %
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Search for 5,. — =" + X with displaced & "

* Final number of estimated signal events @ LHCb Run3

NE, - ET+X)=NE'T)- ) -B(E,. = EIT + X)
NET 20(=, )/ o(E Te+ T Txo
— 104 . ( cc x 40% - 6( bc) G( cc) < 6% - ( be be
104 40 % 4001s

= 240 X

NE) oE)leE.,) (Tazﬁfﬁgc)
10 40 % 400fs
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Small possibility from 5. decays

P
P

- The small phase space (0.18 GeV for = .= ) only allows 7

K-
the processes of Q A
B.-E E.,orE Ey, or E Ex or BXE , or & E* B,
C —cc=c’ —cc—cl> —cc=—c’* —cc=c? —cc=c B o’
C =
» Similar process but with a light spectator quark: p >\

Br(B" - Z AN =(1.2+£0.8) x 107>
(0.5 GeV phase space)

Br(B~ — ZPA7) = (0.95+0.23) x 1073

C e

VAR EANS.

]

B-

A1

d
Ac
c
u

Y

U C
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Conclusion

We propose to search for E, . via inclusive &, . — E7 " 4+ X with a displaced = .

We calculate I'(E,. = E,..+ X) = (1.9 £ 0.3 £ 0.4 £ 0.6) X 1071° GeV.

We estimate about 240 signal events to be observed @ LHCb Run 3.

We hope it is useful. Thank youl!
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