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* Old myth

* New life

Murry Gell-Mann
1969 Nobel Prize for physics

The quark model

COMPOSITE
PARTICLES




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

23 24 25 26 27 28 29 30

\'} Cr Mn Fe Co Ni Cu 2n
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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

e More Is better



Who is to be shot next?

Two targets after the £ " discovery.

I'..: [QQ,Shen,Yu,2008.08026]
“Discovery potential of double-charm tetraquarks”

One year later —— 1 discovery was reported
by LHCb on 28 July 2021.

[LHCDb,2109.01038;2109.01056]

=, .. [QQ,Shi,Wang,Yang,Yu,Zhu,2108.06716]
“Inclusive approach for beauty-charmed baryon =, . search”
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Production

Discovery of /.

Detection



Production Mechanism

* |t was proposed for double-bottom hadron production

G Two produced heavy quarks stay close enough to form a heavy diquam

g The heavy diquark further fragments into doubly heavy hadrons J

« Assuming 1. a real tetraquark, the same mechanism applies

Collision
vertex

e Stay close enough? One parameter — —

b

AM =M, —2m, < (2.01“8:2) GeV

4

Determined by matching the B.. production rate to bbéc

[Ali,Parkhomenko,QQ,Wang,1805.02535;Ali,QQ,Wang,1806.09288]
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3) triplets

Ground

Fragmentation of cc diquark

* Heavy quark symmetry

1. Heavy quark flavor symmetry; 2. Heavy quark spin symmetry

* Heavy quark-diquark symmetry

The cc diquark is just a static 3 color source

=P Similar fragmentation with heavy quarks
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(p1) = 0.151 + exp [—0.57 — 0.095p1(GeV)

[LHCDb,1405.6842]

(p1) = 0.263 —17.6 X 10™* - p1(GeV)

[LHCb,2103.06810]

state ratio

> T, = 0.48 = 0.08 [Belle,1706.06791u
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With partonic simulation by MadGraph & Pythia, we obtain

e The cross section for all double-charm hadrons

Production of double-charm hadrons

o(pp = H..+X) = (31071%) nb;

—70

* For double-charm baryons, e.qg.

o(EFT) = (103739 nb -

* For double-charm tetraquarks, e.qg. \

—22

o(TE) = (2411%) nb

The cutsare 4 < p

<15GeV,2 <n<4.5@ 13 TeV LHCb

[QQ,Shen,Yu,2008.080206]

a B

Comparison with theory

vs 62 nb (NRQCD)

\[Chang,Qiao,Wang,Wu,0601 OSZU

KComparison with experiment

vs [30, 130] nb
(LHCDb with theory inputs)

o(Z++) x B(E++ — AYK—ntn)

-

(A+)

= (2.22 £ 0.27 + 0.29) x

~

1074

ILHCb,1910.1131 G]J




Detection of T,

Propose the golden channel 7. — DDt — DD z*

* Big branching ratio

* Big detection efficiency (all charged particles)

Compared with X" - ATK n"zn™

—22

Production
o(TE) = (2413 nb

o(EFT) = (10379 nb

V)
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Decay Br(E't - AYK ntn") Br(Af - pK~n") one more track

10%

6%

1/3

Br(T.. - D°D™*) Br(D™* — D) Br(D® - K~n")?
2 (4%)2

1/2

2/3

o Br(T,..)/BrET) ~ 1/4




Detectionof 7

SN S I .
> oF | LHCh
fT /fE ~/ 1/4 g - i i 0fh~!
cc cc g 50:_ _4,_i i
- - o
Br(T.)/Br(E/ 1/4 So- |
]/'( ) r(h‘ ) ~ - 4 Dt =S 3876
3():— f* i IEI gi};gggﬁ mpoport  [GeV/c? ]—_
o - e -
1500 events of Z' " = ATK n"n™ : hresho | | + :
10 _}h | HH % =
o AT T T
- |+ | 1 | | 1 B
3.87 3.88 389 39
* mD0D0ﬂ+ [G@V/CQ]
Parameter Value
TI: N, ~ 100 N 17 + 16>
6mBW —273 61 keV/ 02
I'sw 410 £+ 165 keV
[QQ,Shen,Yu, 2008.08026] [LHCb,2109.01038;2109.01056]
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Discovery potential of =,
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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

luminosity

Run V

Billions of =, . will be produced @ LHCb Run3.
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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 K-
nt 4 AF
\AV wt
However, for 2, . — =7 + X, the efficiency can be large by Chnd
making use of the inform of displaced vertex "<E Y

[Gershon,Poluektov,1810.06657]

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

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

cC

[QQ,Shi,Wang,Yang,Yu,Zhu,2108.06716]
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Calculationof 5, - =+ X

=—cc

» Firstimportant fact: 5,, - =2..+X = 2, > H  +X

» Regarding the heavy diquarks y, . and y... as point-like particles, 3 body — 2 body
the decay at the quark-diquark level is

Abe = )(cc_l_f_D’ )(cc_l_gq/

[e.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.J.Shi, W.Wang, Z.X.Zhao,Meissner,2002.02785]
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Heavy diquark effective theory

- Integrating out the degrees of freedom above Aqcp, the two heavy quark system
can be regarded as a point-like heavy diquark, scalar or axial-vector

L= : D SHT(DHS! 1 2G1T g1
5—5( S (DHSY) 57
1

. . . . 1 .
Py = — 5[(DMX5)T(DMXW) — (D, X)) (D*X"™)] + Emf(xjxw

« As HEQT for a heavy-light system (heavy meson), the big momentum Mx,SV of a
heavy diquark inside a doubly-heavy baryon can be integrated out by

U — Iy V-X(YH U
X' =e (X + YH)
[Y.d.Shi, W.Wang, Z.X.Zhao,Meissner,2002.02785]

- Then only the Aqcp degrees of freedom are left, the expansion (Aqcp/My ¢)" for
inclusive decays can be performed. At the leading power,

BE)y. = Eee +X) = B(lpe = Xee + £70, Yoo + 39" + O(1/Mpp)
b b 00 Hadron = Diquark

19



Heavy diquark current

» The key issue is the 2-diquark-2-fermion interaction vertex, i.e. the y, . — y.. diquark current

XecWs €| b | yp (Vs €7)) ox — ape™ - €'y H— a,e* - evi+ ae™ - Viek+ asy - e'e’ M

<)(CC(V, 6) ‘ E’}/M}/Sb ‘)(bc(vla 6,)> X — ibOGG,G*V/'u o iblee/e*v'u b T Pr, c
 Matching the b — ¢ current to the y,. — y... diquark current . ;

(analogous to a transition form factor) Ix(k) C Px(K)

Diquark = Quark RV .

* The matching is performed differently for different kinematic

regions, because of different dynamics Xpe Xec

(1)
1. Small recoil region (large g°) — ~ —

2. Large recoil region (small qz)
[QQ,Shi,Wang,Yang,Yu,Zhu,2108.06716]

20



Heavy diquark current

Small recoil region: in the heavy quark limit, the two heavy quarks in the heavy diquark are relatively

static — — sharing the same velocity v b whL
Heavy diquarks can be represented by a Lorentz bilinear field > o (K) b\ (K) (
/ 1 + |2 —/> \—>
D () = ———[1"A,(x) + irsSIC ; ;
Axial-vector Scalar X Xec
(1)
Its Lorentz transformation D (x) — D (x") = A,,D, (A~ )c)A1 " —

its conjugate field D, = y°Dy°, which transforms as D, (x) — D, (x) = [A7}]"D (A~'x)A7}

Then the matching comes to cI'b = tr [ L' DiQ D |, with L=Ly+Lyv-y+ Ly -y+L(v-y)( -7)

[QQ,Shi,Wang,Yang,Yu,Zhu,2108.06716]
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Heavy diquark current

. Calculating the trace cl'b = tr _LT D_“;Q FDfQ | forl" =y, 7,rs using (v-y)D, =D,

* |t simplifies into

X, €) [ 77D | pp (V' €1)) = 5(W)[ — et eV —e* . eV 4 e¥ Vel v - e’e*’“‘]

\/ZM bcM cc

HeeVs €) | ErFysb | xp (Vs €7) = é(w)[ — je€CVH — iee'ew]

\/Q'M bcM cc

Only one function &(w) with w = v - v’ to be determined, similar to the famous Isgur-Wise function.

« Making use of the state normalization we can fix {(w = 1) = 1 a0,1,2,3(q§1ax) = bO’l(qr%laX) =1

[QQ,Shi,Wang,Yang,Yu,Zhu,2108.06716]
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Heavy diquark current

* Large recoil region: at least one hard gluon is to be exchanged, and is thus perturbatively calculable

* The calculation via NRQCD gives myv’ — K L mev — k
O
wry=—2 N L g 0rEO) RS a
| 2(1 —w/w  Ne mg . _

ao(q 2) = bo(qz) = 5202,3@ 2)» 31(42) = b1(42) = E 132,3(q2) mou’ + k' T mqu + k

* At last, we connect the two regions by making a numerical fit accepting the z-series expansion formula

J(0)

1 —q*/mg

flg?) = 1+ bL(qg*) + (g

[QQ,Shi,Wang,Yang,Yu,Zhu,2108.06716]
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Calculationof 5, - =+ X

cC

Numerical result for the decay width

e, -=2.+X)=01.9+20.1x03%x04)x 107" Gev

Lifetime [H.Y.Cheng, F.R.Xu, 1903.08148]
93fs < 7(5,) ) < 108 fs, 409 fs < 7(E} ) < 607 fs

The branching ratio is

BES - E.+X)~14%, BE). ->E.+X)~3%

=T fragmentation suffers a factor of 1/2

CB(E], ”+++X)N7@B( S EF X))~ 1.5%




Search for Z7 — E7 + X with displaced =

bc

* Estimation of signal yield

NE; - EF+X)=N,E})-BE; - E7+X) - eES

o(=
= NE:D) - S5 -B(E,, — E;7 + X)

(‘—‘cc)

Three ingredients:
1. Number of signals of Z++: 10000 for 23 fb~! (Run III, by 2024)
2. Production ratio o(Z2,,.)/0(E,..) ~ 40 % x.G.Wu etal, 1101.1130]

3. Branching fraction of inclusive decay of 2 — E7" + X

25



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

* Final number of estimated signal events @ LHCb Run3

o( =
NEF - B + X) = N(EH (Epe)
bc —_
0(:66)

-B(E — B+ X)

~ 10* x 40% x 7 %

~ 280

* With possible efficiency lost, it should still be detectable @ LHCb Run3

[QQ,Shi,Wang,Yang,Yu,Zhu,2108.06716]
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Conclusion

e More is better: we want more new hadrons.

* We predicted the correct discovery channel and the correct signal yield for the
T discovery at the LHCD.

» We propose to search for 5, via inclusive 2 — E1" 4+ X with a displaced

=T with about 280 signal events to be observed @ LHCb Run 3.

=—cc ’

Thank you!
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