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Tetraquarks composed of 4 heavy quarks
AV, B{-:rﬂzhnuj,-',‘-ﬁ AV, Lun-hinﬁk}-’,"g- and A.A. Nm-‘c:selm-‘g-

LSINP of Moscow State University, Russia
*Institute for High Energy Physics, Protvino, Russia
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Tetraquarks composed of 4 heavy quarks

AV, B{-:rﬂzhnuj,-',‘-ﬁ AV, Lun-hinﬁk}-’,"g- and A.A. Nm-‘c:selm-‘g-

LSINP of Moscow State University, Russia
*Institute for High Energy Physics, Protvino, Russia

With hyperfine splitting one obtains the following masses of the T, states:

o+t M = 18.754 GeV. .MeV,
=" M = 18.808 GeV., M — M., = —490. MeV,
R M = 18.916 GeV., ) ] —382. MeV.

It can be seen that in this case all the states are under the T(15) pair production threshold My, = 2my 5.
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Tetraquarks composed of 4 heavy quarks
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~ Tetraquark bound states in a Bethe-Salpeter approach
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Tetraquarks composed of 4 heavy quarks

:;"
B - .
O AV. BE".I‘{'?ZIIIILJ}",I'B AV, Lun-hinﬁl{j.-'_.‘g- and A.A. Nm-‘c:selu'f‘"
o0
L ) _ _ .
= = Tetraquark bound states in a Bethe-Salpeter approach
.-""'_"\.
— L
—_— @ Walter Heupel.! Gernot Eichmann.! and Christian S. Fischer!?
p—
'__: T “Institut fir Theoretische Physik, Justus-Liebig-Universitdat Giessen, D-35392 Giessen, Germany
e - ' CGST Helmholtzzentrum fiur Schwerionenforschung GmbH, Planckstr. 1, D-64291 Darmstadt, Germany.
\ \:h (Dated: November 9. 2012)
,,af:_ ) We therefore read off the mass of an all-charm scalar
s N tetraquark state to be at
8 =
- Metraquark(077) W 5.3 £ (0.5) GeV, (20)
o p—

where the error is a guess based on our nmumerical and
systematic uncertainties, This mass is considerably lower
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Tetraquarks composed of 4 heavy quarks

>
~
\O
— Heavy-flavored tetraquark states with the (QQ)()() configuration
5 -3
— =T Jing Wu', Yan-Rui Lin*~®
— ag' L School of Physics and Key Laboratory of Particle Physics and Particl
I : Irradiation (MOE), Shandong Unitversity, Jinan 250100, China
p— p—
.. ey Kan Chen®?, Xiang Lin?#
;:-;;' ‘_f___j 2 Sehonl af Physical Seience and Technology, Lanzhouw Cniversity, Lanzhouw TI0000, China
::'_' — 5 Research Center for Hoedron and CS5E Physics, Lanzhouw [niversity
A : and Institute of Modern Physics of CAS, Lanshon 730000, China
~
) Shi-Lin Zhu*->0

' School of Ph ysees and State Key Loboratory of Nuclear Physics and Technology, Peking University, Bewpng 100871, Chinag
'Clollaborative Innovation Center of Quantum Matter, Beifing 100871, China
" Center of High Energy Phystes, Peling Untwversily, Berpmg 100871, China

rXiv:

¥
L

Fermilab




Why bother??

2

Tetraquarks composed of 4 heavy quarks
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1ABLE I: Results for the b66b and creF systems in units of MeV. The masses in the fifth column are estimated with m, = 4630
MeV and m. = 1430 MeV. The last column lists masses estimated from the (TY) o (J /00 40) threshold. The base for the
J =) caze is (gzya, d1ys =,

System  ees {Hear) Eigennvalue Eigenvector hass (1Y) (anh)
i 32.0 3210 | 18552 L8020

(bbbt) | 177 0.0 0.0 1

. — 6.0 H8.8 ' .1 (0.55.01.81) . 15586
ARE 240 —h5.1 (—0.81,0.58) .
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Hunting for exotic doubly hidden-charm/bottom tetraquark states

Wei Chen!, Hua-Xing Chen?,” Xiang Liv’*,” T. G. Steele!,” and Shi-Lin Zhu*%'#
1 the QQOQQ configuration
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Why bother??

Hunting for exotic doubly hidden-charm/bottom tetraquark states

Wei Chen!, Hua-Xing Chen?,” Xiang Liv’*,” T. G. Steele!,” and Shi-Lin Zhu*%'#

1 the QQOQQ configuration

Lin**
“avticle Physics and Particle
by, Jinan 250100, China

Lin?1
University, Lanzhon Y3000, China
iysics, Lanzhow [University

Langhow T30000, China

Mass (GeV)

[Technology, Peking University, Bewpng 100871, Chinag
Matter, Beyging 100871, China
prsety, Leying 100871, China

in the fifth column are estimated with my, = 4630
e (TT) or (J/j0J /) threshold. The base for the

FIG. 3: Summary of the doubly hidden-charm/bottom tetraquark
spectra labelled by J7¢. The red and black rectangles are the masses
of the cci and bbbb states, respectively. The vertical size of the
rectangle represents the uncertainty of our calculation. The green and
red solid {dashed) lines indicate the two-charmonium (bottomonium) :
thresholds 1015 (18 (7,018 (18 ) and S/ S/ (CC(1S TS ), R LEOGG
respectively.

tor Mass  (TT)/(und)
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Hunting for exotic doubly hidden-charm/bottom tetraquark states
Wei Chen!, Hua-Xing Chen?,” Xiang Liv’*,” T. G. Steele!,” and Shi-Lin Zhu*%'#
1 the QQOQQ configuration
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QQOQ STATES:
MASSES, PRODUCTION, AND DECAYS
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1611.00348v6

Reference M(X, ) M(XNygs)
(MeV) (MeV)

This work 6,192 £25 (07F) 18.826£25 (077

arxiv:

FIG. 3: Summary of the doubly hidden-c\
spectra labelled by J7. The red and black rec S
of the cci and bbbb states, respectively. The vertical size of the
rectangle represents the uncertainty of our calculation. The green and
red solid {dashed) lines indicate the two-charmonium (bottomonium)
thresholds (15 W (18) (a0 18018 ) and S/ (Y18 YT(LS D),
respectively.
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Why bother??

Beauty-full Tetraquarks

Yang Bai, Sida Lu, and James Osborne
Department of Physics, University of Wisconsin-Madison, Madison, Wisconsin 33706, USA

uration
MO =f18.69+ 0.03 GeV (11)

which is below the energy threshold of 2M{m) =
18.798 GeV and 2M[T(15)] = 18.920 GeV.

Reference M X s M( Xy
(MeV) (MeV)

This work 6,192 =25 (077) 18,826x25 (077}

FIG. 3: Summary of the doubly hidden-c\

spectra labelled by J7. The red and black rec S

of the cci and bbbb states, respectively. The vertical size of the
rectangle represents the uncertainty of our calculation. The green and
red solid {dashed) lines indicate the two-charmonium (bottomonium) :
thresholds 1015 (18 (7,018 (18 ) and S/ S/ (CC(1S TS ), R LEOGG
respectively.
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Why bother??

THE FORCE IS STRONG
WITH THIS ONE.

But is it strong enough to bind bbbb
into a stable-state below the 21, threshold??
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The One Question:

Does a bbbb bound-state exist below 27, threshold?

 N.B.: Only interested in asking if there exists a stable (in QCD) state below-
threshold: Not interested in quantifying finite-volume interactions at/above
threshold.
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Our Lattice Calculation

—

Lattice201/

 We use the Highly-Improved Non-Relativistic QCD (NRQCD) methodology for b-quarks
 Four MILC 2 + 1 + 1 ensembles (one with physical pions) and a ¢, ~ 0.12 — 0.06 fm

» Disconnected diagrams are OZI suppressed for heavy-quarks: Not Included

C. Hughes Fermilab



A Quick Glance: Interpolating Operators

 Two-meson (infinite-volume continuum) eigenstates look like:

> PC.7. 251+1 2S52+1
|Ptot7<] 7krela o L1J17 2t L2J27L'r’el>
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A Quick Glance: Interpolating Operators

 Two-meson (infinite-volume continuum) eigenstates look like:
> PC. 7 251+1 255+1
|Ptot7<] 7krela o L1J17 2t L2J27L'r’el>

« => L, =0 as relative orbital angular momentum would increase internal
energy. Similarly ., = L, = 0.

= 5 _ PC. 7 251+1 255+1 .
* >|Pt0t — 07 J 7kT€lj L LlJ 2t L2J27L7“el — O>

17
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A Quick Glance: Interpolating Operators

 Two-meson (infinite-volume continuum) eigenstates look like:
> PC. 7 251+1 255+1
|Ptot7<] 7krela o L1J17 2t L2J27L'r’el>

« => L, =0 as relative orbital angular momentum would increase internal
energy. Similarly ., = L, = 0.

= 5 _ PC. 7 251+1 255+1 .
* >|Pt0t — 07 J 7kT€lj L LlJ 2t L2J27L7“el — O>

« N.B., even though we create states with total momentum are rest, P,,, = 0,
states with back to back momenta, n(k)n(—k),still contribute to correlator.
We will come back to this!

17
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Tetraguark S-wave Colour/Spin Operators

 S-wave tetraquark building blocks: Gg ~n, = 0", T =17~
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Tetraguark S-wave Colour/Spin Operators

 S-wave tetraquark building blocks: Gg ~n, = 0", T =17~
gq ~ 17,07

|

N.B., Due to fermions being identical, the Pauli exclusion principal =>
S-wave 3(6) diquark can only be spin-triplet (spin-singlet). We study alll
systems of S-wave bbbbat rest that can be made from diquarks

C. Hughes Fermilab



Tetraguark S-wave Colour/Spin Operators

 S-wave tetraquark building blocks: Gg ~n, = 0", T =17~
gq ~ 17,07

« We can look for 071, 17—, 27" pppb tetraquarks
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Tetraguark S-wave Colour/Spin Operators

 S-wave tetraquark building blocks: Gg ~n, = 0", T =17~
gq ~ 17,07

« We can look for 071, 17—, 27" pppb tetraquarks

* Interpolating Operators

O—l—-l— 1_|__ 2—|—+
O++ 1_|__ 2++
Onbnb OTnb EOTT
O++ 1_|__ T 02++
Ory Op3as 2Ury
0++ 2"‘_+
ODb3a3 EOD3a3
O++ 2-|—+
OD6as T20p3a3
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Tetraquark S-wave Colour/Spin Operators

 S-wave tetraquark building blocks: Gg ~n, = 0", T =17~
gq ~ 17,07

« We can look for 071, 17—, 27" pppb tetraquarks

* Interpolating Operators

++ _ ++
0 1+ 2 Two-mesons correlators have four
o++ +— 2+ connected Wick-contractions (come back
Onyn, Oilfnb EOTy to this) (
+4 _ 2++ .
Oy OlD%AZS 0%y
oA EO2 Diquark-AntiDiquark has one connected
fo?’ Di’i‘?’ Wick-contraction (backup-slides).
2
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Tetraguark S-wave Colour/Spin Operators

 S-wave tetraquark building blocks: Gg ~n, = 0", T =17~
gq ~ 17,07

« We can look for 071, 17—, 27" pppb tetraquarks

* Interpolating Operators

_ - . : .
0" 1" 2 * We include all possible local colour/spin
o 1+- EO2++ operators and ensure Fierz relations are
”*ﬁ Oy, i satisfied:
O 1t TO%~
T;:L 0D3A3 : L JFY  Diquark-AntiDiquark 2Meson
0 2 —
Op3a3 EOD343 0™ 3% 3 — 3103 YY) + 5205 7770
()0++ 77()2++- 0+ + 6 % 6 ﬁgﬂo’flv 2ﬂ)7%nb)
D6AB 2UD343 1+- 3% 3 L (15 Tm) + (159 X))
o+ 3x3 2; TY)
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Finally: The a~ 0.06 fm data

N A

:
show me the datal

VAV

« Effective masses are a way to see what is in the data. Any drop of the
effective mass below 27, would be a clear indication of a new bound-state.
However, we fit the correlator data to extract fitted energies.
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Finally: The a ~ 0.06 fm data

 What does the single-meson data look like?

fit fit eff a0.06fm
0.70F — Ey —Eﬂb ¥ E’?b(r) { .48
« & E()
0.65F
>~
0.60F
0551 w

akE

0.50

X
Xxx>§< XX

0.45

0.40 77b

0.35F
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Finally: The a ~ 0.06 fm data

« What about the 0™ two-meson data?
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Finally: The a ~ 0.06 fm data

« What about the 0™ two-meson data?

oM § EL(0):irn=0
T ¢ BN :n=1
1 E(n) =2

a0.06fm
T

=
T

=
T

=)
=
T

8
MW*BX.@ *
oh@

dEanﬁm]b
=
5

bt
o
=]

e
=®
h

(=]
g
-
=
E}
N
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Finally: The a ~ 0.06 fm data

What about the 0™+ two-meson data?

dEanﬁm]b

GE2TA211;,

Lis| o oMl % EST (t):re=0
% - ZM#: $ Egiﬁ (t):r=1
Lo © 1
% 1 EL(n):n=2
o]
R
1ost
%
@
2 2
ook My — 27y
0.95
0.90
085}
0s0} t(fm)
1 L3 4 s 6 7 8
0 20 40 60 80 100 120 140
t/a
‘X 2M1m Eeff [
LISk © T }[( g++(t)'rx—
i M é Ef (t):rn=1
e 1ET (1) =2
x
L0
sk Tx
1oof
27 — 2771,
0.95
0.90 F

a0.06fm

T

a0.06fm

1,48

110}

1.05}

0.90F

085

0.80

—
2 le
lat

2mit

¥ E8§f+(t) 1r=0
z# E8§f+(t) =1

+ E8§f+(t) ire=21]

a0.06fm

1 Nds
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Finally: The a ~ 0.06 fm data

« What about the 0™ two-meson data?

a . (0).06M eff . — a0.06fm
115k o oMl % ES():rn=0 .;43’“’ List k Egr(r)ir=0 1 s
g
. ff ().
x 2M) $ EL(0):n=1 ¢ EfL(n):n=1
Lo @ £ 1 10} eff T
* J[ E§++(f):r_r:2 + EQ++(I)'K‘(72
(o]
105 §< 105}
@
£l 2 — 2 :
& 100 ; My Ul T ool
S &
~ o
Ly 095 R 095
< S
0.90 F 0.90 F
085} E 085}
0sol t(fm) : 080} t(fm)
1 2 3 4 5 7 8 1 2 3 4 5 6 7 8
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
t/a t/a
x
.15k * 2M11-m * Egii (I) e =101 40.06fm x ZMlat a0.06fm
- @ Jat off s MSp e T N3
- x —2My, ¢ EgL(t)ine=1 - QM};;}
Liof ooy | ®
o i EGi (1) ire=2 Lop
x ®
@
Los|F  Tx 1.05 ¥
05} % g
" %
f% 100 § 1.00 b
= =
<) Q
0.95
S S 095
0.90 F 090k
085} 085} -
080} t(fm) : 080k t(fm) J
L, 2 3 4 L3 g 7., 8 1, 2, 3 L4 L3 $ 7., 8
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
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Finally: The a ~ 0.06 fm data

« And the 0" Diquark-Antidiquark?
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Finally: The a ~ 0.06 fm data

« And the 0" Diquark-Antidiquark?

-+
LIS Q ZM'}‘M :[( E(e]if+(r) tre=0|]
* oMy b EL(n):in=1
Lok ]
* L OE(1)ire=2
%
1.05 | &
- % _
ﬁ 1.00 @ .DS >< 3
-
-
Q 095t
53
<
0.90
085
0.80 t(fm)
1 2 3 4 5 6 7 '
0 20 10 60 80 100 120 140
t/a

al).06fm
N,48

6—6x%6

ALpgy

1L.OS|

0951

0.90F

0.851

0.80+

3; M § EL(0):re=0]
1 oMy $ L) :n=1
% pOES () n=2]]
®

%

&

(5]
[}
Lh
=3
~J
o

1 1 L L 1 1
20 40 60 80 100 120 140

a0).06fm
NA48
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Finally: The a ~ 0.06 fm data

« And the 0" Diquark-Antidiquark?

=3
st o 2My g Eol () =0 {9200 Lasp 3; MY § BT (1) ro=0]{e00m
* oM b BN () =1 } M b B =1
Liof % ] L10F -
. bOET (D) n=2 % pOEST (1) =2
105 F % 1.05 ’1
|§ %_ D ~ \ﬁ %
o100k '3 3 >< 3 o 100
T T
lery D
a o
Q 095F S 095
3| )
S S
0.90 0.90
085} | 0.85}
0.80 F f(fm) J 0.80 I(fm)
1 2 3 4 5 6 7 8 1 2 3 5 6 7 8
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
t/a t/a

« Slow decay might make situation look unclear. Where does this slow decay
come from?
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Where does this slow decay come from?

 Operators overlap with the states with relative momenta back-to-back but
overall momentum at rest. E.g.,: = 0,0 () (—k))
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Where does this slow decay come from?

 Operators overlap with the states with relative momenta back-to-back but
overall momentum at rest. E.g.,: = 0,0 () (—k))

« Two-Meson part of infinite-volume continuum 2-pt correlator looks like

> / Bk Z, (k)e Bnk?t
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Where does this slow decay come from?

 Operators overlap with the states with relative momenta back-to-back but
overall momentum at rest. E.g.,: = 0,0 () (—k))

« Two-Meson part of infinite-volume continuum 2-pt correlator looks like
> / Bk Z, (k)e Bnk?t
 The leading order non-rel. e@(pansion of free two-meson energy:

" 2m,
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Where does this slow decay come from?

 Operators overlap with the states with relative momenta back-to-back but
overall momentum at rest. E.g.,: = 0,0 () (—k))

« Two-Meson part of infinite-volume continuum 2-pt correlator looks like

> / d*kZ, (k)e Bkt

. n .
 The leading order non-rel. expansion of free two-meson energy:

k2 4 2
En(k):m;+|| = — " O(15MeV)!

2My, L?m,,
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Where does this slow decay come from?

Operators overlap with the states with relative momenta back-to-back but
overall momentum at rest. E.g.,: = 0,0 () (—k))

« Two-Meson part of infinite-volume continuum 2-pt correlator looks like

> / d*kZ, (k)e Bkt

. n .
 The leading order non-rel. expansion of free two-meson energy:

k2 4 2
En(k):m;+|| = — "~ O(10MeV)!

2My, L?m,,
« Within our statistical precision (and t > 1fm):

Z/dngn(k)G_En(k)t =) (%) T 70t 4 Will come back to
T

n

FV interactions

C. Hughes Fermilab



Finally: The a~ 0.06 fm Data

 How about removing the 1/t3/2 dependence from the two-meson data?
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Finally: The a ~ 0.06 fm Data

 How about removing the 1/t3/2 dependence from the two-meson data?

sl e iy ][ B ne=0 [yt
X: oM § B @) :n=0 v
LL10} 5_3( ¢Eff (f) e -1 i
1Losk ?; $ Egiff(t) rre=1]
. pEL (@ in=2
St 4 20 = 2Ny | | g o)
2 %
ol
<
0.90 F A R T i |
e S——— e » Shown by red curve
asol ¢ (fm)
1 2 3 4 5 6 7 8
0 0 10 60 ) 100 120 140
t/a
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Finally: The a ~ 0.06 fm Data

 How about removing the 1/t3/2 dependence from the two-meson data?
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Finally: The a ~ 0.06 fm Data

« And the 0" Diquark-Antidiquark?

+
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The One Question:

Does a bbbb bound-state exist below 21, threshold?

 Based on mock-data (back-up slides) of free two-mesons (with no FV-
Interactions):

0.80 Mock Data With Free Mesons

\ ' — ' '[a0.09fm
075F 2My == Eor |2

‘\ 2Mlat
= 070} o _
Y If all correlators with
S RN different spin/colour/space
T 060F T configurations end up here,
El” osslb_______ T em==----- then the tetraquark:
3 os0} .. Has amplitudes alll

suppressed (fine tuning)
Ii. Energy close to threshold
il.Does not exist

045}

040 1 1 .| 1 I
20 40 60 80 100
t/a
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What About The Spatial Part??

« Is the long distance part of operators dominant?

« Another way to remove slow decaying back-to-back states?
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What About The Spatial Part??

« Is the long distance part of operators dominant?

« Another way to remove slow decaying back-to-back states?

A Cute Trick

« [Force quarks to be confined to a volume of our choice by introducing a harmonic
oscillator potential into NRQCD Hamiltonian
2
mwg
2

that pulls the quarks to xo with a coupling wo.

& — 2p?
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What Strengths (multiple) to use?

0.10

Fermilab




With Harmonic Oscillator: The ag, =~ 0.09fm Data, wo = 0.35GeV

0.70 X% Ewlt) | a().09fm

0.65

b

0.60 |
3l
S X
055}
0.50F
t(fm)
045k 1 . 2 3 . 4 5 ) 6 ?I 8
0 20 40 60 80
t/a
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With Harmonic Oscillator: The ag, =~ 0.09fm Data, wo = 0.35GeV

Dip due to dynamics. Fit function with

| H.O. looks like:

0.60 | nb ] 1
& E : 2 —(mnp+2we)t
= s Zn o7 e ( 2 O)

1 4 e—=wo
055F , % 1 n
t(fm)
0 20 40 r/a 60 80
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With Harmonic Oscillator: The ag, =~ 0.09fm Data, wo = 0.35GeV

£ Eenlt) L _ . . : :
¢ Eal) Dip due to dynamics. Fit function with

j H.O. looks like:

0.60 ] X nb 1 1

: . _ 3
E E Zi 2ot ) € (mmt 3ot

0.55F ] 1 + 6_ wo

' 5800 : n

t(fm)
0 20 40 I/a 60 80
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With Harmonic Oscillator: The ag, =~ 0.09fm Data, wo = 0.35GeV

1.40
M3 % Eere(t) :re=0 j’f;igf'“
1357 oM i ER(:n=0{
1.30+ )
7/ 2 wo —(m/ +3wp)t 4+ sl
n \ T —dwr | € o s
n 1-3 1200 277(? — an
E x
1.15F
110
PR
’ y ELO|| ¢ (fm)
1 2 3 . 4 5 6 T 8
0.65}1 i 0 20 40 60 80
t/a
* nb
0.60 | y i 2 1 _( +§ )t
£ E Z e \inT20
n 1 + 6—2w0t

0.55}|

0.50F

045 ! 2 . . ‘
0 20 40 60 80
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With Harmonic Oscillator: The ag, =~ 0.09fm Data, wo = 0.35GeV

2M k Eege(t) 1 re=0
1.35h oM % El(t) :re=0],

a(0.09fm
N,32

aEz Np— 2”:’)

0.70 X * Eeff(f) | al).09fm Lol

N;32
% El(1)

0.65| - 0

0.60 |

Where's this noise coming
from?

ak
x

0.55F ‘\‘on'._:_::;.; ...........................................................................

0.50F

045

C. Hughes Fermilab




Two-Meson Connected Wick Contractions

« Two mesons with identical flavour have four connected Wick contractions:

e -———-OEE\p
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Two-Meson Connected Wick Contractions

« Two mesons with identical flavour have four connected Wick contractions:

M1 -0
@ == el =\

= ©
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Two-Meson Connected Wick Contractions

« Two mesons with identical flavour have four connected Wick contractions:

M1® e 20 4

T |
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Why studying a single Wick contraction is a bad idea!

« Two mesons with identical flavour have four connected Wick contractions:

= b / 7
- el =\
1.35F .
oo " e
130} —2Myy ]
125}
(::,E 120k § L20F
1 X
= = LIS
g 3
= T
® LI0E J
Lio} x ! & ’H‘ S
P - x
105} UL .~< .
Loo ¢(fm) Loy t(fm) i
1 2 3 g 5 .6 7, 8 1 L2 3 4 5 6 7, 8
] 20 40 ol 80 0 20 40 60 80
t/a t/a
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Why studying a single Wick contraction is a bad idea!

1; o 0.091
ZMTM >l< Ee;'f(t) L= 0 ;‘32 m
135 MY k Eflt) ire=0|]
/) -
0 Y P e ol
6 7, 8
80
1L35F Myt x - t/a 20 % Ee(t): re=0]| [”VOS‘;"
— My, 130 — 2My, 1
130} ‘
=
125}
1.25
& < 20l x
a: 1.20 F & 120
7 x ?
= S st
La‘ RET LS x
= S
* Lok o
Lio} X b
M%*A«H*@M "l
1.05
100}
1.00 t(fm) t(fm)
1 2 . 4 5 . ] ?I h 1 . 2 3 ) 4 5 ) 6 7, 8
) 20 40 G0 a0 0 20 40 60 80
t/a t/a
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Why studying a single Wick contraction is a bad idea!

- 2M f Eee(t) :re=0 ;*v"ff‘

1.35 oM ‘ § ER(r) i re=0|] 532

1.25 ’ / -

CET:; 1.20F

115F § 4

L1of WM%M**%w*& ]

T ¢(fm) '

b
1.30F 72M71?‘;)[ R
The reason models find binding: Bound state .
can appear below threshold when including only A |
a subset of interactions (right figure). When XWWMWMW%WWWW
include all (top figure), there is no bound state. Wl . ’ |
0 20 40 t/a 60 80
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Why studying a single Wick contraction is a bad idea!

2M f Eee(t) :re=0 ;*v"ff‘
135f oM ‘ § ER(r) i re=0|] 532
1.30 / .
CET:j 1.20F :

115F § 4

Lo} WM%@@WW ]

T ¢(fm) '

va

The reason models find binding: Bound state .
can appear below threshold when including only A |
a subset of interactions (right figure). When XWWMWMW%WWWW
include all (top figure), there is no bound state. Wl . ’ |
N.B. DOESN'T HAPPEN IN PURE QCD R S N S I S
(BACKUP SLIDES). ta
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Summary

 One Question:
“Does a bbbb bound-state exist below 27, threshold?”

yields One Answer!
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Summary

 One Question:
“Does a bbbb bound-state exist below 27, threshold?”

yields One Answer!
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Summary

 One Question:
“Does a bbbb bound-state exist below 27, threshold?”

yields One Answer!
« More appropriately: We find no bound-state below the 2y,
threshold within stat. errors and explain where pheno. models
go wrong!
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Summary

 One Question:
“Does a bbbb bound-state exist below 27, threshold?”

yields One Answer!

« More appropriately: We find no bound-state below the 2y,
threshold within stat. errors and explain where pheno. models
go wrong!

* Questions!?! (chughes@fnal.gov)]

Y
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Ending

Back Up Slides
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The One Question:

Does a bbbb bound-state exist below 21, threshold?

« Based on mock-data of free two-mesons (with no FV-interactions), what
would we expect to see if:

1) There was no new bound-state below threshold?

C. Hughes Fermilab



The One Question:

Does a bbbb bound-state exist below 21, threshold?

« Based on mock-data of free two-mesons (with no FV-interactions), what
would we expect to see if:

1) There was no new bound-state below threshold?

0.80 Mock Data With Free Mesons

— ' ' a0.09fm
! 2M — = Epe |[|Ns32

lat
ZMT?:;

075}

\ —_—

= 070F

0.65 | N

0.60 F =

log (C(t)/C(t+
y

-..-
==
-__-
-—
——-——-—_--____

0.55

0.50 }

aEer

045}

0.40
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The One Question:

Does a bbbb bound-state exist below 21, threshold?

« Based on mock-data of free two-mesons (with no FV-interactions), what

would we expect to see if:

1) There was no new bound-state below threshold?

0.80

Mock Data With Free Mesons

'l a0.09fm

0.75F

\ —_—

lat
oMk
lat
2Mr|' b

Ey++ i

N;32

= 070F
0.65 | .

0.60 F =

log (C(r)/C(t+
Y

0.55

-
-
bl
-
-———-—-———._-____

N.B.:Slow decay to

0.50 }

aEefr

045}

< ground state will be
explained later!

0.40

t/a

20 40 60

80

100
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The One Question:

Does a bbbb bound-state exist below 211, threshold?

« Based on mock-data of free two-mesons (with no FV-interactions), what
would we expect to see if:

2) Or there was only a tetraquark state 100MeV below threshold?
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The One Question:

Does a bbbb bound-state exist below 211, threshold?

« Based on mock-data of free two-mesons (with no FV-interactions), what
would we expect to see if:

2) Or there was only a tetraguark state 100MeV below threshold?

0.80 Mock Data With Free Mesons

— - ' 0.09fm
1 My — = Egi ||N32

lat
2Mnb

0.75F

\ —_—

0.70 | \

0.65 | N

0.60 F =

log (C(t)/C(t+1))
’

t-..-
—
--_-
-
—————-—_--____

aEer
o}
Ln
o

20 40 60 80 100
t/a
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The One Question:

Does a bbbb bound-state exist below 21, threshold?

« Based on mock-data of free two-mesons (with no FV-interactions), what
would we expect to see if:

3) Or the tetraquark and free 2n, had amplitudes of the same size?
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The One Question:

Does a bbbb bound-state exist below 21, threshold?

would we expect to see if:

Based on mock-data of free two-mesons (with no FV-interactions), what

3) Or the tetraguark and free 2n, had amplitudes of the same size?

log (C(t)/C(t+1))

aEer

0.80

0.75F

0.70 |

0.65 |

0.60 F

Mock Data With Free Mesons

t/a

\ — ' a0.09fm
\ oM —_ Ey. |[N32
\ ‘ .
N . 2M11?dt
N b
) §
°
L8
\\\‘..
S ==
~ -
) o o
‘.""--. _________________
h-‘.--.
.__________________:::::=====---
20 40 60 80 100
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The One Question:

Does a bbbb bound-state exist below 21, threshold?

« Based on mock-data of free two-mesons (with no FV-interactions), what
would we expect to see if:

3) Or the tetraguark and free 2n, had amplitudes of the same size?

log (C(t)/C(t+1))

aEer

C. Hughes Fermilab

0.80

0.75F

0.70 |

0.65 |

0.60 F

Mock Data With Free Mesons

"1 a0.09fm

lat

oMl _
lat

2Mnb

Egpi+ i

N;32

o T
-
i--_-
——_-_-_

20

40 60 80

t/a

100

N.B.:This would be

—> a clear signal for a

new bound-state!!



The One Question:

Does a bbbb bound-state exist below 21, threshold?

« Based on mock-data of free two-mesons (with no FV-interactions), what
would we expect to see if:

4) Or the tetraquark and free two-mesons had amplitudes Gaussianly
distributed according top = 0,0° = 1
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The One Question:

Does a bbbb bound-state exist below 21, threshold?

« Based on mock-data of free two-mesons (with no FV-interactions), what
would we expect to see if:

4) Or the tetraquark and free two-mesons had amplitudes Gaussianly
distributed according top = 0,0° = 1

0.80 Mock Data With Free Mesons

"1 a0.09fm

0.75F ZM%t - = Egre|] Ns32

lat

= 070} — M,

Z

§ 0.65 |

%‘;5 0.60 F
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The One Question:

Does a bbbb bound-state exist below 21, threshold?

« Based on mock-data of free two-mesons (with no FV-interactions), what
would we expect to see if:

4) Or the tetraquark and free two-mesons had amplitudes Gaussianly
distributed according top = 0,0° = 1

0.80 Mock Data With Free Mesons

m ' '[ a0.09fm
2M{ — = Ege | |N32

lat
— 2Mnb

0.75}F

If all correlators with
different spin/colour/space
configurations end up here,
then the tetraquark:

I. Has amplitudes all
suppressed (fine tuning)
Ii. Energy close to threshold
il.Does not exist

= 070}
0.65 |

0.60 F

log (C(t)/C(t+

0.55

0.50f— - —-=---= >

aklet

045}

0.40

20 40 60 80 100
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Diquark-Antidiguark Wick-Contractions

 The non-zero diquark-antidiquark correlators have four connected Wick
contractions, which reduce to one:

ﬁ >
——- >
———-
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A Quick Glance: Interpolating Operators

What are all the possible spin-colour combinations of two-identical quarks
and two identical antiquarks in S-wave, e.g., bbbb.

Type (1) qx g
¢ =>¢xq=3x3=1@8 =>Make singlet or octet mesons.

« =>We can have 23q singlets which are 1 x 1 or 8 x 8

« Building block for these types of S-wave four-quark operators in irrep R:
071;; _ GéBC@B,yS\PC
O%R _ GéBC@B,}/z’\PC

« To get all spin/colour »bbb combos use the Clebsch-Gordan coefficients with
circular basis of y-matrices:

JPC M Z , J1,m1,RAJ2,ms,R
O4b — <J1,m1,J2,m2]J,M>Ol LirQI2m2

miq,Mmo

C. Hughes Fermilab



A Quick Glance: Interpolating Operators

What are all the possible spin-colour combinations of two-identical quarks
and two identical antiquarks in S-wave, e.g., bbbb.

Type (i) qXxXdq, §Xxg

°

()

K
|

X
X

S O

D
D

Q|

I

Ll W

Ll W
|

JURNIUY

X
X

°
]

=> Can have a Diquark-AntiDiquark gq x gg systemin 3 x 3 or 6 x 6

N.B., Due to fermions being identical, the Pauli exclusion principal =>
S-wave 3(6) Diguark can only be spin-triplet (spin-singlet).
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A Quick Glance: Interpolating Operators

What are all the possible spin-colour combinations of two-identical quarks
and two identical antiquarks in S-wave, e.g., bbbb.

Type (i4) qXxXdq, §xg

°

()

K
|

X
X

S O

D
D

Q|

I

Ll W

Ll W
|

JURNIUY

X
X

°
]

=> Can have a Diquark-AntiDiquark gq x gg systemin 3 x 3 or 6 x 6

Building block for these types of S-wave four-quark operators in irrep R:
037)3 _ GE_?BC\I]CB,Y'L\IJC

0%, = GABC GBS §¢

To get all spin/colour pbbb combos use the Clebsch-Gordan coefficients with
circular basis of gamma matrices:

JPC?M Ja )R J) 7R
O4b = E <J1,m1;J2,m2\J,M>O 1,71 O 2,12

mai,ma2

C. Hughes Fermilab



Tetraquark S-wave Quantum Numbers

« With building blocks 75 = 0", T =1"",g¢g =1",07"

we can look for 077, 17—, 27% ppbp tetraquarks

J=0— A1(1)
. SO(3) breaks into lattice irreps: J =1 — T3 (3)
J=2-=T5(3)® E(2)

« Build operators which lie in lattice irreps: ()?E;;Q — OJ=2M=2 | J=2,M==2

C. Hughes Fermilab



Why studying a single Wick contraction is a bad idea: Pure QCD

g1
N\

Two mesons with

aEZ?Tbﬁzﬂb
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Why studying a single Wick contraction is a bad idea: Pure QCD

* E§£f+ ) Fy -0 aO;‘)fm
0.80} > EN (1) re=0 M
. 0 o . -
 Two mesons with | » 5tw:n—1||  fick contractions:
b Eorl (0):ne=1
.
0.70 EMY (t):r.=2 |1
s b2 Z
1 0.65 Jr " B
g
K
S

0.50

t(fm)
5 35 % % i - 2;,? 0o |
ta 0x oM I EST 6y =0 e
0.75 o ¢Eff(t =11
& b Bl (1) :n=1
- e & pOE () =2
. .. . . . ol X EN (1) =2
Spin-flip interactions have negative sign and é % * '
cause decay to threshold from below. S oop
Models: Bound state can appear below
threshold when including only a subset of

interactions.
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