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Doubly Heavy Tetraquarks (QQqq)

* 4-quark system: 2 heavy quarks/antiquark (Q4@Q) and two light
anti-quark/quark g;qy,.

Doubly heavy core
2e12=fot

ere

—
color: 3R3=6 3"

", one-gluon-exchange
potential: Ods/?)’)" —2058/37“

repulsive attractive
* Assuming the 2 heavy quarks forms a compact core in the attractive

color Coloumb potential. :
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Doubly Heavy Tetraquarks (QQqq)

Doubly heavy core

antlsymmetrlc
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spin: 1/2@1/2:(0@1' .

color: 3 ® 3 = 6 3*
Overall w.f of
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flavor: Symmetric: {Q10Q2}
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. L=0: ground state
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Doubly Heavy Tetraquarks (QQqq)
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Earlier Results on (QQqq)

Constituents can be rearranged into two color-singlet mesons. Stable

tetraquarks below strong-decay threshold.
Compact Core: Energy of QQqq below the energy of two separated Qg mesons

Manohar and Wise [Nucl.Phys. B399, 17 (1993)]
There must be stable QQgq tetraquarks in the limit mg —

>

Karliner and Rosner [Phys. Rev. Lett 119, 202001(2017)]:
Existence of stable bbud tetraquark and near threshold

ccud (1*) and bcud (01).
Eichten and Quigg [Phys. Rev. Lett 119, 202002 (2017)]
Existence of stable bbud, bbsu, bbsd. cc and bc tetraquarks are not stable.

>

>

Bicudo et al. [phys. Rev. D 92, 014507 (2015), Phys. Rev. D 95, 034502 (2017)]

>

Existence of stable bbud tetraquark.
Francis et al (Lattice QCD) [Phys. Rev. Lett 118, 142001 (2017), Phys. Rev. D. 99, 054505 (2019)]

>

Strong Existence of deeply bound bbud, bbsu, bbsd. cc tetraquarks are not stable

Also evidence of stable bcud (1) about 40 MeV below strong decay threshold.
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Earlier Results on (QQqq)

* Constituents can be rearranged into two color-singlet mesons. Stable
tetraquarks below strong-decay threshold.
* Compact Core: Energy of QQqq below the energy of two separated Qg mesons

> Hadron Spectrum Colloboration [JHEP 11, 0133 (2017)]

Studied cc tetraquarks and found no evidence of stable bound states.

> Junarkar et al [Phys. Rev. D 99, 034507 (2019) ]
Strong Existence of deeply bound bbud, bbsu, bbsd. Near threshold

stable ccud and ccus.

> Leskovec et al [Phys. Rev. D 100, 014503 (2019) ]
Strong Existence of stable bbud (1) with mass around 10476 + 24 + 10 MeV.

All sources of major systematic errors have well quantified.

Important to have predictions of the masses with well quantified error bars
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Heavy Quark-Diquark Symmetry

. ) . Savage & Wise,
Symmetry of QCD in the heavy quark limit my — oo. "y, (1990)

* Attractive Coulomb force: 2 heavy quarks bound together as a single
diquark. (11, = 0; 114 = 1y4)

Diquark in 3 * Mg — oo limit, diquark 1s a point like color source.

color
* For charm and bottom quark:
. . 1
diquark size ~ ~ 1/myv
Prel

* Energy scale of Interaction of light quark with
@ heavy quarks / diquark ~ Aqcp
Light quark

Aqcp ~ 300 MeV m v ~ 900 MeV

* HQDQ symmetry: mg > mqov > Aqcp myv ~ 1.5 GeV

* HODQ symmetry: Light quark only sees the diquark as point source 3
color charge. Cannot resolve individual heavy quarks in the diquarks.
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Heavy Quark-Diquark Symmetry

Savage & Wise,
* HQDQ symmetry: mov > AQCD PLBg248(1990)

HODQ symmetry: Light quark only sees the diquark as point source 3
color charge. Doesn’t see the individual heavy quarks in the diquarks.

|

Identical to situation in Heavy Mesons.

Diquark in 3

color & spin 1 Heavy anti-quark in 3

HQDQ symmetry
< >
Light quark

Light quark @

— HQD -
:'2_C+‘ ne >D0 .
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Our Method

Based on an eftective Hamiltonian that depends on several coetticients
(&1, K, 8;) and organized as an expansion in inverse heavy quark mass.

Estimate these coefticients 1n eftective Hamiltonian:
» Singly Heavy Hadrons: ¥ fit to PDG 2020 data.

» Doubly Heavy Baryons (DHB): ¥ fit to lattice results.

Determine these coefficients for QQqq from known results for singly
heavy hadrons (mesons + baryons) and DHB using HODQ symmetry.

Use the effective Hamiltonian to predict QQqq masses.

Similar to Eichten and Quigg but differs on several aspects.
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Braaten, He,
AM, PRD(2021)

Singly Heavy Hadrons

Quantum numbers of the light quarks | = q/qq’, jP:

Mesons Baryons
Isospin doublet (%, d) and Antisymmetric Isospin:
Isospin singlet § [u,d], ([d, s], [u, s])

Symmetric Isospin:
(dd, uu,{u, d}), ({d, s}, {u, s} ), ss

j=1/2,P =+,— j=01,P=+,—

Hamiltonian up to order 1/m, from HQET:
Sg Spin of heavy quark: S

K .
HfzmQ+Se+—£ + ——8 - je
QmQ QmQ Hadron spin: | = S + j;

Parameters &;, K}, 8; depends on light QCD fields and determined
from fitting to data of measured masses from PDG 2020.
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Singly Heavy Hadrons

* Hamiltonian up to order 1/mg, from HQET :

L\, Sy
HE — £ ~t g.
. mQ et g — QmQ QmQ Je

Braaten, He,
AM, PRD(2021)

5&@

* Isospin splittings due to u — d mass difference ~5 MeV.

* Include all contributions to hadron masses > 1sospin splittings.

* Hypertfine splittings due to spin{~140 MeV for charm mesons
~40 MeV for bottom mesons

y

Correction to spin coefficient §; of order 1/m, : contributes = 10 MeV to charm mesons

* Quantified Errors: isospin splittings + Experimental error..

* Strange quark mass mgg: Es 9 — €9 (I = u, d). v



Singly Heavy Hadrons

* Hamiltonian ( predict masses with accuracy upto ~ 5 MeV ):

Hf = mg + gg,Q + ;S;Q S -7,
Q
* Parameters determined by minimizing y* fit to data ( PDG 2020 )

|Mesons |
Q l Euja0 MeV] msq [MeV]  Sg [GeV?] | dof x?/dof
c q %— 313.4 2.0 1023+3.5 0472x0.012( 3 0.28
b g, 3 | 3063+02  87.6+04 0455+0.003| 2 1.23

|Bary0ns |
Q / Eujag MeV] my o [MeV]  Sg [GeV?] | dof x?*/dof
¢ [q¢q'],0" | 6265+1.1 182.9+1.4 1 1.12
b [qq'],0" | 6124+3.0 174.8 +3.8 1 0.45
c {qd'}, 17| 837706 12424+08 0.147+£0.003 [ 9 0.92
b {qq'}, 17| 8198+19 1188+22 0.137+£0.024 | 5 0.44

Abhishek Mohapatra-TUM
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Doubly Heavy Hadrons
* Appropriate framework: pNRQCD effective field theory.

[Brambilla, Vairo, and Rosch, Phys. Rev. D72, 034021 (2005)] [Mehen and Fleming, Phys. Rev. D73, 034502 (2005)]

Effective field theory formulated in terms of heavy diquark field:
Triplet field ('T) : 8% color state, sextet field 2: 6 color state

Relevant terms for Triplet field in pNRQCD Lagrangian:

N [ D? \ve mym,
+ kineticterm: T Bt |T mp=m,+m, m,=———
2mgp  2m, mq +m,

. spindependentterm: T7(S;/mqg, + S2/mg,) - BT
+ orbital angular momentum term (irrelevant for L=0 diquark):
(m, +md,)/[mg,mq,(mq, +mq,)] T'L - BT

* Hamiltonian for doubly heavy baryons up to first order in 1/m, :

Ke 1 Sy S

(1Q2 - £ S~ £ :

H, = (mp, +tmo.)+Eo,0., +E¢ = S So |-7s.
{ (mg, Q:) 1 €Q.q. + & oy | 2 (2'”’122. 1 2mo, 3) Ji

Diquark spin: § = §; + 5, Braaten, He, AM, PRD(2021)
* Relative diquark KE term absorbed in diquark energy &g o,

14
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Doubly Heavy Hadrons

* Simplity the spin-dependent term using Wigner-Eckart theorem:

(g 5y ®) 3) = g (830

2??1@1 ! 2'”7'-{,33 SJIQLQE

* Include 1/mg corrections to S; for contributions > isospin splittings.

* Hamiltonian for doubly heavy hadrons ( QQq, QQqq ) :

SE-EJI'EJE Sr . j{-

IJT'-ILQE — {mql - H’IQE} - EE-QNJE + 3;[14:3 5
162

Ke

2(mg, + mg,)

Eﬁ_fglfg: = Efglfgj + & +

Braaten, He, AM, PRD(2021)

Spin splitting term different from Eichten and Quigg
[Phys. Rev. Lett 119, 202002 (2017)]
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Doubly Heavy Baryons
* Hamiltonian for doubly heavy hadrons ( QQq, QQqq ) :

810,10,
8“‘3&'1@3

Ke
2 (mg, + mg,)

HEJIQJ

= (mgq, + mg,) + &1.0.q. + S-Je- §€e01Q. = Equan +Ee +

* Parameters determined by minimizing y? fit to lattice data for DHB.

[Briceno, Lin, Bolton, Phys. Rev. D86, 094504 (2012), Alexandrou, Drach, Jansen, Kallidonis, Kostou, , Phys. Rev. D90,

074501 (2014), Brown, Detmold, Meinel, Orignos, , Phys. Rev. D90, 094507 (2014), Mathur, Padmanath, , Phys. Rev. D99,
031501 (2019)]

Q1Q2 ¢ |E&ua0,0, MeV] msg,0. [MeV] Sg,q. [GeV?] | dof x?/dof
[d.01 Qs
ce ¢ 37| 3195+11.0 1249+134 0363+0.024 [12 029
be] ¢ 17| 275.8+£37.2  55.0+47.0 0
{be} ¢, 37| 309.3 +£27.3 73.5+343 0.181+0.046 [ 2 8x 1075
bb ¢, 57| 1520+£251  130.0£336 0472£0.075 | 2 2x 1077

Braaten, He, AM, PRD(2021)
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Doubly Heavy Tetraquarks

* Determine all the parameters in the Hamiltonian to predict Q) qq masses

Hf‘}‘c‘h = (mg, + mg,) + &.0,0, +

51.0.0.
3”@'1@3

S - Je- 1€60:0: = £0iqs + Ee +

K

2(mg, + mg,)

* Use HODOQO symmetry along with known results for (,Q,q, @q, and @6767

—

' My — 211,

Etee = Epr oc +
i e LT E{IIIb _ rllt}

(Eez—Erz) +

Mg,

Est — Ep g
2(my — m) (es )

S

2(my — m,)

2(my — m,)

M,

s fbb = — 75 Mg

2(myy — m,)

gT

2my —m,

2(my — m,)

M ¢ b

St.00 = Seg = Sig

Abhishek Mohapatra-TUM

my — 2me my, Braaten, He, AM,
Mg § or = Mg ¢ 7+ - M_ ;7
% 2(my, — m,) . 20my — m,) P PRD(2021)
Ss._cgc:g = 3..:._4:2 — Sf_c,g-
. M, ) 2my — me .
Eepp = Eprpp — ; (Eec—Erz) + (€5 — €0 3)

17




Doubly Heavy Tetraquarks

* Need to calculate all the parameters in the Hamiltonian to predict masses

H::JLQJ ‘5"5-*:31*:32 K-.l'

S - 7. E0.0,0: = €010, +E¢ +

= (mg, + mg,) + &.0,0, +

2(mg, + mg,)

3“@1@3

* Use HODOQO symmetry along with known results for (,Q,q, Qq, and 66767

. . m>
Eipe = Epr be — 3 {Ef_ﬁ — 5;_‘!_;7) +

— m2
Hib ”Ic.'

2
my,

2 {E-E.E - Ei‘“fr}'

C

2 _
my — m

[b) i, 2 3 Braaten, He, AM,
@ B m, i ]
. Msibe = ——3 5 Ms e+ — 5 Mg ¢ b PRD(2021)

2 _ 2 2 __ a2
my — Mg my — Mg

Hbe [lbe
Sipe = — S&.E 4 = Se .
| My, M,

———

Differs from Eichten and Quigg !! [Phys. Rev. Lett 119, 202002 (2017)]

Include corrections of order 1/m,,.

18
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Doubly Heavy Tetraquarks

* Parameters for ground state doubly heavy tetraquarks:

QQ2 ¢ | Eyagig, [MeV] ms,0, [MeV] Sg,, [GeV?]
cc [qql],0" ] 627.4+£11.2 176.8 +2.9

be] [gq], 0" | 581.0+37.4 173.8 + 4.3

{be} [gq’], 07| 614.5+275 173.8 +4.3
bb [Gq’]l,0" | 456.4 +25.4 172.8 4.8
ce {q7}, 17| 835.7+11.1 120.2+ 1.7  0.147 £+ 0.003
bel {Gq'}, 17| 788.0 +£37.3 118.1+2.5

{be} {gq}, 17| 821.5+274 118.1+25  0.145 + 0.006
bb  {Gq}, 1M| 662.8 +25.2 117.5+2.8  0.137 +0.024

* Errors well-quantitied!!

Braaten, He, AM, PRD(2021)
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Doubly Heavy Tetraquarks

* Results for doubly heavy tetraquarks: Braaten, He, AM, PRD(2021)
HEJIQE = (Tﬂql . THQE) + ‘SEQLQE + SE-QIQES jt EEQ Qo = EQ 0)- + EE + Kjf
' 81Q1Q; e o 2(mgQ, +mqQ,)
ce & bb tertaquarks

flavor JP Eichten-Quigg  this work threshold

ccltd)] 1+ 3978 3947 + 11 3875

cc|sul 1t 4156 4124 + 12 3975

cc{ud} 0F,17,2%| 4146 + (0,21,64) 4111 + (0,22,66) == 11| 3734 + (0, 141,0)
ce{su} 0t 1+ 2+ 4232 + (0,22, 66) + 11| 3833 + (0,142, 0)
ccss 0, 1%, 2% 4352 + (0,22, 66) = 12| 3937 + (0, 144, 0)

10644 + 26
0+, 1F,2+[ 10674 + (0,7,21) 10664 + (0,7, 21) + 25| 10559 + (0, 45, 0)

Stable bbi{sa} 07,17,27 10781 + (0,7, 21) % 25| 10646 + (0,45, 0)
55 + 1+ o+ _
Tetraquarks: | 20 155h 07.17.2 10898 + (0,7,21) & 26| 10734 + (0,49, 0)

Masses below Rarliner and Rosner [Phys. Rev. Lett 119, 202001(2017)]

Strong decay B ’
threshold m(cc[ud]) = 3882 + 12 MeV, m(bb[ud]) = 10398 * 12 MeV

No stable cc tetraquarks !! Agrees with Eichten & Quigg

Abhishek Mohapatra-TUM
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Doubly Heavy Tetraquarks

* Results for doubly heavy tetraquarks:

Braaten, He, AM, PRD(2021)

S.
Hf-t:sz = (mg, + mg,) + &.0,0, + H:jzj’s -Je- 0€0.0,0. = €0,Q. + E¢ + 2 [m@ﬁ m—
be tertaquarks

flavor JF Eichten-Quigg  this work threshold

[be] [ad] 0" 7229 7260 =+ 37 7144

[be][51] 0" 7406 7446 + 37 7232

[be] {ud} 1t 7439 TAT3 + 37 7190

(be] {51} 1t 7600 + 37 7280

[be] 55 1t 7726 + 37 7384

{be}[ud] 1+ 7272 7293 + 28 7190

[be} 5] 1t 7445 7480 + 28 7280

[beH{ad} 07,17,27| 7461 + (0,11,32) 7477 + (0,14, 43) 4+ 28| 7144 + (0,45,0)
{be}{su} 0,17, 2+ 7604 + (0,14, 43) + 28| 7232 + (0,49, 0)
{bckss 0T, 17,27 7731 + (0,14, 43) + 28] 7355 + (0,49,0)

Rarliner and Rosner [Phys. Rev. Lett 119, 202001(2017)]
m([bc][ud]) = 71384 * 13 MeV ( 10 MeV below threshold )

No stable bc tetraquarks !! Agrees with Eichten & Quigg
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Conclusions/Summary

» Predicted masses for doubly heavy tetraquarks with well quantified error
bars.

» 2 stable bb Tetraquarks:
bb[ud] (10476 £ 25 MeV) = 130 MeV below strong threshold

bb[qs] (10655 + 25 MeV) = 50 MeV below strong threshold

Our results agree with Eichten and Quigg within 1 error bars for most tetraquarks.

Excellent agreement with Leskovec et al on bb[ud] = 10476 + 24 + 10 MeV

» No stable cc or be tetraquarks within HQDQ symmetry.

See also Eric Braaten’s talk on Monday (May 31)

Abhishek Mohapatra-TUM 22



Thank you !!!
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Doubly Heavy Hadrons
* Appropriate framework: pNRQCD effective field theory.

[Brambilla, Vairo, and Rosch, Phys. Rev. D72, 034021 (2005)]

* Effective field theory formulated in terms of heavy diquark field:
Triplet field (T) : 8% color state, sextet field 2: 6 color state

* pNRQCD Lagrangian: Expansion in 1/m, and multipole expansion in

r=X1— Xy.
@ r@

ﬁ

color:l 3®3=6603"
"\ one-gluon-exchange
potential: 043/3?“ —20&8/37“

repulsive attractive

* Assuming attractive Coulomb potential forms a compact diquark in 3*
color state. ( Focus on the triplet field T in pNRQCD) 25
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Implications for HQDQ

* Mass hypertine splitting relation due to HODQ symmetry

285 =3/2 3 ~ 106 MeV Charm
5:5=1/2 [Mz=x — Mz =—(mD* —’mD)'

/ i <4 ~ 34 MeV  Bottom
D*:§=1 (Masses of meson from PDG)

D:S=0 M. Savage and M. Wise, PLB 248 (1990) S. Fleming and T. Mehen, PRD 73 (2006)
N. Brambilla, A. Vairo, T. Rosch, PRD 72 (2005)

* Lattice results for Hyperfine splitting:

0.2

2m, ;4 + m, = const, +—i—
mP: = const. +—a—

Brown, Detmold, Meinel, Orignos (2014)

T

= 0.15 . _
S Ebb_ﬁbeBSiSMQV

=k

25 —E.. ~ 83+ 13 MeV

I 0.1

RQCD QWG ( 2019):

=k

25 —EZ.. =~ 100 MeV

() 05

T

| | 1 ]
0 0.002 0. (l()l 0.006 0.008 0.01

26
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Implications for HODQ

* Mass hypertine splitting relation due to HODQ symmetry

£E:85=1/2 mz=x — Mz :_(mD*_mD)'
/ ~ 34 MeV Bottom
D*:S=1 (Masses of meson from PDG)

=%, ¢ — -
S =3/2 3 ~ 106 MeV Charm
cc —cc 4
D:S=0 M. Savage and M. Wise, PLB 248 (1990) S. Fleming and T. Mehen, PRD 73 (2006)
N. Brambilla, A. Vairo, T. Rosch, PRD 72 (2005)

* Lattice results for Hvperfine splitting:

200
Zoou(3/27) - Egey(112°)
Brown, Detmold, Meinel, Orignos (2014)
150 :
- . l:l* = y
S [37] ‘ a[24] [27] ~hb ~“php — 35 i 5 MeV
2 1000 % ___| 311 __| 9 _ 1 — -
© HSC [34] + u [12] [21]
e [41]+ | ™ o2 to® |
140 | 138] [%0] 5 RQCD QWG ( 2019):
mr = ~

27
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https://arxiv.org/ct?url=https://dx.doi.org/10.1103/PhysRevD.91.094502&v=880f9c8e

Implications for HODQ

HODQ Symmetry prediction for spin-splitting coefficient:

. _ Qo Hbe Hbe - B
S{_Egﬂg — S-‘--CJ = SE-CJ' "S‘E-br = —r”h ¢5 T - S_E_ﬁ. SEE <7 Sj_’_,&,r_ '::-(5‘,!5_:;'?.
e d = Y e

Comparing spin-splitting coefficient S;:
Doubly heavy baryon

Meson
. Q, ¢ | So.0, [GeV?
0 ¢ So [GeV? Q1Q> | Sai0; [GeV]
—— - : ___ cc g, 3—»0.363 £ 0.024
c g,= |0472+0.012 «— 1o, 1t
2 [br..] q; 3
b G5 |0455£0.003«— __ __ {bc} ¢ 17| 0.181 +£0.046
b7 |0.472 + 0.075

Sce < S¢ by about 4 error bars, Spp ~ Sp within error bars

HODQ predictions works well for bottom systems !!

Abhishek Mohapatra-TUM
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Implications for HODQ

* HODQ Symmetry prediction for spin-splitting coefficient:

St = Seg = Sig- Stpe = i:—i:S;_;; ’:? Sz 5{_5_ < S pe 'fi_Sf__f-
34 MeV 106 MeV

* Lattice predictions for {b,c} DHB splitting is close to b baryon splitting:
Ehe — Epe ~ 27 £ 12 MeV
Ep — Ep ~ Epe — Epe ~ 27 MeV
Brown, Detmold, Meinel, Orignos (2014)

* {b,c} diquark: charm quark should probably be treated as light constituent

29
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