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cū c̄dρ, . . .

Parallel with quasinuclear resonances such as pp̄ or pn̄
1970’s: I.S. Shapiro et al. 
many many works

QM-based chemistry 

Hans Hellmann (of Hellmann–
Feynman theorem) and 
pseudopotentials. The first-ever 
textbook on quantum chemistry 
(Vienna, 1937)

→
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https://en.wikipedia.org/wiki/Quantum_chemistry


Chemistry vs. QCD Chemistry

“Classical” equations (Schrödinger/ Dirac, expanded), 

weak coupling (electromagnetic) regime,

multielectron configurations create a complex structure of 

inter-electron and electron-nuclei interactions — 

so contrived that even numerical calculations 

are not always fully sufficient.

Strong coupling, relativistic effects may be (are) large, field 

theory cannot be reduced to an equation. This produces 

complexity. However, the number of “players” is not so large at the 

moment. This might help.

 

A tsunami wave of diquarks in the studies of heavy tetra- and penta-quarks after 2000∼

3 M. Shifman 7/7



Experimental revolution: Post-Babar-ian era

Abundance of exotic heavy-light particles
c̄dus̄ :X (2866), X1(2904)
cc̄qq̄ : ‰c1(3872)
cc̄ud̄: Zc(3900), Zc(4020), Zc(4050), X (4100), Zc(3985),
Zc(4430), Rc0(4240)
cc̄us̄: Zcs(3985), Zcs(4000), Zcs(4220)
bb̄ud̄: Zb(10610), Zb(10650)
c̄cc̄c: X (6900)
ccūd̄: T+

cc(3875), also T
0
cc ,T

++
cc (preliminary)

Pentaquarks cc̄uud: Pc((4380), (4450)
æ [(4440), (4457)], (4312)], Pc(4337) (3‡) significance
cc̄uds: Pcs(4459)
possibilities of further heavy-light ”chemistry”: many more
expected (?)

Input from lattice
Maciej A. Nowak

E

Heavy-light Chemistry

}Molecular  
Charmonium,  
VO

Molecular bi-Charmonium 
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Remarks on diquarks, strong binding, and a large hidden QCD scale

M. Shifman and A. Vainshtein
William I. Fine Theoretical Physics Institute, University of Minnesota, Minneapolis, Minnesota 55455, USA

and Kavli Institute for Theoretical Physics, UCSB, Santa Barbara, California 93106, USA
(Received 17 February 2005; published 14 April 2005)

We present arguments regarding the possible role of diquarks in low-energy hadron phenomenology
that has so far escaped theorists’ attention. Good diquarks, i.e. the 0! states of two quarks, are argued to
have a two-component structure with one of the components peaking at distances several times shorter
than a typical hadron size (a short-range core). This can play a role in solving two old puzzles of the ’t
Hooft 1=N expansion: strong quark-mass dependence of vacuum energy density and strong violations of
the Okubo-Zweig-Iizuka (OZI) rule in quark-antiquark 0" channels. In both cases empiric data defy ’t
Hooft’s 1=N suppression. If good diquarks play a role at an intermediate energy scale they ruin ’t Hooft’s
planarity because of their mixed-flavor composition. This new scale associated with good diquarks may be
related to a numerically large scale discovered in [V. A. Novikov, M. A. Shifman, A. I. Vainshtein, and V. I.
Zakharov, Nucl. Phys. B 191, 301 (1981)] in a number of phenomena mostly related to vacuum quantum
numbers and 0" glueball channels. If SU#3$color of bona fide QCD is replaced by SU#2$color, diquarks
become well-defined gauge-invariant objects. Moreover, there is an exact symmetry relating them to
pions. In this limit predictions regarding good diquarks are ironclad. If passage from SU#2$color to
SU#3$color does not lead to dramatic disturbances, these predictions remain qualitatively valid in bona fide
QCD.

DOI: 10.1103/PhysRevD.71.074010 PACS numbers: 12.38.2t, 12.38.Aw, 14.65.2q

I. INTRODUCTION

The constituent quark model enjoyed a remarkable suc-
cess in qualitative and semiquantitative descriptions of a
huge body of data on traditional hadron spectroscopy,
static parameters and other regularities (for reviews, see
e.g. [1,2]). At the same time, since the advent of QCD it has
been known that some important hadronic phenomena
cannot be easily understood in this model. Probably, the
most clear-cut example of this type is the masslessness
of pion (in the chiral limit), which can only occur due
to a ‘‘superstrong’’ attraction in the 0% quark-antiquark
channel. In the 1980’s, a similar strong attraction was
argued to exist in the 0! quark-quark channel. This con-
jecture was supported by occasional observations of a
special role played by diquarks in low-energy hadronic
phenomenology.

Indications of diquark relevance, mentioned above,
came (i) from the instanton side [3] (see also [4]). It was
argued [3] that an instanton-induced interaction is suffi-
cient to form a bound antitriplet scalar diquark. Then,
(ii) there were suggestions [5] (see also [4]) that diquark
correlations are important in the enhancement of the op-
erator O1, which contributes to the !I & 1=2 strangeness-
changing decays. In fact, an enhancement of matrix ele-
ments of O1 for the hyperon decays was first advocated in
Ref. [6] where this operator, together with penguin ones,
was used to calculate all !I & 1=2 amplitudes. The pen-
guin operators are enhanced by a strong correlation in the
quark-antiquark channel. The diquark representation of the
operator O1 introduced in Ref. [6], (see Eqs. (50) through
(55)) was used to fix sign of the O1 contribution in the
hyperon decay amplitudes and roughly estimate its abso-

lute value. The sign was in agreement with experimental
data for all S waves.

Recently, the issue was revitalized by experimental evi-
dence for existence of exotic pentaquark baryon (see [7]
for recent reviews), the state which was predicted to be
narrow in Ref. [8] based on the chiral-quark-soliton model.
Diquarks were suggested as an alternative explanation for
pentaquark in a number of papers [9–14] which also dis-
cussed other phenomenological evidences. The implica-
tions are that diquark correlations seem to be instrumental
in excited and exotic hadron spectroscopy and in other
aspects of hadronic physics, and that ‘‘good’’ diquarks in
color-flavor locked antisymmetric combination, due to a
strong attraction, are probably bound to the extent that the
‘‘mass’’ of a good diquark roughly coincides with that of a
constituent quark.

It is natural to suggest that the characteristic size of the
good diquark as well as that of the constituent quark is
considerably smaller than the nucleon size. In the case of
the constituent quark a relevant momentum scale in the "qq
channel is of order of a few GeV. We will argue that a
similar scale appears in the diquark qq channel. A basic
tool here is the observation that if SU#3$color is replaced by
SU#2$color, diquarks become well-defined gauge-invariant
objects, related by symmetry to conventional Goldstone
bosons (pions).

The existence of hierarchical scales in QCD was dis-
cussed long ago in [15]. The largest of these scales shows
up in 0" glueball channels. Recent striking (and unex-
pected) experimental evidence of a nonperturbative mo-
mentum scale much higher than #QCD comes from heavy
ion collisions at relativistic heavy ion collider (RHIC).

PHYSICAL REVIEW D 71, 074010 (2005)

1550-7998=2005=71(7)=074010(8)$23.00 074010-1  2005 The American Physical Society

“Good” diquarks, i.e. the  states of two quarks, in color-triplet combination0±

B. Stech, Phys. Rev. D 36, 975 (1987);          first significant (in numbers) appearance

H. G. Dosch, M. Jamin, and B. Stech, Z. Phys. C 42, 167 (1989)

F. Wilczek, hep-ph/0409168 (v2: 2018);  Alexander Selem, Frank Wilczek, hep-ph/0602128 

X-quarks; X=di, tetra, penta → from late 1970s till today
  (~900 since 2000)∼ 1000 publications

D. Diakonov: 2006, 2007, 2008
WHAT IS “GOOD” DIQUARK?  

                           No diquarks of the Qq type
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Selem-Wiczek:  ;     M(Σc) − M(Λc) ≈ 215 MeV ; M(Σb) − M(Λb) ≈ 180 ± 10 MeV

Isosinglet  [ud] spin zero color 

“Good” diquark

→ 3̄(ud) spin triplet color 

“Bad” diquark (flavor symmetric)

3̄Spin interaction of c

is not yet small enough,

Δ(M(J/Ψ-ηc)) 100 MeV∼

m(ud) − m[ud] ∼ 180 Mev
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Figure 1: Various E2 vs L plots. (a) is a plot of all nucleons of series IA, showing “even-odd
effect”. (b-d) are plots of prominent Regge trajectories.

12

1) The lower bound of Selem-Wilczek’s analysis (from nucleon 
Regge trajectories) is 240 MeV

2) At large L, there is a marked convergence between mesons 
and baryons  near-equality between [ud] and  effective 
masses:     (1690), (1670) 

→ ū
ρ ω vs . N(1680)

Spin interaction is crucial for good diquarks
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Diquarks: pass to 

1) Instanton vs OPE studies in 1980s revealed a numerically large scale in the “vacuum” channels i.e. with spin-parity 

   in which the ’t Hooft regularities miserably fail for low-lying mesons (e.g. we have large decay widths, no OZI rule,       

   etc.) Stronger than expected short-range correlations reveal themselves in good diquarks    

 

        Diquarqs  well defined mesons (i.e. SB is )

0±

SU(3)color → SU(2)color → → χ SU(4) → SO(5)
5 rather than 3 Goldstones, 3 pions+3 diquarks 

Significant dependence of  on light-quark masses ℰmq
mq

ΛQCD ∼ 300 MeV → Λ0± ∼ 2 to 3 GeV

have two of them: the leading twist, t = 2 for d̄γµγ5u and nonleading twist, t = 3,
for d̄γ5u,

ψ = α2ψt=2 + α3ψt=3 . (4)

The large value of ψt=3(0) for the d̄γ5u component implies the existence of a smaller
size. We try to illustrate this in Fig. 1. The factor (1/3)2 for core size will be
interpreted below in the framework of the instanton liquid model. Of course, the

Λ(1/3)   Λ 
2 −1 −1

Figure 1: Double-component structure with a core.

picture is rather symbolic, not only characteristic sizes but also relative probability
amplitudes (coefficients α2,3) influence results for different probes. Moreover, the
profile of wave function of the leading twist should also involve a shorter scale.
This follows from a smallness of fπ ! 135 MeV in comparison to the characteristic
momentum scale mρ ! 776 MeV; note that fπ ∝

√
Nc and grows with the number

of colors while mρ is stable in this limit.
The instanton liquid model [18] provides a particular way of interpreting a hier-

archy of scales. The model operates with two parameters, the average instanton size
ρ = 0.48Λ−1

QCD which is a factor of ∼ 3 smaller than the average instanton separation
R = 1.35Λ−1

QCD. Instantons are Euclidean objects and to relate their parameters with
our Minkowski world, note that R−1 ∼ ΛQCD is a typical hadronic scale while ρ−1 is
the geometrical mean between ΛQCD and the higher glueball scale Λgl. One can read-
ily verify this at weak coupling in gauge theory with the adjoint Higgs field, where
the inverse instanton size is the geometrical mean between W boson mass and that
of monopoles (or spalerons for the Higgs field in the fundamental representation).

Hence, we conclude that in the glueball world Λgl ∼ 32ΛQCD, which explains
(1/3)2 in Fig. 1. This is consistent with the estimate in [15] based on the low-energy
theorem for the correlator of GµνGµν . Let us add that in the instanton liquid model

4

Instanton Liquid Model (E. Shuryak et al.):  




(R/ρ)inst ≈ 3
R−1 ∼ ΛQCD is conventional hadronic scale

ρ−1 ∼ ΛQCD Λ0±; → Λ0± ∼ 32 ΛQCD

In bona fide QCD, with SU(3)  in the energy interval between  and 
 good diquarks act as pointlike color-antitriplet objects whose 

interaction with gluons is determined only by the color representation to which 
they belong, in much in the same way as color-triplet quarks.

color ∼ R−1
h

∼ R−1
dq
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2) The problem of Λb : the ratio ΩΛbBd
≡ τ(Λb)/τ(Bd)

At  the ratio   If  is large but finite,  where mb → ∞ ΩΛbBd
→ 1. mb ΩΛbBd

≡ 1 − ΔΛbBd
Δ = O(1/m2

b)

8 Mikhail Shifman

where T denotes the time ordered product and LW

is the relevant weak Lagrangian at the normalization
point µ ⇠ mQ. The factor exp(�imQt) mentioned above
is implicit in Eq. (8.1). Descending to µ ⌧ mQ one ar-
rives at the OPE expansion

� (HQ ! f) = G2
F
|VCKM|

2m5
Q

X

i

c̃(f)
i

(µ)
hHQ|Oi|HQiµ

2MHQ

/


c(f)3 (µ)

hHQ|Q̄Q|HQi(µ)

2MHQ

+c(f)5 (µ)m�2
Q

hHQ|Q̄
i

2�GQ|HQi(µ)

2MHQ

+
X

i

c(f)6,i (µ)m
�3
Q

hHQ|(Q̄�iq)(q̄�iQ)|HQi(µ)

2MHQ

+O(1/m4
Q
) + ...

⇤
, (8.2)

where �i represent various combinations of the Dirac
� matrices, see also table 1. In SVZ we dealt with the
vacuum expectation values of relevant operators while
in the heavy quark physics the relevant operators are
sandwiched between HQ states.

9 Applications

The expansion (8.2) allowed us to obtain [34] the first
quantitative predictions for the hierarchies of the life-
times of Qq̄ mesons and Qqq baryons (Q was either
c or b quark) in the mid-1980s – another spectacu-
lar success of the OPE-based methods. The dramatic
story of ⌘c narrated in Sec. 7 repeated itself. With the
advancement of experiment in the late 1990s, a dras-
tic disagreement was allegedly detected in the ratio
⌧(⇤b)/⌧(Bd)exp = 0.77 ± 0.05 compared to the theo-
retical prediction

⌧(⇤b)/⌧(Bd)theor = 0.9± 0.03

(e.g. [21]). In the 2010s the ⇤b lifetime was remeasured
shifting the above experimental ratio up to 0.93± 0.05.
Hurrah!

In the mid-1980s, at the time of the initial theo-
retical studies of the Hc and Hb lifetime hierarchies
[34], next to nothing was known about heavy baryons.
Since then enormous e↵orts were invested in improv-
ing theoretical accuracy both in mesons and baryons

in particular by including higher-dimension operators
in the inverse heavy quark mass expansion (IHQME)
and higher-order ↵s terms in the OPE coe�cients. The
status of the IHQME for HQ lifetimes as of 2014 was
presented in the review [35]. The advances reported

there and in more recent years cover more precise de-
termination of the matrix elements of four-quark op-
erators via HQET sum rules [36], calculations of the
higher ↵s corrections, in particular, ↵3

s
corrections to

the semileptonic b quark decay [37], the first determi-
nation of the Darwin coe�cient for non-leptonic decays
[38], etc. Comparison with the current set of data on
⌧(Hc) can be found in [39]. In this context I should
also mention an impressive publication [40] (see also
references therein) which, in addition to a comprehen-
sive review of the OPE-based analysis of the Hc life-
times, acquaints the reader with a dramatic story of
the singly charmed baryon hierarchy. Indeed, accord-
ing to PDG-2018 the lifetime of ⌦0

c
is 69 ± 12 fs while

PDG-2020 yields ⌧(⌦0
c
) = 268 ± 24 ±10 fs! The latter

measurement was reported by LHCb [41]. Moreover, the
newest Belle II result [42] which has been published in
August 2022, ⌧(⌦0

c
) = 243 ± 48 ± 11 fs, triumphantly

confirms the LHCb data. The jump in the ⌦0
c
lifetime

by a factor of 3 to 4 compared to the older measure-
ments could happen only because (presumably) statisti-
cal and/or systematic errors in the older measurements
were grossly underestimated. With these fresh data the
observed hierarchy of lifetimes changes – ⌦0

c
from the

first place (the shortest living Hc baryon) moves to the
third.12 The question arises whether the OPE-based
theory can explain the current experimental hierarchy
⌧(⌅0) < ⌧(⇤+

c
) < ⌧(⌦0

c
) < ⌧(⌅+). In [40] it is argued

that the answer is “yes, it is possible” (see Fig. 5 in
[40]) provided one takes into account 1/m4

c
contribu-

tions due to four-quark operators and ↵s corrections in
the appropriate coe�cient functions.13

I should emphasize that the theoretical accuracy in
the Hc family is limited by the fact that the expan-
sion parameter ⇤QCD/mc is not small enough. Even
including sub-leading contributions will hardly provide
us with high-precision theoretical predictions. For Hc

states IHQME at best provides us with a semi-quantita-
tive guide. On the other hand, in the theory of Hb de-
cays one expects much better accuracy.

10 Around 1990s and beyond

10.1 Heavy quark symmetry in the limit mQ ! 1

The light-cloud interpretation as in Fig. 4 immediately
implies that at zero recoil the (appropriately normal-
ized) B ! D formfactors reduce to unity. This is called

12 It is curious to note that 30 years ago Blok and I argued
[43] (Secs. 4.2 and 6) that ⌦0

c could be the longest living
singly charmed baryon due to its ss spin-1 diquark structure.
13 The four-quark operators introduced in [34] responsible
for the Pauli interference yield corrections O(1/m3

c ), see Eq.
(8.2). The authors of [40] go beyond this set.

one typically gets ∼ 0.03 and ∼ −0.07 for Pauli interference and weak scattering,
respectively, so that there is significant compensation [34].

b

b
c

du u

d

b

Λb Λ

Figure 3: Preasymptotic m−3
b corrections: the weak scattering mecha-

nism giving rise to the four-quark operator (13) in the OPE for τ(Λb).

For our purposes it is important to note that the four-quark operators emerging in
Pauli interference and weak scattering have spatial structures which do not coincide
for these two mechanisms. In weak scattering the only relevant operator occurring
in OPE (Fig. 3) has a structure “good diquark density times good diquark density,”
of the type mentioned for O1 in Ref. [6], namely,2

O− = 2 (jk)
† (jk) , jk = εkji b

jC
1− γ5

2
ui , (13)

where i, j, k are color indices. The assumption that a strong (positive) diquark cor-
relation persists in the 0+ system of one heavy and one light quark, would result in
a further enhancement of the weak scattering contribution in Λb, effectively destroy-
ing the cancellation between Pauli interference and weak scattering. In this case
theoretical prediction τ(Λb)/τ(Bd) ∼ 0.9 would become natural.

Note that recent experimental measurements of the ratio τ(Λb)/τ(Bd) tend to
shift the central value of the ratio from ∼ 0.8 up to ∼ 0.9. Note also that the
argumentation above is applicable to Ξb baryons as well.

One can give another argument in favor of a certain enhancement of the Λb

matrix element of the operator (13), compared to the naive estimates of the 1980’s.
This argument goes along the lines discussed in Sect. 2. There, reducing the color
group from SU(3) to SU(2), we were able to relate 0+ light diquarks to pions. If
we follow the same strategy here, we will relate the (bu) good diquark to B mesons.
Extensive analyses in the 1990’s firmly established the fact that fB is quite large,
fB ∼ 200 MeV, a factor of ∼ 1.5 larger than was previously believed. In SU(2)color

2 Strictly speaking jk represents a combination of the 0+ and 0− diquarks.
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Flavor-dependent are dimension-6 four-quark operator whose contri-

bution is suppressed by  and dimension-6  weak scattering 


Experimental measurements of  conducted in the 1990’s

indicated that the ratio  was 


Pauli interference works in the “unfavorable” direction, increasing the

ratio , while weak scattering tends to decrease it 

∼ m−3 ∼ m−6

τ(Λb)/τ(Bd)
τ(Λb)/τ(Bd) 0.77 ± 0.05

τ(Λb)/τ(Bd)

One typically gets ∼ 0.03 to 0.04 for Pauli interference and ∼  - 0.08 to - 0.10 for weak scattering,

with a recent revaluation

    (Bigi et al.)τ(Λb)/τ(Bd)theor = 0.93−0.05
+0.01

and a relatively recent (in the 2010s) remeasurement

τ(Λb)/τ(Bd)exp = 0.93 ± 0.04
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Conclusions

For weak scattering we deal with O− = 2j†
k jk where jk = εkji bjC

1 − γ5

2
ui

If  good diquark (à la Wilczek) existed, then the contribution of  in weak scattering would 
significantly encrease, shifting  back to its 1990s measurement away from the 
more precise 2020 measurement. NO  good diquark! 

bu O−
τ(Λb)/τ(Bd)theor

bu
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