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Experimental Invitation



Ξcc Doubly Charmed Baryons

Evidence of 5 doubly charmed baryons (ccd+(3443),
ccd+(3520) , ccu++(3460), ccu++(3541), ccu++(3780)) so far.
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Confirmation of Ξ+
cc(ccd) in two decay modes at a mass of

3518.7 ± 1.7MeV, τ < 33fs

• Ξ+
cc → Λ+
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22 events in signal region, expected background 6.1

• Ξ+
cc → pD+K−

5.4 events in signal region, expected background 1.6



Theoretical Invitation



HQET for Doubly Charmed
Baryons

• In the case of Q̄q mesons the lowest lying S = 0, 1

states are degenerate in the m→ ∞ limit.

• The interaction Lagrangian that gives rise to the mass
splitting at O(ΛQCD/m) is:

1

m
Q† σ

2
· gBQ



HQET for Doubly Charmed
Baryons

• In the case of QQq baryons, if the QQ are so close that
they may be treated as a point-like spin 1 color
antitriplet, then the system behaves like a Q̄q meson.

• The lowest lying S = 1/2, 3/2 states are degenerate in
the m→ ∞ limit.

• The interaction Lagrangian that gives rise to the mass
splitting at O(ΛQCD/m) is:

1

m
V †

i iεijk gBk Vj

Savage Wise 90



HQET for Doubly Charmed
Baryons

From the HQET symmetries:

MΞ∗
cc
−MΞcc

=
3

2
(MD∗ −MD)

Savage Wise 90

MΞ∗
cc
−MΞcc

≈ 240 MeV
however
• potential models typically predict ≈ 60-120 MeV.

• lattice calculations predict ≈ 80-90 MeV.
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The mass scale is perturbative:

mÀ ΛQCD

The system is non-relativistic:

mÀ 1/r ∼ mv À E ∼ mv2

A way to disentangle rigorously

these scales is by substituting QCD

scale by scale with simpler but

equivalent Effective Field Theories.
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Effective Field Theories
Let H be a system described by a fundamental Lagrangian L.
Suppose H characterized by 2 scales: Λ À λ.

The EFT Lagrangian, LEFT , suitable to describe H at scales lower than Λ is defined by
(1) a cut off Λ À µ À λ;
(2) by some degrees of freedom that exist at scales lower than µ

⇒ LEFT is made of all operators On that may be built from the effective degrees

of freedom and are consistent with the symmetries of L.



Effective Field Theories

LEFT =
X

n

c(Λ/µ)
On(µ, λ)

Λn

• Since 〈On〉 ∼ λn the EFT is organized as an expansion in λ/Λ.

• The EFT is renormalizable order by order in λ/Λ.

• The matching coefficients c(Λ/µ) encode the non-analytic behaviour in Λ. They
are calculated by imposing that LEFT and L describe the same physics at any
finite order in the expansion: matching procedure.

• If Λ À ΛQCD then c(Λ/µ) may be calculated in perturbation theory.



NRQCD

NRQCD is the EFT that follows from QCD when Λ = m

→  ×  c(µ/m)

QCD NRQCD

• The matching is perturbative.

• The Lagrangian is organized as an expansion
in v and αs(m): LNRQCD =

∑

n c(αs(m/µ)) ×On(µ, λ)/mn.

Caswell Lepage 86, Bodwin Braaten Lepage 95



NRQCD

NRQCD is the EFT that follows from QCD when Λ = m

→  ×  c(µ/m)

QCD NRQCD

• The matching is perturbative.

• The Lagrangian is organized as an expansion
in v and αs(m): LNRQCD =
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NRQCD

L = ψ†
(

iD0 +
D2

2m
+ cF

S · gB

m
+cD

[D·, gE]

8m2
+ . . .

)

ψ

χ†
(

iD0 −
D2

2m
− cF

S · gB

m
+cD

[D·, gE]

8m2
+ . . .

)

χ1 + (· · · )αs + · · ·

f = Ref + iImf

+
∑

K

f

m2
ψ† K χχ† K ψ + · · ·

−
1

4
F a

µνF
a µν +

nf
∑

q̄ iD/ q + . . .



pNRQCD (mv À ΛQCD)

pNRQCD is the EFT for heavy quarkonium that follows
from NRQCD when Λ = 1/r ∼ mv

→  ×  V(µ’ r)

NRQCD pNRQCD



pNRQCD (mv À ΛQCD)

pNRQCD is the EFT for heavy quarkonium that follows
from NRQCD when Λ = 1/r ∼ mv

→  ×  V(µ’ r)

NRQCD pNRQCD

• If mv À ΛQCD, the matching is perturbative



pNRQCD (mv À ΛQCD)

pNRQCD is the EFT for heavy quarkonium that follows
from NRQCD when Λ = 1/r ∼ mv

→  ×  V(µ’ r)

NRQCD pNRQCD

• Degrees of freedom: quarks and gluons

Q-Q̄ states, with energy ∼ ΛQCD, mv2

momentum <
∼
mv

⇒ (i) singlet S (ii) octet O

Gluons with energy and momentum ∼ ΛQCD, mv2



pNRQCD (mv À ΛQCD)

pNRQCD is the EFT for heavy quarkonium that follows
from NRQCD when Λ = 1/r ∼ mv

→  ×  V(µ’ r)

NRQCD pNRQCD

• LpNRQCD =
∑

n

c(αs(m/µ)) × V (rµ′, rµ) ×On(µ′, λ) rn

Non-analytic behaviour in r → matching coefficients V



pNRQCD (mv À ΛQCD)

L = −
1

4
F a

µνF
µν a + Tr

{

S†
(

i∂0 −
p2

m
− Vs

)

S

+ O†
(

iD0 −
p2

m
− Vo

)

O

}

+VATr
{

O†r · gE S + S†r · gEO
}

+
VB

2
Tr
{

O†r · gEO + O†Or · gE
}

LO in r

NLO in r

Pineda Soto 97, Brambilla Pineda Soto Vairo 99, 00, 03



pNRQCD (mv ∼ ΛQCD)

• All quarks with energy À mv2 and momentum À mv

are integrated out.

• All gluonic excitations between heavy quarks are
integrated out since they develop a gap of order ΛQCD

with the static QQ̄ energy.

⇒ The singlet quarkonium field S of energy mv2 and
momentum mv is the only the degree of freedom of
pNRQCD(up to ultrasoft light quarks, e.g. pions).



pNRQCD (mv ∼ ΛQCD)

• All quarks with energy À mv2 and momentum À mv

are integrated out.

• All gluonic excitations between heavy quarks are
integrated out since they develop a gap of order ΛQCD

with the static QQ̄ energy.
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⇒ The singlet quarkonium field S of energy mv2 and
momentum mv is the only the degree of freedom of
pNRQCD(up to ultrasoft light quarks, e.g. pions).



pNRQCD (mv ∼ ΛQCD)

• All quarks with energy À mv2 and momentum À mv

are integrated out.

• All gluonic excitations between heavy quarks are
integrated out since they develop a gap of order ΛQCD

with the static QQ̄ energy.

⇒ The singlet quarkonium field S of energy mv2 and
momentum mv is the only the degree of freedom of
pNRQCD(up to ultrasoft light quarks, e.g. pions).



pNRQCD (mv ∼ ΛQCD)

L = Tr

{

S†
(

i∂0 −
p2

m
− Vs

)

S

}

• The potential Vs (ReVs + i ImVs) is a mixture of perturbative and

non-perturbative contributions to be determined by the matching.



2. EFTs for QQq



QQq Scales
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Q

Q

q

v r

1/ΛQCD ∼

R = (x1 + x2)/2

mr = m/2

mR = 2m

The mass scale is perturbative:

mÀ ΛQCD

The system is characterized by the scales:
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pNRQCD (mv À ΛQCD)

• The (weakly coupled) EFT for QQq baryons contains:

(QQ)3̄ = (T 1, T 2, T 3), (QQ)6 = (Σ1, ...,Σ6), q and gluons.

Q1 i(x1)Q2 j(x2) ∼
3
X

`=1

T `(r,R)T`
ij +

6
X

σ=1

Σσ(r,R)Σσ
ij i, j = 1, 2, 3

T
`
ij =

1√
2

ε`ij ,

Σ
1
11 = Σ

4
22 = Σ

6
33 = 1,

Σ
2
12 = Σ

2
21 = Σ

3
13 = Σ

3
31 = Σ

5
23 = Σ

5
32 =

1√
2

,

all other entries are zero.



pNRQCD (mv À ΛQCD)

L = −1

4
F a

µνF aµν +

3
X

f=1

q̄f iD/ qf

+δL(0,0)
pNRQCD + δL(0,1)

pNRQCD + δL(1,0)
pNRQCD + · · ·



pNRQCD (mv À ΛQCD)
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pNRQCD (mv À ΛQCD)
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pNRQCD (mv À ΛQCD)

δL(1,0)
pNRQCD =

Z

d3r T †

"

D2
R

4m
+

∇
2
r

m

#

T + Σ†

"

D2
R

4m
+

∇
2
r

m

#

Σ

+V
(1,0)
Tσ·BΣ

2

4

0

@

3
X

ijk=1

T
`
ijT a

jkΣ
σ
ki

1

A T `† cF

2m

“

−σ(1) + σ(2)
”

· gBa Σσ

−

0

@

3
X

ijk=1

Σ
σ
ijT a

jkT
`
ki

1

A Σσ† cF

2m

“

−σ(1) + σ(2)
”

· gBa T `

3

5

+
V

(1,0)
Tσ·BT

2
T † cF

2m

“

σ(1) + σ(2)
”

· gBaT a
3̄ T

+
V

(1,0)
Σσ·BΣ

2
Σ† cF

2m

“

σ(1) + σ(2)
”

· gBaT a
6 Σ + · · ·



pNRQCD (mv À ΛQCD)
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Hyperfine Splittings: LO matching

• At the level of NRQCD:

δLNRQCD = Q†
1cF

σ · gB
2m

Q1 + Q†
2cF

σ · gB
2m

Q2 .

• Projecting onto Q1 i Q2 j one obtains in the antitriplet-antitriplet sector

δLpNRQCD =

Z
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3
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one obtains

V
(1,0)
Tσ·BT

= 1 at LO
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Hyperfine Splittings: NLO matching

� �� �σ Β
m

�����
� �� �σ Β

m

�����

cancel in the matching

∝ external energies ∝ p2/m ⇒ contribute to h.o. operators

V
(1,0)
Tσ·BT

= 1 + O(α2
s )



Hyperfine Splittings: the interaction

cF (µ)

2m

`

1 + O(α2
s )
´

T † σ
(1) + σ(2)

2
gBaT a

3̄ T

• The triplet color normalization gives an extra 1/2 factor with respect to the Savage

Wise 90 work.



Hyperfine Splittings Formula

Consider heavy-light mesons. We call PQ and P ∗
Q the Q̄u or Q̄d spin 0 or spin 1 states.

Consider the S-wave ground state of a doubly heavy baryon. Since an (anti)triplet state is antisymmetric in

colour, due to the Fermi statistics, the two heavy quarks are allowed only in a spin 1 (symmetric) state. The

lowest energy states for QQu or QQd are called ΞQQ (Ξ∗
QQ) for spin 1/2 (3/2).

MΞ∗

QQ
− MΞQQ

=
3 mQ′

4 mQ

c
(Q)
F

c
(Q′)
F

“

MP∗

Q′

− MPQ′

”

"

1 + O
 

α2
s ,

ΛQCD

mQ

,
ΛQCD

mQ′

!#

MΞ∗

cc
− MΞcc

= 120 ± 40 MeV

MΞ∗

bb
− MΞbb

= 34 ± 4 MeV

To be compared with the lattice results:

MΞ∗

cc
− MΞcc

= 89 ± 15 MeV

Flynn Mescia Tariq 03 - quenched QCD

MΞ∗

cc
− MΞcc

= 80 ± 10+3
−7 MeV

Lewis Mathur Woloshyn 01 - quenched QCD

MΞ∗

bb
− MΞbb

= 20 ± 6+2
−3 MeV

Ali Khan et al. 99 - quenched NRQCD

MΞ∗

bb
− MΞbb

= 20 ± 6+3
−4 MeV

Mathur Lewis Woloshyn 02 - quenched NRQCD
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3. EFTs for QQQ
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Q

Q

Q

v ρ

λ

R = (m(x1 + x2) + m3x3)/mR

mρ = m/2

mλ = 2mm3/mR

mR = 2m

The mass scale is perturbative:

m,m3 À ΛQCD

The system is characterized by the scales:

mÀ 1/ρ ∼ 1/λ ∼ mv À E ∼ mv2

and ΛQCD.
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Q

Q

Q

v ρ

λ

R = (m(x1 + x2) + m3x3)/mR

mρ = m/2

mλ = 2mm3/mR

mR = 2m

The mass scale is perturbative:

m,m3 À ΛQCD

The system is characterized by the scales:

mÀ 1/ρ ∼ 1/λ ∼ mv À E ∼ mv2

and ΛQCD.



pNRQCD (mv À ΛQCD)

• The (weakly coupled) EFT for QQQ baryons contains:

q, gluons, (QQ)1 = S, (QQ)8 = (OA 1, . . . , OA 8),

(QQ)8 = (OS 1, . . . , OS 8)and (QQ)10 = (∆1, . . . ,∆10).

Q1 i(x1)Q2 j(x2)Q3 k(x3) ∼ S(ρ,λ,R)Sijk +

8
X

a=1

OA a(ρ,λ,R)OA a
ijk

+

8
X

a=1

OS a(ρ,λ,R)OS a
ijk +

10
X

δ=1

∆δ(ρ,λ,R)∆δ
ijk i, j = 1, 2, 3



pNRQCD (mv À ΛQCD)

Sijk =
1√
6

εijk ,

O
A a
ijk =

1

2

3
X

n=1

εijnλa
kn , O

S a
ijk =

1

2
√

3

3
X

n=1

`

εjknλa
in + εiknλa

jn

´

,

∆
1
111 = ∆

4
222 = ∆

10
333 = 1 ,

∆
2
112 = ∆

2
121 = ∆

2
211 = ∆

3
122 = ∆

3
212 = ∆

3
221 =

1√
3

,

∆
5
113 = ∆

5
131 = ∆

5
311 = ∆

7
223 = ∆

7
232 = ∆

7
322 =

1√
3

,

∆
8
133 = ∆

8
313 = ∆

8
331 = ∆

9
233 = ∆

9
323 = ∆

9
332 =

1√
3

,

∆
6
123 = ∆

6
132 = ∆

6
213 = ∆

6
231 = ∆

6
312 = ∆

6
321 =

1√
6

,

all other entries are zero.



pNRQCD (mv À ΛQCD)

L = −1

4
F a

µνF aµν +

3
X

f=1

q̄f iD/ qf

+δL(0,0)
pNRQCD + δL(0,1)

pNRQCD + δL(1,0)
pNRQCD + · · ·



pNRQCD (mv À ΛQCD)

δL(0,0)
pNRQCD =

Z

d3ρ d3λ S†
h

i∂0 − V
(0)
S

i

S + OA†
h

iD0 − V
(0)

OA

i

OA

+OS†
h

iD0 − V
(0)

OS

i

OS + ∆†
h

iD0 − V
(0)
∆

i

∆

� �� �� ��� �� �� � � �� �� ��� �� �� �

V
(0)
S (ρ,λ) = −2

3
αs

„

1

|ρ| +
1

|λ+ ρ/2| +
1

|λ− ρ/2|

«

V
(0)

OA (ρ,λ) = −2

3
αs

„

1

|ρ| −
1

8

1

|λ+ ρ/2| −
1

8

1

|λ− ρ/2|

«

V
(0)

OS (ρ,λ) =
αs

3

„

1

|ρ| −
5

4

1

|λ+ ρ/2| −
5

4

1

|λ− ρ/2|

«

V
(0)
∆ (ρ,λ) =

αs

3

„

1

|ρ| +
1

|λ+ ρ/2| +
1

|λ− ρ/2|

«



pNRQCD (mv À ΛQCD)

δL(0,1)
pNRQCD =

Z

d3ρ d3λ V
(0,1)

Sρ·EOS

1

2
√

2

h

S†ρ · gEa OS a + OS a†ρ · gEa S
i

−V
(0,1)

OAρ·EOS

„

ifabc + 3dabc

4
√

3

«

h

OA a†ρ · gEb OS c + OS a†ρ · gEb OA c
i

+V
(0,1)

OAρ·E∆

2

4

0

@

3
X

ii′jj′k=1

εijkT a
ii′T

b
jj′∆

δ
i′j′k

1

A OA a†ρ · gEb ∆δ

−

0

@

3
X

ii′jj′k=1

∆
δ
ijkT b

ii′T
a
jj′εi′j′k

1

A ∆δ†ρ · gEb OA a

3

5

−V
(0,1)

Sλ·EOA

1√
6

h

S†λ · gEa OA a + OA a†λ · gEa S
i

−V
(0,1)

OAλ·EOA

„

ifabc 2m − m3

2mR

+
dabc

2

«

OA a†λ · gEb OA c + · · ·



pNRQCD (mv À ΛQCD)

δL(1,0)
pNRQCD =

Z

d3ρ d3λ S†

"

∇
2
R

2mR

+
∇

2
ρ

2mρ

+
∇

2
λ

2mλ

#

S

+OA†

"

D2
R

2mR

+
∇

2
ρ

2mρ

+
∇

2
λ

2mλ

#

OA

+OS†

"

D2
R

2mR

+
∇

2
ρ

2mρ

+
∇

2
λ

2mλ

#

OS

+∆†

"

D2
R

2mR

+
∇

2
ρ

2mρ

+
∇

2
λ

2mλ

#

∆ + · · ·



pNRQCD (mv ∼ ΛQCD)

• All scales above mv2 are integrated out.

• All gluonic excitations between heavy quarks are
integrated out since they develop a gap of order ΛQCD

with the static QQQ energy.

⇒ The singlet QQQ field S of energy mv2 and momentum
mv is the only the degree of freedom of pNRQCD
(up to ultrasoft light quarks, e.g. pions).
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pNRQCD (mv ∼ ΛQCD)

• All scales above mv2 are integrated out.

• All gluonic excitations between heavy quarks are
integrated out since they develop a gap of order ΛQCD

with the static QQQ energy.

⇒ The singlet QQQ field S of energy mv2 and momentum
mv is the only the degree of freedom of pNRQCD
(up to ultrasoft light quarks, e.g. pions).



pNRQCD (mv ∼ ΛQCD)

LpNRQCD = S†

[

i∂0 +
∇

2
R

2mR

+
∇

2
ρ

2mρ

+
∇

2
λ

2mλ

− V (S)(ρ, λ)

]

S

• The potential Vs is non-perturbative:
(a) to be determined from the lattice;
(b) to be determined from QCD vacuum models.



V (S) = V
(S)
0 + V

(S)
1 + V

(S)
2 + · · ·

V
(S)
0 = lim

T→∞

i

T
ln
D

W S
QQQ

E

lattice data in Takahashi Suganuma 04, Alexandrou et al. 02

V
(S)
1 = −

3
X

i=1

1

2mi

Z ∞

0
dt t 〈〈gE(xi, t) · gE(xi, 0)〉〉Sc,QQQ

V
(S)

spin dep. =

3
X

i=1

c
(i)
S

4m2
i

σ(i) ·
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(∇xi
V

(0)
S ) × (−i∇xi

)
i

+

3
X

i,i′=1

i
c
(i)
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Z ∞

0
dt t

3
X

kl=1

〈〈gBk(xi, t) gEl(xi′ , 0)〉〉Sc,QQQσ
(i)
k

(−i∇l
xi′

)

−
3
X

i>i′=1

i
c
(i)
F c

(i′)
F

2mimi′

Z ∞

0
dt

3
X

kl=1

〈〈gBk(xi, t) gBl(xi′ , 0)〉〉Sc,QQQσ
(i)
k
σ

(i′)
l

−
3
X

i>i′=1

“

dsv
QiQi′

+ dvv
QiQi′

〈〈T a (i)T a (i′)〉〉Sc,QQQ

”

σ(i) · σ(i′)δ3(xi − xi′ )



4. Outlook



Non Relativistic Effective Field Theories provide a systematic tool to

study heavy baryons made of two or three heavy quarks.

The studies are just at the beginning and several developments

are still possible.



In the case of QQq baryons; e.g.

• study of doubly charmed baryons in the completely non-perturbative case
mv ∼ ΛQCD. In particular, lattice studies of the potentials;

• construction of pNRQCD + light quark sector that fully implements chiral symmetry
in order to addres pion transitions, decay and production processes.

• However, first of all, experimental confirmations are needed.



In the case of QQQ baryons only lattice studies are possible at the moment; e.g.

• determination on the lattice of the QQQ spin interaction;

• the study of the full spectrum of QQQ gluonic excitations.
This will become soon available.
Morningstar et al. 05(?)



The short-range spectrum of QQQ gluonic excitations is of the form:

E
(S)
Λ = V

(S)
0 (ρ, λ) + Λ + O(λ2, ρ2); E

(OA)
Λ = V

(OA)
0 (ρ, λ) + Λ + O(λ2, ρ2)

E
(OS)
Λ = V

(OS)
0 (ρ, λ) + Λ + O(λ2, ρ2); E

(∆)
Λ = V

(∆)
0 (ρ, λ) + Λ + O(λ2, ρ2)
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E
(0)
0

E
(0)
1

(1) Why does the energy just depend on

one single coordinate Lmin?

(2) What kind of excitation is E
(0)
1 ?

Is it of the E
(S)
Λ , E

(OA)
Λ , E

(OS)
Λ or E

(∆)
Λ type?

Only more short-range data may solve the question.

(3) One-loop determinations of V (S), V (OA), V (OS) and V (∆).
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