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Heavy Quark Symmetry

QCD Lagrangian: LQ = Q̄(i /D −mQ)Q, Dµ = ∂µ − igAaµT a,

1/mQ expansion of positive energy state Qv with velocity v: (Manohar, Wise, Luke, Grinstein, ...)

LHQET = Q̄vv · iDQv︸ ︷︷ ︸
LO

+Q̄v
(iD⊥)2

2m
Q
Qv − gsQ̄v

σµνG
µν

4m
Q

Qv +O(1/m2
Q)

In LO, heavy quark spin in mQ →∞ is conserved

At NLO: 1/mQ expansion

LHQET = Q̄vv · iDQv + Q̄v
(iD⊥)2

2mQ

Qv −

magnetic gluon︷ ︸︸ ︷
gsQ̄v

σµνG
µν

4mQ

Qv︸ ︷︷ ︸
NLO in 1/m

Q
expansion

+O(1/m2
Q)
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Heavy Hadron Effective Theory

At LO: 1/mQ expansion in quark ⇐⇒ 1/M expansion in hadron
HQS gives doublet/singlet in mass spectrum in exotic heavy hadrons and nuclei

LO + NLO:
HQS doublet:

Baryon: Σc

(
JP = 1

2
+
)

⇐⇒ Σ∗c

(
JP = 3

2
+
)

Meson: D̄
(
JP = 0−

)
⇐⇒ D̄∗

(
JP = 1−

)
HQS singlet: Λc

(
JP = 1

2

+
)
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Background and Motivation HQSS and its Succesfull

Advantages of HQSS

Reduction of Degrees of Freedom: by decoupling the spin of the heavy quark from its dynamics

Model Independence: allows physicists to derive model-independent relations between different states

Relating Spectra: to understand the structure and transitions between these states more
systematically

Predictive Power: predicting the mass splittings between states in a heavy quark system that differ
only in their spin configurations

Spin-Dependent Interactions: such as hyperfine splittings, which are small corrections to the mass
and decay rates due to spin-spin interactions between the quarks

Development of HQET: is a cornerstone of Heavy Quark Effective Theory (HQET), an effective field
theory that systematically expands in inverse powers of the heavy quark mass

Universal Predictions: ensures consistency in predictions across different heavy quark systems, due to
the similar behavior under HQSS

Study of Multiquark Systems: of exotic states, such as tetraquarks and pentaquarks
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Background and Motivation Drawbacks of HQSS

But, there are of concerns

Approximate Symmetry: that holds only in the limit of infinitely heavy quark masses, the
corrections must be taken into account for real quarks

Power Corrections: the corrections are often complex which arise from finite quark masses and could
involve non-perturbative QCD effects

Less Effective for Charm Quarks: because the charm quark mass is not sufficiently large compared
to the chiral symmetry breaking scale (Λχ ≈ 4πf2

π)

HQSS is relevant based on the assumption that heavy quarks are highly on-shell

For pp̄→ YcȲc, the charmed quark production is highly off-shell, which not satisfy with HQSS
assumption

We assert that the charmed baryon production process can be explained by HQSS
framework, but to what extent?

Thus, we would like to know whether how much of HQSS is conserved or violated, for the
pp̄→ YcȲc processes?
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pp̄→ YcȲc processes?

Samart, Daris (KKU) HQSSV in Yc production 2024-08-09, , Japan 7 / 28



Background and Motivation Drawbacks of HQSS

But, there are of concerns

Approximate Symmetry: that holds only in the limit of infinitely heavy quark masses, the
corrections must be taken into account for real quarks

Power Corrections: the corrections are often complex which arise from finite quark masses and could
involve non-perturbative QCD effects

Less Effective for Charm Quarks: because the charm quark mass is not sufficiently large compared
to the chiral symmetry breaking scale (Λχ ≈ 4πf2

π)

HQSS is relevant based on the assumption that heavy quarks are highly on-shell
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Background and Motivation Research Objectives

Research Objectives

By now, the study of the HQSS and its violation hasn’t been found yet

In this work we estimate both conserved (CHQSS) and violated (VHQSS) contribution by comparing
their differential cross sections to the total cross section of the pp̄→ ΛcΛ̄c, ΣcΣ̄c, Σ∗cΣ̄c and Σ∗cΣ̄

∗
c

processes

p1

p2

D

p3

p4

p

p̄

Yc

Ȳc

+ p1

p2

D∗

p3

p4

p

p̄

Yc

Ȳc

Our aim is to investigate the violation in HQSS in terms of the heavy quarks spin
quantum number i.e. spin- 1

2
from Σc and spin- 3

2
from Σ∗c
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Heavy Quark Spin Symmetry (HQSS) Heavy Quark Super Fields

HQSS properties and its transformation

In the heavy-quark limit mQ →∞, the spin interaction between light and heavy quarks is decoupled. As a
consequent, the pseudoscalar and vector D mesons as well as spin- 1

2
and spin- 3

2
baryons form degenerate

states. We find

Ha = P+(v)
(
Dµ
aγµ + iγ5Da

)
, H̄a = γ0H

†
aγ0

Tµab = P+(v)

(
Σµab +

i√
3

(γµ + vµ)γ5Σab

)
, T̄µab = (Tµab)

† γ0

T = P+(v)Λ , T̄ = T †γ0

where P+(v) = 1
2
(1 + /v) is the positive covariant velocity projection operator and obey the following the

HQSS SU(2)v transformations:

Ha → e−iθαS
α

Ha, H̄a → H̄ae
iθαS

α

Tµab → e−iSαθ
α

Tµab, T̄µab → T̄µabe
iθαS

α

T → e−iSαθ
α

T, T̄ → T̄ eiSαθ
α

where Sα is the heavy-quark spin operator with the properties:

Sα =
1

2
γ5 [/v, γ

α] , S†αγ0 = γ0Sα, [/v, Sα] = 0, [Sα, γ5] = 0
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Heavy Quark Spin Symmetry (HQSS) CHQSS and VHQSS Lagrangians

Conserving Heavy Quark Spin Symmetry (CHQSS) and Violating Heavy Quark Spin
Symmetry (VHQSS) Lagrangians

Respect CPT, Lorent Symmetry and Flavor symmetry

With the super field effective Lagrangians

LCHQSS =
1

2
c1
〈
T̄µabγ5NbHaγµ + h.c.

〉
+

1

2
c2
〈
T̄ γ5NaHaγ5 + h.c.

〉
LVHQSS = −1

4
b1
〈
T̄µabγ

νNbHaγµγνγ5 + h.c.
〉

+
1

2
b2
〈
T̄ γµNaHaγµ + h.c.

〉
+

1

4
b3
〈
T̄ σµνNaHaσµν + h.c.

〉

After tracing all fields in heavy quark spin space

LCHQSS =
c1√

3
Σ̄abγ

µNbD
a
µ + c1Σ̄µabγ5NbD

a
µ

+ ic2Λ̄γ5NaD
a + h.c.,

LVHQSS =
i
√

3

2
b1Σ̄abγ5NbDa +

i√
3
b1Σ̄abσ

µνNbD
a
µvν

− ib1εµναβΣ̄µabγ
νNbD

α
a v

β

+ b2Λ̄γµNaD
a
µ + ib3Λ̄σµνNaD

a
µvν + h.c..
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Heavy Quark Spin Symmetry (HQSS) CHQSS and VHQSS Lagrangians

Conserving Heavy Quark Spin Symmetry (CHQSS) and Violating Heavy Quark Spin
Symmetry (VHQSS) Lagrangians

LCHQSS =
c1√

3
Σ̄abγ

µNbD
a
µ + c1Σ̄µabγ5NbD

a
µ

+ ic2Λ̄γ5NaD
a + h.c.,

LVHQSS =
i
√

3

2
b1Σ̄abγ5NbDa +

i√
3
b1Σ̄abσ

µνNbD
a
µvν

− ib1εµναβΣ̄µabγ
νNbD

α
a v

β

+ b2Λ̄γµNaD
a
µ + ib3Λ̄σµνNaD

a
µvν + h.c..

We note that the CHQSS terms contain vector couplings between Σc , (Σ∗c) and D∗, whereas the Λc
couples to pseudoscalar D mesons.

VHQSS terms contain tensor couplings between Σc , (Σ∗c) and D∗ as well as pseudoscalar cloupled to D,
whereas the Λc couples to D∗ with the vector and tensor terms.

However, the coupling constants, c1, c2, b1, b2 and b3 are free parameters. We can obtain the coupling
constants from the well-know couplings from the effective Lagrangian in the literature by matching the
structures in the heavy quark mass expansion.
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SU(2)f Effective Lagrangians Heavy Quark Mass Expansion

Heavy Quark Mass Expansion

In the large heavy-quark mass limit, single heavy-quark hadrons can be considered as slowly varying fields,
D±v (x) , Dµ±

v (x) , Σ±v (x) , Σ±v
µ(x) and Λ±

Φ = {D±, D∗±,Σ±,Σ∗±,Λ±}

Φ D =
(
D0 D+

)
D∗ =

(
D∗0 D∗+

)
N =

(
p
n

)
Λc = Λ+

c Σc =

Σ++
c

Σ+
c

Σ0
c

 Σ∗c =

Σ∗++
c

Σ∗+c
Σ∗0c


JP : 0+ 1+ 1

2

+ 1
2

+ 1
2

+ 3
2

+

m (GeV2) 1.867 2.008 0.938 2.286 2.455 2.520

For the slowly varying heavy quark mass expansion, one can decompose the hadronic fields as

Φ(x) = exp (−imΦv · x)Φ+
v (x) +((((((((((

exp (+imΦv · x)Φ−v (x)

/vΦv = Φv
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SU(2)f Effective Lagrangians Heavy Quark Mass Expansion

Effective Lagrangians with heavy quark mass expansion

SU(2)f effective Lagrangians

L = LP + LA + LV + LT + h.c.

LP = g1Σ̄iγ5ND + g2Λ̄iγ5ND

LA = − g3

mD

Σ̄γµγ5∂µDN −
g4

mD

Λ̄γµγ5∂µDN

− g5

mD

Σ̄µ∂µDN

LV = f1Σ̄γµNDµ + f2Λ̄γµNDµ + f3Σ̄µiγ5NDµ

LT =
ih1

2mD

Σ̄σµνNDµν +
ih2

2mD

Λ̄σµνNDµν

+
ih3

2mD

Σ̄µγνγ5NDµν +
ih4

4mD

εµναβΣ̄µγνNDαβ

With the heavy quark mass expansion

Lv = LPv + LAv + LVv + LTv + h.c.

LP = g1Σ̄viγ5NDv + g2Λ̄iγ5ND

LA =
g3

mD

Σ̄viγ5DvN +
g4

mD

Λ̄viγ5DvN

LV = f1Σ̄vγ
µNDvµ + f2Λ̄vγ

µNDvµ + f3Σ̄µv iγ5NDvµ

LT = h1Σ̄vσ
µνNvµDvν + h2Λ̄vσ

µνNvµDvν

+ h3Σ̄µvγ
νγ5NvµDvν + h4εµναβΣ̄µvγ

νNvαDβ
v

where Σµvvµ = 0 = Dµ
v vµ and Σ̄vv/= Σ̄v have been

used.
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Conserved and Violated Contributions Matching Relation

Matching Relation

The expanded SU(2)f effective Lagrangians

Lv = LPv + LAv + LVv + LTv + h.c.

LP = g1Σ̄viγ5NDv + g2Λ̄iγ5ND

LA =
g3

mD

Σ̄viγ5DvN +
g4

mD

Λ̄viγ5DvN

LV = f1Σ̄vγ
µNDvµ + f2Λ̄vγ

µNDvµ + f3Σ̄µv iγ5NDvµ

LT = h1Σ̄vσ
µνNvµDvν + h2Λ̄vσ

µνNvµDvν

+ h3Σ̄µvγ
νγ5NvµDvν + h4εµναβΣ̄µvγ

νNvαDβ
v

The super-multiplet HQSS Lagrangians

LCHQSS =
c1√

3
Σ̄abγ

µNbD
a
µ + c1Σ̄µabγ5NbD

a
µ

+ ic2Λ̄γ5NaD
a + h.c.,

LVHQSS =
i
√

3

2
b1Σ̄abγ5NbDa +

i√
3
b1Σ̄abσ

µνNbD
a
µvν

− ib1εµναβΣ̄µabγ
νNbD

α
a v

β

+ b2Λ̄γµNaD
a
µ + ib3Λ̄σµνNaD

a
µvν + h.c..
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Conserved and Violated Contributions Matching Relation

Matching Relation 2

For CHQSS Lagrangians: c1 =
√

3f1 = 1
2
f3 = h3, c2 = g2 + g4

For VHQSS Lagrangians: b1 = 2√
3
(g1 + g3), b1 =

√
3h1, b1 = −2f4, b2 = f2, b3 = h2

Input parameters (Coupling constants): SU(3) symmetry relations from gπNN , replacing strange
hadrons by the charmed ones.(Thanat2022):

g1 = 3.2, g2 = 16.65, g3 = 10.63, g4 = 14.33

f1 = 12.7, f2 = −5.11

h1 = 5.8, h2 = −10.4

The form factors

F (t) = k2 Λ4

Λ4 +
(
t−m2

φ

)2 ,

Fn(t) = k

(
Λ2

Λ2 − t

)n
, (n = 1, 2),
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Conserved and Violated Contributions Preliminary results

Preliminary Results: pp̄ → ΛcΛ̄c
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Conserved and Violated Contributions Preliminary results

Preliminary Results: pp̄ → ΣcΣ̄c
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Conserved and Violated Contributions Preliminary results

Preliminary Results: pp̄ → Σ∗
cΣ̄c
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Conserved and Violated Contributions Preliminary results

Preliminary Results: pp̄ → Σ∗
cΣ̄

∗
c
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Conserved and Violated Contributions Summary and Outlook

Summary and Outlook

We constructed the conserving and violating HQSS Lagragians to study pp̄→ YcȲc reactions.

The conserving terms are vector couplings for Σc and D∗ and pseudoscalar couplings for Λc and D.

The violating terms are pseudoscalar couplings for Σc and D, tensor coupling for Σc and D∗ and vector
and tensor couplings for Λc and D∗.

We calculated the differential cross-section for pp̄→ YcȲc processes and estimated the contributions of
the CHQSS and VHQSS.

We plan to put coupling constants from other theoretical calculations, for instances, Light-Cone QCD
sum rules, and etc.

Thank you.
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Scaling of the Interaction
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Heavy Quark Spin Symmetry
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Heavy Quark Flavor Symmetry
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Backup

Summary of Chiral Quark Symmetry

infinite quark mass limit: mQ →∞ (mQ � ΛQCD)

relevant quantum numbers: flavor (f) and spin (s)

provided relations: B ⇔ B∗, D ⇔ D∗, Λc ⇔ Λb or Σc ⇔ Σ∗c

complementary to Chiral Symmetry (mq � ΛQCD)

NOT a symmetry of the Lagrangians (whole S-Matrix),
BUT an Effective Theory (certain matrix elements)

good approximation to QCD in a certain kinematic region

Q interacts predominantly by the exchange of soft g
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Backup

intermediate
particle

SU(2)f CHQSS VHQSS
Λ Σab Σµab Λ Σab Σµab Λ Σab Σµab

Da pseudo-scalar (P ) g2 g1 c2 b1∂µDa axial-vector (A) g4 g3

Dµ
a vector (V ) f2 f1 f3 c1 c1

b2 b1 b1∂µDν
a tensor (T ) h2 h1 h3, h4 b3
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