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Heavy Quark Symmetry

o QCD Lagrangian: Lg = Q(il) — mg)Q, D, =0, —igALT®,

e 1/mg expansion of positive energy state Q. With velocity v: (Manohar, Wise, Luke, Grinstein, ...)

CHQET = QUU : ZDQ’U +Qv (ZQDmJ_) Qv - ngv + O(l/mQ)
LO

e In LO, heavy quark spin in m¢ — oo is conserved

e At NLO: 1/mg expansion
magnetic gluon
(iD.1)*

/—/%
- 3 G
ﬁHQET - vi : ZDQU + Qv om Qv - SQ’U Qv +O(1/mQ)
Q mq

NLO in 1/mQ expansion

KHON KAEN UNIVERSITY

Samart, Daris (KKU) HQSSV in Y, production 2024-08-09, , Japan



Heavy Hadron Effective Theory

e At LO: 1/mg expansion in quark <= 1/M expansion in hadron
HQS gives doublet/singlet in mass spectrum in exotic heavy hadrons and nuclei

e LO + NLO:
o HQS doublet:

e Baryon: X (JP = %+ .
e Meson: D(JP :07> <~ D* (JP = 17)

o HQS singlet: A, (JP =
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Background and Motivation

Advantages of HQSS

o Reduction of Degrees of Freedom: by decoupling the spin of the heavy quark from its dynamics
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Background and Motivation QSS and its Succesfull

Advantages of HQSS

o Reduction of Degrees of Freedom: by decoupling the spin of the heavy quark from its dynamics
o Model Independence: allows physicists to derive model-independent relations between different states

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

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

o 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

e 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

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

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

But, there are of concerns

o Approximate Symmetry: that holds only in the limit of infinitely heavy quark masses, the
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Background and Motivation Drawbacks of HQSS

But, there are of concerns

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

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

o Less Effective for Charm Quarks: because the charm quark mass is not sufficiently large compared
to the chiral symmetry breaking scale (A, = 47 f2)

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

e For pp — Y,Y,, the charmed quark production is highly off-shell, which not satisfy with HQSS
assumption

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

e Thus, we would like to know whether how much of HQSS is conserved or violated, for the
pp — Y_.Y. processes?
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Research Objectives

e By now, the study of the HQSS and its violation hasn’t been found yet
e 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 pp — AA., .5., LiE. and 257

processes
p P2 P4 Y. p P2 P4 Y.
\./‘/ \/‘/
: :
Dy b
| |
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Background and Motivation Research Objectives

Research Objectives

e By now, the study of the HQSS and its violation hasn’t been found yet
e 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 pp — A A., ¥.5,, Li3, and ¥:57

processes
p P2 Pa YC P P2 Pa Y‘
TT— T—
: :
D : D* :
| |

@ Our aim is to investigate the violation in HQSS in terms of the heavy quarks spm
quantum number i.e. Spln—* from ¥, and Spln—* from X ‘
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Heavy Quark Spin Symmetry (HQSS) Heavy Quark Super Fields

HQSS properties and its transformation

In the heavy-quark limit mg — oo, the spin interaction between light and heavy quarks is decoupled. As a
consequent, the pseudoscalar and vector D mesons as well as spin- % and spin- % baryons form degenerate
states. We find

H,= P+(1}) (Dgfy# + i’YSDa) s Ha = 'VOHL]IL'YO
7 _
S ) Tl = (1) o
T = P (v)A T =Ty

where P, (v) = %(1 + 9) is the positive covariant velocity projection operator and obey the following the
HQSS SU(2), transformations:

T;Lb =Py (v) (Egb +

H, = e 5 "H,  H, - H,e5"
—iS,,6% = S 0,8
T — e e” Th T — Tl e e
T — e 15" T, T — Te'%a"
where S is the heavy-quark spin operator with the properties:
(o7 1 «
S = 575 [7&77 ] , SL’YO — ’YOSOL7 W’ Sa] — 07 [Sa,'VS] =0 KHON KAEN UNIVERSITY
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CHQSS and VHQSS Lagrangians

Heavy Quark Spin Symmetry (HQSS)

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

@ Respect CPT, Lorent Symmetry and Flavor symmetry

e With the super field effective Lagrangians o After tracing all fields in heavy quark spin space
LOHASS — %cl (Tt vs Ny H,oy,, + hec.) LS = %iaw”Nsz + a1 B 15 No D
+ %02 (TvsN,H,vs +h.c.) HiczAysNu D" 4 hec.,
L£VHIS = ?bliabqﬁNbDa + %hiabUWNszvu
+ %bQ (T4" Ny H,7y + hec.) - ibieuvaﬁ25§7"]Yb[_’3 ”f )
+ by Ay N, Dy, + ibsAc"” N, Djv, + h.c..

1 T v
L£VHQSS — -1t (Th~" NoHoy,v s + hee.)

+ 303 (To™ N, oo, + hic.)
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CHQSS and VHQSS Lagrangians

Heavy Quark Spin Symmetry (HQSS)

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

C1 & a O a
£CHQSS = ﬁzab’yuNpr‘ + clEZb’VE)NbD/J‘
+icoAys N, D + h.c.,

LY = ?bliamma} + %bliaba“”NbDZvu
— by euyagizb'y"Nng‘vB
+ b Ay N, Dy, + ibsAc*” N, Dyv, + h.c..
e We note that the CHQSS terms contain vector couplings between ., (X7) and D*, whereas the A.

couples to pseudoscalar D mesons.

e VHQSS terms contain tensor couplings between ., (X7) and D* as well as pseudoscalar cloupled to D,
whereas the A. couples to D* with the vector and tensor terms.

e However, the coupling constants, c1, c2, b1, b2 and bz are free parameters. We can obtain thg c
constants from the well-know couplings from the effective Lagrangian in the literature by migchi
structures in the heavy quark mass expansion. FHON FAEK CRIVERSITY
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Heavy Quark Mass Expansion

SU(2) f Effective Lagrangians

Heavy Quark Mass Expansion
In the large heavy-quark mass limit, single heavy-quark hadrons can be considered as slowly varying fields,
Dy (x), Dy *(), 55 (x), S5 (x) and Ax

P = {Di,D*i,Zi,E*i7Ai}

E;H— E:++
P D=(D°D") | D*=(D*D") | N=() | Ac=A} | .= | =F Se=| =it
Iy =0
P + + e ¥
J": 0t 1t 1 i i 3
m (GeV?) 1.867 2.008 0.938 2.286 2.455 2.520

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

®(z) = exp (—imgv - )P, () +W N KK' '
l‘*\l KAEN UNIVERSITY

$o, =9,

14 /28
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SU(2)f Effective Lagrangians [B:CERGEIOIESS S\ EXER 319 LRt tedel

Effective Lagrangians with heavy quark mass expansion

® SU(2); effective Lagrangians e With the heavy quark mass expansion

Lo=LE+L0+LY +L +he.

LY = g:8,ivs NDy + goAis ND

L4 = 935 ivDoN + 92 Ryins Do N
mp mp,

L=L+L% 4L+ L7 +he
LY = g;DiysND + g, Aiys ND
£ = —g—gi’y“fyg,auDN — ﬂfoy“’ys(‘i’uDN
m m

D D _ _ _
_ 9% sy pN " = (2 NDyy + f2hey*ND,, + fsZ4iN D,
7 _ _
mp L' = h2,0" Nv, Dy, + hoAyo™ Nv, D,
V _ o san Tou S - "
L7 = A3 ND, + fahy" N D, + f32% N D, + hs 24y 5N, Doy + ha€ap Sl No“ D]
T _ 7'hl iz 2 iz _ _
L= 2m S 2N Dy + 2mD Ac""NDyu, where ¥Yv, = 0 = Djv, and X,¥= X, have been
h3 h P used.
—2 Sk ND,, SHEyY ND?
+ QmD Y Vs + 4m mp, - €uvap v
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Conserved and Violated Contributions Matching Relation
Matching Relation
o The expanded SU(2); effective Lagrangians o The super-multiplet HQSS Lagrangians

CHQSS C1 & a & a
Lo=LE+L0+LY +L8 +he. LN = ﬁan“NbDu + XNy D

£" = g:Zyivs NDy + go Aiys ND +icoAys N, D* + hec.,
£ = B.5iys DN + T4 R, ins D, N i3, - i e uwn
mp s * mp e LVHOSS — T\fblzab%NbDa + %blzabffM NyDyv,
v _ O m n m ST B
L = leU’y NDv,u +f2Av’7 ND’U/,L +f3EvZ’YSNDv,u 7ibleuua,ﬁng'7VNngvﬁ
T & v n v _ _
L = hlEva” Nquvu +h2AU0'M NUuDvu +b2A’7y‘NaDZ +’L'b3AO'#VNaDZUV +hec..

+ hy S s Nvu Dy, + hu€ppapsShy” No® DY
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Conserved and Violated Contributions Matching Relation

Matching Relation 2

V3fi = %fs =hs, ca =92+ 9
e For VHQSS Lagrangians: b, = f( 1+ 93), by =V3Bhy, by = —2f4, by = fo, by = ho

o For CHQSS Lagrangians: ¢;

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

o g, =32, g, = 16.65, g5 = 10.63, g, = 14.33
o f =127, f, = —5.11
o hy =58, hy = —10.4

o The form factors

AL+ (t—mi)27

Ro-r(2) . oe
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Conserved and Violated Contributions

Preliminary Results: pp — A_A,

pP—>AcA., Form factor: F pp—>AcA., Form factor: F1 pp—>AcA., Form factor: F2
10° 102
Total Frr——

----- Conserving (80.10%) [,
<100 & 10° <
> ===== Violating (9.89%) 2 i 2
8 8 ¢
=) ) <)
202 307 S 107
5 REET TS E = Total -E — Total

Rb LT T LT T Conserving (80.10%) . |  =e=ees Conserving (80.10%)

107 107 1 107
===== Violating (9.89%) ===== Violating (9.89%)
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 20 0.0 0.5 1.0 15 2.0
fnax—t (GeV?) fnax—t (GeV?) tnax=t (GeV?)
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Conserved and Violated Contributions

Preliminary Results: pp — 3.5,

pp->L.L., Form factor: F pp—>E.L., Form factor: FI pp—>L.L, Form factor: F2
102 10?
Total
— ===== Conserving (89.50%) —_ r —
< 10 ¢ £ 100 <
] ===== Violating (10.50%) ] O]
< g Total g Total
_ —_—To —_ T
S0 D= 13 GeV S0 ERTE
% % Conserving (89.52%) '% Conserving (89.51%)
= TTTnnmmmemen = = Violating (10.50%) = == === Viglating (10.50%)
-4 -4 ~4
10 10 Prao= 15 GeV 10 Pub= 15 GeV
0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 L5 2.0 0.0 0.5 1.0 L5 2.0
tuax—t(GeV?) toax—t(GEV?) tmax-t(GeV?)
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Conserved and Violated Contributions

Preliminary Results: pp — X5%,

pp—>L.%., Form factor: F pp—>E.L., Form factor: FI pp—>L;L., Form factor: F2
10 10% 10?
Total
— == === Conserving (87.02%) - -
< € R <
(1 ===== Violating (12.98%) [ v
£ =15 GeV § — Total g [orerarnans
=102 puo= e = 102 ) 2 10 '
'% '% Conserving (87.05%) 'E Conserving (87.02%)
= = === == Violating (12.99%) e == === Violating (12.98%)
107 10 107
Pab=15 GeV Pub=15 GeV
0.0 0.5 1.0 15 2.0 0.0 05 1.0 15 2.0 0.0 0.5 1.0 15 2.0
fmax—t(GeV?) tmax—1(GeV?) Imax—t(GEV?)
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Conserved and Violated Contributions

Preliminary Results: pp — X3

pp->L;%;, Form factor: F

10
TOTAL
===== Conserving (96.67%)

£ 100
=z ===== Violating (3.33%)
S
= Plab=15 GeV
Z 107
=3
3

10

0.0 0.5 1.0 15 20

Inax—t(GeV?)

Samart, Daris (KKU)

pp—>L;%,, Form factor: FI

10?
< 10
3
9 k-
2 e
§ """ Conserving (96.61%)

====* Violating (3.33%)
107
Plab=15 GeV
0.0 0.5 1.0 15 20

Fnax—t(GEV?)

HQSSV in Y, production

pp->L;Z;, Form factor: F2

10
L 100
2
<8
S g2,
§ ===== Conserving (96.t

===*=* Violating (3.33%)
10
puab=15 GeV
0.0 05 1.0 15 20

max—t(GeV?)




Conserved and Violated Contributions Summary and Outlook

Summary and Outlook

We constructed the conserving and violating HQSS Lagragians to study pp — Y.Y. reactions.
The conserving terms are vector couplings for ¥, and D* and pseudoscalar couplings for A, and D.

The violating terms are pseudoscalar couplings for . and D, tensor coupling for ¥, and D* and vector
and tensor couplings for A, and D*.

We calculated the differential cross-section for pp — Y.Y. 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

identical
v/ brown muck N\,
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Heavy Quark Spin Symmetry

identical
v~ brown muck \
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Heavy Quark Flavor Symmetry

i ; SU(2) flavour  { 3
° LN i °

< s kY H
% b § .. C $
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Summary of Chiral Quark Symmetry

o infinite quark mass limit: mg — 0o (mg > Aqep)
e relevant quantum numbers: flavor (f) and spin (s)
e provided relations: B < B*, D« D*, A, & Ay or X, & X7
o complementary to Chiral Symmetry (m, < Aqcp)

e 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 SU(2), CHQSS VHQSS
particle AT X, = AZ, [ 2 A 2 | 25,
D, pseudo-scalar (P) | g2 | g1 . b
o*D, axial-vector (A) gs | g3 2 1
Dg vector (V) fg fl f3 c c bQ b b
a”DZ tensor (T) h2 hl h3, h4 ! ! b3 ! !
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