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@ Morivation

© ErrecTive FiELD THEORY FOR QCD-LIKE THEORIES
@ Quark level Theories
o Effective Theories

@ Tur Cavrcurarions
@ 1. mass, decay constant and quark condensates
@ 2. General Meson-Meson Scattering
@ 3. Two Point Functions and S-parameter
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MOTIVATION

MOTIVATION

Our motivations for studying Effective Field Theory of QCD-like Theory:

o Systematically develop a theoretical framework for studying the low energy theory of
the strong dynamic in TeV scale;

@ Provide the high order analytic results for Chiral extrapolation in Lattice computing;
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FIGURE: Plots from T. Appelquist et al., arXiv:0910.2224.

@ Help to understand the mechanism of diquark condensate in finite baryon density.
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QUARKS LIVE IN THE COMPLEX REPRESENTATION.

@ The nf flavor QCD Lagrangian with external source terms

L = qiv"Duqi + qriv"Dyuqr
+quy" e + Gy rugr — M gr — GrMaqL
D, = 0uq—iGuq, ij=1,2,...,nf
M = diag(m,...,m)

o If m =0, the flavor symmetry is SU(nf). x SU(n¢)r.

@ The vacuum condensate (§q) = (qLqr + grqL) 7 0, which spontaneously breaks the
SU(nf)L x SU(ng)r down to SU(n¢)y.

@ The small quark mass m # 0 explicitly break the flavor symmetry
SU(nf)L X sU(nf’)R — SU(nf)V.
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QUARK LEVEL THEORIES

QUARKS LIVE IN REAL REPRESENTATION

The Lagrangian with external source terms

L = tre(qyuiv* Duqri) + tre (Griiv" Duqri)
+tre (@ lugar) + tre (@rr* ruidry) — tre (GriMiqry) — tre (aLIMUqu)
D.qg = 0uq—iGuq+iqGy, hj=1,2

@ The lightest baryon is diquark, with the same mass of pionic Goldstone Boson
@ Transfer the left hand quark to right hand anti-quark
ari=Cq,;  C=h"’
@ The Lagrangian can be rewritten as
— 1 — A =T 1 A
- vt Dy, G i (aer@”) - L (aTentts
L rc (ql’y D#q> + tre (q*y V#q_,) rc (qCMq ) 2trc (q M q)
~ ar m S 0 M
o () (% ) A ()
°

The actual flavor symmetry is SU(2n¢)!
The vacuum condensate (trc (gq)) =

(trc (37 CJsq)) # 0 spontaneously breaks the
SU(2n¢) down to SO(2ny).

Js =

EFFECTIVE FIELD THEORY FOR QCD-LIKE THEORIE

5/ 24



EFFECTIVE FIELD THEORY FOR QCD-LIKE THEORIES QUARK LEVEL THEORIES

QUARKS LIVE IN PSEUDO-REAL REPRESENTATION.

@ The Lagrangian with external source terms
L = ?IL,""Y#D;LqLi"F?IRi""YMDHqRi
G iy + GO ruiar; — GrMian — auMbar;
D, = 0uq—iGuq, ihj=1,2,...,nf
@ The lightest baryon is diquark(boson), with the same mass of pionic Goldstone

Boson.
@ Transfer the left hand quark to right hand anti-quark:

GRai = €ap Cal s C=h"y’
@ The Lagrangian can be rewritten as

. ~ = O ~ 1T ”TT IA - ~
£ = a"Dud+ " Vuan - 30 CeapMaps — EQafaBCMTqﬁ

. ar (o0 ~ (0 M
o= (@) w8 ) a-(ar

The actual flavor symmetry is SU(2n¢)!
The vacuum condensate (§q) = (ga€asCJags) # 0 spontaneously breaks the
SU(2n¢) down to Sp(2ny).

Ja =

N
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BROKEN GENERATOR AND GOLDSTONE BOSONS

Nonlinear realized Goldstone Boson in different effective theories:

o Complex representation: SU(ns) x SU(ns)/SU(ny).

. Ng

i a 2
U=ulu, u=exp 75 T, Ng=Nf—1

V2F) =

Ng: Number of quarks(flavour)

Ng: Number of pseudo-Goldstone Boson

@ Real representation: SU(2n¢)/SO(2ny).

. Ng
U=uJsu', u=exp \[TIFZWETB . Ng=nd2n;+1)—1
0

a=1

@ Pseudo-real representation: SU(2ny)/Sp(2ny).

N Ng = nf(2nf— 1) -1
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THE LAGRANGIAN

@ Using the general method of CCWZ, we write the three different theories in the
same form of Lagrangian, similar to Chiral Perturbation Theory.

@ The Leading order Lagrangian

|

Lo = (DL U'D* U+ U + UxT)

@ The covariant derivative D,, and mass parameter x is different for three different
cases.

complex real pseudo-real
D, 8uU—ir,U+iUl,  0,U—iV,U—iUJsV,Js) 8,U—iV,U—iU(Ja VZJA)

2 2 2
X mgp mgJs myJa
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LAGRANGIAN AT NEXT-TO-LEADING ORDER

o The p* EFT Lagrangian for three different QCD-like theories is also the same:
Ly = LoTr[DMU(DVU)TD“U(D”U)T]
2
Tl {Tr[DHU(D”U)T]} +LoTr [DMU(DVU)T] Tr [D“U(D"U)T]
+LsTr [DM u(D*U)t D, U(D“U)T] +LyTr [DNU(D“U)T] Tr (XU’r + UX*)
2
+LsTr [DLUD* V) (U + Ux )] + Lo [Tr (xUT + Ux )]
2
Ly [Tr (XUT - UXT)] T LsTr (UXT Ut + XUTXUT)
—iloTr [FEVD“ U Uyt + (0" U) D U] 4 LyoTr (Uft“, ut F,;”)

+HTr (fﬁufﬁ,u + f:'“, Idi_w> + HxTr (XXT) .

o The devergence structure of low energy coupling constants in MS scheme:

L o= (e®* [erL,‘(u)} ~ 0(107?)
Ho= (@ g )|~ 000
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EFFECTIVE THEORIES

LAGRANGIAN AT NEXT-TO-LEADING ORDER

The coefficients I'; for the three cases that are needed to absorb the divergences at NLO.

The last two lines correspond to the terms with H; and H>

(nz —4)/(8np)

(n? 4 nf—2)/(8ny)

i Complex Real Pseudo-Real
SUN). x SU(np)r/SU(ns) | SU(2ny)/SO(2ny) SU(2n¢)/Sp(2ny)

0 ns/48 (ns+4)/48 (nf—4)/48

1 1/16 1/32 1/32

2 1/8 1/16 1/16

3 ne/24 (ne—2)/24 (nf+2)/24

4 1/8 1/16 1/16

5 ne/8 ne/8 ns/8

? (n? + 22)/(16n?) (n? + 12)/(32n?) (n? + 12)/(32n?)

8 (n2 — 4)/(16n) (2 + ng—2)/(16n7) | (n2 — ns— 2)/(16ny)

9 ng/12 (ns+1)/12 (nf—1)/12

10 —ng/12 —(ne+1)/12 —(nf—1)/12

i —ng/24 —(ns+1)/24 —(nf—1)/24

o

(n? — nf—2)/(8ny)

o Complex (Ch PT): J. Gasser and H. Leutwyler, Annals Phys. 158 (1984) 142.

@ Pseudo-Real (Two color): small disagreements with K. Splittorff, et al, Nucl. Phys. B 620

(2002) 290 [arXiv:hep-ph,/0108040].
o Real (Adjoint QCD): J. Bijnens, J. Lu, JHEP 0911 (2009) 116 [arXiv:0910.5424].
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LAGRANGIAN AT NNLO FOR REAL AND PESUDO-REAL CASE

Real and Pseudo-real

@ Their p° Lagrangian should have same form of ChPT. Whether it is the minimum
form is not known yet.

o The divergence structure form at p® for "real” and "pseudo-real” case is the same

except the coefficients F§L), Fgl) and F,@ they are unknown coefficients.

@ The related NNLO coupling constants ki can be combined as a single unknown
parameters for each calculated quantity. The nonlocal divergence should be canceled
in the calculation.

Renormalization, the cancellation of divergence.

@ The one loop divergence of L2 is absorbed by the bare coefficient of L4: L;

@ The two loop divergence of L2 and one loop divergence of L4 are absorbed by the
bare coefficient of Ls: K.
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THE CALCULATIONS 1. MASS, DECAY CONSTANT AND QUARK CONDENSATES

The calculation of important physical quantities up to next-to-next-to leading order:
@ Mass of meson
@ Quark vacuum condensate

@ Decay constant of meson
@ (b) 6

The set of diagrams contributing to the

© O] ® -
X 1PI quantities.
A VS o
8 8 O e p~ vertex,
A VO T x: p* vertex,
© ® 0)

K: p® vertex.

——Q—- —-@— --8 -
G0 (k) [0)
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SU(2) CASE: mm SCATTERING

J. Bijnens, J. Lu, JHEP 1103 (2011) 028 [arXiv:1102.0172].
@ The amplitude

Myr (s, t,u) = 6°6“A(s, t, u) + 670" A(t, u, s) + 676" A(u, s, t) .

@ The isospin channels

T(s,t,u) = 3A(s,t,u) + A(t, s, u) + A(u, t, 5),
Tl (57 t, U) = A(t7 S, Ll) - A(u7 S, t)7

Mrr(s, t,u) = Z T’(s, t, u)P;.

1=0,1,2
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THE CALCULATIONS 2. GENERAL MESON-MESON SCATTERING

GENERAL FORMULA

The general amplitude of meson-meson scatteringa + b— ¢ + d

(6°(p)d?(Pa)| 9% (Pa)#°(pb)) = M(s, t,u)

M(s, t,u) = [tre(XPXEXEXD) 4 tre( X2 XIXXP)|B(s, t, u)
+H[tre(XXEXIXP) + tre(XPXPXIX)|B(t, u, 5)
+[tre(XPXIXEXE) + tre( XX XP XYY B(u, s, t)
+6205°4C(s, t, u) + 67°6°9C(t, u, s) + 62965°C(u, s, 1)

K ) | AN
/ P K

I

(62)i(d2)(be) (Da)k - C (2)j(6),(de)i (a)i - B
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THE CALCULATIONS 2. GENERAL MESON-MESON SCATTERING

REPRESENTATIONS AND CHANNELS

@ Meson is the component of adjoint representations.
@ The direct product of two adjoint representations can be written in term of direct
sum irreducible representations.
o Examples for nf=2,3:

SU():3@3=130365
SUB):88=108d8 @100 10® 27
@ For general n¢ flavour in Complex representation: SU(n)
Adj.® Adj. =R ®Rs ®Ra ® +RS O RS O RA O RS
= 7 channels.
@ Real representation(adjoint QCD): SO(2n)
Sym. @Sym. = Ri® Ra ® Rs ® Res © Rma @ Rus .
= 6 channels

@ Pseudo-real representation(two color QCD): Sp(2n)
Asym. @ Asym. = R B Ra ® Rs ® Rea D Rua ® Rus -

= 6 channels.
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THE CALCULATIONS 2. GENERAL MESON-MESON SCATTERING

REPRESENTATIONS AND CHANNELS: COMPLEX CASE

Two ways to write down the irreducible representations: tensor method or Young
diagrams.

@ The scattering channels/irreducible representations(QCD):
o Ry (¢a);/(n)/
® Rs: (¢a)i(¢n) + (éb)i(a)’
° Ra: (6a)j(¢p) — (d1)i(¢a)’

o R :(¢a);/(d6) = (i k) + (& ) = (i 4 kyj > 1)
0 RZ:(0a);(¢0)+ (i k)= (= N+ (e kjer )
o R (0a)/(dp) K — (i45 k) = (j > )+ (i ¢ ko j = 1)
0 RS : (0a);(¢6) K+ (i3 k) + (> ) + (i ¢ K j 42 1)

P Pe e greme me me
3 B 100 @ ooOm
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THE CALCULATIONS 2. GENERAL MESON-MESON SCATTERING

SCATTERING AMPLITUDE

Scattering amplitude is defined as

Tr = (RM(s, t, u)|R:)

The scattering amplitude for complex case

T

Ts

Ta
Tsa
Tas
Tss
Tana

2 (n - %) [B(s, t, u) + B(t, u, 5)] — %B(U» s 1)
+(n® = 1)C(s, t,u) + C(t, u,s) + C(u, s, t) ,
(n - %) [B(s, t,u) + B(t,u,s)] — %B(Ua s 1)
+C(t,u,8) + Cu, s, t)

n[—B(s, t,u) + B(t, u,s)] + C(t,u,s) — C(u, s, t) ,

C(t,u,s) — C(u, s, t)

C(t,u,s) — C(u, s, t) ,

2B(u,s, t) + C(t,u,s) + C(u,s, t) ,
—2B(u, s, t) + C(t,u,s) + C(u, s, t) .
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THE CALCULATIONS 2. GENERAL MESON-MESON SCATTERING

FyYNMAN DIAGRAMS

o> xox
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TWO-POINT FUNCTIONS

J. Bijnens, J. Lu, JHEP 1201 (2012) 082[arXiv:1111.1886].
Definition of two-point functions:

2(q) = i/d4xei‘7'x(O|T(\/Z(X)\/§(O))T|O)

= (quav — &) (6") + quq 115 (67)

My.(q) = i / d*x € (0| T(AZ(x)A2(0))1]0)

= (quav — g1 (¢°) + qu a1 (67 ,
M(q) = i / d'x €7 (0| T(S*(%)5°(0))1[0) ,

M) = i / d*x €9 (0] T(P(x) P*(0))]0)
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THE CALCULATIONS 3. Two POINT FUNCTIONS AND S-PARAMETER

OBLIQUE CORRECTION AND S-PARAMETER

@ Three types of one-loop correction to LEP process e™ + e~ — g+ §: vacuum
polarization corrections, vertex corrections, and box corrections.
The vertex corrections and and box corrections are suppressed by factor of m%/m%.

@ The one-loop oblique correction

@ The S parameter can be written as

)

—27 [ (0) — pa(0)|

- zwdig (1) - 1)

q2=0
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OBLIQUE CORRECTION AND S-PARAMETER
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3. Two POINT FUNCTIONS AND S-PARAMETER
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SUMMARY

@ We have written the Effective Field Theory of three QCD-like theories (Complex,
Real, Pseudo-real) in an extremely similar way which can simplify the calculation.

@ We got the one loop divergence coefficients I'; for real and pseuso-real case.

o We calculated the m., Fr and (gq) in the SU(Nf) Chiral Perturbation Theory and
other two QCD-like Theories for equal mass case up to NNLO.

@ We studied the general meson-meson scattering for three QCD-like theories,
analysed the amplitude structure, calculated scattering length up to NNLO.

o We calculated the V-V, A-A, P-P, S-S two-point functions up to NNLO, obtained
the formula of S-parameter in those QCD-like theories.

@ All the three theories maybe useful for the study of Technicolor Theory and Finite
Baryon Density, especially for people who are working in Lattice.
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