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QCD Lagrangian

+ The general QCD Lagrangian

= 1 a v,a 1 a : ~a a
Locp = (ir"D, — m) g - G,G* - o (9,G") + Ceorpgbc?

4
2 LG Z ppt
Gluon Gauge Fixing Fadeev-Popov

* Gluon fields: Gf, = 0,G! —0,G! + gf**G G

Aa
 Covariant derivatives in color space: D,=0,-ig—G,, D“b 5 d,— & fab ‘G,
e Quark fields and mass matrix: (u ) (mu )
1 d — My
q — S - ms
\ ¢ ) \ )
* Flavour symmetry:
= (1.7-3.3)MeV m. = 1.27733] GeV
SUINY) mg = (4.1-5.8)MeV | < 1GeV < my, =4.1977 (¢ GeV
Ny=2o0rN; =3 mg; = (80—130) MeV m, = (172.0 £ 0.9 + 1.3) GeV
Chiral symmetry (m, — 0) Heavy quark symmetry (M, — 0)
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Global Chiral Symmetry

+ QCD Lagrangian in the chiral limit m =0

LF s _ 1 £y
e Left and right-handed quark fields qdi/r = > q dir =4

Locp = ‘_](iV”Dﬂ)Q+3G+3GF+gFP
= (QL‘FC_IR) (i}’”DM> (C]L+C]R) + L6+ Lor+ Lrp
=4 (W”Dﬂ) g1, + qr <i7’”Dﬂ> v+ L+ Lor+ Lrp

e Global chiral symmetry

SU(N;), transformation g, — e Yillg =Lg, Le€SU (Np)r
SU(N)), ® SUN))g

SU(Ny)g transformation qr — € —i@,‘;quR =Rqg ReSU (M)R

0% and 0% are constants, corresponding to global transformations.
L R P glog
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Local Chiral Symmetry

+ QCD Lagrangian in the presence of external sources
Zaocp = 3%@ +qr* <Vﬂ + 7’5%) qg—q (S - i}’sp) q

Vector fields v, = v;lTa Scalar fields s = s97T“

Axial vector fields a, = a, T" Pseudo-scalar fields p = p“T*

e [-R form of the source terms
ar" (vﬂ + 75aﬂ) q=(q.+azg) 1" (vﬂ + 75%) (gr + az)
= q4ry"v,qr + qrY*"v,qr — qry*a,qr + ary"v,qr
=qLr" (V,,l — aﬂ> g1+ qg (Vﬂ + aﬂ> qdR
G (s —irsp) g = (Gr+ ag) (s — irsp) (91 + 4)

= q15qr + qrsqr + qr. (—Wsp) dr + qg (—i}/5p) qr

:C_]L(S—iP)QR+C_1R<S+iP)CIL
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Local Chiral Symmetry

+ Local transformation

® (Quark Kkinetic terms

~ . L 09T = 0%(x)T? : _
4rir'o,q. = |q.e™™t| iyto, [ Whiq,| = g iy*a,q,+q, L [—V”aﬁi’(x)TZ] Lq;
_ . R _ . _
Grir"0,4r = Arir"0,qx+ xR’ [—Waﬂ@ﬁ(x)Tié‘] Ra
e External sources terms
L (L) L+L (v, —a,)L=v,~a, LT (s =ip)R=s—ip

R <idMR)R+RT (v;t+a/fl>R=vﬂ+aﬂ RT (s’+ip’)L=s+ip
‘ Cancel the new pieces from quark kinetic terms

_ f— —a —1 T — _ ; T
v,—a) =Lv,—a,—id,)L" =L(v,—a,+1i0,)L

v,+a) =R(yv,+a,- iaMR)RT =R(v,+a,+ iaﬂ)RT

==l [.ocal SUN;)L @ SUN)g

(s —ip) = L(s — ip)R"
(s + ip)' = R(s + ip) LT Now, & ocp I8 invariant under local SU (Nf) 1 @ SU (Nf) » transformation.
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From QCD to ChPT: the bridge

+ Generating functional Z

e Path integral representation in terms of quarks and gluons

< Oout | 0in>

Vacuum to vacuum transition amplitude

v,d,S,p

— plvaspl — J@G gq@qeifd4x3(q,q,Gﬂ;v,a,s,p)
7

* Green functions (examples)

(O] TTAZ()P,(»)]]0) pion decay
(O| T[P (x)J*(y)P,(2)]]0) Pion electromagnetic form factor
(O] TP (@) Pp(x)P(y)P2)]]0) Pion-pion scattering

e Path integral representation in terms of Goldstones

J@G DGDG ol d*xZ(4.G.G,;v.a,5,p) — ¢iZlv.aspl — N[ o [d*xZ (Usva,s,p)
)7 — DU
A theory of quarks and gluons A theory of effective d.o.f of hadrons

The same green functions can be deduced at hadronic level
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Effective dofs: the Goldstone Bosons

+ Spontaneous Chiral Symmetry Breaking

e Goldstone bosons

SCSB
G = SUN), x SUN)y —> SUWN)y =H

T T where n; and ny are the
numbers of group elements.

n n
G Goldstone theorem H

There are n = n; — ny Goldstone bosons ¢, , -+ , ¢, d = (451 , e ,¢n)

e Non-linear realization

~/ g ~
@ ) ®, [ (] [
l An isomorphic mapping

between the quotient G/H and
the Goldstone boson fields.

l =(L,R)e G
Quotient G/H  gH 8= ) > ooH

e The introduction of U

Let g = (Z,R) € G, parameterize gH by SU(N,) matrix U = RLT[U'U=1,detU = 1]
gH= (I,RL"YH, ggH=(L,RRL")H= (I,RRLL")(L,L)H= (I,RRL'L")H

==lp Transformation law: U=RLT -5 R ([{TZT) LT = RULT U = ¢i®
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Effective dofs: the Goldstone Bosons

4+ Non-linear realisation of the GBs

 Transformation property

. D

U=e¢e V2F

SUN;) @SU(Ny)g

[U'U=1&detU = 1]

RULT

—>

* Goldstone bosons field are non-linearly realized.

D(x) =

D(x) =

De-Liang Yao
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the parameter [ has
mass dimension
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The Incorporation of Baryons

+ Transformation properties of the Baryon fields

e SUB3)case: B+"s B' = K(L,R, U)BK(L,R, U)™!

B A
B: a’ “ad
2/

° SU(Z) case: Y Ii> Y = K(L, Rv U)lP ¥= (p>

e Definition of K(L,R, U)

u*(x) = Ux)

04 LA >+

/6

VU®) = u(x) = u'(x) = VRUL' = RukK~(L,R, U)

K(L,R,U) = u~'Ru =RUL? R\/U

De-Liang Yao

Baryon-Octet
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The Incorporation of Baryons

+ Transformation properties of the Baryon fields

e Proof: [SU(2) case for example]

1. Define a map

P(2): <fI,]> —

2. Itis a homomorphism

R.ULT RR,ULJL/
pEee)( o) = ele) P = ]
2\ ¢ "\ K(L,,R,, U,)¥ K(Ly, Ry, R,UL))K(L,, R,, U)¥

U\ _ RUL'
¢ )  \K(L,R,U)¥Y

Exercise [ (RiR,) U(L,L,)" = (2,8 ( g)
K(LLy, R\R,, U)¥

e Similar for SU(3) case
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Baryon transition amplitudes

+ Generating functional with baryon fields

® The effective Lagrangian with Goldstones and baryons
L= Lop + Ly + ii°B* + Bn* ¥ p = B*D®B’
e Generating functional

. 11 T — . 4 — : o
<00ut | Oin>v,a,s,p;;7 7 — elz[v,a,s,l?,’? 7l — N' | QUDBD Be! &' xZ (B,B,Usv,a,s,p:n i)
= N' | QUe' "L J@B@Bei Jd'x[B*D*B" + 7B + Bn‘]

= N'| GUei! 4" 5ZLapp—i I d*x [ EVI* WS n" D et D

- S%(x,y| U;v,a,s,p) is the baryon propagator in the presence of the meson fields and
external fields.

DacSCb — 54()6 _ y)éab
- Baryon propagator in the presence of the meson fields and external fields.

ab _ 0 0 _ a b
S0y 1%..5.p) = et = T g = (01T (BB 10)
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Baryon transition amplitudes

+ Generating functional with baryon fields

e Transfer to the momentum space
S(p.p'lv.a,s.p) = Jd“XJd“ye""’x""’ YS@x,y|v.a,s,p)

* Baryon to baryon transition amplitude

F(p,p'|v,a,s,p)= <p(l)ut |pin>c « Residue of S(p,p’|v, a, s, p)

v,a,s,p

- Examples : Baryon matrix elements

F |

(P’ gy Tq(x) | p) = iovicn) =

F |

- S7a _
(P'1agx)r"r’Tqx) |p) = ) =

e Our task is to construct D*’(U: v, a, s, p) order by order

L= B pabpb pDab — 2 Dab.(d
i

De-Liang Yao HNU



Part Il
Construction of Chiral fﬁtecti\/e Lagmngians

EREOET T

De-Liang Yao HNU



Building Blocks

+ Stuffs in hand

e Meson fields: U5 RUL'
e Baryon fields: B — KBK' (P s KW)

o A set of external fields: Vv

sy s Sy P
+ Recipe for BChPT

Building blocks transform under chiral symmetry group in the same way as baryon fields

A+ KAK' A€ {u,Fi, .} [D,.X1=0,X+[[,,X]
® The chiral connection
[, = {u’(0, — iru +u@, — il Ju*}/2 T = Yt
e The so-called chiral vielbein b=V, —a,

u, = i[uT(aﬂ —ir,)u—u <dﬂ — ilﬂ) u'l

FR=0r —or —i[r ,r]
e Vector and axial vector sources s Y VR gy
L _ .
Fl;_kl/ = MTF;;M =+ l/tFlj’ylxﬂL FMV — a,ulv _ al/lﬂ — 1 [l,u ’ lv]
e Scalar and pseudo-scalar sources

ye=ulyu +uyu % =2B (s +ip)
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Building Blocks

+ Lorentz transformation (also parity)

e Bilinear
B'B’ = BB
B'ysB’ = detA ByB
B'y,B'= A/By,B
B'y,ysB’' = detAA/By,ysB

* Building blocks

e =X+
y. =detAy_
D, = A'D,

w, = detAAju,

+ _ AAA P
o, =AJA, Faﬁ

_, _ ﬂ _
F,, = detAASA]F g

De-Liang Yao

Clifford algebra

re{l,y.7".v%", o)
(Scalar)

(Pseudo scalar)

(Vector)
(Axial vector)
0~ particle
[ = oi® v, =Ny,
(Pseudo Scalar)
UL Ut s'=s
(Vector)
w2, p=detAp
(Axial vector)
(Tensor) =u'(s +ip)u’ — u(s + ip)'u

y -

\

¥ =u(s —ip)u—u'(s — ip)'u’
—y

(Pseudo Tensor)

HNU



Building Blocks

+ Charge conjugation

e Baryon field transform as B¢ = CB! e Bilinear transform as
—\ C C T _ _
(B)" = (B'n) = (B) n (BIB) = BTBC
= (CB") 'y, = (BCT) v, = —B'C"'ICB" = — B'"CTC~'B"
_ pT T, _ pT., = — BI(-1)&TTB!
=B yyC v =B"1Cr . 1)(§r[ )BTFTBT]
= — By, Cyy _
_gTe = (-1)“TBI'B
= —B'Cc”! where we made use of [BTFTBT] = — [BFB]

crc-! =(=nar?

Charge-conjugation matrix

Cyrc™t=—yp"
T
_ 2.0 _ _ =1 _ _ T=O O 1 0
C=iy7y C C C 0 -1 0 0 CC1 = T
0 0 0) Co''C-1 = — <6MV)T
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o
Building Blocks
+ Charge conjugation
* Sources How to prove? QCD Lagrangian is invariant, e.g.
sC=sT p¢=p' [(@r*v,)q]© = (é}/”vﬂq)
vi==v, a=adl G- =—q CyYCyq"

— —C[TC}/'MC 1 CqT
e Meson fields uT,,CzT

=(q 7 Vi d

Ut =u! (U=
Uu- =1u

* Building blocks

c_.T C _ T +C _ _ 4T —C _ T c_.T
w, =u, Dﬂ ——Dﬂ F,uv = F,uv F,uu _F,uv Xi =X+

+ Hermiticity properties
Iy’ = (=D"T T )
* Bilinear  (BT'B) = BT"'B = B (y'T"y)) B === (BIB)' = (-1)'r(BTB)

* Building blocks

T T_— ‘|_‘T_ + T _ T =
u, = —u, DM— Dﬂ F —FW y. X_ Xy =X+
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Building Blocks

+ Chiral power counting

¢ Building blocks

U=e® ~ 001) u=+yU ~ 0(1)
,U ~O(p)
Explanation: Four momentum p = (E = \/ M(/% + P72, ?)
Mq% ~ M, ~ O(p?) three-momentum is small quantity

VU=0U-i(v,+a,)U+iU(v,-a,) ~O(p) =>v,~a,~0(p)

s+ip = s~p~0(p2)

Uu~01)  s,p~O0(p°) a,,u, ~ O(p)

u, ~ O(p) F ~ O(p?) 2~ 0% D, ~O(p)
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Building Blocks

+ Chiral power counting

e Positive-energy plane-wave solutions

B(X',1) ~ O(p")

| X —>  Large component
B(X,.t)y=e"\/E+Mp| -7 p

E+ M —>  Small component

= — — RT.,0 _ +ipx T [ T I
B(x,t)=B'y"=e \/E‘l'MB (Z E+ M, A >< _1>

o

_ o ETT (2 ) = 0

[D,,Bl~O(1)  iy"ID,, Bl — MyB ~ O(p)

e Bilinear BI'B

y5:<0 1)
L=y ~ O(p") 10

1 0 i 0 0;
F=1.7,7r50u ~ 0(p") yO:(O —1> }/:(—0 0)
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Construction of Chiral Effective Lagrangians

+ Guiding rules

D Real (Hermiticity) @  Flavor neutral (Trace) @  Scalar (Parity even)
@  Chiral transformation ®  Proper Lorentz transformations
®  Charge conjugation C @ Parity P Time reversal T

e A general form
(A,BT'A,BA;) sl  (BT'A}BA})

A € {Fﬁ,){i,uﬂ,Dﬂ}

Constraint from Flavor neutral,

I" (Clifford algebra) {1 RS U,Ltv} Scalar, Chiral and Proper Lorentz
transtformation

Lorentz indices contracted by g, €,,,,

Chiral power counting D = Dr+ Dy, +D,, — O(p”)
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Construction of Chiral Effective Lagrangians

+ Guiding rules

D Real (Hermiticity) @  Flavor neutral (Trace) @  Scalar (Parity even)
@  Chiral transformation ®  Proper Lorentz transformations
®  Charge conjugation C @ Parity P Time reversal T

e More suitable form form by imposing charge and hermiticity transformation
X = (BU[A,[Ay - ,[A,, Ble1sls)
Hermiticity X' = (- 1)h1+--~+hn+hr<Br[An, [Ay -+ [A{,Blile1s)

Charge conj. X = (= 1) ¥+ec(BIYA, , [Ay -+, [A, Blyls1o)

{ cre! = (-1yaT” {A,f = (—1)%A] (X +XT)

7ol 7o = (=D"T A = (=14, *

=

o

<

(@)

o

A\
N[~ o]~

(X +X°)
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Construction of Chiral Effective Lagrangians

+ Rewind of the differential operator D’ in the generating functional

® The effective Lagrangian
S =Lp+Lp+ 0B+ By’
_ 1 .
L~ (BU[A[A,, -, [A,, Bl ].]e) B=——B,
1 _
= SBUGTIA, . (A (4, 2] 1.]2) B
— BaDabBb
Therefore, differential operator D’ has the form of

1
D = ZT(AA [y A, A1)
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SU(3) Meson-Baryon Lagrangian

+ Lowest order
e O(p") operators a(Biy*[D, , B]) + b(BB)

meap (Biy'[D,.Bl) - M(BB) ~ O(p")
e O(p') operators D(Biy’y*{u, ,B}) + F(Biy’y*[u, , B)

e The lowest-order chiral effective Lagrangian is

L egon = (Bir"[D, . BI) — M(BB) + D{Biy>y"{u, . B}) + F(Biy’y"(u, . B])

Baryon

» D and I are unknown constants, called low-energy constants (LECs)
+ Higher orders » Determined by fitting to semileptonic decay B — B’ + ¢~ + 1,

e Two and more traces
* Redundancy : minimal set (EOM, trace theorem, etc)
O(p*) O(p>) O(p*

SUQR) : 16 R4 540 [J.A. Oller, et al, JHEP 2006]  [S.Z. Jiang , et al,PRD 2017]
SUQ2) : 7 23 118 [N. Fetles, et al, Annals of physics 2000]

De-Liang Yao HNU



o o o 221219
Electroweak interaction in BChPT Lo
+ Electromagnetic interaction (&f )

e SUQ)
Y v = - Zg e>0 and ezz :
T 3 H N H =~ 137
e SU@3)
2 1 |
r,=1 =—edd, QO = diag{—=, — —, — —
o H o 1ag{ 3 3 3 ]
+ Weak charged interaction (W; = (W, ¥ inﬂ)/\/E)
8 +
r=0 lﬂ=—$<Wﬂ—T++h.c.>
(O Vud Vus\
0) V4
e SUQ2) [I,= < ) e SUQ) IL=10 0 0
0O O
\/5 , 0 0 0 )
Fermi constant Gy = 5 _ 1.16637(1) X 10> GeV 2
M2,
+ Weak neutral interaction (Z))
(2 _ 8 13 3 , etan(f,)
e SUQR) n,=e tan(@w)ZM? lﬂ = T o 0 Z, 5 + e tan(@w)Zﬂ > V/S ) — : Z,
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SU(2) Meson-Baryon Lagrangian

+ The SU(2) Lagrangian can be constructed in the same way

- /. g
o(pH 32\), = ‘P(W'MDM —m— 57”?’5%)‘{' Y = (fz)

| .
O(p?) 3(2) = {cl()(+) — 8—[( u,)D" + h.c]+ 503(uﬂu”) + 264[1/!# ,u ot

+cslyy — <)(+>] + _F+ o + < F >0'W}
8m
0y =YY" 400
P AN = dediy i
e Remarks
» # of LECs grows rapidly No predictive power?
» Operators with dimension larger than 4 Non-renomalizable?

“A non-renormalizable theory is just as good as a renormalizable theory for

computations, provided one is satisfied with a finite accuracy.”—Aneesh V. Manohar

Power counting rule is important!!!
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Part Ill:
?ﬁenomenofogica[ ‘A}ojofications at Tree Level
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Meson-Baryon Lagrangian

+ Expansion of the building blocks in terms of GB fields

e The meson field u« is defined by exponential function of matrix u = eV2r

i I &2 : 3 I o ; 5 1 6 7
u(®@) =14+—@0 ——d? — O3 + D + DS — % + O(®”)
QF  4F° 124/2F3 96F* 4801/2F3 5760F¢
. | . | | 1
W@ =1-— - — @+ —— P — - 5 P° + O(D')

OF 47 124/2F3 96F* 4801/2F3 5760F°

3

> cp-oy(9, - il,) &>

V2 § 2\ et
0, === Cp-0y(9, —il, ) @1 +
m=0
1

_ 6\/2F3 “
o If I"ﬂ — lﬂ \/_ m=0
Zcm( ®)"(9, = il, ) " + O(@")
240\/_F5
1 e 1 o0 _2 *2K
[ :—(mauma m) -1 2 [ ®,[® ,0,0]]
u= oy \* Z 2 &= (2k)(2k — 1)! 242
B 2k—1times
) If r,u = l,u — O

0 (_1)k+1
B Z; k= npnt &0k

r—1times
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Meson-Baryon Lagrangian

+ Expansion of the building blocks in terms of GB fields

. pr=0,)(=)(T=2BOs

B, < B,
— _ MAM 2 — —m 4 70 MAM cHd—m __ 0 MAM (60— 8
X4 = 4Bys E ;'O s BT E C,/D"sD TAA0FS E C'P"s® ™ + O(D°)

m=0 m=0 =0
: 3 ' S
—~ 3\/§F3 =0 120\/§F5 m=0

Y= -

o« Ifr,=1,=—ed,0

F' = e(o"sf” — amm[ 20+ Z CrOmQO2m —

m=0

2 CrOmQPO™ + 0((1)8)]

8F2 Z Cm(me(I)4 m

1

T2830F2
= e(oHdf” — a%;zﬂ‘)[\/_ Ci{(—®)"0,®' " — Cy(— )"0, D>
;3 6\5F3 ,;)
+ C'(—D)"9, D" + 0(@7)]
240\/_ 2FS ng
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Meson-Baryon Lagrangian

+ Feynman rule
e L.O Lagrangian
32\), = ‘i’(i;/”Dﬂ — m)\P — %‘i’y’%uﬂ‘l’ D,=o0,+1,
= ‘i’(iy”dﬂ — m)‘I’ + li‘i;/”l“ﬂ\l‘ — %‘i’y"%uﬂ‘l’

e The chiral connection and vielbein (r, = lﬂ = 0)

1 . . . . |
Fﬂ =5 {zﬂ <aﬂ—zrﬂ)u+u<dﬂ—llﬂ) uT} U, =1 {Iﬂ <dﬂ—zrﬂ)u—u<dﬂ—zlﬂ> MT}

=1 {uTaﬂu — uaﬂuT}

NG

— _ ?dﬂCI) + O(D%)

1
= 5 {umﬂu + uaﬂuT}

I
= (0,00 - ©9,0) + 0@

i F
L e =—FT'0¢+0(¢)
——m<ﬂ¢x¢>'f+ (¢7)
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Meson-Baryon Lagrangian

+ Feynman rule

e Rewrite Lagrangian

= /. 1 — —_— — - g - - SN
32\)] = ‘P(l}/”@u —m)¥ + m‘l‘(yﬂaﬂqb X ¢ ) TV — E‘Py"ysr -0, ¥ + -

0p2N 2¢2N 142N

e O(p) Feynman rules
I

> ~ O(p™hH
p YHp, —m
|
|
qaaa Y
8 p .
» overall ; ; @ ; 2F7yqa7’5 a (p)

» Incoming od, — —ig,

RN v 1
e e _ H % ~ 1
g en(aea) ~ o0
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Goldberger-Treiman Relation

+ Algebra calculation

e Partially Conserved Axial Current (PCAC)

— . n
{aﬂA” = iqyst,q = mP(x) P(x) denotes pseudo scalar current

— < N(p)| 6ﬂ Ag‘(x) | N( p)> — 7 < N(p)| P (x) | N( p)> Baryon to baryon transition amplitude
= 9, (N(p") | eP*AL0)e P*|N(p)) = i (N(p')| e?*P(0)e"*| N(p))

= 0, |17 (N(p) | ALO) IN(p)) | = el =P (N(p) | P,(0) IN(p))

T g, (NG |AO) ING)) = i (N | PL(O) [N
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Goldberger-Treiman Relation

+ Algebra calculation

e Form factors

A H
(NP | ALY [N(p)) = il(p)) | r*Ga(0) + (p2 P Gp(?) Vsﬁu(l?)
My 2
M2 _
M (N(p) | P0)|N(p)) = M}j _ﬂt G, nv®iu(pystu(p) t=q?=(p' —p)?
e General relation ; M2F
2myGy(1) + Z—mNGP(t) = ZM% - tGﬂN(t)

¢ GT relationr =0
Gyt =0) =gy Gn1t=0) =g My8a = I' 87NN

4+ ChPT calculation

A L 1 g4
Mp a m2Bl, — e iu(p ){ —57}"‘%%%} u(p)
@ . 2 mga 1 —r .
q ; _ M]Z'Fﬂ F M]% _ Iu(p )YSlTau(p)
| The lowest-order prediction
—0— o _
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Pion-Nucleon Scattering

+ Leading-order calculation

* Tree diagrams

\ q,,a qb,b/ \\qf,a Qb,é, q,,a q; b
\ ~ - N ~
\~ ' N
‘\ /l /<: \ //
re ~ N
D——D— —— 0> (1 —>
P p+gq,= P’ p p—q=A P D P’
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Pion-Nucleon Scattering

+ Leading-order calculation
e Mandelstam variables

s=(p+q,)* t=(p-p)° u=(p-—q,)*

e Independent scalar kinematical variables

S$—u _C]aqb_t—2M7%

UV = UB_

B 4mN

2mN 4mN

e The simplified amplitude

ab 94 1 2mpy
T(a) = @’U,(p) {sz T 5 (ﬁa = gb) (—1 - e VB) } TbTaU(p)

ab . 94 1 2mpy
e 1F2 (p') {ZmN T3 (qa 8 gb) (1 = VB) } TaTou(P)

TS = éa(p’) { (4, + ;) (—icaere) } u(p)
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Pion-Nucleon Scattering

+ Leading-order calculation

e Amplitude analysis

1 1
1. Isospin decomposition (7,7, = 0, + i€, T, = E [Ta . Tb] + 5 {Ta ) Tb})

T“b=%{fb,’£“} T++%[ b,f“] T

— 5abT+ _ i€abCTCT_
2. Lorentz decomposition

T —a) |45, vm) + (g, + 4,) B0, vm) | 0

3. Relation between {7*,7T"} and {T"*,T°%}

1 Ten physical processes :
T2 =T+ + 2T~ 3
{T; T+ ' T €8 Lrpons = T3
2 = —_—
4. A, B functions
gz%mN +
+ _ A+ + + _ _
AT = A(a) + A(b) + A(C) = B™=0
2 FJZ' 2 2
A___gA myv B__l_gA_gA My
F2v?— 3 2F2  F2uv?2—u3
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Pion-Nucleon Scattering

+ Leading-order calculation

e S-wave scattering lengths

1

s _ T*| = A+ M,B*
0 8n(my + M) o 4r(1 + p) [ ' ]thr
e ChPT results of O(p)
( ) \
) M, gap~ 1
Aoy = 2 1+ 4 2 2 [ T 0([72)]
\ *
g M H
+ — _ A (p?)

a =
o l6x(1 +w)F2 { _

® Weinberg-Tomozawa relation

Taking the linear combination a? = a; ~+2ay, and az = ao — do,. the results satisty

1 MTF
a g
Ot 87(1 + p)F2

3
IUH)_Z_ZI
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Thanks!
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