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Effective Field Theory

Bottom-up approach to new physics:

New physics scenarios, SUSY, ...
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Electroweak chiral Lagrangian with Higgs
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Low energy effective field theory
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QCD chiral Lagrangian with heavy baryon
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Chiral nuclear force and nuclear matrix

Various weak processes at the hadronic scale
credit: Jiang-Hao Yu have been utilized to search for new physics at
high energy scale



Effective Field Theory

Bottom-up approach to new physics:

rare kaon decay n — m oscillation



Effective Field Theory

Three tasks for particle physicists:

~ 100 GeV -
~1GeV =

‘ operator matching RGE
SMEFT v v

e B
LEFT v v

e YN
ChPT Y/N

Y for SM interactions
N for BSM interactions



Outline

ChPT and external source method
Conventional and systematic spurion methods
Matching for LEFT operators with dim <9

Summary



External source method

Quark-level interactions:

— 0 J. Gasser, H. Leutwyler, Annals Phys. 158 (1984)
L EQCD + Lext 142; Nucl. Phys. B 250 (1985) 465-516

Lext = qry"Luqr + qry"ruqr — [Go(s — ip)qr + h.c.]

under chiral symmetry SU(2)r x SU(2)r

U
q= (d) qr — Lqr, qr — Rqgr

$-7
U(z) = exp (z ¢F0 ) U — RUL!

guiding rules of constructing chiral Lagrangian:

@D Real (Hermiticity) @  Flavor neutral (Trace) ®  Scalar (Parity even)
@  Chiral transformation ®  Proper Lorentz transformations
®  Charge conjugation C @ Parity P Time reversal 7



External source method

Matching from quark to hadronic operators:

J. Gasser, H. Leutwyler, Annals Phys. 158 (1984)

covariant derivate: 142; Nucl. Phys. B 250 (1985) 465-516
DU =9,U —ir,U+iUl, local chiral symmetry
ingredients:

Building blocks:

X = 2B(s + mq + ip)
f t o Y
FI = gme — V™ — 0", 0] (U, U, x,x!, F}”,Fs",D,)

FEY = otr” — 9¥rt —i[r#, r"]

p? order:

2

F, F?
Ly = =T | DUDD)!| + 2T (xU' + Ux)



External source method

Matching from quark to hadronic operators:

J. Gasser, H. Leutwyler, Annals Phys. 158 (1984)
p* order: 142; Nucl. Phys. B 250 (1985) 465-516

L4 :%{Tr [DU(DD)] }2 + %Tr D,UDv)!] T [DrUDV)]
+ % [Tr (xUt + Ux")]* + %Tr | DU(D*x) + Dux (D)’
1

+ 15 [Tr (Fru UFUT) — 5Tt (FruwFL" + FRWF;'”)]
+ i%Tr [FRWD“U(D”U)T + FLW(D“U)TD”UJ
hi+ h3

16
_ 1_6h3 { [Tr (xUt + Ux1)] 24 [Tr (xU' — Ux})] 2 _ oy (xUXU + UXTUXJ')}

— 2hy Tt (FL“VFLIZW + FRMVFEV)

_h [Tr (xU' - U;)('i)]2 +

G Tr (UfoUxT + xUTxUT)

LR basis



External source method

Matching from quark to hadronic operators:

. $-7 -
— — o Ecker, Gasser, Pich, de Rafael,
u(m) = VvU=exp (z 2F) ) Nucl.Phys.B 321 (1989) 311

under chiral symmetry SU(2) x SU(2)g
uw— RuK' = KuL!, u'— Lu'K' = Ku'R!

ingredients:

x+ = ulxul + uxlu,
u, =1 [ul (8, — ir,)u — u (9, —il,)ul] = iu'D,Uu'
¥ =uF” ul + uTF'“’Vu,

X - KXK', KecSUu@)yl X=xa,u’fl"




External source method

Matching from quark to hadronic operators:

covariant derivate:

1
VX =0, X + [Ty, X] I'y= 9 [uf (Op —ir)u+u (0, — iﬁp)uf]
p2 order Building blocks:
F? ut W gp
L= 4 — (s + x4) (s x2, £17 V")
p? order:

= Ly (upu®) (wyu”) + Ly <'uyuu> (u#u”) + L3 (x+) (uFuy)
+ Ly (fwpw) + Ls (FY fopw) + Le (£ frw)
+ L7 (x+x+) + Lg {(x-x-) + Lo (x+) {x+) + L1o (x-) {(x-)

u basis

10



External source method

LR basis vs u basis:

* two bases are equivalent

* construction of chiral Lagrangian in the u basis is simpler in cases:

v’ at higher orders of p

@(pﬁ) : Bijnens, Colangelo, Ecker, JHEP 02 (1999) 020

O(p8) : Bijnens, Hermansson-Truedsson, Wang, JHEP 01 (2019) 102

v_ tensor interactions
Lext D qa'uvtmyq =qrLo ;wtm/TQR + qro /J,Vtung
th” = ult"ul + ut" iy Cata, Mateu, JHEP 09 (2007) 078

11



External source method

Marriage with Young tensor technique:  H.-L. Li, et al., 2005.00008 (PRD), 2007.07899
(PRD), 2201.04639 (PRD)

Eext = (j’)/# *(’U“ + 75aﬂ)q —q (8 o z"ysp)q

C' and P symmetries:

Fermionic building blocks Bosonic building blocks

1A% | 9| 429 | 0" | €uvpn Dw fields | w,, f+ f— I x+ | x=

c |+|+|-| + | - + C | ul | =fL| £ | x+| x-
P o+ -+ - + - + Pl —uu | f+ | —f- ] x+ | —x-

o |ol1]lo] o | 0] o 0 o) | 1 2 2 | 2| 2

12



External source method

Marriage with Young tensor technique:  H.-L. Li, et al., 2005.00008 (PRD), 2007.07899
(PRD), 2201.04639 (PRD)

Eext = Q’Y“ *(’U“ + 75aﬂ)q —q (S o 2.’Ysp)q

Matching in the C'P eigenstates

: : : Y.T. P

Interactions In P: X—>nxX

the intrinsic CP ‘ C - .
: _ C:X>E6xX u basis

eigenstates matching

X = xz,u¥, fiy

All reduandancies are eliminated, leading to complete
and independent basis of chiral Lagrangian at p3 order

X.-H. Li, H. Sun, F.-J. Tang, J.-H. Yu, 2404.14152 (JHEP)

13



External source method

Merits:

e |n all, the external source framework is convenient and has been
Do widely adopted in new physics studies
:
v' long-distance kaon decay Y. Liao, X.-D. Ma, H.-L. Wang, 2001.07378 (JHEP)

v L — ey Dekens, Jenkins, Manohar, Stoffer, 1810.05675 (JHEP)

. ) F.-Z. Chen, M.-D. Zheng, H.-H.
v neutrino-nucleus scattering Zhang 2206.13122 (JHEP)

. J.-H. Liang, Y. Liao, X.-D. Ma, H.-L.
v’ dark matter-nucleus scattering Wang, 0105005 (CPC)

14



External source method

Limitations:

* The external source method is limited by the interactions (V/A, S/P,

T). How to deal with more complicated Lorentz structure?

 The external source method is only applicable to single quark
bilinear. How about two or more quark bilinears?

15



External source method

Limitations:

* The external source method is limited by the interactions (V/A, S/P,

T). How to deal with more complicated Lorentz structure?

derivative operators: nucleon EDMs

Akdag, Kubis, Wirzba, 2212.07794 (JHEP)

 The external source method is only applicable to single quark
bilinear. How about two or more quark bilinears?

four-quark operators: Ov33 decay

M. L. Graesser, 1606.04549 (JHEP)
short-distance kaon decay

Y. Liao, X.-D. Ma, H.-L. Wang, 1909.06272 (JHEP)

16



Conventional spurion method

Spurion field:

e External sources can be regarded as spurions J: Gasser. H. Leutwyler, Annals
) P Phys. 158 (1984) 142

(v, —au) = L(v, — a, +1i8,)L!
(v, +a,) = R(v, +a, +1i0,)R!
(s —ip)' = L(s — ip)R'

[single quark bilinear]

* Non-leptonic weak decays Manohar, Georgi, Nucl.Phys.B 234 (1984) 189-212;
Donoghue, Grinstein, Rey, Wise Phys.Rev.D 33
(1986) 1495

T2 (g8 qrs)(@5Y,q14)

[two quark bilinears]

ngb s TF%’BLQLZLLQLE a,b,c,d are SU(S) or SU(2)

flavor indices

9 (Z) Prr=(1F7")/2

17



Conventional spurion method

Map each quark field to u field:

{ qr. — Lqr, qr — Rqgr chiral basis
u — RuK' = KuL!, ' — Lu'K' = Ku'R!
LOo: a—ul, gr—u, w—u, qr—ul
NLO: gqr— (DMU,)T, qr — (DMuT)T, gr — Dyu, qr— ED,u,fufr
D,=0,—1V,, V,= %(u*@uu +ud,u')  global chiral symmetry
M. L. Graesser, 1606.04549 (JHEP);

Y. Liao, X.-D. Ma, H.-L. Wang,
1909.06272 (JHEP)

18



Conventional spurion method

Construct the chiral Lagrangian:

* Map each quark field to u field in the chiral basis
* Spurions remain invariant during the matching
* Hadronic operators have the same chiral transformations as the
quark operators
* Reduce the redundancies:
(Dyu)ul = =u(DMu)T3 ul (D,u) = =(Dﬂu)Tu
(uDuuf)f = —uDHuT, (ui‘Dﬂu)T = —uTD,;u,
 Convert from the u-parameterization to U-parameterization

uD,u' =U8,U'/2, u'D,u=U'9,U/2
u'D,ul =9,Ut/2, uDyu =0,U/2

19



Conventional spurion method
Challenges:

 While straightforward, this method is plagued by redundancies:

v' Different insertions of covariant derivative (eg: p*%- order,
derivative interactions)

v Hadronic operators with wrong C'P symmetries (eg: tensor
interactions)

v" More spurions are needed for LEFT at higher dimension
eg. six-quark operators:

n — 1 oscillation J. Bijnens and E. Kofoed, 1710.04383 (EPJC)

dinucelon decay X.-G. He, X.-D. Ma, 2102.02562 (JHEP)

20



Systematic spurion method

Marriage with Young tensor technique:

Matching in the C'P eigenstates

Y.T.
interactions in P
P: X —nxX
the intrinsic CP ‘ c ! -
eigenstates matching C: X—¢xX

e LEFT operators in the CP eigenstates

* new building blocks X

u basis

21



Systematic spurion method

Classify the LEFT operators in the C'P eigenstates

Quark bilinears in the chiral basis:
(@.T=rqr), (3rT'Srer), (arTZqr), (aT'E'qr)

Their C'P eigenstates in the ¢ basis:

__________________________________________________

u (BrPr+XLPL)q - SU(2) x SU(2)r — SU(2)y

g (=tPp £ ©Pp)q stz =3p=3;

4o, (ST P + ZPL)q |

{T:p/n = (1+73)/2 neutral current
7+ = (r' £472)/2 charged current

22



Systematic spurion method

Classify the LEFT operators in the C'P eigenstates
dimension-6:

OY = (rry"vi) [y, (SrPr+Z1Pr)g) O = (vrer) [ (S1Pr + =P1)q]
0(10) = (77"ve) (@Y. (SrPr — S1Pr)a]  OF) = (prer) (7 (Z'Pr — =Pr)q]

dimension-7:

o = (wpy*v1)[@D ,)(ZtPr + £Pp)q] o) = (ppy*er)[@D . (' Pr + £PL) ]
o) = (wpy*v1)[@D , (S1Pr — £Pp)q] o) = (wpy*er)[@D , (' Pr — £P)q]
. ) \\ //
neutrino non-standard interactions ’ i
= / \\

23



Systematic spurion method

Spurions
Chiral transformation under global SU(2)r x SU(2)g :

(%) [

ot Lx'Rt

pX RXLY
_>.

P LYtRT

EL LZLLT

\Zr/ \RZRR!)

For more convenient power countings, we isolate the mass term:

X = 2Bm,



Systematic spurion method

Building blocks

Using the matching in the conventional spurion method in the ¢

basis as a guide, we can address the spurions with « and u' to
define the building blocks:

Y, =uXltu+ ol Sul

vy =uylu+ulyul
Qi = uTZRu + uXrul

d, =i (uld,u — udj,ul)

Chiral transformations

X - KXK', K SUQ2)y

X=X.,Q4,xs, 0" V. X =8,X +[[,,X]
I

= % (u'd,u + ud,ul)

25



Systematic spurion method
From quark to hardonic operators:

* The matching for S/P, V/A interactions fully agree with those in
the external source method

 The matching for derivative operators and four-quark operators are
simpler than those in the conventional spurion method

 The matching for tensor interactions is noteworthy, and shown in

the three methods

26



Systematic spurion method

V/A, S/P interactions:

LEFT operator

xPT operators

O(p*)

O = (v1v"vL)[§vu(ErPr + S PL)q]

1

(DL’)’”VLNQ-“&uNﬂ 1, )

(ry*vp){(Q-1, ) {ura")

(L v ) (@ -t (X+)
(" e){Q+[du, X-])

Ly vp) (Q iy ) (07 )
(DL7“yL) <Q+'&r/> (ﬁ'uﬁ’y>

0% = (w1 g (SrPr — S1Pr)g) | Py vi) Q) gy gyl
(ev"€)(Q— [, X))
(FLer)(S4) (i, a")

0 = (er)[@(St Pr + £P;)q] (Frer)(B4) | (FLer)(Z+)R+) s (Prer)(S+%+)

(Prer)(B_){X—), (Prer)(X_x-)

O = (vrer)[g(ZT Pr — £PL)q]

(17L(BR)<E_>

(Prer)(E-){G.a")
(Zrer)(E-)(X+) » (Frer)(E_X4)
(PLer)(B+){X-) , (Prer){S4+X-)

Fully agree with the results using the external source method

27



Systematic spurion method

Tensor interactions:

L) =34 [§0u(STPr + =Pr)q] +h.c.

The current

v ©) =y 6)=: 5 v A6~ v 1 fore=V¢
Je = e {Cll eat’e,Cyy eiy’ote, Ciy vpo” eR} =31 fors Y%

(6o e) (S [, )
0 = (6o ¢)[Gou (ST PR + S P a
n = (e07e)|go,., (X1 Pr £)d] (evS ot e) (L [, d,]) similar for
v R DM tensor
W) pey Vo= (&ivy>o*¥e e) (X4 [ty Uy))
01y = (€iv° 0" e)[qo, (ST Pr + X Pr)q] (@0 e) (S _ iy, @)]) interactions
N _ voter) (X4 |y, iy
Ogg) = (VLU“”eR)[qU#U(ETPR + X Pr)q] ( N (B, @)
(Zr,o" er)(X_[ay, G,])

Different in the independence of LECs for tensor interactions
compared to the external source method

28



Systematic spurion method

Derivative interactions:

LEFT operator

YPT operators at O(p?)

0y ~ (mﬂm[qiETPR + XPL)q]

AV (4 [V i )
iy v ) (VS [, )
(17L'Y#VL ('&#[E_F,)%_])
(FLy*ve) (@u[X—, X+ ])

=
OE:}) ~ (I._/L’Y”I/L)[(TL 8 #(ETPR — EPL)Q]

’L-(l_/L’Y'u’l/L) 2_[V#ﬂu,ﬂy]>
i(vpyHvr)(VVE_ Gy, 4,])
(T V)2, %)
Ly vn) (X, X4 ])

R s
O ~ (Fpy*e)[@i 0 u(STPr + XPL)q]

i(Wryter ) (VB [dy, 4,])
(Fry*er (”L:Ly[2+a):<—]>
(Peyter)(@u[X-, X+])

=
O ~ (py"e)[@i 0 u(STPr — XPL)q]

’i(le’y“BL) E-[V”ﬁu,ﬁu]>
'L'(TjL’}f’uBL) VUE_[?:\L#,’LAL,,])
(rren) @B %)
(Peyter) (@B, X+1)

(
)
)
(
(
)
)
i(ﬁL’Y”EL)ngr[Vuﬂmﬁu])
)
)
{
(
)
)

Derivative in the matching: 9 =V, new result

29



Systematic spurion method

Four-quark operators:

9
Lpen =

o
o)

)%

O(J)

o

04 =

O#(g

OH(Q
9
oy

_ ,05 Z [(C( ER eR + Oz(]?_,)él}ei) 059) 4+ Ci(g)é,yp,rSecOét(Q)] L he.

)

=gyt af @y Tl O =gyt @or
=q7" qf éﬂ’r*qg , O =girtef ai VR . .
=q%rtq} dpTT e | 0 =ggrdfy Girtad .
=qFuT 6} T Tk .
=q¥vur e} Gry T raR , d u
(qL7"v*qr) (ar7rar) , Oé"(g)’ (Gr7""qr) (GrTTqL)
= (@TA 7y qr) (T qr) , OO = (grT*7 "qr) (@rT 7" qr) | 0vBB decay
= (g7 vqr) (Gr7ar) , 089 = (grr™v"qr) (Gr7*qR)
— (T 7 y*q) (GrTA7%qr) . OO = (@aTA7v"qr) (T qr)

V. Cirigliano, et al, 1806.02780 (JHEP)
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Systematic spurion method

(P eigenstates:

basis trans.

—>

o™

Ovy

O | =p1 | Oax

o

Ov a

Oxy = (gX1q) (q¥T7q),

correlation matrices:

1
Pr=7

11 -2
1. 1 2
1 -1 0

3

X, Y=V,AS,P

V=9t A=7"y*8=1P=1°

OF" Oy s
Og(g)’ B '
oL " oyp
Og(g)’ Oas
1-11 —1
111-1-11
4111 -1-1
11 1 1

31



Systematic spurion method

e Building blocks:

Yt = uSTu + ufSuf
a1 t same as those for
QL =u'YputuXru
QAi ( % g 1’) single quark bilinears

 LO matching:

CP property four-quark operator chiral operator
C + P+ Ovv (Q-Q-)
U o P Oaa (Q+Q+)
C— P- Ov A (Q-Q+)

(Q+Q+) =2(Ulr*Ur™)

{
{

Q-Q
Q-Q

)y =-2 <UTT+UT+>

pY order: Oig) —0
L) ={UrtUrt)y - (UrtUr*) =0

32



Systematic spurion method

NLO matching:

CP property four-quark operator chiral operator

C + P+ Ovy (Q_Q”Q_ﬂu)

C + P+ Oaa (Q+ 0" Q1)

C — P— Oy 4 (Q-1'Q4ay)
p? order:

OF —(Q Qi)+ (Q+4" Q1) — 2(Q Q. )
— —4 <T+uD“’uTT+’LLDpuT>
= —4(Ute*UrtUto,Ur)

Fully agree with the results using the conventional spurion method

33



Summary

e Comparison of three methods:

method param. bases building blocks

external U |chiral/LR U,U",x,x",F Fk, D,

external u q/u ut , x+, fE 1Y, Vy
conventional | w or U | chiral/LR | u, u', Dy, (X AL AL, AR, A, AT
systematic u g/n |G Vs (s D Qd)s 6 Jos 5 5 A

* They are equivalent for V/A, S/P, T* interactions

34



Summary

For the systematic spurion method, we identify a minimal set of
building blocks and establish a one-to-one correspondence between
LEFT and ChPT.

This method

v/ discards external sources and irreducible decomposition
v’ get rids of redundancies (eg. derivative interations)
v’ avoids new spurions for higher dimensional LEFT operators (eg.

four-quark operators)

Thank vou

35



Conventional spurion method

Vector/axial-vector interactions:

LY 4 = AQrY"Arar + TwY"Arqr

At p? order:
£(V1_3 L =Tr [uT/\ r(D*ul)T 4+ ulp (D* u)“’]g%
+Tr [D“uu ru + D* UALUT] 9&)2
= Tr AguDbut + ApufDru]g® 5P =g, — o)
Taking  Ag/p=wv,*a,
1
Ly = STr (vlU, 0*U")3)

1 ~
£y = 3Tx (eu{U,0"U1) 3y



Conventional spurion method

Scalar/pseudo-scalar interactions:

L% p=ar\gr + qrAaL

At p? order:
E(SO’)P = Tr [urTu + ufu'] gg))

Taking A= —(s+ip)

Eg)) =—Tr (sUT + Us)gg))

Lﬁ?’ = 4iTr (pr — Up) gg))

37



Conventional spurion method

In the ¢ basis
LS p = qhsq+31°Apq
Since \g is Hermitian and Ap is anti-Hermitian, rewrite

gAsq = qrAsqr + QRA,];'QL As/p —+ LAg/pR!
gy’ Apq = GrApqr + QR)\EDQL )‘:[g/p — R)\Tg/ HL

Matching in the g/u bases:

grsq — Tr [fu,)\gu + uT)\Luf] Ag = )\g — ()\‘i +1)/2
gy’ Apq — Tr [u)\pu — uTA},uT] Ap = —)\} = (At —X)/2

similar for V/A interactions

38



Conventional spurion method

Four-quark operator:

b —a i . a,b,c,d are SU(3) or SU(2)
iTacl:(QL'Y QLb)(QL'YMQLd) flavor indices

- ———

Irreducible decomposition:
SU(B) T € (SL ®8L) QR1p = (27L ®10, 910, 8, P8 & IL) QR1p

SUR2): Te@Br®3L)®1g=(5:®3.011)®1p
Transformation of the spurion 7' depends on the process

| Y. Liao, X.-D. Ma, H.-L. Wang,
K* - 7T lE* 27, ® 1R 1909.06272 (JHEP)

-4 Prezeau, Ramsey-Musolf, Vogel,
OvfBp decay SL® 1R Phys.Rev.D 68 (2003) 034016

39



Conventional spurion method

Four-quark operator:

-———

a,b,c,d are SU(3) or SU(2)

. bd
T (QL'Y QLb)(QL'YM‘ZLd) flavor indices
chiral operator
T uhug‘?ukul i, 7, k,l are isospin indices

For Ov53 decay:
M. L. Graesser, 1606.04549 (JHEP)

Tog = (17)c*(r%)d"

Tr(ur tul) Tr(ur Tul) = 0
chira Lagrangain vanishes at the LO
Tr(ur T ulurtul) =0

40



Tensor interactions

e External source method

Eext,T = @UW‘FWQ i

Chiral projectors: Lo

a1 : A\ T
A e e R

y = Pty + PR

- pv 5 pv
 _ p EUA pf)\p Eext,T qLo ;wt qr + qQrO ;wt qL

Mesonic chiral Lagrangian: Cata, Mateu, JHEP 09 (2007) 078

ALY, = —ihy (74,4,

41



Tensor interactions

External source method

£ext,T = ga'p,z/gﬂyq

Remarks:

* by definition, the external tensor sources are anti-symmetric
under p <> v
* In the matching, one cannot use
£ext,T = QZJ;WEMVQR + gRC"/w!ElWQZ

 The ambiguity in the definition of chiral projectors Pg}%‘p

e The interaction is C-odd, such that

ALy, = =5 Ao((ult™ul + ut" )i, i)

42



Tensor interactions

Conventional spurion method

Ll = qrLo MIIE‘ALM:?R + QRO'MP\MVEQL

—_—— ~—_— -

The matching at O(p*) gives
Ef(zg) O Tr [D""u,/\l,iifu,(D“'vﬁ)T + D”uf)\m,(D”u)TJgg)

1
=—5Ir [(“’Afwu +ulhpul)ata’] gg )

4
Relations:
uDMut = %uﬁ,“u‘t, uwI Dty = —%u*ﬁ”u,
ul DFut = %ufﬁ“uf, uDtu = —%uﬁ“u.

43



Tensor interactions

Conventional spurion method

Ly = qrLo 'MV)\LVQR + qRO'pV)\MVQL

Under C transformation:

C
£g'v_> — (qL

o Al ar + Gro™ XSq1)

T¢ = CcTfC!,

(C-odd

for T = A, AL,

c
(uALvu +ulApul) = (uT/\L‘i,uT + uTTAZVuTT)

~ A C A A
atar = Pt

wrong C' symmetry

44



Tensor interactions

Conventional spurion method
Ly = QLUMV)\LVQR + qRJ”VAMVQL

Rewrite

Ly =— (QLO'WLALVQR + GRUVH}@;,WQE)

The matching at O(p?) also gives

Lg,?) D —Tr [D“uAL,,(D”uf)T + D”uTAW(D”u)TJIjg)

1 Ay ap] =
= Z’I‘r [(uALyu +ulApul)arar] gg)

To preserve the C property in the matching, @E,?) = gg,%)

45



Tensor interactions

Conventional spurion method

The sum of two terms is

1
7 > =7 Tr [hlyu+ulduuh) @, @] g7 C-odd

C
[a*, 4] — [a, &)

Tr [(uAl,u + u A ul)[a#, 4"]] A, [(uAfew + uAs ul)[a*, a”]]

However, this is not the final result, since

oS — ﬁguvaﬁ

9% Tab

46



Tensor interactions

e Conventional spurion method

The interaction can also be rewritten as

g _ _
‘Cg" = Eeuyaﬂ(QLoaﬁ}\LyQ'R - QRO'aﬁAp,VQL)

The matching is

S — e Ty [(uAl,u — ulAul )[’&a,ﬁg]]gflg)'

2
£r' 2 55

In total, the chiral Lagrangian at O(p*) is

1

‘C’El?) = _gTr {(u)\fwu + “TAuv“T)[uuau ]]gf(r) two independent
q LECs
— ]:L—Ga“mﬁ Tr [(uAT u—ul )[’U,a,'lbﬁ]]g:(l?)
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Tensor interactions

e Conventional spurion method

Assuming the LECs gg) and gf(l?)'are equal

1

Eg) = —ZTI' [(’U,XIWU + 'U/.iX,ul/uT)[ﬁ'#? 'ﬁ'y]]gf(lg)
Definition: i _
7
X}, = 5)‘11/ t Zewaﬂ)\am

1

1 ,

The result agrees with that using external source method by taking

X =tw, X, =tl,



