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Effective Field Theory

Bottom-up approach to new physics:

New physics scenarios, SUSY, ...
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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

Three tasks: operator, matching, RGE
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P How to systematically match LEFT to ChPT?
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e Basics of external source method
e Conventional spurion method

e Systematic spurion method



External source method

Quark-level interactions:

— 0 J. Gasser, H. Leutwyler, Annals Phys. 158 (1984)
L=Lacp + 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

Uu
q=(d) qr — Lqr, qr — Rqgr

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 T

credit: De-Liang Yao



External source method

Matching from quark to hadronic operators:

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

under chiral symmetry: 142; Nucl. Phys. B 250 (1985) 465-516

—
—

¢ T

U(z) = exp (z 7 ) U — RUL!
0

covariant derivate:

DU =0,U —ir,U +iUL, local chiral symmetry
ingredients: —
Building blocks:
X = 2B(s + ip) ‘ Lo
FIM = 9ig” — 974k — i [¢*, 0] U, U x x", Ff”, F§’, D)

FEY = otr” — 8"t — i [rk, 1] o
U-parameterization



External source method

Matching from quark to hadronic operators:

. J. G , H. Leutwyler, A Is Phys. 158 (1984
p? order: 142, Nudl Phy:.qugSeg (1335?)5465X5516 (19549
F? ; F¢?
Ly = =T [ DUDMD)] + - Tx (U + Ux)
p* order:
h t & f -
Ly=1 {T [D U(D"U) ] } + 5 Tr [DMU(D,,U) ] Tr [D“U(D U) ]
I3 s |
+ 2 [Tr (Ut + Ux H1? ZTL‘ |DU(D"%)! + Dux(DU) |
+ 15 [Tr (FruUFUT) — 1 (FruFt” + FRWFE”)]
2 LR basis
+ i%GTr [FRWD“U(DVU)* + FLpV(D“U)*DVU]
l hi+h , |
176 [Tr (xU' - Ux')] P 16 Sy (UxXTUx' + xUxUT)
_ 16h3 { [Tr (xU' + Ux")]* + [Tr (xU' — Ux)]* = 2Tr (U XU + UXfUXT)}

— 2hs T (FLungy + FRﬂngr/)
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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
v — RuK' = KuL', «'— Lu'K'" = Ku'R!

ingredients:

x+ = ulxul £ uxlu,
Uy =1 [uT (0, —iry)u —u (0, — iﬁﬂ)uq = iu'D,Un’

£ = uF oyt + ut Py,

X - KXK', KeSU@Q)y  X=xuut ¥



External source method

Matching from quark to hadronic operators:

covariant derivate:

1 ) .
V., X=0,X+[l,,X] r,= 5 [ul (8, — iry)u +u (8, — il,)ul]
12 order: Building blocks:
2 1%
u-parameterization
p* order:

Ly = Ly (upu”) (w,u”) + Lo <unuu> (uu”) + L3 (x+) (u uy)
+ Ly <f+ u,u'u'v> +Ls(f < f—ﬂ-w/> + Le (f < f—ﬂ-uu>
+ Ly (x+x+) + Ls (x-x-) + Lo (x+) (x+) + L1o (x-) {(x-)

u basis



New physics scenarios

External source method provides convenient frameworks

e Tensor current

Lext D gguvf‘“’”g =qrLo ;wt'm/ng + qro Wt”VQZ q v 9

th = wlthut + uthviy

Cata, Mateu, JHEP 09 (2007) 078

chiral Lagrangian: o

L4D A Tr (¢ frw)

applications: u — ey, DM-nucleon, lepton EDMs

Dekens, Jenkins, Manohar, Stoffer, 1810.05675 (JHEP)
J.-H. Liang, Y. Liao, X.-D. Ma, H.-L. Wang, 2401.05005 (CPC)
Aebischer, Dekens, Jenkins, Manohar, Sengupta, Stoffer, 2102.08954 (JHEP)
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New physics scenarios

External source method does not apply to more quark bilinears

 OvBp3 decay

Ogg) =TT 4t ‘EE'YMTJFQ?, ;
Of) =gar™qf @hrray .
d u Of) =ggr*d] ahraf
& O =atwr*af v |
_ 0y =ggvurtd} Gt
o, € O“'(g) = (a7 "qr) (@™ ar) ,
d “ = (Tt q) (T % qr)
= (qemt"qr) (grmrar) ,
al’rd ul'ad el'se€ 039 (@It yq) (a7 L) |

9)¢ — =8 3
OO —qay, 7 q% givtrtdl
9y i -3 5]
O =qerteg Prtdl

9)¢
oYY =qertdl, ity

O“(g mty"qR) (GrrtaL) .

= (ar
“(9 = (grT*7 v*qr) (@GrRT 7 aq1) ,
O#(g (
Ou(g (

arT " qr) (Gt ar) |
rRTA7 v qR) (@ T4 qr)

How to match them to chiral Lagrangian?

- spurion method

11




Outline

Basics of external source method
Conventional spurion method

Systematic spurion method
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Conventional spurion method

Spurion field:

* External sources can be regarded as spurions

r . t J. Gasser, H. Leutwyler, Annals
(vp —an)’ = L(vy — ay +i0,) L Phys. 158 (1984) 142

(v + @) = R(vy + a, +i8,) R’
(s —ip)' = L(s — ip)R'

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

T2 (g¢v*qrs)(T5YuqLa)

Tab N TaﬂLpLO'LTaLTb a,b,c,d are SU(?)) or SU(2>
ed po TeTdTa Tp flavor indices

i
I
n» Q&

(%) Pum=azae
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Conventional spurion method

Map each quark field to u field:

{ qr — Lqr, qr — Rqgr chiral basis

vw— RuK" = KuL', «' — Lu'K' = KulR!
LO: aqr—ul, qr—u, qL—u, Gr—ul

NLO: gqr— (DMU,)T, qr — (DMuT)T, gr — Dyu, qr— ED,u,fu,1

1

D,=0,—%,, V.= 5 (w8 u +ud,ul)  global chiral symmetry

M. L. Graesser, 1606.04549 (JHEP)
Y. Liao, X.-D. Ma, H.-L. Wang, 1909.06272 (JHEP)
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Conventional spurion method

Construct the chiral Lagrangian:

* Map each quark field to u field in the chiral basis

» Spurions remain invariant (different contractions)

 Check the CP transformation properties

* Eliminate the redundancies using EOM, IBP, and identities
(Dyu)ul = —u(D,u)t, u' (D,u) = ¥(Dyu)Tu
(uD,,,uT)T = —uD,ul, (uTDMu)T = —u'D,u

 Convert from the u-parameterization to U-parameterization

uD,u' =U8,U'/2, u'D,u=U'9,U/2
u'D,ut =9,U'/2, uD,u = d,U/2

15



Conventional spurion method

Single quark bilinear:

e Scalar/pseudo-scalar interactions

L% p = qr\qr + GrAaz

Matching at p? order:
cO —Tr (u/\T'u, -+ uTAuf) ©)
S,P ‘ 9s
= Tr (AU + AU g

Compare with the result in the external source method
g

A= —(s+ip) 99:_33

Similar for other interactions

16



Conventional spurion method

Two quark bilinears:
 OvBp3 decay
0 = (qy"r*qr) (@yurtar)
= T2 (atv"ars) (@5 vuqra) T = (7)) (1)}
Matching at p° order:

deuz u}?ukul (mapping from quark to hadronic fields)

leads to
Tr (u7+uTUT u) 0

Tr (urul) Tr (urtul) =0

M. L. Graesser, 1606.04549 (JHEP)
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Conventional spurion method

Two quark bilinears:

 OvBp3 decay

0\ = (@rv*r*qr) (@, ar)
—a —c b ¢
= T2 (G3v"qrs) (T5¥uq1a) Tae = (7). (77)4

Matching at p? order:

Tr (D“uT+D uT'wr+uT)
DFurtutD uT”LuT)

r (urtD*utur ™D fu,‘t)

—

Tedious (adj.) baring

—

r D“u'r“Lut) Tr (D uTJ’uT)

Tr (
(
Tr (D*ur™D,ul) Tr (urtul)
(
Tr (

7+ DFu) Tr (urt D jul) M. L. Graesser, 1606.04549 (JHEP)
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Conventional spurion method

Two quark bilinears:

 OvBp3 decay

Introduce the building block:
X{ =urtul X{—KuL'ttLu'KT  (chiral trans.)
Matching:

Tr(X{X{)=0, Tr(X{)Tr(X;)=0 p" order

Tr (D*X; D, X{), Tr(X{D"D,X;) p* order

Prezeau, Ramsey-Musolf, Vogel, PRD

_ 68 (2003) 034016
In both ways, after some tedious work: (

oY) - 1 (Utorurtute,Urt)

V. Cirigliano, et al., 1806.02780 (JHEP)
19



Outline

Basics of external source method
Conventional spurion method

Systematic spurion method
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q basis

Single quark bilinear:

e Scalar/pseudo-scalar interactions
LY p = Asq+iq7°Apq

gAsq = qrAsqr + ij)\,TS'QL As/p — LAg/pR!
@Y’ Apq = GrApqr + QRAI,qL )\:'9 P R)\:'g /PLWr

Matching in the ¢/u bases: ...
This is similar to:

F?B
2

ghsq — Tr [u/\gu — uTALuT]

Loy, = Tr(m,U f4 Umz)

’)’5‘ikpq — Tr [uz’)\pu +auf (i)\p)fu]\]

We can get the same result by indentifying
As= (AT +2X)/2, ixp=(AT-X)/2

21



q basis

Single quark bilinear:

» Similar for vector/axial-vector and tensor interactions

chiral basis LR basis

LL = Go A\ q+ i§o v A
T = QOwAr 4T MY A 4 q basis u basis

LY 4 = TVuAya + Fvuy’ Nyg

* Four types of bilinears:

(@:T2rqr), (@rT'Zrgr), (@rTZqr), (3:T'T'qg)

even for derivative interaction

q 9 _ 5y &8
L5 ps =dAp0uq+ a7y Ap50 .9

22



Systematic spurion method

e Building blocks:

Yy = uliu+ulSul
Qi = ’U,TER’U, + ’I.LZ}L’LL]F

Young tensor technique has been used to construct complete and

independent basis of chiral Lagrangian for QCD at p® order in the u basis

using the building blocks (u*, x4, fi", V#*)

+ X.-H. Li, H. Sun, F.-J. Tang, J.-H. Yu,

2404.14152 (JHEP)

* Marriage spurion with Young tensor technique:

. . . Y.T. P
Interactions In P: X — nxX, X=3,Q.,a"
CP eigenstates ‘ c: x5 (—1)Xx7
matching
q basis u basis

23



Systematic spurion method

Single quark bilinear:

yPT operators

LEFT operator
operator O(pg) O(p4)

(67" e){(Q-11) (i i)
(ex+e)(Q i) a”)

Oéﬁ} = (ev"e) (@ (XrPr + XL PL)q] (e e)(Q—1y) (Ev"e)(Q_t,) (R4)
(e e){Q+ [y, X-])
(evte)(Qyty,)(u"t,)
evFe)(Q i, {(uta”
0% = (ey*e)lay yu(ErPr — ELPL)]] (7" €)@+ i) ((;"yﬂ-i§?cn?++1}i.§<ﬁf+>>

(" e)(Q-[ly, X-])

(evH~y°e)(Q_ @y,) (07 0,)

(Ev" 7 e)(Q—1t) (0a")
(BT e)(Q i) (X+)
(Er"e){Qq [y, X-])

O( ) = ((J .(”’Y%P)[quu(zﬁpﬂ + ZLPL Q] (EIY#'WSG)(Q—(&”)

(evFy°e) (Q4y,) (07,
(EvHve)(Q 4y ) (G i)
(eyHy Pe )<Q+“p>()(+>
(‘D'Y“‘:’KQ [, X=1)

O = (&y*+%¢)[qyu(ErPr — SrPr)q] | (E7"7°e)(Qil)




Systematic spurion method

Two quark bilinears:

 OvBp3 decay

9 —(Y -+ _3 + I ] 9 - + =05 +
O% ) _ql ’Y{JT qal q[ '7 ql ? Og )’ _qaR’Y,U.T qaR QR7 qﬁ
9 o _+ a =B _+ 8 9 —a_+ o =f_+
OQ( ) =4qRrT 4, AT 4y, OQ( 4 =qrT qp 457 qR s
9) e i 91 8 _B
Og qRT qﬁl qﬁRT qal Of(} ) QI T QR q[ T q&R 3

9) .
0 =ggvurt et drtdf)

O =g¢r,mrds Bt rt el

08 = (g7 y"ar) (a7 ar) o' — (g v"qr) (GrTrar)
08 = (g TAr 4P qr) (T4 ar) ,  OF®) = (geTArtv#qR) (GrT*7 L) |
OM(9 = (gt "qr) (Grrar) , 0‘8‘(9 = (g7 "qr) (qz7"ar) .
o8 — (g T4 yqr) (GrT v qr) , OB = (grTA7t"qgr) (LT 7t qR)
: — (ANt (FV _
basis trans. Oxy = (¢X77q) (g¥7"q), X, Y=V,AS,P

——>

V=9, A=4""8=1,P=17°
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Systematic spurion method

Two quark bilinears:

 OvBp3 decay
059) =Oyy +044—20y4

CP property  four-quark operator p° p?
C+ P+ Oyy (Q-Q-)  (Q-uQ_1i)
C + P+ Oaa (Q+Q+)  (Q+4'Q+1y)
C — P— Ova (Q-Q+)  (Q-u'Qiuy)

G, =i (u'd,u — ud,ul)

* No need to introduce external sources and new spurions

* A simple algebraic calculation yields
_ 9
p° order: Og) -0

p* order: 0\ — —4(UtorUrtU9,UTT)

26



Summary

* We propose a systematic spurion method for the matching of LEFT to
ChPT, which is particularly useful for LEFT at higher dimensions and
for ChPT at higher orders of p.

 Key achievements:

e identify a minimal set of building blocks and establish a one-to-one
correspondence between LEFT and chiral operators.
* avoids the irreducible representation decomposition, and the
introduction of external sources and new spurions
e applies to single quark bilinear, and two quark bilinears
e OQutlook:
» three quark bilinears (neutron-antineutron oscillation)

* odd number of quark fields (baryon number violation)

Thank vou
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