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3 steps in using SM EFT

Covariant Derivative Expansion
> efficient

UV model > ¢ (M)

Operator basis

> economic

Weak scale
observables

3. Mapping
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Covariant derivative expansion

Functional method
S[¢]=[d*xc(9)

[ Dy (x)-+-4(x,)
B ID¢eiS[¢]

(#(x)-4(x,))
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Covariant derivative expansion

Functional method
S[¢]=[d*xc(9)

[ Dy (x)-+-4(x,)
B ID¢ei5[¢]

(#(x)-4(x,))

5'T[4]

1P| effective action:  (g(x,)--¢(x,)),., =i 5P (X,)---64(X,)
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Covariant derivative expansion

Functional method
S[¢]=[d*xL(9)

[ Dyl (x)-+-4(x,)
B ID¢ei3[¢]

((x)4(x,))

ol
5 (%) 0(x,)

1P1 effective action: <¢(X1)“'¢(Xn)>1p| B

Up to 1-loop level: r[¢]—5[¢]+i§logdet[—52§[ ]]

2

05/25/2017 Planck Conference Xiaochuan Lu, UC Davis 8



Covariant derivative expansion

Functional method in matching

L= LT QW) 1 L (3.9)=6,(9)+ £,(50)

L' ger [¢](,U =M ) =1y [¢](,U =M )

05/25/2017 Planck Conference Xiaochuan Lu, UC Davis 9



Covariant derivative expansion

Functional method in matching

L= LD+ T QW) 1 L (3.9)=6()+ £,(50)

L' eer [¢](,U =M ) =1 v [¢](,U =M )

> Tree level:

ZCSO)(M)QZEq)(ﬁCDcM]) 5SUV[¢’(D] -0

‘ o, [¢]
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Covariant derivative expansion

Functional method in matching

L= LD+ T QW) 1 L (8.9)=6,(9)+ £,(50)

I ger [¢](,U =M ) =1 w [¢](,U =M )

> Tree level:

O _ Sy [4,0]
Xl (M)Q =Ly (p0cld])

=0
Dc[4]

: 2 (0)
— Llogdet| - 0 SEFTZM
2 5¢
=D [¢]
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» 1-loop level:

C. ogde Sw[40]
[ xz | gd t[ ST




Covariant derivative expansion

Functional method in running

d

L= 0@+ A()O(9) = fr=ny Au)=7
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Covariant derivative expansion

Functional method in running

d

L= 0@+ A()O(9) = fr=ny Au)=7

I[¢]= jd“x[aK (1)O (¢)+a,(u)0, (¢)]
- [d*)[Oc () +a, ()0, (8)]
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Covariant derivative expansion

Functional method in running

d

L= O (@)+A()O(9) = fr=ny Au)=7

I[¢]= jd“x[aK (1)O (¢)+a,(u)0, (¢)]
- [d*)[Oc () +a, ()0, (8)]

Renormalization group equation:

d
— ' :O
ﬂduai(ﬂ)
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Covariant derivative expansion

Advantages compared to Feynman diagram method

» Do not need to enumerate Feynman diagrams, nor
remember Feynman rules

--- everything comes out of expansion correctly

» Do not need a prior knowledge of the EFT operators

--- Wilson coefficients are directly read off from the result

»  Can deal with different correlators simultaneously

--- A framework that gauge covariance can be transparent
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Covariant derivative expansion

Evaluating functional traces

/J:)%CD[—DZ— M?—U(x) |®+---

/ elliptic operator
5°S[®@]

o] = IElog det(—Tj = IETrIog[D2 +M*+U (x)]

2

b7V () eV ()

[ [ 1
:ETrIog(D2+ MZ)—ETrIogLDZ_ MZU (X)+§—D2
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Covariant derivative expansion

Partial derivative expansion
D,=0,- igA,U (X)

_D2_|\/|2U :—82—M2U __az_Mz(lgA“aﬂ+lg@ﬂA“+g2A2)_82_MZU L.

Tr[ - ]zjd4x<x| |X>

1= faspo] . 1= [ S l)e

Gauge covariance not manifest

05/25/2017 Planck Conference Xiaochuan Lu, UC Davis 17



Covariant derivative expansion

Covariant derivative expansion

Tr{_Dzl_ MZU (x)}:jd“x((;:;4 (p|x){x o7~ MZU
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Covariant derivative expansion

Covariant derivative expansion

Tr{_Dzl_ MZU (x)}:jd“x((;:;4 (p|x){x o7~ MZU

4
:Id“X d p46iIDX - 21 .
(27) (iD) - M

U (x)e ™ 1(x,p)
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Covariant derivative expansion

Covariant derivative expansion

Tr{_Dzl_ MZU (x)}:jd“x((;:;4 (p|x){x o7~ MZU

4
:Id“X d p46iIDX - 21 .
(27) (iD) - M

U (x)e ™ 1(x,p)
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Covariant derivative expansion

Covariant derivative expansion

ipx: —ipx _ ¢
e"iIDe ™ =ID,+p,
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Covariant derivative expansion

Covariant derivative expansion

ipx: —ipx _ ¢
e"iIDe ™ =ID,+p,

Expand in terms of D
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Covariant derivative expansion

Covariant derivative expansion
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Covariant derivative expansion

Covariant derivative expansion

> Exception: U, (x)=const
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Covariant derivative expansion

Covariant derivative expansion

1 [ déx d*p 1 1x
Tr[—DZ—MZ}Id (27)* (iD+ p)* = M? 1 p)

[ty 9°P 1
=] (27)* fl(ap)(iD—p)Z—Mz

f,(0,)-1(xp) f,(0)= f,(0)=1
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Covariant derivative expansion

Covariant derivative expansion

1 [ déx d*p 1 1x
Tr[—Dz—Mz}jd (27)* (iD+ p)* = M? 1x.P)

0y d°
=[d x(zﬁ';1 fl(ap)(iD_ pl)z_Mz f,(,)-1(x. p) f,(0)= f,(0)=1
:J'd4x d4p eiDap 1 e—iDap -1(X, p)

(2z)° (iD-p) -M?
eiD(?p (iDﬂ)e—iDap _ |Dﬂ+|:|D o |Dy:|+

v p!

eiDap(pﬂ)e—iDap _ p#+iD#+---
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Covariant derivative expansion

Covariant derivative expansion

1 [ déx d*p 1 1x
Tr[—Dz—Mz}jd (27)* (iD+ p)* = M? 1x.P)

0y d°
=[d x(zﬁ';1 fl(ap)(iD_ pl)z_Mz f,(,)-1(x. p) f,(0)= f,(0)=1
:J'd4x d4p4 eiDap 12 e—iDap -1(X, p)

e””(iD,)e ™" =iD, +[iD,d},iD, |+--

v p!

eiDap(pﬂ)e. :py+|D#+...

Z( +2)|'”( DD, D, [D;I,va)azlﬁg‘z O

n=0
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Covariant derivative expansion

Covariant derivative expansion

1 [ déx d*p 1 1x
Tr[—Dz—Mz}jd (27)* (iD+ p)* = M? 1x.P)

oy 0
=[d x(2ﬁ§4 fl(ﬁp)(iD_ p1)2_|v|2 f,(,)-1(x. p) f,(0)= f,(0)=1
:J'd4x d4p4 eiDap 12 e—iDap -1(X, p)

e””(iD,)e ™" =iD, +[iD,d},iD, |+--

v p!

eiDap(pﬂ)e. :py+|D#+...

Expand interms of G, ,

Z( +2)|'”( DD, D, [D;I,va)azlﬁg‘z O

n=0
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Covariant derivative expansion

i 1, M? 3
Trlog(D? + M2 +U ) = [d*x——triM*| —=| In2_ -2 :
g(D*+M?+U) = (47 { 2( 11 zﬂ Universal Result for
- e elliptic operator
+M?| - In—z—llu}
! H
[ 2 2
G, =[D,.D,] amo| Moy Mo s
2 u 12\ u 8
11 1 1 1 1
+—|-=U*+—(DU)*-—=UG? +—(D*“G, ) -—G'G’G*
M?| 6 12 PV Yo 60( ) 90 “ " ”}
11 1 1 1
+—|=U*-—U(DU)*+— (D)’ +—(D“U)(D'VU)G
M*[24 12 (PU) 120( ) 60( (UG,
1 1
+—U’G’, +—(UG 2}
40 60( )
b —iU5+iU2(DU)2+i(UDU)2}
M®[ 60 20 30

e Ly
M?®| 120
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Operator basis

Leer ()= Lou (#)+ 2,60 (9)
» Redundancies:
--- Group identities
--- Integration by Part (IBP) 0,=0,+0-0

--- Equations of Motion (EOM) O, =0, + (9%

» operator basis: > O acomplete set of independent operators

--- Economic for running and mapping
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Operator basis

- -~ Scherer and Fearing,
EOM < Field redefinition arXiv: hop-ph/o40878

+ n 1
CEFTZL(O)+£(1)+£(2)+m+£(k)+£(k Doy ™ | L(k)ocF
(0)
- 1kO§£
AT 59
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EOM < Field redefinition

Lo _rO L@@ o p0) el ) | r® e 2

()
1k oL
Y,
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Operator basis

Scherer and Fearing,
arXiv: hep-ph/9408298

1
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Operator basis

EOM < Field redefinition

Loy = LO+ LY+ £P ooy 20 g0 o g0 20 o ~

—
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Scherer and Fearing,
arXiv: hep-ph/9408298

1

(0)
1 O oL

oL 15220 2
A =—A@p+— A +

® 2 (1)
L0 (4 18 52
5¢ 2 S5¢

(2)
+ oL AP+
o

(A¢)2+...
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Operator basis

EOM < Field redefinition

Loy = LO+ LY+ £P ooy 20 g0 o g0 20 o ~

i(’) _5£(1)_5£(2)_ —
A¥ 0P o
> d+A¢p  mmmp
1
A¢ — —FO
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Scherer and Fearing,
arXiv: hep-ph/9408298
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(0)
1 O oL

oL 15220 2
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Operator basis

Loy = LO+ LY+ £P ooy 20 g0 o g0 20 o ~

Scherer and Fearing,

EOM < Field redefinition arXiv: hop-ph/o40878

1

(0)
1 O oL
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A 5¢

N

s 15220 2
A T Ak = AdY +
EEFT 5¢ ¢ 2 5¢2 ( ¢)

B 2 (1)
L0 (4 18 52
5¢ 2 S5¢

(2)
+ oL AP+
o

(A¢)2+...
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Operator basis

EOM < Field redefinition

Loy = LO+ LY+ £P ooy 20 g0 o g0 20 o ~

Scherer and Fearing,

1

(0)
1 O oL
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Different from using
Higher order EOM

S ,C(l)
+
op
S £(2)

Ag

_|_
2

+ 54 AP+

15220 2
1520
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Operator basis

It is not easy to enumerate /C by hand...

dim 6 B. Grzadkowski, M. Iskrzynski, M. Misiak, and J. Rosiek, arXiv: 1008.4884

3 # and AD? 2 (LL)(LL) (RR)(RR) (LL)(RR)
Qc f‘-*-‘-‘('(;'-W(;H.ﬂ('f‘a! Q. (ptp)? ' 2% [;_f;)”_p(.rr.w) Qu (vl ) (L™ 1e) Qe (Eprutr)(Esyer) Qe (ol HE er)
Qz | F479% 'A"('Bp('c Qe (#'e)0(ete) Qug (1) ptir?) Qﬁ{;} (@) (357 1) Quu (Tt ) (0710 ) Q. (Tpvule) (@7 )
Qw | TXWEWIWEr | Qup | (¢'D*¢) (¢'Dup) | Que (#"0 ) (@pdry) @ [q"’fl?!qrWL?MJFR} - (talelidee) - Ctikelheres)
Qw ;_I.H(ﬁ';r;”":{pu';q; UE{,;: _(fp“.:gfr][fi.g“.-“q:} s (’:_p'-:';a‘ p-JfH_.s'.-'" ty) th]c] ["jpﬂ.”qr}[isﬂ. Fey)
IE X 22D Qg | B @ 7 ) Q:: (Fpute ) (dy P dy) f)lf:] hhf:qr)(!_‘;'”flfi
= - = = (Jud (tpypter) (davtely) Qqu | (Gt e ) (07" T )
€oc o Gﬁv(_r'.".jw Qew | (Lo*e) T o1 ;{v )tll (¢ ED;: o) (L) Qfﬁ (@ ) (dr2TAd,) 3;1:] (@) (AP e)
Q. oo ('}_-1 (A Qen (lpotVer) o By 2:‘ Y (p ;i)n NIk Q{a] (@I ) (" TAdy)
Quw | AoWLWH | Qus | @0 TAun3Gh, | Que | (HiDup)@ter) (LR)(RL) and (LR)(LR) Bviolating
Qi ;1;{[}{:)”-1”” Quw | (@0 u) T F W, oW {;‘rgﬁﬂ )@t Qe ([e) (A Qe coe e [(d)TCuf] () TCT]
Q¢r ¢t B, B Qus (Gpa*uy) 7 By Qg’} T;‘T"IB;{ PN @pmi*ar) Q(qluqci {ffgf!r]E‘Jk(ff_q-‘fr) Qqqu e [W“J)!( af ] [(*"_I)T("f"]
(2.,,5 e f)i;w B Qac: | (G TAdy) 2 'A Qou | (i B;a o) (@pyHuy) Qﬁ,,; {(!J']"A” Vel @ETAdy) Q(r;rf;r’:;r £V E [[‘ij e r‘;f‘] [ g™ (‘F;‘]
Quwp | T WLBY | Qaw | (go"d,)T YUFL, Qua | (4l Bu;}(rﬁr.-"u’r) Qb (Ber)zuldhue) o (7Y (T [(g57)TC ] [(g2™)TCI)
(");'ﬂ?u plrip I r{vBW Qap (@po*dy )¢ By Qpud *I[ETDM:}{“J":”‘!") Q}:;u (‘rpﬁ;w )2 (TE ™ ) | Quun P [{”r:)'!l(“"f] [(“;):(‘”]
Table 2: Dimension-six operators other than the four-fermion ones. Table 3: Four-fermion operators.
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Operator basis

SM EFT counting history

> dim 6, n, =1 1986 Buchmuller and Wyler
Nucl. Phys. B 268 (1986) 621

2010  Grzadkowski, Iskrzynski, Misiak, and Rosiek
arXiv: 1008.4884

» dim6, general n, 2013  Alonso, Jenkins, Manohar, and Trott
arXiv: 1312.2014

dim?7, generaln, 2014 -15 L.LehmanandA. Martin
dim 8, ng =1 arXiv: 1410.4193, 1503.07537, 1510.00372

our goal: making it systematic
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Operator basis

Example: a real scalar field ¢

EOM: 0°¢=0 traceless symmetric

—= I\

EOM removed: 7 =R|¢, 0,4 0,0,.8 0,0,0,.4 ~|-R[R]
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Operator basis

Example: a real scalar field ¢

EOM: 0°¢=0 traceless symmetric

—= I\

EOM removed: 7 =R|¢, 0,4 0,0,.8 0,0,0,.4 ~|-R[R]
¢
aylgé which forms a representation of

J is generated by R, =
9 YRy N ﬂ2}¢ the conformal group SO(d +2,C)

05/25/2017 Planck Conference Xiaochuan Lu, UC Davis 40



Operator basis

Example: a real scalar field ¢

EOM: 0°¢=0 traceless symmetric

— 1 \

EOM removed: 7 =R|¢, 0,4 0,0,.4 0,0,0,.4 ~|-R[R]

¢

aﬂlgé which forms a representation of

J is generated by R, =
9 Y Ry N ﬂ2}¢ the conformal group SO(d +2,C)

operator basis: K = [jlaj]so(d) — scalar conformal primaries in
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Operator basis

10000000 000 -

1000000000 |- SM EFT up {o dlm 15

100000000 -

7557369962
2795173575

10000000

5474170
2002 441

1000000 -

100000 -

10000

No. of independent ops

1000 -

100 -

1012

B. Henning, XL, T. Melia and H. Murayama, arXiv: 1512.03433

|
5 6 7 8 9 10 11 12 13 14 15

Mass dimension
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Operator basis

Towards constructing operator basis

$'0" =440, -0, = [dp,---dp, exp(ii pf‘xﬂ]é(pl)---&n(pn)ﬁk(pf‘,---, pi')

(EOM: p?=0

Ok = 4"k F(p”,---, p* n
¢ <~ n(pl pn) ) IBP Zp, :O
i=1

n

\

S T [ s
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Summary

» Generically 3 steps inusing an EFT

--- matching, running, and mapping

» Covariant derivative expansion technique

--- useful for matching and running

»  Studying operator basis: counting and constructing

--- Important for running and mapping
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Thank you!
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