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Basic Concepts in EFT




Scales of Nature

universe

galaxy

>

Identify relevant scales

electron’
microscope ‘-‘.-‘-‘ |
& accelerator

Planck length ~ strings

Choose proper tools
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Decouplmg Among Scales

Macroscopic
10 Zem
\ ‘,Q

Not all scales relevant at the energy of interest

Microscopic

10 %%em

@ ©
00) b 8

Nucleon

Sand castle Sand Stones

Atomic nucleus

Hyperflne splitting Multljdole éXpansmn
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Scale Separation

When inVOIVing mUItiple’ disparate scales two scales r and a, with » > a
. Tayler expansionon 4§=r'/r
/ observer
4
// : - l r f ol ! 7.~ p 2':_:.4 — ?.(I"/I‘;lr‘n.s‘ﬂ
r 7= 1+ (F) - ]

ol _
-~ / 1 1y r p ('r‘ 2 3rnstf 1 \ (7" 3 Hros*f 3eost | L O r g
e - NS 1 | t |- |
f/

< / : ; kq; kq; kq;ricost; kgir? . 5 1
< ; V(r;) = e — ik RN - + S ~B3cos“l; — 1|+ O(—
o a - ( Z I- p— ,-‘)l Z ,- ./—’I ,-;. A 2,-‘ N ] ( ,-rl )

For unknown charge distribution, parametrize

charge  dipole quadrupole

ke ( SINN & kr f. .
B £+h1)91 L ({2 7 +0(1/1%)

, ,v... .,‘o

Determine these unknown coefficients up to certain moments

for finite experimental resolution

Then predict electric potential up to certain accuracy
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Decoupling

Short distance scale a is not important since moments determined by exp

////f‘,.ot:' >l VEl ‘ . 1 l )
N/ /(r) = ;Zl),,,, = Yim ()
d///' = [,m
charge distnbution y /// /- T
(\?{" J/ But if we know a, then we can predict b (matching)
\\ \J:/
y i "' | al

\/\_/,—Bé V (l‘) ,_'Z Clm (,—) )1.,,(52)

I

blm = (flrn”'l MatChing
1 1
/(r) = - { (Y v’m
Vir) . E ln r,}l (§2)

l.m

Momentum space via Fourier transformation

Short distance a  +— UV scale A ~1/a

Long distance r  <+— IR scale p~ 1/r

: a ’ D
Tayler expansion - <—  power counting
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Effective Field Theory (EFT)

In QFT, particles as excitations of the underlying fields

the relevant scales are particle masses, scattering momenta

Take scattering amplitude (two mass scales m, M) at CM energy E
E2 ~[TE & MZ
» Describe by an expansion in (m/M)n, (E/M)n (power counting)

+ Effects of heavy physics with mass M, ‘decouple’ at low momenta, p

* When applied at the right scale, EFTs can predict with arbitrary precision
Range of validity

Why using EFT?

A If ‘full theory' is known: greatly simplify calculations Top-down

3. If ‘full theory' is unknown: universally parametrise UV effects Bottom-up

Jiang-Hao Yu (ITP-CAS) 0



How to Build an EFT?

Start with QED theory in QFT course

L=1y(id —m)Y — 1(FL)? — evy*vA,

Add higher dimensional terms

C5 — 6 8 212
T Ks‘g/)allu’d)F"'/ +ﬁ(?;'..?"(;'))2 + F(F/WFM/) + -

Generate such terms from renormalizible QED?

>~ X

Relevant vs irrelevant
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The First EFTs!

Becquerel Pauli Fermi Euler-Heisenberg
1896 1933 1934 1936
o B YN |5
p f
) Frergy \E mr'f_"’

(;P ['Iz)n / ?'"p] [lf ’)p?r'l/ ‘1;11/1""“”.
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Four-Fermion Theory

According to the Fermi’s Golden rule, predict the electron energy spectra

P

G Wi = 2nG%|M; 4|2 p2(Ep — Ee)*dpe

. —>— ¢

M = (p| J* n) {ev| Ji* |0)

L. E2 = m2ELS(E, + E, — L)AL dE,
Gr [¥a¥"tp] [Py 4]

Gr = 1.16637 X 10 ° GeV 2
First higher dimensional operator (1934 rejected by nature)!

Why does G has dimensions of GeV 27

Suppose the four-fermion theory were right

o(ev — er) G%s Vs ~ 500 GeV, unitary it violated
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Intermediate Vector Boson

Current-current interaction through exchange of mediator boson

e

virtual photon

Strong Strong Wear
isospin Isospin SOSPITT
(gauge SU2)
g,ul/ _ g/“/ —
W%ﬂﬂ [¢7M¢] —l —QWWM qg 2 [¢7uw]
%%

l

Lz W%ﬂb] [Wuw]
myy

Explain GF  Gr= —5

My,

Preserve unitarity @
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EFT vs UV Theory

1 1

)\N—<ATWN—

force

p mw

weak

\ force
/ electrical

. force o 1/r2

n ) Top-down
—
W’
p -

Long-range interaction at UV

p

n__ Gr - Bottom-up

EFT contact interaction at low energy
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Euler-Heisenberg EFT

nght_by_“ght Scattering at very low energy scale . Gauge, Lorentz, Charge Conjugation & Parity

(E‘Y & me) ® Energy expansion (E.,/m.)
. 1 FHv E d Fhv E 2 b FWE [FOpPE 9 F6 8
ﬁvﬂ' - = a [z T — ( /U/) - = Vo P + C ( /me)
e e
Give the UV theory (QED) Rayleigh scattering
- | Low-energy scattering of photons with neutral atoms
( \“IF-W-\ | {'/ \f | E, @ AE~ oPm, < ag' ~ame & My
S =, .
g < % ¢ Neutral atom | gauge invariance — Frv = (E, B)
1 v * Nan-relativistic description: L=y (\:.’), - 2% \"2:) ¥+ Lin
9 2 '
a = —36(\“ : b = 90(1“
i, aﬁ_ y la,‘ ('q EQ } CQB‘:\) ® o " c, ~ L":l:l
46
oy — ) “ E M ~ ¢ g E2 —- o o~ apE?
m¢

Blue light is scattered more strongly than red one

photon does interact with itself
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Dimensional Analysis

Fermi interaction is a higher dimensional operator

AD QFT functional integral: Z = / DgpeSl 5 = / d'z L[p(a)]

Natural units, h=c=1: [Length] = Mass' |
: From Kinetic terms

=1: [l=1,[]=3, D=1, [4,]=1 [ =0

Renormalisable interactions have couplings [c] = 0
Lint. — CO, [0] <4

« Renormalisable: need a finite number of counter-terms (CT) to absorb
divergences in loop computations to all orders in periurbation theory

O] <4, ¢ >0 Ol=4,lc/]=0 O] >4, ¢ <0

‘Relevant’ ‘Marginal’ ‘Irrelevant’

¢, ¢, 0 OY, U, Vet b, Bud i, Py, -

Jiang-Hao Yu (ITP-CAS)



Power Counting

EFT Lagrangian expansion based on canonical dimension

o Zs /()
D < A Ad4

(L —
ZLEFT =

Normalized scattering amplitude follows the EFT power counting formula
D d;—4
. A~ (5
X ; C; : (A) C; €y

How about beyond tree-level?

Jiang-Hao Yu (ITP-CAS)



Counter terms

Counterterms from higher dim operators

OO O< + <

3

div=4—-B—°F —

2

V4> ni(A

i —4

finite

Infinite counter terms, formally non-renormalizable!

finite

d —4 <0
p d; <4
A

If only dim-3,4 operators, then renormalizable!

Jiang-Hao Yu (ITP-CAS)




Developments on EFT

ANDTHE MEN'WED NAJEIT:

WSO, (gvauan 5 '  Mo B STRING

SCRMINGE?,

AND (OMINIBL " ! J - . : TH EORY

2 -Ken™Wilson
‘ Henerial Volume:
Eensrmalialen, Lattce souze

1949~1970 1970 1979 1984
QFT should be Wilsonian EFT Folk theorem EFT should be

Renormalizable Renormalizable

"What bothered me was that the proofs that renormalization works seemed extremely
combinartoric and technical, but the results in the end came down to dimensional
analysis. What I realized was that things would become nearly trivial if, instead of
describing the path integral order by order in perturbation theory, as nearly always done,
we described it scale-by-scale in energy. As soon as [ thought those words, I knew I could
prove them...It took just three weeks for me to work our the proof and write it up.”

Complicated loop calculation can be organized by renorm. EFT

Jiang-Hao Yu (ITP-CAS) @



Wilsonian EFT

Consider a QFT with a fundamental high energy scale M

Interested in observables at energy E << M

Choose a cutoff A < M and divide all quantum fields 4. w = A

Q = On + O Ay, L W< A
1 , RS (T (AP e Jdpx) dy (e
Z[—]L_ _ fDQI, Déryr €' (@ @ep)ti [ dY e J(x) dpx)

Integrate-out procedure
Integrate-out

/ Doy, Doy &' ¥Ls) = [ Dty 490 The generating functional in the UV theory of light fields ¢ and heavy fields H
Zuylyo Iyl = [[Dqs][DH]exp Hd“x (,Sf’m,(rp, H) + Jyb + J”H)]

The generating functional in the EFT of light fields ¢

Z[]LJ = Doy E_{'iS.-\ (o )4+ [ dPa Jp(x) o () , o | |
’ Zeprldgl = J [Dglexp |i l"d x (-’f i) + Jyﬁb}l
. Matching consists in imposing the condition
iSaler) _ L iS5 (on @)
. . At leading order (tree-level), the field configurations contributing to the path integral

EffeCtlve aCtI are the ones that extremize the action:
.y D peff s ~ 55
Salei) = / ar Ly (@) Zinl 3, 0] = I[Dd)lcxp IiJ(I'q.t (.‘f[_‘\-‘(ff’. () + J,,‘,‘/))‘ 0= SH |H=H.-'T¢J

that is, Ha(@) solves the classical equations of motion in the UV Lagrangian
& ~
Local EFT ‘ L:?\H (x) = E i Qi(Pr()) Honce Lepr(P) = Lyl Hy(@))

/N

coupling constants local operators built cut of
(Wilson coefficients) fieds @, and their derivatives



Wilsonian EFT

Diagrammatic approach Path integral approach

L Yy
" "
— k'} U ;
71 e
ky o

gﬁ | \/5

_ . 8L - _
Luv D — W;( HEs mf;v)Wp + TL2 [VeypeL + V,,”/,,ﬂ;,] W; +h.c.

_ . 8L =
(O-mg)W; +— 0,70 + 0,1 =0

A= —=ulky)y,Pru(p)— w(ky)y, Prviks)
2 q° — mlzv - 8L 2\ =1[= -
p W( D - '"‘-V) ch}'pel. + p;tYpyL]
(Non-local) Efpctlve Lagrangian:
. 8L (- - 2\=1]=- -
q°> < mﬁ & mﬁ, Lo = 23 leb}'p"'e + ”L}'p’/ﬂJ (L1 = my) I” efplL TV uyp/‘L]
B B R R | = =;
pt= MG L ME N MG My B S e S e e e
O - mg; ngy, o omy mp,
, Leading (local) Effective Lagrangian:
Zz off — ) [eLypU e T HLY py/l] [VeypeL +v y}/p/"Ll + @( i )
W W
8 &i
M= — ‘7"’1'2 (ko) Pre(pitk)y, Prv(ky) + G(g*1my,) - 2""& ewv. + a | O oa0+0.m) + ...
=W
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Continuum EFT

Wilsonian EFT: cutoff as parametrization of underlying dynamics

Mass-dependent scheme Mass-independent scheme
Cutoff regularization Dimensional regularization
momentum subtraction MS-bar scheme
Four-fermion theory as example , — i (iyv0, — m)y - /3_) ()2 — :1 (0 O) () + - - -
| ¥ ~ |

Ym 21 - m / tk .
( ~ —_—
AN ) (2m)% k2 — m?

d

* Cut-off regularization: om~m S5 A°~ma  Not suppressed!

A
* Dimensional regularization: Mass independent
Sm ~ 2 L DN (1) + | '"2> L+ O(D—4)}
om ~ 2am T o (1 og I f
o Well-defined power counting
Aosc(p) b YE log (4)

D4
Jiang-Hao Yu (ITP-CAS) @



Naive Dimensional Analysis

Organize/estimate the size of the infinite effective operators using NDA
Valid at loop level

4 ™\

L3 (z) =) g:Qi(¢r(z)) ) (E)%. O(1): ifv =

> 1 il Vi < 0

div=4—B—gF—V+Zni(Ai—4 \ J
—— : 0; = [Qi] = D+
Dimension | Importance for £ > () Terminology '
0; <D, <0 OTOWS relevant operators
(super-renormalizable)
0; —D,~ =10 constant marginal operators
(renormalizable)
0 >D, v >0 falls irrelevant operators

(non-renormalizable)

only operators with v; < 0 are important for £ < M
Only a finite number of relevant and marginal operators exist!

Depending on the precision goal, one can truncate the infinite
sum over terms by only retaining operators whose 7; value is
smaller than a certain value




Relevant or Irrelevant?

Energy Cnirgy
i) "’ ”! . (e | r
L:E[. . Z Z C "[("\[ (){n) ‘[) - A L|.|. T =— "Z”Z \]'7 ) )( == \/
n=0 = - ¢
£+ il
factorization O D) O ()
T O =327 0 ) TR
J
RG running effeCt dCilp) O; () + Ci(pe) d0:(u) = dCi(p) dij — Cilp) vii(p)| Oi(p) =0
d In dn i dInp
dC-{(ag) AT () o)
dov Blag)
‘ Yo/ 280 ]
Clas(p)) = (::((Z»))) C(as(M)) Anomalous scaling
Relevant operator d<4 Cp)>CM), p<M
Irrelevant operator d>4 Cp)<CM), p<M

Marginal B(as(n) =n dots(1) @

Jiang-Hao Yu (ITP-CAS) du



Renormalize EFT

The EFT describes the low energy physics, to a given precision,
In terms of a finite set of parameters

E/M 42 e «— dSa+ .
Renormalize non-renormalizable theory:
1. Write the most general operator up to certain truncated order

2. Determine Wilson coefficients using enough input data (absorb all div.)

3. Make predictions on other observables using the truncated theory

To a given precision, EFT is renormalizable and predictive!

IH'., .\Iu ”\ -\[pl
L 1 1 ' » I."

|
Fermi Theory Standard Maodel S Q0

X < XX

"!

Fermi/Gravity as good as }{: X
underlying theory

\—/




EFT Ladder

High-energy theory | Fundamental scale | Low-energy theory

11-d M theory (?) ? String theory (7)
String theory (?) Ms~ 1018 GeV QFT /Gravity
E GUT (?) Maur ~ 1016 GeV SUSY (?)
Full/UV theory Unknown EFT? SUSY (2) Msusy ~ 104% GaV/ SMEFT
Mnp rre-ecceccccccccccemccrcmemecrcmmmac
Standard mooel EFT o LHC
P M W
EW chiral Lagrangian Myp Myp
Mgy Jeeemeeeemmmme e LEP
1 [ i\ / )
Fermi Theory " Weak effective ’1
Mgw theory Mgw | HCb
Mp, My ofeemmmeccccmeecesememessemmmsseemmmeeeeemmmn Belle
Acr
Heavy quark EFT n‘j; 2 BabBar
‘0.C
AQeD qrrm=meereemmeeceseenescie e
p
Chiral perturbation thecry Aqcp

Jiang-Hao Yu (ITP-CAS) @



EFT = Modern QFT

“Theorem of modesty”:

* no QFT ever is complete on all length and energy scales

- all QFTs are low-energy effective theories valid in some energy
range, up to some cutoff A

Give up renormalizability as a construction criterion for “decent”
QFTs: Forget the folklore about “cancellaticns of infinities”

- at low energy, any effective theory will automatically reduce to
a “renormalizable” QFT, meaning that “non-renormalizable”

iInteractions give rise to small contributions ~(E/M)"

« low-energy physics depends on the short-distance
dynamics of the fundamental theory only through a small
number of relevant and marginal couplings, and possibly
through some irrelevant couplings if our measurements are
sufficiently precise

» this finite number of couplings can be renormalized (i.e.,
iInfinities can be removed consistently) using a finite number
of experimental data

Jiang-Hao Yu (ITP-CAS)




Matching and Running




Real Scalar EFT

EFT with a single real scalar with Z2 symmetry

+ O(A™

op I [() /)’? ’)/‘)‘ C (/)4 C6 (/)6
Zorr=— | .P)y —m~“h-| — (. —
EFT = o [ Mn Y41 A2 6!

Oo= (0>, Og=¢¢’. Oy=¢* ¢ Of = ¢*d,h0,9,

Use Leibniz rule + integration by parts:

¢2‘)}‘¢dﬂ(f) = - 2(/)(;!“(/)()'.‘.(}5()0 — ()5" ] (f) = Og = - %.(p_l ] (f) = - %‘06

“ 2 a p | . 3 — - = 4 —
¢UP"=20°0,(p3,4) = 2¢" U +20°0p)” = Og=204+205 =70
o) ("4 3 -7
Use equations of motion: [ J¢h = — m“¢h — ?ff) + O(A™7)

- . . C 5 C
O, =’ O¢p = - m*p* - fr/)" = —=m-0Q, - ?4 0,

', TV 2
‘C4 Cy m=C

A . , C
O, = () = m*p* + Pt + 4;“‘ = m*0, + —20, + 3—(‘)06

Equivalent Lagrangian

1 (’~ 3 G
Jtrr——(d(/ﬂ“—m(/; i"_\:"/’-“:'l(/’_'_@(‘,\ﬂ‘) P
L\= 4!

m* C,

CamGi e
A7 J%q
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Operator Bases

Consider 2 to 2 scattering in the two kinds of Lagrangian

® P
N " -«
\ ) /
X
s \‘
e \
© @

- ! 2 2,2 (/’4 C6 (/)6 4 1 -~ (/)4 é( (/)}D(/)
C ’) P L gl g4 _ T — { - (v — 2 — 212 _ . ) ,7‘ / -4
LEFT > l(()u(/)) m-g ] C44! 26l + OA™) ZLerr > [(d,-//’) m-¢ C44! YT + O(A™)

] - " A O T
Myt = =Cy+ O(A™ My = = Cot o5 (P +py+p3py) + OAT)

R

m* C,

Cym N2 5C
A Jyq

A = A+ OATY)

Origin: field redefinition!

Jiang-Hao Yu (ITP-CAS) @



Field Redefinition

Zji] = / [[Poiexp | f d'z | Lo+nli+ Y jivi + O0)

q)t = ((ﬁ')t - 'y)T ‘f:] 1" | is any local function of any of the fields ¢

) e*)

2= [ 124! |55

L\p( /d4

Ly + Ly +nLy +ndL] + LJ!r’z + jatnT + Oy )])

£h=r, ((é’)f, ri?mim’:f‘) dol = ol — (&) = 4[]

. oL ALt oL ) oL )
SOL = —L5hT . — s A et SR f
£ a(e') ad, (@)1 e (J(@')f )"o()“w )') %

oL 8Ll
—_ - L [ . . 1 : T %
(b(u')’f ()}1 O(’)‘.:w’)t ) 7’ [ ]

.. (m oL, ) 0L, X ) e ey
Z ji] —/HD% 3t exp ( /d4 [£0 + (()( /r(;t )MW) nTle] +nli+ Z.h% + Jgt1l + O'."ﬁ)‘)
the source term and the Jacobian can be neglected
Gaussian theorem on action
Equation of Motion (EOM) Integration by part (IBP) 8“_0“
Two equivalent operators related by EOM Total derivatives are removed

Jiang-Hao Yu (ITP-CAS) @



Exercise

How many independent operators of the form g ¢4 ?

82n¢2’ 82n¢3’ 82n¢4,

on |0 2 4 6 8 10 12 14 16
# independent 8*"¢* operators |1 0 1 1 1 1 2 1 2
1
S+t+u =
s2+t2+u?
s3+t3+u3 ~ stu
(s2+t2+u?)?
stu (s2+t2+u?)
(s2+t2+u?)3 & (stu)?
stu (s2+t2+u?)?
(s2+t2+u2)? & (stu)?(s2+t2+u?)
Magic things happen?!

Jiang-Hao Yu (ITP-CAS)



One loop and RGE

Renormalize the scalar EFT using the MSbar scheme
o.—..~.s Sb. *e 2
L e oo, O 0 S Lo
) 'w"‘ ‘l'. .2\ “‘. o‘: “::. ‘:Q"’
4 - - ) - " ~‘._ ‘." ‘\ é ...... :‘: ...... C) 0‘ -" : ‘0‘
’.’) e’ “s (:) o Pad (:) e o " \\ ," tes _". *e
¢ "o
. C. [ ik . ! S .
SMEFT = _ "J. - - : MET = ,m) + f(u,m)| R ,o,
“ 2 ) (2aW k2 =m? 3 ‘,o‘ KN
comt | u? TN AT R i AT
=Gy [71108 (;) +1 vl ‘\'-".) *']* 32472 [ “"*(m )*'
" e [lm‘ ¥ b\ faly i ]l
fismzqlt = ap
2 2 2 2 \ Im?
dm* m* dC, 3C; Cem
dl - C“ 1672 : = 2 + TAD
0g U ” dlogu 1or- 167m-A-
- 3C; Com®
: , 4 H 1 H
Cp) =~ Cy(m)+ log (— + —10
! P e S\ m 1622A2 A
Cility)

Ci(it) = |
s .
1+ (i l:)._e.,%ltrg,:—;lf

Y, "o H il
TR - ¥4 .'\ LI
m=(p) = m=( ')(A)
the low energy observable after running

.,2] iCy m? [log uL ‘1

'3
(l’l ) m? 3272 M2 m?

iCaliir) i} . AEF
(4 m2 (jir) [l.,g m__)"(’,'}l) b 1] i A = —iCy () [ 97
E\ML, =
Eig) o (i )} (33

_im:[‘f:(,l,l) t 392
= H’_';(‘!\I-v.' {] ) UA”) (l()g — 1
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UV Origin of EFT Operators

Suppose we know the UV renormalizable theory

ﬁFru, _ %(0“(;)) (Ohd)) - %"I.‘é (152 + %(0#(1)) ((‘)I‘(l)) — %4\]2 ([)‘-2 . -llh Q)2 (I)‘.Z . %f} (,")4

— —_

7 TN (VS ¢ R,
! ' P K 1 i NS 9 /1 ~2 )
\ _ _ A2 {— + log =M ] 3 x " : — 2 2l Loe ) £ o0
el 3272 ¢ € A2 €) RN ,) .. 327 / \ ¢ 5 .\["’) ( )
0. N0 v ® ;
o, L. .0
o‘ ‘l .~ P “ J’ P ~9 3\
. :d) 07 1 “’2 o ‘ 9 L “of R . i e 2 l L _%
Mo - 5') ,’l' L: +log ".\21 + 1+ Ole) 3 X RN ."\ 3272 R s + log m? * 3)
"\—“ YA "l: | 'p “eener . “
o’ Sy o’ .
& .- “d q b O
d ) . dn 3 + 3
— Mz — Y2 M — = - ]
dlogpz "% mFF dlog iz 3272 2 3272 "
1 N K ‘Uz (lh'. - 1 h‘2 n 1 K1
T 32w T A2mE mi dlogji2 872 32x2
Running down to the scale M
, i . ~7 3 s [ 22 3 o\ 2 ji*
G (o~ 2/~ T i ! My < qbvn Y - ~\\* oo = o f 1y >
My ('l“’)[':xxnn(iwl = m,’; ‘\/l”) ~ 352" = lo 2, P ~ 392 M~ log l_—z’ i A = —in(n) + i35 (vi(/)) '\ll,s, o + 3) 1553 (r(f2)) log VE
L j D i “‘t

—lu

3 13
”“”'I\)nlod (U +h 'l)‘l

i) — 3072 l‘.l @
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Large Log Resummation

Scattering amplitude carries large log term

TR 12 > 2 -3 2, f :
IAT = —in(f) + i (n(f)) (log ,/”2 i ;) +ig (k(f))” log VT [LL+NLO]

3272

EFT does not have large log term

-2 i . 9
a2 iCs ™m*

R o :_3 W 2
- AEFT o (- . v 2 i - N "
ATT = = iCilin) + i (Cilpa) (lu‘e’ mz 3) 3272 M2 ! ®m? l]

/"

Perform matching and running

Bi [ o, [ o i3y 2 3i L. 2
- [n° log =~ + C7 [ log == + = 2 1o LH
P [7 8" ! ( LI R i 3972 k- log e

Recover the UV result!

1. UV log M is absorbed into the Wilson coefficients

[LL+NLO]

2. UV non-log m/M are suppressed (two loop in above example)

Jiang-Hao Yu (ITP-CAS)
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Integrate-out

Typically integrate out procedure in the path integral approach

i ZJs, Jy| = / [D®] [Dy)] e/ #2(£12:pl+Te2+50)
FuLL THEORY ~9 Ecuation of motion (EOM): 535;;“’ =0.
HAr
B Set ® = ®© [¢] (EOM solution)
ﬁ‘; Z[Jgo] = ‘/. [D(p] eifddz(-%rn[(/’,‘bc]+.]¢,cp)

Based on the decoupling theorem

DQCOUplingZ Appelquist-Carazzone

The fow-energy effects of heavy particles are either suppressed by inverse
powers of the heavy masses, or they get absorbed into renormalizations of
the couplings and fields of the EFT obtained by removing the heavy particles

Jiang-Hao Yu (ITP-CAS)




Decoupling or Not?

How about diagrammatic approach? marginal operator as example

o)y o) a2
ding 0 T 4x 1+ 0,(Q) 22 In &5

Different scheme choices:

/'.
q 2 "1 2 2l — x)
N(g*) = _aQy {Ax(u) + 6/ dx x(1 — x) log (m,— q X,(l x))}
I v 3 0 iz
MSbar scheme Mass-dependent scheme
AN(1%) = Q7 5% A(u) AN, (42) = N(—p?)
3
(r 1 m? °x x) s O 2 ’
Ne(q®/i?) = —QF 376 /0 dx x(1 = x) log | —* q“?{l ) Ne(e/ 1) = -QF —6 / dx x(1 = x) log [Z:'g +}qt8 _3
; 2 2 " . 'A"I‘—x)
/ — = - 2 Iy : ‘
dl 3 Qf - ! (;" /0 o '; T ‘!4 ‘]. - \)
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Integrate-out by Hand

T two different EFT regime
0.8
e~ 0.6/ * mf K p*, 9% 4 iQa o Mal®/p’) = ~QF 5 log (')
fé" 0.4 ' » " ) o 2}l
™ 9. 2 ' * m; > pflqgt &1 ~ 1;5 Qf ,',_,; . Nela/p) ~ @F 16n : m';-'r
ol , ‘ | .
o 1 2 3 4 5 Decoupling = heavy scale suppressed

o4 |
EFT with heavy fermion 3, i Q2+ @l

Mf | ccccccccccccccca -

EFT without heavy fermion 8y =

m/ [

In MSbar scheme, remove the particle by hand (integrate-out)

Jiang-Hao Yu (ITP-CAS) @



Matching

Calculate one-loop diagrams and RGEs at full theory and EFT separately

Then match two theories at the matching scale M

Large s
ﬁ(('),-) ! ﬁ(('),-.CD) ('),-_(D

Renormalization Group

' . - | I-loop 1-loop
___________ = M - T T T T Mat‘Ch'ng - _ Hull theory 7S (DI S | 7S
E((),) | (5£((),) D,
Renormalization Group
Y
Small
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-2
Hare

("'4 ([" L ) Expanded -

Matching and Running

Two theories should be matched together at scale M

) , O

D ;9 o
- 0 - - -
-~ M “~ *

., .
< + "
-

," . ’ . -’

~ v T

Cilfar) = n(far) —

e ' o ¢ N
- ' .
. 4
. r
f<\ +
’ -~
U o’ i O O “
.« - _'.; .
C"".l‘-"')i;u;:mxlxl ?1; i l - o l +n
4
T (" 'S
’ I

(fiu)

.o ¢ P 9P
y , — \ '.‘
" :1 ):‘ + (‘.tl L1
] . ’ > — 7 ~."
@ O O P

| I'-;

(h (,Lt U)) log /\[2

3272
AT
- R . ’l
“eo P 2
; . 4 .t ¥
’l g' .l \‘
5 e
]( _’. -— AN ' ' lU M
‘) © a2, ;) (2 (x(; k AVEN
(hl'., a2 l J
HH L x2 Jog iy ) |LL + NLO|
o M2
~ ) ~2 2
0 P 2 i )
log ~,f_’ i (f .0',’;',-'..’ i log I, ”. |
3, i =7
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4 ) -“‘. / - \
Lo | \ O
() mmmmmnn @ e . A 4
;-: ’ -~
¢ o .-t e

EEEEEEEERE]
- X i3
Mg (ll_l!) - lT?i‘ (’l"l) 32 '[1 ﬁ N 1]

| : Lo
(P =meeees ¢ . L.
4 ," \‘.
Q) - -~ (D
2(- _ W 7] I.lf_i _"
My (II-.U) = "!]',-(/.(H) ~ 9. m? log =L = >3 M? luu _.,
32 M 322 Har
K I
— V2 | loe ! M +1
272 [ aUL
J [~ o~ N ) (,_'_‘
")E“"')lixp:-mdmi = (/'“) o 3972 Ve - 3972 m[
y 2 1 'y /"";1
— a3 My log == — — m,
32T iy 32n* mi.
K ‘1'2
| i
- M? lng 1
3274 M=



Hierarchy Problem

How the scalar mass connects to the UV physics?

“.(p [ ' , ':“f’
B oeeeens ¢ ; . B =emmee ¢+ -= -
l'”‘\ "v‘\ p "’ \“
" T b . “so o @ - ~Q
9 _;li;{l“ + 2m* )—4—”; log “;)--m“)Ll+]ng(";)]4
ﬂ;‘!. IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIi:IIIIIIIIIIIIIII"I‘IIIII HEEI "
2 Iu 2 2
me(ftar) = me(jia M* [log—= +1 . !
e (fiar) = me (i) - 32 [ M? } M2(p) = M2+ om? |1+ log [ 55
4 m*
~2 [P ! Y
ML h wemmnen ¢ A :  nmennen ¢ + N
qf)f" “s(b Qf)f" “s(b

2 C ) T

mF("’“)hwaumu = mg (1) — ;2:2 mz log ::{‘!
. |
Hierarchy problem SUSY!
TR =2 s M 2 y: o y? = =
'ml_(\f) 3073 M* = 'm;_-(m) ~ 393 g, ( '”E) =m%i(M) + WM 8
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Large Log Resummation

Step 1: Determine the Wilson coefficients at a high scale i ~ M,
where they are free of large logarithms

(t)
Lo = Z Z C'Unﬂ) Q(") )

=0 =

Step 2: Evolve the Wilson coefficients to a low scale y =~ E,
which is characteristic for the observable at hand

(Oia = 25 Zile.n) 10 p ; ra= 2 'p o 4
a ()
a.(p . .
T a 2\ . X ! o T y =
res — f Lo ) O C ’ | e 2o ) (5 J
Clou(p) exp / dor, LX) G (o, () 4z 70) o)
ﬁ(aa)
o M)
- Diagomalization: (U " jU o & : &= Ut

—_— l aip) = E u, n,,{/' - _-(E,))} U, e ‘

Step 3: Evaluate the matrix elements of the EFT operators at the
scale n ~ E, where they are free of large logarithms

Jiang-Hao Yu (ITP-CAS)




Large Log Resummation

Scattering amplitude carries large log term UV and EFT UV div. different!

- FuLL N3 Y TR o3 _ i .
i AT = —in(p) +1i 33,2 (n())’ (log' ,/,7 + ;) +ig (k())” log Ve [LL+NLO]
I T v [~ - 3 N 2 ~I‘,!
Ma’[Chlng condition Cy(finr) = n(fiar) — 35,2 (#(fiar))” log /‘;g
EFT does not have large log term
,I'AEF’]“ _ [C‘ (7 ) * ( 3 ((_7 (’1 ))2 l()gﬁ- { iz_ " ‘.Cli "12 I()” [‘l‘i 1
| AV 322 VNV m? 3/  327*M? | "m?
T O L RN 15 P Y T VR 3i 5. iy
= —injin) 4 3272 [71 'og 13 HCa (log m? * 3 * 3072 log M? [LL+NLO]
UV and EFT IR log the same!
DeCO u p l i ng: Appelquist—-Carazzone

The low-energy effects of heavy particles are either suppressed by inverse
powers of the heavy masses, or they get absorbed into renormalizations of
the couplings and fields of the EFT obtained by removing the heavy particles

Jiang-Hao Yu (ITP-CAS)




Matching Procedure

Ing

|

Up + Ipcy] = Hepr + Inpret.]
. 9 9 2 0
g ji m ji
= 1672 [(l()g.,juz-&-l) e (l()g.,ﬂlz%-l)%- ‘

UV log absorbed

m? M? mz | | |
log >3 M2 —log —- ji2 , Ine(m) = 11"(’22 ~ Igpr(m)
S—— S———— S~ analytic non-analytic  non-analytic
uv matching DY Ol
Avoid large logs Non-analytic m dropped out
Ine (i ~ M) Cylpn) k > m,
A (exp) _ 2,2 dv% 1 Lot
d s v / (2r)9 k? - M2 [.5.:2 4 g T ]
ii changes|with RGE p— Cp = v (a) Cy
djt k>m, k<€ M
v
" dik I i I k
— ) ) I‘:.)'c”|__¢;'gl-"£' (D) T}:+7+"' ——Q—ﬁ—...
Iepr(@i ~ m) Cylpr) = Colgue) Ulpae. i) o / S ] [ MM ]
M r schem
Separate two scale to two one scale problem Sbar scheme
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Exercise: 4-Fermi Theory

I F ’ Fl' _ . - ¢ \
y P | Us = 'U(P3)U(P1)U(P4)U(P2) - (’3 « 4)
2 — 4
| Ur = a(pz)e™ulpr)i(ps)opu(pe) — (3 <> 4)
t,_lh)l;t >~
7 N\
> > > iA? a? 2 a? HATN [ al)? o’
q , , — = 2log— - L —2log
oy (3 [ () (L) (3 (2 (o
T - T -
| |
- - > -
W es = A+ O(a?)
300 ,
op = 229732 L o(a)
87
Cs CT
- 2Q% [ —3/2 12 o= & e
~N = . = O
T /4 1/2 Jor ding © Y
des(p) a " o Q) .
dinp 3 T cs(p) — 24 T (k)
dep(pn)  1Q% - Q%a .
dlnpg 2 7 esi) + n er (i)
ree Loop ree Loop
ics aQ? 2 Z ier ics a()? 2
Us (M‘J) [1 T ( - ) (Z — 2log=- 1)] +Ur [(M"—) : (M'-’-) ( g ) (¢ — 2log

Jiang-Hao Yu (ITP-CAS)
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Exercise: b decay

] nw b w b i

SM: \ .
' ‘ Calculate one-loop matching

and RGE in EFT?

7 7 Y ! -~ U -~ f ) -~ } 29 - L Il )
Lot = — V2 Vi [Cul) $hvch, w478, + Col) 5i3c), w308, ,,
o\ L) = — 1l . — — o,
2\ 47 ji? 6 )
-;‘IA.';-LA"'.'. ﬂlf"'u"’i. — 551‘?“({‘ '_!)I.‘f’b;. o ZA.T ;";,A!ur';, ﬂ.l.""b;.
Z(p) = 1 + BW) ( V. _3)
e o
b w b w b i) e \ -3 ¥
EFT:
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Short Summary

Diagrammatic approach

Feynman diagrams

Easy to miss diagrams

Once matching is done

Running could be easy

[ Carmona, et.al, 2112.10787 ]

Jiang-Hao Yu (ITP-CAS)

Path integral approach

Covariant Derivative Expansion

Systematic but difficult

Matching with loop expansion

Running additional treatment

EFT Lagrangian EFT Lagrangian

UV Lagrangian Fluctuation Operator Iparcially steap dedh omimbmiad basis)
Functiona 5 Identtication xe s Fecuton of
methanks 144 evabuaian af reumlani sgwraluns
—_— 0= 34, X; — il ey, A1)
'?UV l’bh’fl.] b 6”,:6"1 N superiraces )CDE] ym ["'] ILF, Fiere idestiiss, y*m [’h]
=4 Fizld redefim e, .
\_ Treevel matching _/
EOM i

SuperTracer

[ Cohen, Lu, Zhang, 2012.07851]

[ Fuentes-Martin, et.al., 2012.08506 ] @



Standard Model EFT




The Standard Model

... : 1 i T
W, W -=8 B" -=G7 G}
4 s 4 )
kimatic energies and self. nesractices of the Bauge xoaons

+ Ty|ia, - % griti, %g'YB’,‘ ]L + Ry (;a‘, = %g'vs, R

brene cacegics o cloctromeak imerichons cf Fomeors

2
-V (#)

1 1 1
— |10 ——pr W ——e'¥YBE |4
+ > |\.'L" 2gt W, 2g YB,,);J

W Z y and Migas rvn.ms“ and coudings
+ e (T 7Tq)6e +  (GAGR + Gl R+ he)

.~
INtIrsctins Detwien nuars 2ot ghiats freminn maswes aad caupliags to Figge

17 elementary particles 19 parameters, all measured but

+ 0G* G

L pr

Note that 0B, B, is not physical, while 0, W* W* can be eliminated by chiral rotation
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SU(2)

Symmetry of the SM

SU(3)

Standard

Model

U(1)

Particle(s) Field(s) Content Charge Spin  SU3) ¢  SU2), Uy
Quarks 0, (n.d)yg (%2, -1x) W 3 2 A
(Three generations) W g p b2 1A 3 1 4
dri dg —1A 1 3 1 -2
Leptons Lj (Ve €l 0, -1 by 1 2 -1
(Turee generations)  Igi ep -1 n 1 1 -2
Gluons Gl ¢ 0 1 8 1 i
W bosons Wy w# 41 1 1 3 ¢
Photoa, Z busen W:, By v, 2° 0 1 1 31 ¢
Higgs boson ¢ i 0 ¢ 1 2 1

Jiang-Hao Yu (ITP-CAS)

SO(3,1)

(M2, Mz, M3y) = (J3. 1. J2) , LM My, = J* - K2
|:1\[(.1, 1\[()2, 1‘1()3) = ‘:1\"1. I\"g. Ii’:;) s é"w’r“[,uﬁ"faf —=J- K,

:A'I/\ps ""{pu] — —i(gz\u.ﬂ'fpu + gpu*"g/\u. - gz\vi"{p;x - .(Ipu.ﬂ'f[,\u)

M, = g(.],' -+ iff,‘) .
AN, = ;(J,‘ ‘l[‘:.') R

:]l-f,-, ﬂ-:[j] = ieijkﬁ-fk '
:;’\r,',i\"j] = ieijkN;; ]
M N;| =0.

SU(2) x SU(2)
H, €(0,0), H" € (0,0),

Yo € (1/2,0), ! €(0,1/2),

1 T 1 i
I'Lnﬁ - _}'nua:t;i € (1,0), 1‘R('\B = __Il""a(":Z':i € (0’ l)

B 50,



theoretical motivation
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Inflation

New Physics (NP) Models

experimental challenges

normal hierarchy (NH)

wnee

Neutrino

Baryon
Asymmetry

D a r'I( 10,000,000,001
matter




NP Motivated Simplified Model

SUSY particles 3-body direct decay I-step cascade decay (W)
mass mass
my+ —1——Y myt—1——9
_t
16 +qq
% e Myl ¥ X
+WE

m.,o v 0 i.n . ()

| v @ v @ recoenem D swnes @ LA S — X P I, S X

SUSY

£

Extra Dimension

_ Cms 19.3 b (8 TeV)
- £p— 90 95% C.. NLO+NLL exclusion
'Kd'_* K $=-1 G} 1200 T2 100% § — by’ My masf Gev
/ o | T s som 3vkr
\ € 1000 1C0‘4§2-uif 5 .50
—/) N TIIBUN w00 § o,
{z - l 'l/l\rb -f'\;;"l S=0 T 100% § — 17 .- gfmtgg
. ' 7 Jor
\ :
>K . +K5 §=1 600
Q=1 Q=0 Q=+1 ool
= ™ - -
Composite Dynamics 0
i,

oo b o b boa o 1K
a)u 600  8LO0 1000 1200 1400
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New Physics @ LHC

ATLAS SUSY Searches” - 35% CL Lower Limits

ATLAS Preliminary
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Paradigm Shift

New physics beyond the LHC threshold: paradigm shift for BSM searches

Direct signature

> SM
: E

resonance bump hunting at the LHC distribution tail deviation at the LHC

Jiang-Hao Yu (ITP-CAS) @

Indirect searches
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Top-Down EFT

Given new physics models, integrate out heavy particles and match to SMEFT

New Physics Models

M

Integrate out and matching/running N S
7y .’tu!nlng
W WP - T ™ 1o
| ? l CND. 1% — O 1 %)
e EFT Operators |l g i
n..am 3 Q observables
.N!mnnﬂquu L
tlbqwu

Decoupling theorem

(55,
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Canonical Seesaw Models

[ Du, Li, Yu, 2201.04646 ]

'.. Canonical saasan models [ Ll, Zhang, Zhou, 2021 ,2022 ]

b M (H)

P L L L L L I

=
o
o
&~
™

(H) ()}

‘R 'F: : :.R
—p - » ———

‘ Y Y, My Y, " A W n Y M Y. v
Type‘lll : " - AV 1T wZ Y 2 & - - . 2 w12 T
: M = (HPY M"Y, M, =t HEY, 0 M5 M, = — (HEY M, Y

-
---------------------------------------

'
:1

<

o)

@

1L

4

=

q

B

Functional § tree & 1-
Method § loop CDE

SMEFT _Eom SMEFT

(Warsaw basis)

g I

(Green's basis)

e T

Shifts of SM couplings
(Threshold effects) Weinberg operator

High- and low-

energy observables

(j“) (‘ (-‘) (-‘,

(&) () equ’ HWve:
Radiative symmetry breaking _
——— dim-6 operators
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History of Weak Theory

Looking back to the past, we did not know the UV theory ahead

Beta

@ Partide
R ad (Fiest eluctran)

N.moer of slecrona

Gamov-Teller 1936
Fierz 1937

P .
Oozerved g‘;‘xd 3
saectrum of - - . |
energies | energy GF L, Z Gi { v QM } {'a‘,...';)-O i !""’4}
’l ) % e_ i1
’ —_— ’ ~y r -.r r y I M Y )
Enarmy “ (-)'.'_'\ 13 NI ‘--’/a/s . }5’),4.- OL ¥y |
e Endpaint of '
spEctium Ve

vector current to

M i = & r [7;'.)71 B g '?r":'P] ['lf:".c 7.1*_?;,-’"/] Fermi (V/ S),

Four-fermi EFT

GT(A/T), P
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Four-Fermi EFT

With parity violation, Lee and Yang wrote the most general 4-fermi operators

Lee-Yang 1956
Wu 1956

OCo * Pe

Question of Parity Conservation in Weak Interactions*
T. D. Lex, Co'umtis Universiiy, New York, New York

AND

C. N. Yano,t Brovibasen Nutivead Lubvratory, Uplon, Now York
(Received Juna 22, 1936)

If parity is not conserved in § decay, the most general
form of Hamiltonian can be writien as

Hin= (l,b ply n) ((4‘5"#;74\&»’1" Cs'Yely t')’ﬁd’:r)
+ ('1{’9?74'}';:\(’“) (Codotyry &t C V"»bof')"-(')’»'}'b#”v)
+3 (\0?'74‘7%#'@ D (Crpotyoy
+Cr'Yetyioncyal,)+ (‘,’p“'}’ﬂ'ﬂ"/ﬁb ")
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Complete charge current LEFT operators

Comprehensive analysis of beta decays
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within and beyond the Stardarc Model

[ Falkowski, et.al 2021]
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he zeneral EFT Lazrangian descnbing these mteractions at the leading order




Bottom-up Approach

PV Lesson: start from the complete bottom-up operators
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i EFT Operators

a [olk Lheoren: “il
one wriles down the most general possible Lagrangian, including oll terius
consistent with assumed symmetry principles, and then calculates matrix

H
§
s

elements wilh Lhis Lagrangian Lo any given order ol perlurbalion Lheory,
the result will simply be the most general possible S-matrix consistent with
perturbative initarity, analyticity, cluster decomposition, and the assumed
svmmetry properties.”

Weinberg’s Folk theorem, 1979
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[ Weinberg 1933 - 2021 ]



SMEFT

Standard model effective field theory (SMEFT)

UV model unspecified

LHC probing scale

w
Qua
Cha ark ;
:
T e Most general Lagrangian with Lorentz and SM gauge symmetry
Nuzn
mi"* Ly Ze
Up gk LErT = Lo<a A Toaz
K

power counting: canonical dim.

SMEFT provides systematic parametrization of

... all possible Lorentz inv. new physics!
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SMEFT Operators

Zsmerr = ZLp=2t Lps+ Lpy+ Lps+ Lpt Lpag+ Lpsgt ...

SM Lagrangian

Higher-dimensional
SU(3)c x SU(2). x U(1)vinvariant

Lper = u HH interactions added to the SM
Lpy=0 d.o.f: SM fields
P % T s 3 e symmetry: gauge/Lorentz
VEBW' G fequd,Le ) ) )
—(aY,QH + dY,H'Q+ Y. H'I.+ b c.) power counting: canonical dim.

+D, H'D'H - A(H'H)* + 0G*.G",

In the spirit of EFT, each Z;, should include a complete and non-redundant set of interactions
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SMEFT Operators
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Dim-5 Weinberg Operator

: : Weinberg (1979)
The only operator at the dimension 5 Phys. Rev. Lett. 43, 1566

0 1 1
- — I - 7 74 (2
Fsmerr = Fsu H-LoosH 5T pot 5 F o+ Lt

— 0
; H— —
CU vz (v!\.'E)

X(LlH)(L}H) + h .C. > O I/Il/j + h .C. . (‘-’.)

I]A
Lepton number violation Neutrino Majorana mass!

| 3 D

N+ A

~ - -

(2D?, FoD? | F2¢, Fip?
2D?2 FoD? | ¢°D?, b D w2¢2

F2¢, F‘Q-—,'Z 11".—,2 ¢2 (p;)

by |

Odd power of scalar, and SU(2)L transformation ¢zo""¢r
Red color: eliminated by equation of motion
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Dim-5 Operator

Dim-5 neutrino masses predicted by SMEFT and later observed!

~Neutrino Mass Ordering v2
- m- 'S . '
A -V, 4 jq'wﬁp"r D) CU bej + h .C.
— A
Normal ™= Y:] Inverted

7 ?
My~ s~

0.01eV -0.1 eV

..ml‘

atmospheric
~2x 107 eV?

atmospheric
~2%10 eV’

X
My~
solar~7x 10~eV* )
o P /

— ~ 10" Gev

(.‘lj

)
n'"l " ——

0

1 1
Naively: & )_s ~ N and then &£ ,_, ~ R L peq ~ 3 and so on

It is however possible that A is not far from TeV, but instead ¢; < |

Alternatively, it is possible (and likely) that there is more than one mass scale of new physics

| S ] ] 1

< ~— £ ~— ~— & ~ —— and so on
D=5 ’ D=6 ’ D=7 ' D=8 1
.A.L 1\2 f\; 1\4
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Dim-6 Operators

1 | | |
gSMEFT= 3SM+X3D=5+E§ZD=6+F3D=7+F3D=8+

N v
M 9 A 6
.‘V+h.\

() 20?2 3
) S D3, FED? . 2 DA FunpD, 2pD?2, F$2D? | F2¢2 Faf2é, ot
4 F2D2 | FuuD. 26D?. Fd?D? V&2 D, *?, ¢ D? Vil

b F’ F2o? o, ¢ 2o 6°
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o

I ’-H)D.'{ R /
i 1__ L
0 FFDAL
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-

G

(] r— S

field strengths (grey, dash-

@ EOMs (blue). v EONMs (green, short dashed), F EOMs (red. long dashed)

:lc.‘l]v(]}

* 59 independent I"f“ proserving B and L (for 1 genaration)

Boachmudeor Weier. Guadhonnshi hibrepnab Misiat Ronsn

* 5 independent C)"b'\ viokting B and L (for | generation)
Wombery, Wilcek - Zeo, Abbett Whe

SO 4
Y ///. b ¢ 3 goneraticns: 1350 CP.even and 1149 CP.odd operators with D=6
’ ’ Acnio- onk ins-Manchar- Troct
. 2
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Dim-6 Operators

Why completing dim-6 took more than 25 years?
tedious and prone-to-error

0,-“9'1". Oa-'f,.prC'“G“GF‘
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TS ey ey Equation of motion (Field redefinition) YT
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N Pt e Crat ZA rfons ) an '4 .‘,. W ..' PO Y)W (7] LI [\ AR
O =Me il i e il il =Tep, iDe=T)gN,  iDg=Twi+ lidg, ilPu=T'Fyg Q| <RI e
Upw = Mg "5 Wi, Whe, Coi =@ w)WL, Wh, , X REPT et
Oy ~Hs'c)B,.B". 0.3 (¢'9)B,.5"", (rw,) = % (n’-'i Mg+ Iyt + iy "I) ‘ Qe | ovGre laur  ieveloa | @Y | s
Oup = @' 2'2)WLE", Oy =ip'rea) W, B, ) - ) ) Q. Do G2 G D e~ s v B 23 B iyt i)
=gl e, 0P gy Covariant derivative commutator G | SIS QTG | Qe | ST
_ Ga | WO o aemelrt@wt |l | s ety
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Oga = iy, DgG ™, ® O Qava | #F'eWLEY |G Lty
O =iy D gWr,  Opeippogse, O Quea| sTeWiE~ | Qe (B an
G = 1A 9, O™, - - . B : '
O,y = iy, D.uB*, BlanChI Identlty D_" ‘\ !“'/I - 0 LLiie] LN NN CLLN
ou-asofpdBuchmuller, Wyler, 1986] @ | dniseen | e Gaenarar | o] dniiers
Oy = idy, 3,48 . . . v | eamadvernl | e et | Qo | A i
——. e oo Integration by part (total derivatives) 05 [narircet | Go sy |de| e
§U,u) 0% L guiD%s R iy s oy T vt a) (7 (e mate " ) 2y N Tath M ']
D (§,010%, Uou (BB, 05~ g ' De'od Ee'0) G0 | artiarrior | @ anitordr || meaiier
: ’ ' C A PP e L T =L F | oAty =l Ry | lnTensatTieg | e o SR U LU L R A r
Ong = (A, D" Oy = D85, o -pe'Dpitye), (D)D) = (D) (D™ tp) 4+ [tU o)t (D™ ¥-)~‘ & et | o | @ariaisarien
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[Grzadkowski, Iskrzynski, Misiak, Rosiek, 2010]

D = Ueralay e, On=tluNas), OW=(quig),
Clslmp a0l e llia*sl(i a*), Op =236, DR aigteiior’d),

G = ddy,dy ),
U el i@y n),
oy = by el dvid],
ALl =iy ) dd),

(R TIRRCHE S

T = (o A Ayt At

Gy =geliia),
O = (Jw)i g,
O =14d}{dy),
O, = le)(dy)

Oy = 2e)( Ju)..
OF =g wim*y),
O = (gh"d W dr*e),

80-1-16-5+1 = 59
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iPl — Toep.

EOM Redundancy

iDe = TpH,

Tt — G — '?.!7‘.“, s

w3, Vo
@i D p 1%

(D M '1*9') éa‘wD p

2( D" ), 2l

(5.1)

iPq —

T — Qe lp T Qupp T

4 2 4 9|0
|'¢,’.v |+ "z/,' (" |+ m” e |+ | F

Coug + Tadeo,

(6.1)

= ouPv +

= —(D P (VP — Py = D)oy v — i(DF o) D

(6.2)

iDu =TI,

Gpae —

f) (6.2)

X

WX

Vet D |+

ipd =Tl (6.2)

i o ,A/a -
Cpepe I8

(6.13)

(D"DeY = mie - Aele)e — ELY « s4q' e - dL¢,
G = [Ty = @0 + dy M),

.. ’ 17 g
LI | )‘ = 3 |‘;'r1)'f @ + f'-_,r"! 4 q',.,r‘q)
Fh., = WY, N0, E Yt (51

L],

= —i(D*uDw + | D |+ | E |,

(Do), D + Py )0

<
= (D"0)yuPY — ¥ Doy DPp —

(6.2 | oD |_ | o I n ’ 2

‘i
+

|
= \'“ll".»!‘)fp_*- Yl =

-N
|I’=
>,

9
1
- X
4
1 -

,|,_ _." ,A/
4# 7

(577} [(Dug) ' (D]

(v"e) [(

D,) (D*p)|

M T

(4.3)

(5.1)

Tlme Ay , Vals
Y7yl = Py =

prxw — T) "D [2xo|+[¢2?D ]+ ¢!

'2 |
W | T

G oxw
v Xy +

veil equ 0}

aly
(TR

El+|T

1 ot T ) up T
X"Vl = Py + XDy

-~

1 ~ e ]l - 1%
E'X '#”‘.’,1"';‘@@’.’ + 11" E’Yu'fvh" X

— ') (D) (D)),

l{_,! d,.i

-

u’.’ﬁ
1

‘) [ "D“ ’J (’r Mv
1, o e
Sleteniete) +

:~l |~ 4 7 - - .
X™wpeD X, = —X® (DD, X,, + D’D,X,,| =

Jiang-Hao Yu (ITP-CAS)

-+

X

+| ¢

‘XD

2

+|" XD

+[E +[T]. (6.6)

et + [E]




Fierz Ildentity
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No. of independent ops
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SMEFT Operators
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[ Henning, Lu, Melia, Murayama, 2017]
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Mass dimension
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Main Difficulties

How about higher dimensional operators?

difficult to write down explicit form of operators

Repeated fields

Derivatives

BW HHTD?

(P HR, WP (R N By W DD NG B W D Y WD R, W
(D W BN e W L 0, M B WP, (D D0 B WS (Dt VDY B, e,
(BT D, B WP (0 ANV B DR LR T H B (P W ) (D B, (W)
AR WP, DD D, YD )[m‘l.'l.'i~,.,.!l".". (ALY Pl TR D || L
AV D RN, B W, BTN B0 g‘jw:u“n L) A DY B W,
VDS (W LT IDE G W EEIEREDED B WS TN DL B, WY

AU B D WP, DY B WG, WYY, YD B, (W) J B, (P,
HYEB (DD HVAR,, (T IPE P14

QEQL

fﬂ'lmfu‘ fj! | L‘.ue Qa-'a) ' ':stk Qrc.‘ ’

aqqt _ prst e (Qray Qi)
Qpr3t = 60‘.‘!"" 3 24 L‘: [Q"u,’(?[c{:’

chee oty kb \ f I
ete | L;n (:2,, N (BAM Ql’f L)

p,'r,s,t= 1a273

Which 2 should be picked up?

Jiang-Hao Yu (ITP-CAS)

What flavor relations should

be imposed?

(70,



Operator as Spinor Tensor

Operator has more symmetries than what we expect

SO(3,1) SL(2,C) sU@)xsU(2), Spinor-helicity
¢ ¢ €(0.0)
W Vo € (1/2,0) Ao
L'f-. € (0,1/2),
i o
E“) FL(.‘(}? - 9 F;;:;O:Xf,}- = [1.0) /\w/\',:f
Fpaos = —_;1';,,5(':: € (0,1).
Riuspo Copri— Clnna5075 € (2,0) Aads Ay As
D, Do = D,ol, e (1/2,1/2), Aas

Operator with explicit spinor indices

F47 (DY) 0 (D), @

(e

W, (e.po"*DFL,) D, H'

€y g Cay g Cap oy thquF‘ L'gz ‘:D"3):f (D(.M):t
Easier to find more symmetries of the operator with spinor indices

Jiang-Hao Yu (ITP-CAS)




Operator as Spinor Tensor

Dim-8 operators: 993 (44807) operators for 1 (3) generations

w
0 2 1 6 8
w
0
z -
4 I
e = B P -

Unified construction of Lorentz & gauge structures by Young Tableau

[—

|

|

3

VN
DO | —

2

3

) X

2

b

A‘
’

I

('), WL, (e, D"L,i) DV H

Jiang-Hao Yu (ITP-CAS)

(7)), Wiy (ecpo® Lei) D* D, HY
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Operator as Spinor Tensor

Young tensor method (No need EOM&IBP)

[ Li, Ren, Xiao, Yu, Zheng, 2007.07899 ]
[ Li, Ren, Xiao, Yu, Zheng, 2201.04639 ]

[ Li, Ren, Shu, Xiao, Yu, Zheng, 2005.00008 ]

BWHHTD2| #l=3#2=3#3=144=1

11113 11112
212|124 212|134

Y Y
.. Yy v ry (rygdiry P SR PP SRR P D Ie T
fasaqe f E FC!,}Q‘.‘( € €

BL®*Wias (DH') 4 (DH), %, BL*"Wp," (DHT), (DH), ®

(13) (13) (24) [34] (12) (13) (34) [34]

All Things EFT...seminar series

EFT Operator Bases for Standard Model and Beyond
HENN: 2021-06-09
WMA: FIL%

https://www.koushare.com/video/videodetail/12645
Jiang-Hao Yu (ITP-CAS)

Traditional method

BW HHTD?
[ Hays, Martin, Sanz, Setford, 2018]

(AR W AR B B W AD D Y B, W, (D H WD R, W

(D H W B S W i W0, 1 B W, (D T H D0 By W7 (D VDY B ),
(BT D B W (0 AV B DWW LB B, W ) (P T M B (W)
AV DRI B W, MDY D8, W, D) @ oW DN D, BV

AV DR WD, B W BTD, MDY B0 :'ju-m B2 T BT AP R PR D T 1 U
YD G0 (W, T IR G, OWET, IR W, (DL D, W,

AV B D WP, HTHDY B WG W), JYED 3 (W) A S, (T
HYEBR (DD HYHR,, (DD 14

EOM

(DH sl DH ) Briy sy Wegeq: c* e
lLl}[')“'..l!_D)I )1‘3“6}‘: Lien éiu."t\‘(;n prah + P ~l“")
| ”')m, (L, ){5’\;]‘3”"(‘[,‘_,.} AN dn

(DHY .o H BL({,‘I(%){‘,,)ém(‘3"(“‘*(’50"'"
HUVLDH) G (DE; )t Lieny 00 318
1 (Do Bv,((.i}(DW.,'l[.W;,_';t"‘jt']“p&'m
HIH (DR faie).¢ (PWL)., ﬁ_.-,f'"-'f'-ff ¥p g

IBP

Bl."d”'l.n.f ( K 4 (Dll)a. “
BL*"Wy,” (D2&Y) .. (DH)_ “
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Repeated Fields with Flavor

Another difficulty to write down the independent EFT operators

B-violating

Quuq
Qau
Qe
Qi

(J |' | AR

, A 1 ”
5035{715)}“_“7!‘_‘"m' [Iq;:),{(-‘q; ] .-‘1-‘”“)’0""‘]

B [(ﬂ'?: ) ("":'Y] [“q:j i (,-'if]
e [.-‘q"-"‘""' Co] [y Ce [Grzadkowski, Iskrzynski, Misiak, Rosiek, 2010]

42.‘7&.;‘-"'[[((’ ) (q, J (q) 1(1]

£ [:‘_d;; e u;.] [(u)T Cey] -

(?qwqf(1) 3 ((?qqqf | (Qqqq'

prst prst r psi
- qr"qf‘ (.5) 2 ¢ qqq[ qqql
(Jprsf 1 t(t)pr.\" (21 pst /

[Grzadkowski, et.al. v3 2017]

Ququ
(a0q
(g,l fiiu

C\«)du q

D-viclating
=P [(@nTOu?] [(g7) Ct
e [P e S|
e"Me merm ()T Cg™] [(g7m) O] 4

e [(d®)TCuf] [(u])TCe,.

[Alonso, Chang, Jenkins, Manohar, Shotwell 2014]

qqqf qqqt qqqt qqqft
Qprst f Qrp.st - Q.sprt 1 er’pt

Flavor relations not easy task!

Jiang-Hao Yu (ITP-CAS) @




Flavor Symmetry

According to Schur-Weyl theorem, flavor tensor decomposed via S(nf) symmetry

(')z(ﬁl e ejiceml(qi?) T CtM (g m)TCl;S] S3 T ’ g } -

oL L
SU(3)e E \
SU@2)w u [ ]
SU(2), u ]
SU(2), \ \
Grassmann ( \

Flavor E‘AU |>\U |y =[:]:[j—l—_{ |FH (==

SU(ny) : + ’ i

Each span’s an irreducible SU(n ) subspace

2],
=

t[1][1]1] 2[2][x]2][2]3][2]3][1]2 1]3]

[ Li, Ren, Xiao, Yu, Zheng,2201.04639 ]

t ol 131 213l 12l (31 ‘13l ’[3] ’[2
rls ¢]: [1a]1kfa o]2llale]3Linl2e 2)[1]1213)l1[3]13)[2]2]2) 2|2/3)|2]3]3}[3 3|3}
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SMEFT Operators

Dimension-5

e O
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Mathematica Code: ABC4EFT

Amplitude Basis Construction for Effective Field Theory

!
FAL

D' [ oremt#
un [variance

Welcome to the HEPForge Project: ABCAEFT
This is the websile for the Miathematica package: Anplitude Basis Construction lor Effective Fiald Theories (ABCAEFT), Gangr
— |Model

This package has the following features:

* It yrovides a general pocedure o construct the independent and complete dperslor basas ‘or generic Lorewz
inrariant efective fiold theory, given any kind of gauge symmetry and Sold contont, up to any mass dinonaion.

Tovariance

= Various opesaior bases have been sysiomalkcally conatrucied 10 emphasize different aapeds. oparalor
injepeadence (y-basis,, flavor relation (p-besis) end censer/ed quantum numbet (j-basss).

o It rovides a systemalic way 10 coovent any dperdior into ou’ on-thell emplilude tasis and the basis conversion
on bo oaly dom.

Authors
Tre collaboration group atinstiiute of Theoretical Mhysics, CAE Eeijing (ITP CAE)

e HaouLin LI (grovicusly postdoc st ITPL.CAS, sow postdoc st IC Lauvain)

* 2ho Ron (A0 yoor graduato chudent at ITP-CAS) <4 ABCAEFT”

= Mng Lei Xo (previously postdoe at TP CAE, now postdoc at Narthwootom and Argonno)

= Jang koo Ya (preloccer ot ITP CAS)

= Yu Hui Zherg (6th yoa' gracuate studet ot ITP CAE)
A Matkematica Package for

Arplitude Basis Constructan tar Ftrecrtive Field Thearies

https://abc4eft.hepforge.org/ e et

Jinng-Hec Yu, jhyaditpoac.on

[ Li, Ren, Xiao, Yu, Zheng, 2201.04639 ] s g

The pockege is asvailasle el hepforge
For the lateat warsioa, suw the Citkub
If wou usa thiz package 9n your research,
Fleaze cite: arXdv: 2201.84633, 2005, 38038, 2637,37532
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Dim-6 Operators

X3 | ¢ and p'p? v | (LL)(LL) (RR)(RR) (LL)(RR)
Qc | rAEcararegen | @, (') Qes (o) (Lere) Qu Grd) T l) || Qe | (Epruer)(Eer) Qe | () (Ener)
Qz | 142eGraErGr | Quo (o'e)0(ete) Quo (') (Gourd) w | @)@ | Qu ("‘-r'!uur)(t'i."r"uf) Qtu ({p‘?’ulr)('-tc'fuut)
Qw | EWIWIWER | Qup | (0'D%)" (¢'D,0) | Qas ("¢ (Gpds0) 3 (ci,'y_,,r'qr)(tin"rlq:) Qua (dpyud,)(dsy*dy) Qu (Lpyule)(din"dy)
Qu | erKiwiwiow s QE.: Grb)@rre) | Q| (Eedintn) |Qn|  BraXers)
o ] rrm o ]| % Gt ar'r'a) | Qu (é,me,)(?vud.) . (q.;r:q,)(:n*-:l
Qo | #9GAGCY™ | Quw | (Goe)r'oWl, | QR | (¢'iDue)(lr*l) Cs) (,-":’;::;Ed-:::ld') QE’ (%:;,7“2:;23::,,‘)“‘)
Qa | ¢'eGAC™ | Qu | (o*e)oBu | Q| (#iD]@)lpr'vl) Qul | (@nWT*er)(dn*Td:)
Quw | ¢eWo W | Qua | @o" T ur)3Gl, | Qpe (¢'i§u¢)(épv“e') M
Qv | ¢eWLW™ | Quw | (Go™u)r'dWL, | Qx (w'iDu 2/@7%) | | Qs (Be.)(dutd) Que ee,, [(d2)7Cu] [(a)TCl]
Qus e'eBuB* | Qus | (40" ur)P Bu o (v'iDé BT | | QU | @uren(@d) | Qo e [(g21)Cq] [(w])"Cer]
Q.5 ¢'¢ BB Quc | (G0 Td,)p G, | Quu | (#'iDy ) iy uy) QW | (@TAu)esn(@TAdy) | Qooh eMe ke mn [(429)7Cq™] [(g7™)TCL7)
Quws | #TeWLB* | Qaw | (@o™d)'oWL, | Qu | (#'iDu0)dd) || QW | @edenl@u) | Q% | e () u(re)mn [(62)TCa) [(G™)TCH)
we | o' WiB" (Gp0*dy)p B i(3'Dup) (#57dr) || | Qlegu | (Bower)esn(@io™ ue) | Qawn e [(d3)"Cuf] [(w))"Cel]

59 independent operators
# real parameters (degrees of freedom)

76: flavor universal All fermion generations have the same coefficient
2499: flavor general Independent coefficient for all flavor combinations
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Dim-6 Operators

Dimension-6 operators of the SMEFT:  Interaction

X2 €W, WWPW#  gauge boson self-coupling

HO -
VP H?
V2PH?D :
X2H? .
H*D? -
VX H :
Pt

(oTp)3 Higgs potential, self-coupling
(0T (qiujP) Higgs-fermion (Yukawa)
<«

(©" Dy ) (@ ¢5) gauge-fermion (Z,W)
(eTp) Gf.,GHY gauge-Higgs
(" D*)* (¢! DH ) Higgs-Z
(_i oh? U @)Buu dipole
_ _ SM gauge .

(7 7" 45) (G Yu @) groupgsinglets four fermion

Jiang-Hao Yu (ITP-CAS)

Impact

diboson
di-HIggs
ttH, H—=bb
/Z, W prod.
ggH, H—=VV

mz (LEP)
(V. fVH

ffff scattering

(81,
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JL

v ~ O(1,8% N\, y%, 8%, 8°N, g%y°, N5, A2, y*, g%, 8%\, g°)\)

Alonso—-Jenkins—Manohar-Trott

g X3 H® H* D? EX°H  yutH? gy’ XH W2 H?D W
g X3 g2 0 0 1 0 0 0 0
4 4 4 4
H° g2 Aghy? g8 2.8 ALy 0 A%,y 0
H'D? | g° 0 gy g v’ g%y’ g,y> 0
g X*H | g* 0 1 gx A y? 0 y? 1 0
2 4 4
yo’H | g° 0 g2\, Y g g Ny X ey Ny Ay
gyv’XH | g° 0 0 g2 1 g2,y 1 1
2 142 4
v HD | g° 0 g,y g y? g’y* g Ny Y
b g° 0 0 0 0 gy’ gy’ &g’y
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4-Fermi EFT: From Beta to NSI

Energy
[ Du, Li, Tang,Vihonen, Yu, 2021]
UV models ’
many models ..... [ Du, Li, Tang,Vihonen, Yu, 2022]
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Complete Dim-6 UV Resonances

Scalar Vector
[SU () SL{21a, U (1)) (SU(3), SU )2, U11)y)
BLHH DEHYHYY G.HHQ|FN)(FR)| e HH2L|(F3),(F2) dc"’:’!" dedgecee _"c”f!-"" Drl«-d!-""!'
CofHHY IEIQue|(SA). (F111,(F9)|  HITW.2 DececHM' DPIPH'®  dedeLL!  ececLl!

510,00 T ) T ) LY 12012 g dloot  c-eloo!
S HEIE3I(36), (52). (S5). ($4, 56), (52, §4), (51, 55). (1] DRE'LLY LL" dedQQ' tcecQQ

HEVL d-HHZO HHYO V1(1,1,0) DHH'QQ' LL'QQ' Q*Q" dedlucu!
e nn J & uchn n A u
= . - LR a-cc'éqz(-u;. Dllll'um:g_. I.L'uf;uz- QQ'u{-ué
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V2(1,1,1) ccHHL dcHH'?Q H*H'Qu

d.cclQV doIIITTQ (S6),(S2)) el ITAL|(S6),(52), L HHQ

I Que A Quel(55,0851) QO ).
HOHS(86),(52), (S5, 56),(52, §5),

(81, 86), (81, 52), (52, 86),(55),(51,55].(81)]

54 :1,2.%] V3,2, }') rfv':.LL'

DPHFH' DHH'LL' L*L'* DHH'QQ'

LL'(M' Q'.'Qw
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e HIHIS5T),(56), (52, 56). (1) (¢ V5(3.1.%) deeclQ!
' rrritr Fermion — i L
eeHHEYEL e V63,1, %) Cenucu-

de HHPVQ[(S). (F10),(F14 SV, ST, U] dedLLL' dleclQ' eceQQ! del'Qluc

> - # . V7 2. o
SG(1,3. 1] H2H'Quc|(F1 F11,1,0) DHHVLL' ecHHL|[F3), 13:2,-9) ccQuc  QQ'weul.
e LSHTR(ST), (84), (st Bye-H L DHHEVLLY o HH Vs(3,2,)) dedlQQ' deL'Q'ue  LL'ucul.
o o fod o) 2 | ‘ C C .
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- , V10 (6,2, -}) ded QQ!
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—2 o . A o Perez-Victoria, Santiago, 2017]
§1706.1. %) HAH Que [(F14).(F9), (F13), (F8).(85). (51)
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Complete Dim-7 UV Resonances

(SU(3)., SU(2)2,L(1),)

Scalar

S1(1,1,0)

HY ' L?(S6).(S2) (F5).(F1),(54.56), (52, 54).

(54, FT), (54, F1),(F3,F5),(F1, F3).(56, F3),(52, F3)]

Yedor
(SI713).. ST7/(2)5,17(1),)
DiciPel. DPHAL: DecHVL'|(F1),(V3),(F3)]
v2(11,1) ) ,"'"
Hrrot! d.rriq pdase

S2(1,1,1)

DAIALE  ecHLY(S4),(FAL(F1)] deHLAQ|(S4).[F10), (F9))

HL*Q'u.|(S4).(F8), (F2))
D:cHVL(F1), (F3), (V3)]

HAH'L2| I F1, F3),(S5,56), (S1), [ F5, F6), (F1, F2),(54,56),

HLAQN. dcHIQ
DecHSLY  deel HIaL[(F10),(F12)]  DecH'3LY[(V2).(V5). (86, (52)]
LPHTLY DecHVLY(F3)(V3E).(FY)
ecHL®
de HEACQ) Dl 3L

V3(1.2.3)

V5(13.1)

2ot

(54), (55, 53), (55),(54, 551, (51, 54), (54, £3), (54,F1), (F3, F5) -

(S5, Fv), (85, 72), (F3, F6), (F2, F3), 155, F3) (S1.F
ecH L

HI*Q'w. deHL*Q DelHPL
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| DdeLiul. DdeLQY HIPQNWL(F5. (F1).(VO, (V5).(F15).(FS)

V5(3.1.%)

3

S4(1,2.3)

HYH'L2((S6), (52, 56). (52), (55.55), (52, 55), (51,56). (S, §2).
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The Sigma Model

L,=10,070rd — 2 (0T® — v2)° O = (¢1, -, bN)

Global Symmetry:  0(4) ~ SU(2) ® SU(2)

SSB: 0(4) — 0(3) [4;3 - 322 = 3 broken generators]

Lo = 31{0,60"5 + 0,7 0"7 — M?6?} — L5 (8% + 72) — I (82 4+ 72)°

1) X(x) = o(x)ly + i 77(x) ; (A) = Tr(A)

1 A 2
_ T aun A T . 2
L, = 4(8“2 0 Z) 16 ((Z Z) 2v)

O(4) ~SU(2), ® SU(2)r Symmetry: X — g,‘,):gj . 8, € SUQ2),,
2) (x) = [v+S(x)] U(x) ; U = exp {_ ;5} ~ g,Ugl!

L,=% (1+2)% (9,Ut0rU) + L (9,504 — M2S2) — M2 g3 _ M7 g4

8v2

2
2 s Ve ' )
Ex M~v: L. = —l (U oy
I
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Symmetry Realization

Symmetry G {7} - Conserved charges 0,

d
Noether Theorem: g =0 ; Qy= /d3x 2(x) p Q,=0

Wigner—Weyl Nambu—Goldstone
Qa|0>:0 Qa|0>#0
® Exact Symmetry ® Spontaneously Broken Symmetry
® Degenerate Multiplets ®* Massless Goldstone Bosons
e Linear Representation ® Non-Linear Representation

Lo=10,070rd — 2 (07® —2)°
(0lg|0) = v

mg = Av? M2 =2\v2 my; =20

Jiang-Hao Yu (ITP-CAS)




G = SUE)LeSUB)e " H=SUB)  me  Uji(g) = { exp (iV20/f) |

Chiral Symmetry

0 1 LV ~3 = | p— y { T =
‘CQCD f ZGS G/w + q1_l’\!, /lq[_ + quﬁ;'l /th q _(u,d,s) '
p = Vi g
° L‘%CD invariant under G = SU(3)_ © SU(3)R:
d, 2 &4, G284, . (g,.8:) €G

e Only SU(3)y in the hadronic spectrum: (7. K.7), ; (p. K*.w),

Mo— < Mo+ " Ml“ < Ml*
e The 0 octet is nearly massless: m, ~0
The vacuum is not invariant (SSB): Ol(g,a,+G,9,)/0) #0

U—>g,\,UngL

)

-
Jiang-Hao Yu (ITP-CAS) @




Goldstone Theorem

Noether QCD Currents: G = SU(3), ® SU(3)g

S =a Fay o Q= [dxJ0(x)

Current Algebra ('60) : 1Q2,0Q%] = id,, f*°Q°

“Chiral symmetry” of massless QCD [Q), H,] =0 [Qf H] =0

Vafa and Witten 1984:

\Y —
Q;10)=0
Axial charges ? QM|0) =7 o Q) =CQr—Q . 0% = a7, \°q
0] [Q3, 0% |0} = % Dq{Ar, ) ql0) = §<jC'| aq|0)
QA0y=0 Q10 #0
|9 : Goldstone Theorem
Wigner-Wey! realization of G Namb'u-(.(ljoldLstLon.e re.alizati-czn_ _OT G -HQ"‘|OQ“H|OO ................
. . L - [ 3 : " . b= (). . Y =
ground state is Symmetrlc ground sLalte 1s asymmeLric : o'd; ) i o VY
(0| T 4, |0) — 0 "(3(,(2]':: g:lg',;:tz } =spectrum must contain 8 states
) ’ f' : o \ - Y 'a 8 -
A D QN0 ..., Q200 with E =0,
ordinary symmectry spontaneously broken symmetry : 010y - €510 -
spectrum contains parity partners spectrum contains Goldstone bosons | :spin O, negative parity, octet of SU(3)y:
degenerate multiplets of G degenerate multiplets of SU(3),, C “Goldstone bosons

0| Gu|0y = {0|dd 0} = {0 Fs|0) £0
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EFT Ladder

My, T, L, €,V Standard Model
t.b,c,s,d,u
l OPE
P V.8 K, €,V nf=3) ~AS=12
~ Mec s d. u 523("1) , ‘C(*if
l NC —r OC
Y, €,V
Mk . K, n \PT

Jiang-Hao Yu (ITP-CAS)



Chiral Lagrangian

o SU(3)|_ X SU(3)R invariant

—- = — F2 | Derivative
' | ' s = — 70U a"U
’ U | B.r € SUB)A 2 = 7 G Coupling
T o f:') ".-.) Ui -)’[U-.“ . N _(:)I‘. + 1 - O e D
Ly = QU0 = O 0" + S 0um 0
1 ’ {—) \ 4 ‘. <~ / - \
+ - - ’ + = - 0 -~ o - o~ U 3
+ 6_'-2 {(T O ™ ) (\77 ol ) -+ 2(7" O ™ )(47 ol /‘ + }

+ 0 (71'6 /’ F4)

e Expansion in powers of momenta <&  derivatives

Parity == even dimension ; UU =1 we» 2p>2

Ly = Ly (D,U'D"U)?* + L, (D, U'D,U) (D*U'D"U) + L3 (D,U'D"UD,U'D"U)

Jiang-Hao Yu (ITP-CAS) @




Explicit Symmetry Breaking

0 — — .
Loco = Loep + (¥ + Ars)a — d(s—ivsp)q
= Locp + @, ¥a, +d,¥a, —a,(s+ip)a, —d,(s—ip)a,
l,=v,—a,=eQA, + ---
’ ’ l | l ) = %dlag(2 —-1,-1)
r,=v,+a,=eQA, + -

= M + .- ; M = diag(my, mg, ms)

Local SU(3). ® SU(3)r Symmetry:

I, — g L, gj +1g (‘),,gLT
= 8etug) + 18 Jug]
(s+ip) = g.(s+ip)g

Q. — 8.4,

qR — gR qR

(2 D,U=0d,U-ir,U+iUl,
L= (DU DU+ x UT + U xT)

X =2By(s+ip)

Jiang-Hao Yu (ITP-CAS)



Pseudo-Goldstone Boson

2 DU = d,U—ir,U+iUl,
L= —(D,UD"U" +xU"+Ux!
4< ; X X X =2By(s+ip)
Currents:
Jll — icz s if2 Duuf U — L D[Ld, + ...
TS 2 V2
vo= 2~ Lepyut = — L pre 4 ..
¢ dr, 2 V2
(0] (J3)1o I7H(p)) = iV2F p — f = fr ~92.2 MeV
(7" = puvy)
. O Lo f2 ; - > :
Ja' = — — ID e — y / _— ..
W4, = gy = 5 B = | 0@q(0) = By,
2 , , . By |
— (xU"+Ux") — Lp By (M ®?) + —{(M®*) + .-
4 ' | | b=
f? ;
= Bo—(s(U"' +U .
79 U +U)) - —By {(mu+m_4) [7r+7r_ + %ﬁ"n"'] + (my +mg) KTK™

Uj(¢) = {exp (i\/§¢/f> }

ij \ p l \ > 1 Y
+ (mg — ms) KCK® + 6 (my, + maq +4m5)n° + 73(m,, — mg) ™y
\
- " - Dashen . !
Gell-Mann-0Okubo: 4 Mg = Mz + 3 M2 Theoram (Mie = M), = 145, - MZ, )

Jiang-Hao Yu (ITP-CAS)
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Chiral Lagrangian at p4

U C)(PO) F/Lw = OHIlY — GVIH — | [l‘["u]
DU, O(p*)

L Hy = OHrY — VrHt — | et rY

x . F!" O(p?) F oY — OVt — [t rV]

General connected diagram with N, vertices of O(p“) and L loops:

D=2L+2+ ) Ny(d—2) Weinberg
Ly = Ly (D, U'D"U)Y + L (D, U'D,U) (D" U'D"U)

+ L3 (D, U'D*UD,U'D"U) + L4 (D, UTD*U) (UTx + x 1 U)

+ Ls (D, UTD*U (UTx + xTU)) + Ls (UTx + xTU)?

+ L (U'x = xTUY? + Ls (XTUXTU + UTxUTY)

— ile (FAD,UD, U + F'"D,UTD,U) + Lo (UTFE UF,,)

Jiang-Hao Yu (ITP-CAS)



No. of independent ops

Chiral Lagrangian Counting

814495935
”

N=3

Y
“ 20971379 -

Ny=2 |

10 - [ Graf, Henning, Lu, Melia, Murayama, 2020]

1 | I | 1
2 4 6 8 10 12 14 16

Chiral Dimension

Jiang-Hao Yu (ITP-CAS)




Custodial Symmetry

Consider the Higgs sector (gauge-less limit)

L | o
¢ — ) = < —
(. o ) =0 - (5 G )

25 2
(0,0)' 00~ x (0P - %)
%'I'r (D*E)TD, Y] — % (1 ETE] = v3)°

Lo

SU(2). @ SU(2)r — SU(2)1+r Symmetry: Y =g Lal

EW chiral Lagrangian

H)? A
Linges = T (000 D,0] - (7 - o)

Jiang-Hao Yu (ITP-CAS)



EW Chiral Lagrangian

Same Goldstone Lagrangian as QCD pions:

fo — Vv : T — g = W, Z
¢ Goldstone Bosons
{0/ @,q, 0} (QCD), ® (SM) = U;(¢) = {exp(iF-G/v)},
¢ Expansion in powers of momenta -  derivatives
Parity === ecven dimension UU' — 1 e 27> 2
e SU(2). ®SU(2)r invariant

U g, Ug;, : g . € SU(Q)/_R

: V2 1 (9. Ut U Derivative
“2 4 1( a ) Coupling

Jiang-Hao Yu (ITP-CAS)



HEFT Lagrangian

2
2 _ _ Y s oy Y a pwy Vg
‘CI‘:\\-" o 2g2 <Wlll/W > 2g,2 <B;u/B ) + 4 <D U D/l U>
1 0 }
i\/§ 1 /2 ¥ ¥
Ulp) = exp{ — @ , ® = —d¢g = o
v V2 @ 75 ¢°
DMU = " U—iWHrU+iUB* , prut = arut +iUutWe — i BHUT , (A) = Tr(A)
WeY = g WY — g We — j[WH, WY) , Brv = prBY — pv Br — i[B*, BY)

SU(2). ® SU(2)g — SU(2)L.r Symmetry:  U(p) — g U(y) gk

Wt — g W"'gL" + 18 (')"gL" : B* — gg B"g,';, + I gR (')"g,g
~ g T /
SM Symmetry Breaking: wt = -E5.WH | BF = —£ g5BF
2 ) 2
. 2 e o LA .
2 , . b’ — : L~ .’vfw VV‘. VV' } j) /\/12 2'.2'
= Ty (DUt pry) - ‘
4 ! /
My = Mgz costly, = % gV

e EW Goldstones are responsible for My z (not the Higgs!)

Jiang-Hao Yu (ITP-CAS)




Unitarity Violation

T(U0MY) = 00" + %'),‘9900'*990

1 L e L & “» . “
{( Op P )(y " )+2(up°('),‘¢ )(y z)'¢°)}

“~

@

" n Cornwall-Levin-Tiktopoulos
Vayonakis
1! 1! Lee-Quigg~Thacker

T(WS W, - wiwp) = =

The scattering amplitude grows with energy

Goldstone dynamics <@ derivative interactions

Tree-level violation of unitarity

Jiang-Hao Yu (ITP-CAS)



Higgs EFT

2
AL = %e),,,he)"-h - %mf, —~ V(h/v) + %f.,(h/v) (D"U)'D,U)

Assumptions:
e Spontaneous Symmetry Breaking: SU(2); x SU(2)r — SU(2)1, R
®* h(125) is an SU(2)_,r scalar singlet

All Higgsless operators can be multiplied by an arbitrary function of h:

O x — O« Fx(h/v) Ox

Fx(h/v) = Y (3)"

n=0

In addition, the LO Lagrangian should include the scalar potential:

V(h/v) = v* Y ¥ (g)"

n=2

Jiang-Hao Yu (ITP-CAS)



SMEFT vs HEFT

SU(3)c x SU(2)L x U(1)y SUB)c x U(1)em

LeSU2)y, RelUl),
H— LH U— LUR" h—h
. ] ( iG, + Gz«, ,:/"_lZSGeUHiggsboson-""
==\ L ~———_ Goldstonebosong —— inte™
\/5 ) +htiGyf eaten by W and Z U = exp )
/ vV
y

%

In general, the two formulations lead to two distinct effective theories

I/‘ .\\‘

/ \
nggs VEV '/\‘ Expansuon
v 246 GeV parameter

i SMEFT ’ ( IHEFTI v 246 GeV

C x

— — 6 6 -2} mp oy C C
.{ = .{ — H + @ 1\ Proer D — O h? — eyt — S g6
SMEFT SM 1\2 I I ( ) HEFT 39y 192 v v2
) mj; . m,f ) r vod As o Ag ¢
7 D ===l + 8 — =1 + 810 — = — =hi"
SMEFT v : vl 4 N >
. 2(.'6»'4 . I 2{.',,\;'4 3(.'6\:2 (.'6\'2
('))-.’z 2 -1'() 1= 1.-1"1‘5: .-w‘ 6 = . o)
mj; A= m; Al 4A° NA
SMEFT: Predicts correlations between self-couplings . .
piing HEFT: no correlations between self-coupling
aslongasA>>v ﬂ

J1ang=rido 1u (1ir=\-/mAv)
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Unitarity Restoration

A A

WS —LLH ,JP Q \,J‘P;"qu Cancelation

‘ t Mw
TOWS W, - WEWE) = o 4 0( W)

5T 5 . :' ) -+ r
L VI
W W w
H r
I W M
T 1 .t ¢ s t2 B Mz, s N t
M= 2 s—MZ t-—Mi[  v2 | s—-Mi t-—M;

Higgs-exchange exactly cancels the O(s, t) terms in the SM

2M; 1 /! M}

2 - H _ ~ _H

When s > MH . Tom ~ — 2 . a = 3on B dcost Ty =~ 872
Perturbative unitarity: Lee—Quigg-Thacker

ap <1 —- My < v8mv \/m ~ 1 TeV
W—/

WH+W=— , ZZ, HH

Jiang-Hao Yu (ITP-CAS)




Unitarity Restoration

e QCD satisfies unitarity (it is a renormalizable theory)

¢ Pion scattering unitarized by exchanges of resonances
(composite objects):

- P-wave (J = 1) unitarized by p exchange

- S-wave (J = 0) unitarized by o exchange

® The o meson is the QCD equivalent of the SM Higgs

e BUT, the o is an ‘effective’ object generated through
7w rescattering (summation of pion loops)

Jiang-Hao Yu (ITP-CAS)



Yukawa Sector

AcFem. — {(:)L U(p) [\?U P, +YqP_ ]oR + LU YePy Lr + hc}
_ u - V¢
() ()
Ulp) - gatU@)gt « Qu—8Q , Qr— grQr . Pi — grPig)
e Symmetry Breaking: Py = 3(Io+o03)

e Flavour Structure: Y,q4¢ 3 x 3 matrices in flavour space

e Higgs field: Yode(h/v) = Z Y ( )

Jiang-Hao Yu (ITP-CAS)




HEFT Lagrangian

(i) SM content:
- Bosons y: Higgs h + gauge bosons We B, (and QCD)
+ EW Golsdtones ®*,z [non-linearly realized via U(®?) |
- Fermions y: (t,b)-type doublets

(i) Symmetries:

* SM symmetry: Gauge sym. group Gg\= SU(2), x U(1), (and QCD)
Spont. Breaking (EWSB) Gy 2 Hgpy= U(1),

* Symmetry of the SM scalar sector:

Global CHIRAL sym. G=SU(2) xSU(2)s x U(1)p.. D Ggp
Sp.S.Breaking to Cust.sym. G =2 H=SU(2),.xU(1),, D Hg,
Explicit Breaking: LR asymmetry of the gauge sector (g,g'#0)

t&b splitting (A, # 4,)

(iii) Chiral power counting:

[boson] = order 0 ( ~pY)
[8W“l=[8'8“1=[d,.]=[8]=[lw]=[mx,wl=l«\m & order 1 ( ~p)
weak SM fermion coupling [ wwv ] & order 2 (~p?)

* Uy) ¢.h ~ 0@
DU, W, B, ~0Op) . W, B, ~ 0@p)

Jiang-Hao Yu (ITP-CAS)



HEFT NLO Operators

'CEJ\\ Z Fi(h/v) C Fi(h/v) = Zf"" (‘)n

Appelquist-Bernard, Longhitano, Buchalla et al, Alonso et al, Pich et al...
O(p*) P-even bosonic operators AP., Rosell, Santes, Sanz-Cillero
O, = (U'W,,, U Br) Oy = (W, Wm + B, Br)
O3 = i (W, D*U D"U" + B,,D*U'D"U) O, = (D,U'D,U) { D*U'D"U)
05 = ( DU DrU)? Og = 5 (8, h) (" h) (DU D"U)
O7 = & (9, h)(0yh) (D"UT D"U) Og = Z (0, h) (0" h)(D, h)(0” h)
Og = —1 (9#h) (W,, DU U' + B,,D"U'U)

Complete NLO Lagrangian is written recently!

QU Q) o, T, QL AU UQ Y ('H [ Sun, XiaO, Yu, 2206.07722 ]
UM — (] a ATy, ..Q' st U T UQR Fo (i),

QU — (b o r i, Lk s utTUY ,-\»,.';.,"’ (A,

C.)f;;'L"l=':LI"0 L QY o QL 0FIET (b,

o I“‘_:"l = () o eI Tl i), o v Qg 1 F2 (i)

QUM _(LL e UTE TU L i) e Qp LAY (i),

QU = L) @, TL; m' Ut UQp, 1T (R,
) x‘tn" - )IHJ' wbe a1 L\ TQL) )'Qu L) 11;‘ ().
Of" = V1 e e (T L )pm TQrron Qb Qe L .
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SMEFT vs HEFT

EFT with non-linearly realized electroweak symmetry (aka HEFT) is
equivalent to EFT with linearly realized electroweak symmetry but
whose Lagrangian is a non-polynomial function of the Higgs field that
iIs non-analytic at H=0

This non-analyticity leads to explosion of multi-Higgs amplitudes at
the scale 4 mt v . For this reason, the validity regime of HEFT is limited
below the scale of order 4 tv ~ 3 TeV

HEFT is useful to approximate BSM theories where new particles’
masses vanish in the limit v — 0, e.g. SM + a 4th generation of chiral
fermions or when most of the new particle mass comes from EW
symmetry breaking

On the other hand, an EFT with linearly realized electroweak symmetry
and the Lagrangian polynomial in the Higgs field (aka SMEFT) is useful
to approximate BSM theories where new particles’ masses do not
vanish in the limit v — 0, and are parametrically larger than the
electroweak scale, e.g. SM + vector-like fermions

Jiang-Hao Yu (ITP-CAS)




Other EFTs

Heavy Quark Effective Theory
Soft Collinear Effective Theory

Gravity EFT

Jiang-Hao Yu (ITP-CAS)



Summary

Take home message 1:
Core of EFTs: d.o.f separation, symmetry, power counting, decoupling

Take home message 2:
All QFTs are EFT, and EFT is renormalizable and predictive

Take home message 3:
EFT would reproduce full theory results with matching and running

Take home message 4:
SMEFT (NP), Chiral Lagrangian (QCD), EW Chiral Lagrangian
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Thanks for your attention!



