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Basic Concepts on EFT

Bottom-up EFT




Scales of Nature

universe

galaxy

>

Identify relevant scales (scale)

electron
microscope ==\

NG

. accelerator

Choose proper tools (d.o.f) Planck length ~ strings
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Decouplmg Among Scales

Macroscopic
Microscopic
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Scale Separation

When involving multiple, disparate scales two scales r and a, with 7 > a
. Tayler expansionon d=r'/r
// observer
d‘ ,/j/,;/ 1 1 1 AR o)(,.l 1Venst
P S 14 (D)2 — 252 S A
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For unknown charge distribution, parametrize

charge  dipole quadrupole

ke SINN & kr ‘.
_5Q et R Qe T o)

’ Ii_ ,]ro

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”.)l“ ervel 1 1
7 obsene o1 1,
7 V(r) =~ 121),,,, = Yim (€2)
charge distnbution / //::// T
(\v‘?‘f"/" But if we know a, then we can predict b (matching)
\\;) r./\ﬂ e ls‘ a ! )
’\\_/, § V (1) ,—.'_4 Clm (,_') )1‘,,(52)
a bim = Cima’ Matching

, 1 L,
V (l‘) ' ,_ Z b/m ,—,) [,,,(SZ)

l.m

Momentum space via Fourier transformation

Short distance a  +— UV scale A ~ 1/a

d.o.f
Long distance r  <+— IR scale p~ 1/r

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

In scattering, the relevant scales are particle masses, scattering momenta

When heavy mass scale M involved into the low energy process

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 rig%ht 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) @



How to Build an EFT?

Start with QED theory in QFT course

L=y(id—m)yY — 1(FL)? - evy*vA,

Fock, London, Dirac, Weyl 1927-1929
Add higher dimensional terms

5 — LV 6 JRYAY. c8 V)2
+ B0, 0F 13 (P9 + 25 (FuF™ Y+ -

Generate such terms from renormalizible QED?

>~ X

Why not generate new effective theory?
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The First EFTs!

Euler-Heisenberg

1896 1933 1934 1936
Ooserved Espected
o B OGS (=
p g
2
Frergy ~, Ercint of
speclium

Gr [$a"¢n] [¥er"yn] (£ b
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Four-Fermion Theory

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

P

Ge M/'f? — 27TG%—1 |1\43f ‘2 pg (Ef — Ee)zdpe

L > —>—

Mg = (p| Jy* ) {ev| T |0}

Eo/E2 — m2A 2B + E, — Eq)AE.dE,
C’ ™ A-"".- / g NPy e € I RN J 2
T F [ l'lr,.'l’b ‘f Z‘i"p] [ I’p’ c’} lr'f"/]

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

Weak

Strong Strong e
isospin isospin  BOEPH
(gauge SU2)
g,ul/ _ g/“/ —
W%ﬂﬂ [¢7u¢] _> —QWWM qg Il m%/[/ [¢7uw]
g —
2. M [Wuw]
My
Explain GF  Gr= —5

My

Preserve unitarity @
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EFT vs UV Theory

1 1
A~ — < Arypy ~ ——
p myy
Short wave

weak

\ force
/ electrical

o . force o 1/r2

0.001 fm

distance

V(?") = —E ;6_m¢r

Long wave

Long-range interaction at UV

n

n ) Top-down
—
W’
p -
P

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.)
L FHv E b FHWE FoPE ) F6
‘C('H' __F F;w + = ( /w) + 4 Ve P + ( ( /m )
md m3
Give the UV theory (QED) Rayleigh scattering
. | Low-energy scattering of photons with neutral atoms
( \"'r_,\,,.\ R— {‘/ \"r | E, < AE~oPm, < ag' ~ame < My
N Il\%»,_,«/
s ¢ Neutral atom | gauge invariance — Frv = (€, B)
1 7 * Naon-relativistic description: L=y (\:.’), - 2“ v )4 F Lo
2 2
d — 36 () \ b = 90 ()
Cs, as vy ('q E2 4 czB':\) b . ¢, ~ (1)
46
oy =) x - E M~ % £ - o o aE]
meg

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 = / DpeSl 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
Eint. — CO, [O] <4

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

O] <4, ¢ >0 Ol =4,lc|]=0 O >4, [c] <0

‘Relevant’ ‘Marginal’ ‘Irrelevant’

0?2, ¢, 0 @Y, U, Vet b, Bud oy, Py, -
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Power Counting

EFT Lagrangian expansion based on the canonical dimension

I Z(,
/\ Ad 4

Normalized scattering amplitude follows the EFT power counting formula

X X T oK

ni—|—nj
ANC?:Cj (%) n,=d; — 4

How about beyond tree-level?

N\ it
O~ -0




Non-Renormalizable!

Counterterms from higher dim operators

Infinite counter terms, formally non-renormalizable!

N\

d —4 <0
p d; <4
A

div =4 —

B-5F-V+Y m(A—4  [f only dim-3,4 operators, then renormalizable!
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Progress on QFT and EFT

JED " b i STRING
RN B oy THEORY.

L -Ken™Wilson

; / Hemerial Volume:
ae) [, Latcr saome
. B periior Procuct
stns. stive PR -

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
combinaroric 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,
W dCSCTide it SCQIC‘]’)}"‘SCE]C in Cncrg}-'. f\S 500N as ] fh()llghr rh()SC V\"()rds, ] kn(_‘\\" ] C(]ll]d

prove them...It took just three weeks for me to work our the proof and write it up.”

New understanding of QFT needs the understanding of the bottom-up EFT

Jiang-Hao Yu (ITP-CAS) @



Renormalizable EFT

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

E/MH 42 e — dSa+ -

Renormalization of non-renormalizable theory:
1. Write the most general operator up to certain truncated order

2. All the div. in such order can be absorbed into redefinition of Wilson coeff.

3. Make predictions on observables using the truncated theory

To a given precision, EFT is renormalizable and predictive!

IH'., .\Iu -”\ .\1',1
N 1 ) + > [

L) L
Fermi Theory Standard Madel S QG

X

4

Fermi/Gravity as good as ‘;}{: x
underlying theory
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Wilsonian Renormalization

Choose a cutoff A < M and divide all guantum fields

210) = fdig)eSeFe LT .
Il = [diele v integrate out high momentum modes

generate Wilson effective action
Integ rate-OUt ‘/ Do, Doy oo WLen) — / Désy JRENCN

) - 1 , i ‘ i 1 R A s Ty
Slipa] = fdpm(gau‘.fi’n +ag) @ (dn +dy) + 5"12(% +edg)® + @ +“’0.}1)

Z|Jp] = / Doy, e5a6r)+i[ dPx Ji(x) 61 (e)

iSaler) ' iS(or.om)
A — Doy e n Aa y an2 Vg Az . A3 a2
/ i / Dy e/ ¢ X1 5000 + 3 mibu+ 3 Bota0idit40,60+66100)

Effective action l 9.(6) = /d%mﬂ{.x}

Sers(¢ol = / dPx [ (1 + AZ)YOGo): + 5 + AmPIG] + 7o + ARG+
Cif(@) = > 6 Qi(dr(x))

Local EFT [
/, k\/ Wilson effective action (counter term) =

Modern understanding of renormalization

coupling constants local operators built cut of

(Wilson coefficients) fieds @[, and their derivatives @
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Wilsonian RGE

Lowering the cutoff, getting the same effective action = Wilson RGE

A X ¢
ASIA] — [ a2, |24 48 _b,.b
- E"i'gy \‘f%_«f(up A A, ),
Saldr) = / d"x LY (z) G n
— M Al 1\‘ = Ba( M. A2Ng, . ).
Ll (@) = CiA)Q:(¢dr(x)) -
dg _ 1 2y
A (14\ \2 f((/\l.;\ /\g,....).
Integrate-out | A? <k?<A? [ @700  pem [ Aot A
— TN 107
N A\ d)g .
701 = [[ T din) emsor-1ie )= () 36 A%e =2 e
k2 A2
Lowering the cutoff, lambda6 decrease
Effective action Coerey
—S'[g] der f dde | e=stel . M) = —2A) 2§z
" - Q. | € == \/ & (34 ~ A /\
(Ar"’(.;l—k.‘l'-:l.‘\"’ L) 4( - l—ﬁ,, 1Og(.AT‘) . 16?2[ ' b]

L1

(0 () lambda6 has large effects on lambda4

But absorbed into redefinition of couplings

Syids) = /'d" 2L (x)

Ly (z) — ) Ci(A)Q:(o(2)) -
Wilson RG Renormalization@
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Relevant or Irrelevant?

Consider the leading scaling behavior
Sgpr(¢) = / d'z [((‘),,(,b)2 — m?¢* — kpp® — \ot — Z il c,b"_'(')'l(.b‘

An. +d—-4

n+d>4

Scaling T, — f;z:;t b — (‘.I;)IE—I

Sern(0) = [ ' [("u‘b’ﬁ - )~ R @) - NG - Y <"'5'>""i)""§']

n+4d>4
. Dimension | Importance for £ > 0 Terminology
E :
= = <_ 0; <D, v <0 STOWS relevant operators
A (super-renormalizable)
. . O); ifv=
: 0; =D, v =0 constant marginal operators CEY A
A( _ [Q’] _ ’) + ’_}‘( 1 3 42 . g ? ‘ [ (T{ = (e l; i % 2 0
(renormalizable) 1 il <0
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!

“marginal” operators are all there is in “renormalizable” QFTs

“irrelevant” operators are the most interesting ones, since
they tell us something about the fundamental scale M @
Jiang-Hao Yu (ITP-CAS)




EFT Ladder

Every QFT is an EFT!

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 ~ 1076 GeV SUSY (?)
Full/UV theory Unknown EFT? SUSY (%) Mausy ~ 104% GaV SMEET
Mnyp A====cccecccccccccnnmccccnenccccnnncnnnnnnnns
Standard mooel EFT . LHC
P l\! W
EW chiral Lagrangian Myp Myp
Mgy Jreeeeeeeemmmme e LEP
1 { i\ / )
Fermi Theory ” Weak effective 11
Mgw theory Mgw | HCb
Mp, My ofeemmmeccccmeecesememessemmmsseemmmeeeeemmmn Belle
Acr
Heawy quark EFT n(:; 2 BabBar
AQeD qrrm=meereemmeeceseenescie e
p
Chiral perturbation thecry Aqcp
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Short Summary: EFT as 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 “cancellations 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

Top-Down EFT




EFT and UV Theories

The previous section discusses bottom-up EFT, now focus on Top-down EFT

Suppose the UV theory is known, build connection between UV and EFT

The UV theory (could be UV EFT)

Integratejout heavy d.o.f l Matching two theories

Effective Field Theory

Jiang-Hao Yu (ITP-CAS)




Matching Procedure

The UV theory (could be UV EFT)

ZU\:[J,;',, J,‘,’l = /[D(’)][DH] CXp ) [.'I""zt (ﬁuv((),H:) ] J.;.(,vﬁ- | .]_f,'H)\‘
F|_|\-'[(;5(,,Hl,J = —i l[)}_’, Zl_l\,"[.i,t.,.]h'] - /(.ﬂ.I.?.].r,(_.l?jl(_-_‘.'U('_.‘!f.) - /({'l.l.‘.]”(.l?:lf‘lu(i.‘.!I)

p .'il{)'»' Zn‘f Sy p
ey = Tosfwllodu] g
adyir!

) ltll;-.f. er[-/?, JHI
5.1”[_1.)

Zwrr|Jp| = Zuv|Jy, 0] Fuv(¢,0] = T'err(¢)

Effective Field Theory

Zl‘.‘l"'l'[';fp] = /[D(‘)] exp ['I /([l.'.'f ([-l‘ll'“l'((.vb) -+ .f,;,(,‘)):l

& log Zygr|J,)
A

I‘].;I:]'[(ﬁ'.',] — ilng Z[.;}:T[./,",] ' /(l"’.ITJ',',“_'.".)-",«3(,('1'.) onlr) =
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Matching @ Tree-Level

The UV theory (could be UV EFT)

Zuv|Je, Ju| = /[D(-b][DH] exp {1 /.'I"'zr (Lov(o, H) — Jup J;,-H)‘

0S5

ZEFT[']Q")] — Z[_]\.’[.](;‘“ ()] O —_—

ZovlJo,0) = [(Dg]exp {z [ dta(ov(s, Ha(g) + J¢¢)]
l OH | g—p(9)

Effective Field Theory

Zupr|Jy) = /[D(,b] exp [z /(i";z.' (Lxpr(o) + J(p(b)]

Jiang-Hao Yu (ITP-CAS)



Matching @ Tree-Level

Diagrammatic approach Path Integral approach
Fu 7+ 2\A7— 8L - - -
k, Loy D - WHO-mp)W; +—=|0,7,e. + 07,1 | W) +h.c.
i kg V2
21 e N
kSN, -

~ ., 8L =
(O-mg)W; +_‘)ID'YI’(JL+V”7V#L] =0

g,% | \/-

A = —u(ky)y Pou(p)— w(ky)y, Prviks)
p q* — miy ) N /) 311~ -
w’p = %( D - ’"\1’) [l"cypel. + p;tYpﬂL]
(Non-local) Erotlve Lagrangian:
. 8L |- - 21| - _
5 L w=—\e,yv. v, + [ -ma) \py.e + U
{12 < I’N.f"' & HZEV eff > l LY Ve lL}’pVyJ(D W) [ eV plL yyp/‘LJ
S P LA L. | = =
pt = ME N ME N T ME ML T e —— e e,
] — my, my, o My My
. Leading (local) Effective Lagrangian:
—.’,,'f:_, (7, Py, P g7 - 1
s - - - -
Lew = =55 |Erpe + ur | [Pearyen + D] + 0(—)
1% W
8 &i
M= — 5 l‘j w(ky)y Pru(p (k) y, Prviky) + G(g*imy,) —,);’, 2 ewrv. + .‘71)',,”,,] O [17.-}',,5’1,"17,,7;7»'11.| + ..
2mg, <My
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Matching @ Loop-Level

The UV theory (could be UV EFT)

ZocldoJs] = [IDAIDH]exp

i [[ateiCocto H) - Jup 1 Juh)]
. (
Fuv(o) = /(14-'17£U\f’|u:u,(,;,) + 51()1.’,‘ det Quyv + ...

/o , \ o Ly . 0 Ly
( J = Ait’ X LI ‘ . s Sl I . .
oV = Xew A - 2Ly of Ly H=Hq($)
- ) ‘ — —

./ Sodil I

['ovlo, 0] # T'epr|o)]

h

T / (I"';I.‘Eg,:',?‘.ls = logdet Quy — logdet Qgpr

; ~
o 5]();,;(1(‘.1. (A” — XI,IIALlXL”)

hard

Effective Field Theory

Zwpr(Jy) = /[D(,b] exp [1 /(l"‘.’l? (Lppr(o) + er(.'b)] 52

= 53 (lil.:\.’[’»."‘- f‘L-(f.""II')

/ o, " o T | b | [ ) * [ . oo .-
('..ﬁ = (,"J)b -+ ('.J) — (,a'f L (bl-_,- I |g=ey + a0 ) / ID(.""I"XP [_; / “yl',‘_”(&ll (JI'ZI"']'(""‘ +oo

| !
F[.;[."]*[(b] = / (lli;l_fcl.;l."l* -1- 5 log det Qrpr + . .. @



Example: Real Scalar Theory

The UV theory (could be UV EFT)

Ao
m

A Ao o
ot — Z2MPH — 222 H?

EU\"’ - ) 4

[(0,0)* —m7¢* + (0,H)> — M*H?| —

b | =

Integrate out heavy d.o.f l Matching two theories

Effective Field Theory

¢t Co ¢°

+ OG(A™H

I
Lepr = > [(()”(/))2 - mz(l)z] - Cy TRV

Jiang-Hao Yu (ITP-CAS) @




Real Scalar EFT

EFT for a single real scalar with Z2 symmetry

7 I [() by /] C P _Ce + O(A™
Zoer=— (D) —m~gh~| — (., — .
SN Y41 A2 6l |

”~

Use Leibniz rule + integration by parts:

S . . ] I .
qb“'d'.,.(ﬁd,-/f) = - 2(/)(),‘.(/5()'.‘.(p¢ - (/)” I:I (p = Og = - g(ﬁ»x I:] ()5 = - ?()6
“ 2 p 1 2 2 ) ) ) 4 ;
P~ =2¢70,(pa, ) = 2¢" D p + 2¢p°(3,p)" = O =204+ 205 = 704
! J
) C4 3 -2
Use equations of motion: [ ] r/) =—-m "‘(}5 - ?ff’ + -@(A 7)

_ | .. C | C
O, =’ ¢ =-mip* - ?4(/,6 = —m?0, - ?“ 0,

m*C, Cy
Oy+—0
4T 35

3

TV
m=C,

A . , . Ci |
O = () = m*ep* + Pt + izf)ﬁ =m0, +

Equivalent Lagrangian

ooy —ma?] e 8t Cod’0e =75
ZLepr = — |G, ) — m” “]—C - + O(A™) o4
EFT = (O,h)" — m*p T T 4 (A4 ‘ e

Jiang-Hao Yu (ITP-CAS)



Operator Bases

Consider 2 to 2 scattering in the two kinds of Lagrangian

® @
N <
\ ) /
%
/ \‘
P £ N
© @

- ! 2 2.2 (/)4 C6 (/)6 4 1 . 4)4 é{‘ (/)}D(f)
C ’J — L & & — — ! - 7 — 2 o 2 2 _ . ) ﬁ. ; __4
LEFT > [(()u(/)) m-g } C44! 26l + OA™) ZLerr > [(dr,‘(/)) m-¢ C44! YT + O(A™Y)

~
"~

C,
4."\2

MO = =Cy+ O(A™Y) Mppy = =Cy+ (P} +p3+p; +p;) + O

- . m? o x i
C —C4 4= C(,? + (A )

A = A+ O(AY)

Origin: field redefinition!

Jiang-Hao Yu (ITP-CAS) @



Field Redefinition

With the field redefinition, the two Lagrangian gives the same S-matrix

1. . 1
L — 0 bO"d _* 352 6
Y = 2()“@*)() 2m “¢* 1 /\d) +AZC> 0°¢ + A’O + .
O — O+ PC)
i 1 . TR T 5
ZL = 5(71: il ¢ — %mz " — E,\ra‘}“i :\: Zr p0
n G183 8208 — m2d — i(lu n
Auo ) — m o o 0 .

58,1«:56"0— %-m.‘?cf)?' - [ A+ A—,n ] bt + [(—', - (—',i] o+ ...
EOM (Field redefinition) can be applied beyond the tree-level
d
—Q0; = ;05 + i Ej,
dp ‘
It is often stated that the use of the classical equations of motion to eliminate
operators from the basis is not justified beyond tree level. This statement is false!
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Field Redefinition

Zji] = /H Dypiexp | i ]d4;r [[Zn +nl1 + Zj,ga,- + O

¢pT = ((ﬁ')t - 'y)T Y:I 1" ¢ is auy local Tunction of any ol the fields ¢

dent

(Y(f,‘/ 1 t

ExXp (’i [ 4

Zlji =/1:[’Dso§

Ly + 0L, +nLy + il + ZJ:"P: + JatnT + (9(1/2)] )
t

£t =L (1, (o) dol = ol — (&) = y1'[¢]

: oL, . L L' 3L
6L =———d¢ - Al <0£‘ —d oLy )h’rp"

3(¢) 80, (@)1 a(a)t - Hadu (el

oLf st
= 571 Oy Tl
(()l:(,f)'ﬁ “00":0/)1) 7 [ ]

. mo d[' ) 0L, . . R
Z_Ji] —/HD% (\( nt CVP( /d4 [ 0T (c\(o“f )"W) Z)T[si] + I)L’l + Z,mp; +,}¢:'r;l -+-Omz)‘)
the source term and the Jacobian can be neglected
Gaussian theorem on action
Equation of Motion (EOM) Integration by part (IBP) BIJO E:
Two equivalent operators related by EOM Total derivatives are removed
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Exercise: Independent Operator

How many independent operators of the form g ¢4 ?

82n¢2’ 82n¢3’ 82’n¢4’

2n |0 2 4 6 8 10 12 14 16
# independent 0*"¢* operators ‘1 0111 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 (s24+t24+u?)?
(s2+t2+u2)? & (stu)?(s2+t2+u?)
Magic things happen?!
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Matching @ Tree-Level

. 0 1 1 1
¢ ¢ @ e oo o = N MM [ VR VR M?]
\\.,"/ \\. H ’/, ; ; \‘/ o ‘\.i,_ \ N
/'/)\\\ ,., : \\ . /‘\ s _;“\-Ij + J'\l + .11,_2 (S + -'» + ll) T O[.“[ ’l
@ ® @ ®» ¢ " ¢ @ 12 32
~ v a YL 2 r—1
-~ —/\4“‘ + l}/\| -,\[2 + O(“l‘ :
2 .2
n = m.L
2 ) My
e i =X — 3\ — 4N 5
A N ..'q,[
N y
X - _C/,
P 4
p ¥ 2 m? m2
v 5 M- i = A — BAT — AT
- = 11 + ) ¢ 4 ‘.;.;4!2 ¢ b M 3 1 l‘.",['z

M2°

Obtain C6 via calculating 6-point function at tree-level
I3 AP

M2 N —3) . o
Lo Yo = ADNEAg — 20 AN + GOAY

Cy, = A—3M -

o _ Ao
Co = 4N -0 122
" TN =3
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2-Point Matching @ One-Loop

/ \ /‘\‘
— :—‘—/-o- — — o—kh‘/o- — — - Eo— —, — - Q > -
© ® @ ¥ o v v @
al b) c) d}
2 4 - 2 / 2
y My 1 ] L ) | M 1 ( L ) s iy 1 }
= — o4 )‘4 — | —1 A lu ] [ 1
Rl | - P el AW VE ‘327 e © ( ml
. ME £ ) T Y s M . SVER
A - a3 — A — | =2 lop 1———— | —blogz . 2 .
M i [f +log t,_ A ) + ]] g A2 [ log (rni J * ]‘ * Al-‘lS:.‘"'ﬁdq oz ( mj ) M

: [ I-loop
full theory ,
: MS

P .
_ A \_/" ) T 3o 5 \ 2
@ P

UV and EFT IR log same!
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2-Point Matching @ One-Loop

o 7 " @ T @
c) d;
1 d A A3k i
= (—=il(—tA M — = (=)=t M / YT, - S
(=i (=i )-_w/ (2m) k% — m? SN | G E A+ p - )

. A2 e L 1 | log ) 1 \? M2 ] .'2' ] ...‘.,2 o Srea Y 4 8l (':“f'.-!\} L
32 | ¢ km 6 + RAWYD )+ ' 327 ‘h(mi)-*- 118 "\ mj ) e

A *-I-ﬂ’ q"]"'? First integration and then expansion
@ \‘p ‘ﬁ' ‘b ‘p,' /‘\}P -llllllllllllllllllllllllllllllllllll, lllllllll
_______________________________________________________________ B | L/ 3 b
- k- M2 M2 (\“ MZ MY ]
¢ First expansion and then integration
¢
'F‘\ —iC, dk 0 2
o) = (—i) 4/ , . Cy=X—3\2— ,\f"’;’;
= gy = 2 (2m)1 k2 — m?
7 P

m? [1 e
= G 3272 !_ — log (m ) T 1]

Two results are different: Integration and expansion can not be exchanged!

Non-analytic Log M term does not present in EFT calculation (first expansion&
Jiang-Hao Yu (ITP-CAS)



Method of Region

I _/ dk 1 1
! (27) k2 — m? k? — M?

First integration and then expansion First expansion and then integration
o o | e
= 157 [3 T (WJ | l”ﬂ(:%) ] E~m® <M Gy - }lfﬂ' (\l N VERN YT )
nu(a ----- i \ Expand high energy integrand around low energy limit
E - | 4 — b e \n ’ d
k- M2 M2\ M? A Ji B 1 dk 1 2 p—4
.............................................. = I,..,“ —1‘12 _I/l)'l ,.'_'”- O(_A\-! 1)
167 [6 +log (M‘) T gl (M"’)] FOLE 1672 M2 [f + log g-m £ o™
Log m/M Soft region og m
- e W & e
Exact seperation: K~ ME>m? fa——s o~ gt
Expand low enerdy imtegrand arcond ok energy limit
I() - Iwﬁ =T Ilml(l P % J J 9y

) H k1 1 y ' d k1 1
g = - — 573 — MY
el T @ik — M / DISTE Uy VIR

’ 1 ¢ vomt 1 (;12 O
- ﬁ[g—l (A12)+1]+F'“72' [E—IO ﬂ[z)-*-l 4+ QM

Hard region Log M

k~m k~M

Full theory calculation can be
separated into two parts
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2-Point Matching @ One-Loop

’,‘P\ g . ® H
o O w0
al b) c) d;
m: |1 [ M* 1 ’ " 1 /
= ML |24 (—.)+| \ —tog ( )—1 \ log ( )11
" 327 L ni el A ‘272 e 0 il
v ( N ] e o (MY ] 6log | \) +
Y6 ;+‘} _)+ BREEY o “'}"(EJ*_ 148722 5 mj 7
2 e o] CENT N S . Lyl N Y ar2) y n . 22 ,ml
Wil = i - 3952 loy l:.,“”) l.\,:.f' [ Ay — 2ZAT) — Zhjmy + ""\;_.1.'“ = 3. MM 4 20)) = 30 + 3 ).,3“'3‘

m*(M) =m7 (M) —

22
[112 (Mg + 203) 4 372m2 + A2 "’L]

3272 3 A2
P
- 2 Y-
p _ n 1_ e
v Ci3072 { IOg(n )“l

dm? m?Cy 200N 2y # _(?I C; o
Torn = ™ m” () = m |"M)(.;M) = m l’l{[)l = og( \J)]

Only contains suppressed m/M (log m cancelled out during matching)

UV log M are absorbed in redefinition of Wilson coefficients
Jiang-Hao Yu (ITP-CAS)
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Hierarchy Problem

7 N
b | '\ P . o
i @---F-.-é } \V/ (D"‘ﬁ"é f - —_— -
l;{ d)""’ ~~‘ (b ¢'," \‘~‘(D C)f" “s(ﬁ
1 iy iy 7 B 2
M? { 2M?) + =1 ( ) w2[1 | ( )]}
3272 [ M? ()] T\ @A) = s g | M+ log
1) matching
\2I IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII EEEEEEEEEER EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEENI
H g ] '
20 2 i " 2 2 TR 1
mg(j) = mp(pr) — — —M*|log — + 1 - = m= 4+ =—M-[1+1o _)
00 = k) oo 1] 18 Lo 2
2 .'-(j) @
HL B nnne- ¢ B meese- ¢
E "o .\‘ E "o \\‘
[y 2 s [y 2 s

(2) running down to low scale

4 2 l
5 Mg log

m () = mb(M) + 2 £
/

(3) Hierarchy problem: matching at M SUSY!

) 2
" l') . 2 (.'4 2 i ) AR[‘- _ 2 y 2 2 _ K
nl,(\f) 3072 M= =mE(m)— 3'27r'~’mE (l m%) —mF(M)-FmM Y- = g
s (M) = mi(u) — 042 g, log a3

327 M?
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4-Point Matching @ One-Loop

i Lhe i Ay = 0,

o
?. _:p / ‘E - r‘p Q - ‘? /\( u.;, \ \
b b ’ N ) ".’ of h \ / N \I’ - - ) ) ( e - \ \ .))
':f\ ri\ ‘p" ' ‘“‘_ :(. Ao + 2 \ +lo s (,,,2’) J + 5;., ( I "'( ,.\72 +-'
/‘ . P ’ ‘\. ;\ — : ’\_..'— 4 'd\ :\2 .
i ¢ ¢ ¢ @ v - 3;}?{2 [fle.m) + f(t.m) + flw.m) — 3) 2 [f(s Mi+ fe, M)+ f(u M
? H ¢ € e @ @ .
. - r - 7/
\‘ /A\' .l' '/A\ "')'\\ 'O '
\,( )/ H{ H{ N y l" é 2in® — 5 4+ \sis — )
’ S \ . ‘Y Jis,m) = \, 1 log v
‘p, S N ‘\\w , '\,_(:. . p '\,..C/' ‘.2p s AT '

Scattering amplitude from UV Lag has large log term

______ UV and EFT UV div. different!

¢ P roe ¥y @ @ , N 5 )
\ - il P 4 — _( <4 [ I') n)+ t‘t ,+f|'l!,l7!|]
\ 4/ . ¢ / \ Wi ‘\ J ;’)“ 2 4 e ;
- ”» , J . )
/.' -'\ k . \ 4 /:‘ ‘%("z’ ( 1 1 / | 27 (", "'4 I ‘12 N N\
R S e - | log ) | (: | lo ( ‘)
® ¢ ¢ © @ @ 32x2 \ € m?* - J272M2 \ € £ m?
A

oot UV and EFT IR log same!
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4-Point Matching @ One-Loop

i Lhe i Ay = 0,

@ voe ¥y e ® .
.\1. 7 -:p\ ’." : "\.\ : h‘\ \."/ — . \( + {A() + I ‘) + IU ‘[2 + ‘))
"_(\ ’: w" ’ ¢." :<‘ s {‘) ( \‘Li k)"‘) J ir} L !‘!2 -'
VAR N e’ SN \2 | |
® ¢ ¢ © @ Y _ ,};)",) [fle.m) + f(t.m) + flw.m) — %9 B [f{ A MYVE FE M)+ [ M)
w [ .'.f."(' _."
AN AL PSP
* ( )( ‘ H{ ) H{ A _ ' rrs I2m? — 5 + 'V sla — T )
s’ MR Y .a‘ (s, m)=1,1-— Lo
~ \\_// . \w/ \\*'/l \ . / \f < o )"L
’ N - — - N\ ;
@ ® ¢ ¢ @ @
0 0
-~ \ 3\-‘; /l“ A /\-)ln
(g3 = Ay PR P
a2 e\ ) T asee M
: /\ m? :
] o y 2 .
. ( ,'4 v\, ) = A 0 ."‘f - :
¢ b 4 A @ Cf
\'\ /'ip‘ 2 :"" -."’w ,‘/ - _('1+ 2D Y[J's“")-}"‘” “‘)+j"' "”]
\ g A @ \ o \’\' N ) 7 . . ) o '
s\ ," \ \ /’ \ /:f 3(,'3 1 i TR rn, 1 e 3 R
RN, o= AN 5 ,)(:Ilogk ,J 2 )—)(:Ilog( ,) .J
@ o @ o @ @ J27= \ € me, S d2mEME A\ E m* )

B e AP dC 3 s m - 3CE Cemn® »
1‘ ‘\ 9 —_— . - ( ‘A + ( .' { 3 ;:;; ,‘ 1 ) - A—— '8 _)
o dlogp 16w " 1672043 A T Slog(47) + Tt (77
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Running for UV and EFT

/TN & "l’ ¢
| \ O . 1 ~2 RN 9; (1 ~2 )
e 2 Pm . . . 9t a4 2 it /N2
— N — 3 x 0 . = = N —+]’_. +O.).
\'>-—\/ 392 VI l( + log Az 1+ 0(6):| 1\ ,) ol L2 og .\I-’,) (A7)
d)'v' “‘O‘ o a‘ % o
PN 'O\\ "(f)’- . 4
a‘ .0 . . § * . a" .‘s "' :i l ‘ ¢ l ,.12 2 3
: 1O in . |1 Th 3 x N 3 = ot (=4 log — + =
Vot = — )_ my | =+ log =% + 1+ O(€) SR 327? T o6 m? * 3
ey 3272 ¢ mi. D . 4
.¢" “.’ . - Q- b )
b .- ~ ¢ _
Running up from matching scale
g mz — ~,,2 M2 dn 3 3
le . '-'2 F -'tnf‘} 'F — = ‘ r 2 + ‘ '{2
BH dlog ji?  32x2 , 3272
Yo = 3)') _+ 5: : .\t: de 1 2 1 .
vems  oemt My dlog i 8= 3272 /
4 @ © @ e @ ® ¢
£ N Lae gt TRerT S
LI E ' @ ) @ :i\.
(I) -—I ?p " P i "'\_!: \ :\‘_/‘\ «ﬁ----:-‘.’ ----- @
® ¢ ¢ © @ ® p &
Running down from matching scale
dmz mzC.; ‘ 2
= = dey 4 24 o
dlogp  16m dlogp  16a2 47 16m2ags
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UV Non-analytic Log

Calculate the 2 to 2 scattering amplitude using UV theory at low energy scale E

3 sl . e 2 3 , u’
Ao (1) 4327'_2 (1)) e E TS 3‘)“‘( (1)) &
Large log problem!

-~

1. Perform matching by expressing the EFT parameters using those of UV theory

R A2m?
m2(M) = m2 (M) — 972 M? (Mg + 203) + 3\2m2 + )‘f’\,}lz] Cy(M) = Ng(M) — 1&«1 \i2

2. Evolve the Wilson coefficients down to process energy E using EFT RGE

dm*  m?C} LS SO
d log 4 ]_67[? dlogp  10w? R U7
; _i,l.f > P C: o ) 3 3 Cem* ;L
— Tems ) &3 A1) 4 e QL[
m?(p) = m? M)( I,) m? (M) |1+ 167_‘_lng(lw Cali) = C(M) + — log (£ o L)

3. Calculate the amplitude using the EFT Lagrangian with parameters at scale E

. 3 2 13 2 iCy m* [
. AEFT R I L (= G HL 2 N 6 T l_ N
(AT = = iCy () ‘322 (Ci(fn)) (luh m? 5) 3272 M? []“ 7 m? I]
3 pH N 3 .. By
= —iX (i) + )\l - C — + — + —)\5lo
i)+ 3o [ i 4( m? 3 3202 20 AL

Recover the UV (with UV RGE) @
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Resummation Procedure

Separate two scale problem to two one-scale problems

! m* l M? l m?
0L~ Az ()g.,,l—z+ 0g P
uv matching EFT

Avoid large logs

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

In(p ~ M) Cil pae)
4
d o : : - N
T ' = . Step 2: Evolve the Wilson coefficients to a low scale u ~ FE,
fi changes with RGE Id; Co = mlas) G which is characteristic for the observable at hand
v
TgrT (8 ~ m) Cy(pr) = Celgu) Ulpse. i)

Step 3: Evaluate the matrix elements of the EFT operaters at the
scale p = E, where they are free of large logarithms

UV Non-analytic log M absorbed into Wilson coeff. at matching scale
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IR Non-analytic Log

Effects of light d.o.f (soft region) at UV and EFT

¢ *
@ @ © © b o
"?\ "'rp at Y Q-a / “‘»
SR i 2N - RALIN .
/ ——’ ) . f ¢’ ’ W \<\l "‘Q ..‘ . 00‘
\ i \ - ;
\ - “ - 7 - RN f\ X
® " T g > g B s T - ,0’ -" IO
{p ‘p » L) (P’ Q@ ¢ @ R 0...“. .,
a)
a3\ S fa s \
;A{‘ .l 4 l"‘ \ \
. < ) I
e . {8 N - =M+, =\ = log Sl +2
my |+ 8 322 \ & m2
—— ',\‘-. -— + ]",c:(. - + l .
‘322 | € C ..,’,3 \2
L2 - 4 1, A » X . » ‘
" . | ‘ y ) ‘ v
ey 0 [‘! («<.m) + fit,m, + [l ,,”]
oL
.
¢ m rp :p ‘p 5' Q w ’00 00"
-~ - / e
- . s — - ‘
8 ‘ ! ’ . ofa, .
~ { L7 @/ \ @ P . .‘¢ .“ "‘
/ ‘} \ " ’ . /\l “‘: S “
” .~ s \] ~ 7 . L y s ‘
: - i B . ! R -" .: *e,
> - ® o ¢ © ¢ @ R O

»

Light d.o.f effects (IR non-analytic log m) cancel out during matching!

(Only running effects kept) C, =
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Simplified Matching Procedure

Non-analytic IR log m dropped out during matching

Ing = [Ip + Ipey] = [Tppr + TepTe.t.]

- ig* 1 ﬁ | '"Z 1 K |
= l6me (\8 gz Ty e et

Only polynomial m/M kept

IM ('IH..) = 11.‘('"1.) - I;.;;.vp('m.)
N, e’ N’ N’

analytic non-analytic  non-analytic

We can perform a simplified calculation if only matching is needed

k > m, k2~ M2>m? 1 1 3

E ‘ ‘ ~ 70 + 1 + T :
I(( xl’) — 192”2" / (ld;\' l i + ,_)“l + E L'z . ',,"2 A.-! ‘1 ! E
I3 — 4 | (2’_)(’ !\72 - ..ﬂ'12 Az ‘:‘,; s+l 0 aAsEEEEEEEEEEEEEEEEEEEEEENEENEENEENEEENEEEENEN

Hard region for UV

k> m, k< M Hard region for EFT

©d 2 - 12
(exp) _ 2. 26 d9% l m 1 K
Iger = 9°p / (2:1)° [ﬁ toat ] [_m IV

I}?XP) o I(exl))

I = EFT

No need to calculate soft regi&
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Back to QED Theory

Start with QED theory in QFT course

= L-/)(Za —m)yY — %(Fuu)z - GED’Y“IL'A“

— C N2
+ (;\(,JO’HUUF” +/\2( ')2 + /\_i(F/“’FI Y+

Generate such terms from renormalizible QED?

o
.

The same IR behavior for both UV and IR theory

Only if beyond QED physics (EW, SUSY, etc) considered, generate such operators
If no heavy particles (heavy particle masses infinity heavy)

These diagrams would cancel at matching, so no EFT operators generated
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Decoupling Theorem

Large p
AC((;.'),') t AC((;.'),'. (D) (;;f‘),'. b

Renormalization Group

Y i
----------- =M ------ Matching - i | -~ |07]
L ((;[) ,-) oL ((;’) ,-) O;
Renormalization Group
Y
Small
Decoupling: 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
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4-Fermi EFT

. T Tyl 1 > 190 T
Lra = W) — oWy + 5 (D,®)" — §M |‘I’ — ADY1)

Heavy mass scale Yukawa interaction

Full:

M = @lps) (=iN)a(pr)i(pa) (=N u(ps) [ 'l

(pr —p3)* —

\12] - (3 < 4)

A TP e s.l__ i (14 s =0 )
EFT o
iCs —ic'®) )
M = u(ps)u(pr)u(ps)u(pz) [ 113 + VZ (P1-pPs+p2-pa) | — (3 4)
/ v
T i cl8) o cs =\’
‘chjb"l' = zd)a’l/) — Ty + ﬁg(@)d)l(d)y) Ve (()P hota ) (7{‘!'4,?«1;'.1) (_(8) B /\2
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Matching at One-loop




Exercise: Matching and Running

o) =

3% () 3o u) m? 1 m?
9"\ + 9 \H) (3+210g )

—lc
MT T RrZAf Azt

5 - J—— 1 ‘\ ! - nd . Qe . d{!}i' [ 2 —‘f, 2
>--O--< Fperms. = (2 X JJ (—1g) | / (2#)“. (“ -mB) (312)

Jig m?

T 3op2ME B 2

e [ Ak i N\ =i
> LLLLLL + perms. = ‘.6,“._’.‘/:'4/"2( od 3 3 9 1.2 3
| J 2m)d\k*—=m*) M=<k* - M=

3ig’ ‘-’
= 3 (1102,
(5m)
k% — M?

82 M4 M?

+ (6)(—ig)t 2 - dk f
YETTIS., = —iq) nu- p— . z

6":.‘)4 (1 + 1 | m"’)
= — log .
872 M4 9% Ap2 )

. 3q° (1) 3¢* ( (o
)= (342
X - X A V=TGR b T2

o 3g3(M)  9g°
/ J\_ \ — . \ / .
/\'I‘ [}. AI\[B ,87"21\[‘

2

*------9
¢------4
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Exercise: b decay

) w b nw b m

SM: .
’ Calculate one-loop matching
and RGE in EFT?
( S
er Cy(p) =1+ \i “"l(”) (lu ‘f“ - 1(—) +0(a?)
- ‘ Ty > - v \ K 9 M 71 v ; a K (L1 Iy pa a4 - )
Leg = ——= Vi Vi [Cl(i“) spouer oy + Colpe) spyucy upy! bL] , I
V2 Colpr) = —3 &) (1 Miv 1LY 02
AW =T T : ji2 6 g
319, b0 WAt = %.\’,“,l‘; i), " 0y - 57 St By
Z(p) =1 4 "';9:) ( ‘_‘ _j)
b w b n b ) TONTY A
g -1 3
EFT: S W S
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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 Iparcialiy stoap daedh ormimbmad basis)
Functiona I Identication x4 Fecucton of
mathanks oy evabaian af redumdani senraluns Lo
—_— 0= 34, X; —— il ey, A1)
9”‘/ [””"h] S 6'?;6"- - superiraces )CDE] ym [’h] ILF, Fiere idesticies, Y.m ['hl
=4 Fizld redefim e, .
\ Tree-lvel matchiog ___/

EOM i,

SuperTracer

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

[ Cohen, Lu, Zhang, 2012.07851]




Exercise: Scalar CDE Matching

N M Ao

1 AR AY- 2 2 /s 2 12 rr2 2 2 2
Ly = 5 [((),,,(p) —mpo° +(0,H)" =M H] m ) > My H — — Ll H
AN M 0 -
Hlo) = ——; {11‘+u+ ] o°
(“) . A T (A
Lop~(@) = Lyy(o, H (o))
1 R P b} A /\
= ;((‘),,(,o.)z - 2”(,.')3 — 4—?(,0 - —l Me*H.(¢) — —H (¢) [ﬂ + M2+ Zg? 1 H (o)
1 X 'H": A /\24'\12 ‘ Ao 0 - ‘
= 5((’),,{;’))‘! — 2" O — ﬁ(s)" + 18 O [."U'z + 0 + ?;r,'*)" .
m? = mj,
£0) mj " a0°0¢ _, D et
' T (( .') ) ;/\ ) 1. l }/\ /\z”' \f' _ ll\l m +(:)|\.'\‘r l)_ (._1 — /\() - -';) 1\1 \[‘“"
Cy = A5A A, — 20MpA] + GOA].
2Ly = i'l(' rdet (Ay — Xpndi'X A2 2 "
TAERT T 5 8« ‘( H — A LHS <« 1,11),“.(, Ay = ?o Xy =0.
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Exercise: Scalar CDE Matching

A2 42
P

0o ’ P - -2
pO0 _127'_1 dq [ 2qP — P* +
EFT T 9 ' (27{\,[ )
n=1 Y
» n’i"(" 1

A T Ll ’ N\ LY y
{1 . LI ( /"l;l’ '; 1 / 0! i l .l)
) ——— —r&tfl ‘. -5 s — LA
fl.i‘l ) 2 .). \ 3 | IJ) 2', l' ) | "27: .'.‘ {."'_x o :\’3:.; »CL‘.'I
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Standard Model EFT

New Physics




The Standard Model

1... : 1 . .
= —W. W —ZB B" - —G G

2 4 " 4 )

kimstic energies and self. nesractices of the BAuge XADNs

+ Ly*[id, - > arW, —2 g've, L+§y"(i6‘_—%g'YBﬂ R
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»

+ llf.ic? —lgt-W —lg'YS ]r,‘;z—V((.ﬂ
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W7, Z y and Migas masses and coudings

+ e (G T,4)Ge + (GULgR+GlpR+he)

o (@) € Q
17 elementary particles 19 parameters, all measured but
+ 060G G,

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)

Particleys) Ficld(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 44
dri dg —1A h 3 1 -2
Leptons Li Ve €7 0-1 % 1 2 -1
(Turee generations)  Igi ep -1 n 1 1 -2
Gluons G4 2 0 1 3 1 0
W bosons g Wt 41 1 1 3 0
Photoa, Z bosen W:, By, v, 2° 0 1 1 3.4 ¢
Higgs boson ¢ i 0 ¢ 1 2 1
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SO(3,1)

(M2, Mas, Msy) = (J3.J1..J2) MU My = 37 - K2
I:A\[(.l, Mo, 1‘1();;) = Ky, K>, Ii’;;) , 3T M My — =3 K,
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The Standard Model
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New Physics (NP) Models

theoretical motivation experimental challenges

t normal hierarchy (NH)
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NP Motivated Simplified Model

Standard particles
LR ALY
-

@ num [

Ep

Extra Dimension
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- \ |\n A /} o
> /h({ S=1
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Q=1 Q=0 Q=+1

Composite Dynamics
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3-body direct decay I-step cascade decay (W)
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New Physics @ LHC
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Paradigm Shift

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

Direct signature Indirect searches

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

Jiang-Hao Yu (ITP-CAS) @



Top-Down EFT

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

New Physics Models

L N u:l;el > Rot
2. Zumning
A
%‘Dﬁ:ZEl;ffxca
l MO %) — O 1 %)
e =1 gimy ) ——— omﬂgl‘;:s
3, Mupping

| — ——

Bown quark
‘va K

=,

Decoupling theorem
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Canonical Seesaw Models
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Method J loop CDE
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EOM
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e

Shifts of SM couplings

(Threshold effects)

Radiative symmetry breaking

Jiang-Hao

dim-4

SMEFT

(Warsaw basis)

g I

l

Weinberg operator

Yu (ITP-CAS)

[ Du, Li, JHYu, 2201.04646 ]
[ Li, Zhang, Zhou, 2021,2022 ]
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High- and low-
energy observables
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History of Weak Theory

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

Becquerel Pauli Fermi Gamov-Teller 1936
1896 1933 1934 Fierz 1937
i P .
Beta B | —~Omernea | CEE —y .
—ud “} i g crerges | enecy , G L; Z gi {100} {130y }
|-) g ) 9 e— 1—1
Frery ™ Endpaint o Y O:=( 1, Yus Oprs ¥Y57ps OF ¥
spEclium e
vector current to
My = G [ay"4d] [y 4] Fermi(V/S),

GT(A/T), P

Four-fermi EFT
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Four-Fermi EFT

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

Question of Parity Conservation in Weak Interactions*

T. D. Lex, Co'unlis Universiiv, New Tork, New York
AND

C. N. Yano,t Brovkbaoen Nativead Labvrotory, Upios, Noew York
{Received June 22, 1950)

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

Hip—= (l,b pf')'w n) (Cb"#e'?ﬂb v +Cs 'Sbsf')" l')’ﬁu’:r)

+ (\!’p'{'}'ﬂ'u‘n&n) (CWI!’ oY1y ;.6[’ —+C V’Sbof')"-(')'»')'ﬁ"a

Lee-Yang 1956 +EWstvionida) (Crdetyeons
+CT’¢’GT’)’4‘7 XN'YS'IG) + (‘l’p"'}'d'?ﬂ"f W n)

Wu 1956 X(—Caeyovavels— Ca'Yel vy
- N + Wptvaysln) (Covetvey s+ Cr¥ulvals),  (AL)
OCo * Pe

Complete charge current LEFT operators

Comprehensive analysis of beta decays

Citatians per year
\ within and beyond the Stardarc Model
ix)
AN
- l’ \ j’ \ /\ A .
" [ T\ [ Falkowski, et.al 2021]
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50 A R
A /’ \\ ," \ ," energics. The zeneral EFT Lagzrangian doscnbmg these mteractions at the leading order
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v A /‘ ’ Vv wiae writtan more than 60 vears azo by Les and Yang 1)
\ /
A L . .
2 I\ A S Liw-vu = =570 (CvEnp = O3] + 5190 (CaZr e = ChEvr)
/ Y g — - e y 5 1 " ¥ |
y | i e N i L LACT T Vo) = =i x'/"l"\"no" - .ff;_',..r“.' i)
1036 D7 K 200 i (l:'.‘N“T-." ‘:-:':._ .,) be. i1.1)

Jiang-Hao Yu (ITP-CAS)



Bottom-up Approach

PV Lesson: start from the complete bottom-up operators

?
»

I !

»
Jrina EFT Operators

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

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

Jiang-Hao Yu (ITP-CAS) @
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Bottom-up: SMEFT

Standard model effective field theory (SMEFT)

UV model unspecified

LHC probing scale

ark
Cha ark :
:
e Most general Lagrangian with Lorentz and SM gauge symmetry
Nuzn
Bown quark 27;- '2&

*qum LerT = La<q - /\- | /\_;, oo
2

power counting: canonical dim.

SMEFT provides systematic parametrization of

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

Zsmerr = Lpot Lpast+Lpst+Lp st Lp et LpgtLpgt...

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
VeEB W' G~ fequd.Le ) i i
(@Y, QH +dY,H'Q+ Y. H'L.+1 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

Jiang-Hao Yu (ITP-CAS)
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SMEFT Operators

Dim-5

Weinberg

S g

1980

1990 2000
year
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2010 2020

[ citation from inspire-hep ]
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Dim-5 Weinberg Operator

Weinberg (1979)

The only operator at the dimension 5 Phys. Rev. Lett. 43, 1566
74 - gt H— ot P+
% SMEFT = % SM A D=< A2 D=6 (FID=T T D=y T
T [0
C l:j ) | \,2 H— v ,,\';'45
X(LLH)(LJH) + h . C . > Clj A I/Il/j + h . C . L ("’.)
Lepton number violation Neutrino Majorana mass!
N -
1 3 5
N+ A
1 W2 D? FoD? | F2¢, Fap?
3 { ‘2])3. /*‘(,‘)/)3 (f)";/)l“). 1 ‘(,')1) 'd}zqﬁz
5 F2¢, Fy)? V2 ¢°

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

Jiang-Hao Yu (ITP-CAS) Q



Dim-5 Operator

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

~Neutrino Mass Ordering v2
- m- 'S . '
A -V, 4 f?MRFT 3 CU bej + h .
— A
Normal [™=Y:| Inverted

7 ?
My~ e

0.01eV -0.1 eV

.-ml-'

atmospheric
~ 210 e V?

atmospheric
~2%10 eV’

.
My

- »
solar~7x 10~ eV~ .
L m.* /

— ~ 10" Gev

(.‘U-

)
n'"l " ——

0

| | 1
Naively: & ))_5 ~ . and then & ,_( ~ vk L peq ™~ rel 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

. ] ) ] , | ]
3D=5~I\_La 30=6~E"%D=7~F’30=8~v, and so on
’ : 417, 4
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Dim-6 Operators
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Dim-6 Operators

Why completing dim-6 took more than 25 years?

Of- “.W""t

On = funcCr GG+,

tedious and prone-to-error
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Rl N ), 0D (o' raNing's) Covariant derivative commutator war | oW @ e raag Gl | e | i)
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Gy =ity D.eb™, —~ DQ 'X pl Qi | #7580 U i B, ol )
O = 60", DG, ® O Quva | FHWLE |G 11 By wiahnral
‘;r-' — M,E'J:qw‘". Oge = iy 8%, @ 2ap vl ”.'. M Qax U vl S %)
-y, - = = = = a
el Bianchi identity X, =0 T
o= asopdBuchmuller, Wyler, 1986 @ | Gimetit | e waemotar an| i
Oyy = idy 2,45 i y ’ ] - - - i TN VN {ee DTN | EYEL T Qe [HENATEOE
a .(m."”' o -ln’!)”‘ . o, ) Integ ratlon by pa rt (total derlvatIVGS) ,’.i;‘: I PR RS Ly L [ [ (A (LN MU
§: (3, )0‘6. 0: w:i 'D". e B @0, Gy | dmdivetwr | G I T B A
- - . : W/, 0‘:;'*:"0,."9)'??’?.(’. y ot | LM TR [ ' Vet ) o Ie A e
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- . ' Ierz I en I y 7':, iT ‘ (4] \(sh 8~ L4 dﬂjohl\ (LR R, unl [LEVERD Sovrlaae
Cow = (Jo 1 W)W, Ou=ld*vidl.., O, <is'Dailiru), 2 6 D Tr At ) e (GO [ OO
LA LT (LR ey A (g e ",_ LI\ '
O, =t =2 A, U, =ie' Dol a), r - g x st N v TEIVCRN] TG
. g T — 20 {) a _a LE LEse ] T o g REME QL)
Cuw =30 t'd1z W,  Ope=ide®diph,. 0O, =ilesD pliy . *L T JnSmk JASmn Wl | T el T | Tt [l o7
o e heithin Dy Cai ol & BT "r'."
()""I-i:h-['(lf1)> ’)g.'i(h."('llff‘a . (‘lz“' " "1',.-, [T :‘“v " :' ’

al = HanoNay g,
e R R TP T
O =1éy.lliqr"a),

O Ggr Aol Greate),

o.:’_-; ‘!‘:",-“"ﬂ)'h’-l A,l':' )

Q) =y 7 E)iqv a).

[Grzadkowski, Iskrzynski, Misiak, Rosiek, 2010]

O =t Ze) &),

Ou = Uenate e, On=taudas),  UN =@,
o= Uiy riifie ], OV |c:ﬂ$""~}(h“l‘u] . oﬁ - ?J)l ]{:' , O:J .‘NA.,).:Q‘A‘] X
G =ddy, dpdy ), O =ddy ) td ) dy )

Oy =2} Gu) .
OX=(ga'ulimy),
OX = (gh"d da*) ,

Gy =(§e)ii),
O =(Jw)ing),
Oy =1§d}{dy),
O =4 o) dy)

U el i@ n),
Oy = (dy.elidv"d],
Ol =iy drdy,

80-1-16-5+1 = 59

O = (o A M) Ayt At
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Exercise: EOM Redundancy

iPl=Toep.  iPe=TIoW,  iPg=Tyug+ e, iPu=T3, iPd-= [",F;;;tq. (6.2)

) ; ¢ ; - -~ P -, a AN
Yt — G — T TV — Quelp T Qupp T Qpa e T WCpupa ™ IR '\h"{)

(DY = miey = Aele)e — ELY + 4 lhn - dL¢,

5.1) (DG = w0y = i, + TN,
. : (o 2| .9 ’
v, DV "= | |+ U |+ m” e |- F, oW, = T DI + et 4 ar'a)
- L) - ' 2 x (6.2) = 5., 2 D ¥h, = Y, iDpwd S Yeae (5.1)
gD, DM TS pppPu+ ¢ X | = @ X |+ [P D+ [E], cing

veil eq0 0}

{ L) w f i 4 T2 4 N / v N T v ! . v v n
(Dyple™ Dy = (D) (5P — Py v = D)oy Py — ilD"p) Dy

= —i(Dee D + PR D |+ E,
20D%)eDr = (D"p)u( D + Py o

< —
=  (D")uv Y — v Py Do — "W DD+ T
oy

W Xo +[E

+

Qp’ ‘+Iu J/Sll—.— T,

> I Tr 1 - y » T
XM Dt = Xl + vuPn)v = X[y Yol — Py + XD,y

-

2
\ FLity l,- D D — l \ s ,"'. pp Dils .J_'. f a A ol ‘\’lllt‘
L "1‘>V ’)u ) - 4 Q‘ ‘/“ tu & + -L L Ve :V!?" of

~
-
- .t;.lt— [\‘)|r—*

Py DPXM 7] ©

v HE [T (6.6)

L‘r"l"' J'\,.‘,:,) I;(D“.;:,:.i,‘, ! |:Di‘;’:l] (2) 9 (;,ID.'A (*r '“. _ ..’:,l;;:: l D r/} kD"-u ..J

¥ a Y ’ » \ (A‘-J" 1 , ! > )
(') (D) (D¥2)] "= Slefeiniele) + [whe!| + || + mf|et + [E].

X™D°D,X,, = —X *(D"D,X,, + D’D,X,,) = [ X*|+[ o2 X D |+ [ 2 X D]+[E|
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Exercise: Fierz Ildentity

& 0t 10 14 140 =14 14N g dydyy
el P I 1 /20 1/2 -1 ()i e
o™ )i (o Jer =1 3/2 o -2 0 32 S FITC ) TS
(v 5)is 7am ae I /2 0 1/ 1 ("1 )i e
()i vm) 1/ /4 1A 4 145 0 (s)ulas)s;
..-_ ~ o Nf—= ~dt 3 .
\u'y, .’;4"-’L»'[.KL Xi) (‘f LX) XL ) (4.1)
T 1o
o Tom = 20500 — d50mn (4.3)
1 1
A A Iy o Y
7‘,_4,,‘ 7:” - 2"5.11).60:;} G) AN o ‘. { .3"
‘T [ ,T Y IR . 2] m st plar st
G LT A1) = 2B ) (Bl — 208 —
¢ S all e MLTR PR GFONE o £ b et 1 e 1 -r.r.vl -
M T ), T ) = S(up ey Jug v uy) — = . (‘m - ‘—jl,m (7.4)
ol s T o (7.4) , pp L ote -
(dpy T )TV dy) "= Sldgy,d) ) (dy v d) — —q' C= QN - g{;;'. (7.5)
- . A (75) : T ik & 1gras
(.I" l“ " )(qﬂ—r M, '} — ,)"b ' ] ’{ ,(q’ ‘Al o ) — e r
(1.1) 1 ) TSV sl S 1 ~y 1 )prac
= 5' 'J, Ml )(qs f "r’) - ‘_;“ Q0
(‘E;" - -ﬂ{);.l:ar 1 5 1 iptar (1)prai -
= 4(""" + l‘(‘vv - 2 ' (7.0)
(T, \(a, TV 4%, & 2 V@ rig™) — E(' 3107t
T & M e - o'y 'A‘ (1 o G ‘yy
(1.3) p | P
= (:,. Tul, Fi(a™ 44V - —-( ',' k] (e U Tl I r( !‘I‘,:)”“
M a1 aia, 0¥ (78 p (3iprat
- (( J \ lp l"ll /‘ l: J (-’ﬁ'
(J_Q.l ) Bhyrtan 3/ (1)pdas I '.:J),n.\f - -
- (L -+ _l"t.r‘n o 6‘;‘.[') - ( "‘)
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Why High Dim Operator?

new physics without new particle: neutrino masses and baryon asymmetry

B and L violation

7 \{
O

X A

l' > 19 | L4516 JRESE: o 4218 n-nbar oscillation

0 > ny /7 Instanton

\
M ) . 24 \,
' a' 1 N 4 i L
w) /i r W . /
\ / d d
. ’ _
\ )
. ” J
- 1 . - -~ - — = \ /‘
. \

025 0145

[ Heeck, Takhistov, 2020]
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Main Difficulties

How about higher dimensional operators?

difficult to write down explicit form of operators

Derivatives

BW HHTD?

(P HR, WP (R N By W DD NG B W D Y WD R, W

(D W BN W L0 0, ) B W, (D WL DN B WS (Dt VDY B W,
(D" BTV B W (0, AV B DR LT H B (W) (T B (W20,
AR W, DY DG N TID W @G W DI, B WY

AV DR, B W !;"(u,.uu.'."';;;.._..);ﬂ".\d/ BT DY R B (W),
D ING W, 1T IR OWESIREEND By W, DL B, W,
OB D W, BTV E, L WG W, BT B W JY R (P,

HUEE (DD HYVHR,,, (D) i14)

Repeated fields

QEQL

fﬂhf‘f;k f'ﬂ | L’p! Qu ) ' ' Qsi&k Qra‘ '

a9qt _ cwrst g f H(Qray Qret)
Qp"St - e g 3 24 1 Qe et

¢ u‘.ll.'(.f ) ¢ wel | L}"" (2‘.,..‘." _:' |: (2“'55 Q“ l'.:.

p,r,s,tz 112';3

Which 2 should be picked up?

Jiang-Hao Yu (ITP-CAS)

What flavor relations should

be imposed?
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Operator as Spinor Tensor

Operator has more symmetries than what we expect

SO(3,1) SL(2,C) su@)xsu(). Spinor-helicity
¢ ¢ € (0.0)

” b € (1/2,0) Ao

ol €(0,1/2),
i o f

Eu; FL(},A,‘B - o R‘”"O:x;}" = [1-()) f\«y/\_j
Froz = —_i Fu %" € (0,1).

R ' ) ) Y ful” L)

i g Cepri— (/p&(wo'ago'.',,s & (2’ O) )\a)\/j)\»y)\é

A i ' ¢ 'y Y

1)‘,’ l)(wi — 1);10:_‘(‘,_, = ‘,_J-,"z, 1_."2)-_ /\a/\d

Operator with explicit spinor indices

2T Do) ‘
FY g (D), 4 (D)., @

‘v"'ﬂ,\ (({;_I,O-V,\DIIL,_) D;;H‘t (ie

o o
Y2 X | (xo / g g p ey
Cagas € 2THF 057 (DY3) 2 (D)

tLI 14¢3 Pe /oy 1

1 Ll:; tLI

Easier to find more symmetries of the operator with spinor indices

Jiang-Hao Yu (ITP-CAS)




Operator as Spinor Tensor

Modern view: operator as Young tensor and on-shell amplitude, with spin-statistics

[ Li, Ren, Shu, Xiao, Yu, Zheng, 2005.00008 ]
Operator [ Li, Ren, Xiao, Yu, Zheng, 2007.07899 ]

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

W (ecpopPL,) D,

Spinor Tensor mmmal Symmetrize indices
'D(» rwh=—"'€m1 49(, )n -(DL"(71 \Gx:
eulugtuluﬂtuzwt"‘**"’ FI 5 (Ds) "(Dox)
1 1 15 ¢ 1
(; ‘;) “—“)= "~| ](\~‘;’)
D 4 I ‘ o ‘ " 1
(D°¢) agas = 5'5-1’?%317“[)#@ _1 €43%as[Dp: Dulo = 1 7 [D D)o + (D”O’a,s (a8)

(éé) y (;,3) (0,0) (1,0) (0,1) (1,1)

Jiang-Hao Yu (ITP-CAS) @



Operator as Spinor Tensor

Modern view: operator as Young tensor and on-shell amplitude, with spin-statistics

W (ecpopPL,) D,

Spinor Tensor mmmal Symmetrize indices
€ery exg €or g rg Exgors € ”FI &2 (Ds) 2 (Dox) (WD¢) Jafd = _36i1 Py + 3 (DL /aB)dr
ENN e N U Faa = Y W R
SL(2,C) x SU(N) 2t s = LN e
n
h e prm—r—
O = (™) (&, ) [ [0 1007, (
i=1 ' -
I1< ;
-
-
Hf—/

il

88
Jiang-Hao Yu (ITP-CAS) ‘




Operator as Spinor Tensor

Modern view: operator as Young tensor and on-shell amplitude, with spin-statistics

[ Li, Ren, Shu, Xiao, Yu, Zheng, 2005.00008 ]
Operator [ Li, Ren, Xiao, Yu, Zheng, 2007.07899 ]

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

Wi (ecprpPL,) D, HY

1

o 1,
!\D'(»""}n,!'fr'b - _;6i;‘ ':J'D‘r“)nf + 3(\0@’}(.1:?},'}-

(T, #l 1.5, #z LN ” N}
SL(2,C) x SU(N) e v
\ #i=n—2h;

n

SSYT = Amplitude
A :

. .
~ 3 l'l' o f ) L[f . y Oy
Coyog Cayog Cagoy €3 ‘FI Y2 * (D3 )ni (D )n I

U | 1|1]1]2 (13) (13) (24) [34]
X 213|314
1[1]1]3 (12) (13) (34) [34]
22|31

On-shell @
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
0
2 -
4 I
s m B P -

Unified construction of Lorentz & gauge structures by Young Tableau

[—

|

|

3

V am
DO | —

2

3

) X

2

b

A‘
’

I

('), Wi, (e DL, D"H'J

Jiang-Hao Yu (ITP-CAS)

(7)), Wiy (ecpo® Lei) D* D, HY
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Complete Operator Basis

SSYT Filling forms a linear basis, which guarantees all operators found

_n semi-standard Young tableau (SSYT)
o ‘ ! } H | } {1,...,1,2,...,2,...} S
YN = ;< ; ; ~ ~ N ~ . H =n — 2h;
= > i YT method guarantees independence!
n Basis -

Filling all SSYT guarantees completeness!

Can be cross-checked using the Lorentz/Poincare characters

Schur theorem: orthonormal with Haar measure integral [ (l/ 1,(;( g) R (.(/) X i‘{, (.(/) = ORR'

H(PR, ..., PR) = / dpc PE[¢R, ..., ¢r/] . Molien-Weyl formula
i 2 (2:0) Y17 bl;
@7 fyai=1 (1= 1) (0, 2) V2t
duz (1 _ o2 (1,0)& (0, 3) ottt
x-ﬁ!/'zl:‘ v 1= 92) (3:3) (it )2t ;)
(1,0) @ (0,1) yt L+ g (o ) @
Jiang-Hao Yu (ITP-CAS)




Operator as Spinor Tensor

Young tensor method (No need EOM&IBP) Traditional method

T2
[ Li, Ren, Xiao, Yu, Zheng, 2007.07899 ] BWHHTD
[ Hays, Martin, Sanz, Setford, 2018]

[ Li, Ren, Xiao, Yu, Zheng, 2201.04639 ]
(PR, W A BN By, W AD P AW B W (D H WD Ry, W
o c o H W B S W L N0, M B WV, (D BTN B W (D, VDY B ),
[ Li, Ren, Shu, Xiao, Yu, Zheng, 2005.00008 ] ot e s e e e

(BT D B W (0 AV B DWW LB B, W ) (P T M B (W)
AR W DD B, N !i'(DD)‘"O oW D I D, B WY
A DD, B W BT DL B, 00 8 ))-\ A (N AT DY R B D0 P,
DN S (W T DG WS, ERREEREC W, DL B B WY

,, 1, |' (N
BWHHT D2 7T1 o 3? 7'7'2 o 3’ 7'7'3 o 1’ ”’4 =1 AV B D WP, HTHDY B WG W, D B W) S, (W,

HUEER (DD HV AR, (TN i14)

EOM
11113 11112

212(214 212134 (DHY)as(DH) 5 By i) W (g £ e ¥

lL')l')"'.ll""')l).j,.{ul.-"jé}“' Lien) ?'-".'(ltl':" (,.'v, + ;J‘(“")
Ed:;;dqeﬂ] g e"'l ry E"a":l 2 €iea i X102 fI Qg Oz g (DI 1T (DD ){3.,5]3”’!,(.5,,}"""i""'{"":"l"
' ‘—)Ht)nn H B."({,II(bl?,:.{”ﬁd'.‘l("‘)‘1('%"(”6.—["
3 3 Y ¢ \ y 3 2 ' A ’ L 3 i . J 4 TN Gl ? I £
BLo®Wyes (DHT) o (DH). %, B®Wp,0 (DHY),, (DH), 0. D) Gl ) e
!‘.1 lDl{)n" B'v(("}(D“v“ "[‘:.";I.}tnltl‘b,ftﬁ;‘/"
HIH (DBL) s (m'.',4)_.\,,m_.-,f"'-ir<g Inerd

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

All Things EFT...seminar series

§ > " ‘4
BL""Wias ( «(DH)_
EFT Operator Bases for Standard Model and Beyond

o BL*"Wia ( ).m (DH), “

HEWA: Filn

https://www.koushare.com/video/videodetail/12645 @
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Repeated Fields with Flavor

Another difficulty to write down the independent EFT operators

B-violating
(2“,“‘_‘ :ﬂx?“‘, :_,"" [(,—I‘u) | (_v”:"f] [‘q:" :'! ('l“{]
(Qgqu £ [,* T (g } [(u2)TCe) [Grzadkowski, Iskrzynski, Misiak, Rosiek, 2010]
(2:"1(2! W‘T‘-' ‘r&m l(q I(—'q; ] lq I(_I ]
sz’:’ o 'I'>| i =) )k T!‘D, - [ q;:)]'{'(jqr ] ...q“lm)l CUJ / 7
: ; . oy
1 ) [:.4{; ) ('u}.’l [{u;' )r(..'el_ VL
Q;",':"::f W= (@ + QD)
quqf | ¢ ot ¢ ¢
(J ;n‘ i' 3 ‘. (1.) ;‘v(:‘(i' (“2 vl :‘:: /
Yy [Grzadkowski, et.al. v3 2017]
D-violating
C‘,.ﬁ”.. :.u.i-_. :,.“ N [r g '.""( "u f] [, 17 .7'( .'c..]
Q. e [(47)Ca*) () Cel q
. ®
(JQU-I e < nSkm ((f, TC IMJ (‘1, )l( ,l] L
Dot e [(d)TCuf] [(ul)"Cer.

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

qqqf qqaqt qqqt qqqf
Qprst f Qrp.st — Q.sprt J erpt

Flavor relations not easy task!

Jiang-Hao Yu (ITP-CAS) @



Flavor Symmetry

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

“p.rel abe INT v bk . T gz
Ot e el (42) T Ca¥ (g™ T CL) S : P

3 L
SU(3)e E \
SU2)w u [ ]
SU(2), — U]
SU(2), \ \
Grassmann ( \

Flavor @xu |>\u IKH=ED_]'_' |'H ==

SU(ny) : | ’ 4

Fach span’s an irreducible SU/{n) subspace

7B
t 3

el (L 2l el () ls) e Ls) |19 x 3 =57
[+]s ¢]: [1]a]allainl2lla]a]3blal2 2)1]213)|213]3)(2]2[2) 2]l2(3][2|3|3)[3 3|3,

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

Jiang-Hao Yu (ITP-CAS)



Operator: y-basis, f-basis

For QQQL, the Young tableau for Lorentz and gauge structure give the y-basis

a . . EEN
1|2 | 113 ) / ( 1] ! 'A.’:
(34'24‘X(’,X A-1_|_g1
.'w - ::I-pe'Qraj )‘:’stthc«' .
= ‘..ubLeikr__’u.n' gabe 2 A

‘: [inQS,b"; ‘I |IQ1r'] (Q?Ci )

()1 c” 'N‘C"' o ': L‘;n‘ Qv'aj ) :Qs bk C.)f.c.' '
Oz = ™™ ALy Qo) (QrajQret)

Oz = e M L Q) (QrajQret)

abe _i5 K s 'V 3
0-‘1 =€ €€ '-,L‘prra_'; )(Qathl’.m’ )

Y-Basis = Young tensor basis

EFT operator should be viewed as flavor tensor in the SU(nf) group

Sn symmetry for repeated field
p-basis KL

_— y-basis

O »

( O::" -1 2 2 -1 O,
= B - 1 0w 0,
0T 2 | .| O,
1 -1 0 0 1 oF

L o'

not SU(nf) symmetry for nf flavor

Jiang-Hao Yu (ITP-CAS)

ot o2 span the same SU(n,) space.

) .- o ik il ¢ L \
C,)}.})(Q‘l } | AP |] fab"'f kf"‘ ‘\L'p.vﬁ Q'."ﬂj ) ':.Q-‘*hk Qn""')
': ':’ 3 Irls _abc 2k gl ¢ AN N
OI.F:’,}-!,‘Z J" |_-_ | tah erelt (‘Lp\(\,)rr:.),:‘ !\Q&'n\:(o)t(:.’.)
) . e ik gl ‘' |
OFiss | || e (LiQras) (QuikQuer)

Final expression: f-basis!!!
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SMEFT Operators

Dimension-5 Dimension-6

¢ ad OF o' X'
@amie 3 (AP A TN 3 -

Ao wdzt’opii v,

Dy = 10T W03
Pow = 10 A d D L)

€ij€mn ( L‘ C'pm ) H b Hn

(LR T 3

Dimension-7

L' X H? 4 hae 2190 H* 4 he

o Cio i l('ll'\l:l JITCT MR (N M
W™ IR B

3B o' H 4 he

X X sl Ay AW whw
Doz w 1O QP e 9 sl Ll o « iy Ln Q v . ' w N
y A 0N ) - oy Lk -
. Dz = WS [P Yop HALERAFL ) N i i gene i A
[Welnber 1979] o - O~ < Qr oM TG don Ly . L ‘
9 D = 100 TN 4 O PR 2 = (O 0lrd Qi | Comtanld gt O U Quurrt | tamtnltd* N&'CL NI
[V OB 21 e S L ™ wily - W vl y Oy A Qe i (0 w W CT]
[ ARSIV g z. ) » y Oy b .
At " 8 v \ (4 Q| ) 10D 4 ha B 1 ¢*D + M
Gy =16 To, o o )& ) QT ALT A Y Y
' (Qr, 50 )4 54) Quirn | et p 5 CY e JN" NI D N* Qu s | cald, e X0CiD 1
fowa = Vroms > Lr
- R wd L awd
g (8T, Oy e oD — 6: W HID 4 he S(B): *D 4 he
- Lol o) g = s Wy OV | JV . -
’ W O = s i veg | [wiven| we QORI N™ D M Qe | Cany Y N CID 4
w (ta) Opgy = "o frgm e \-|.\., Tex wWAZCDPRIN™ (DN Qon |« AN NECVD A,

150 A o « -.’.'t.'}..'t,

[Buchmuller, Wyler, 1986] [Grzadkowski, Iskrzynski, Misiak, Rosiek, 2010]

Dimension-§
[ Li, Ren, Shu, Xiao, Yu, Zheng, 2020]

= =T~ “=__ [Murphy, 2020]
: : [Murphy,
3 Hsu'e z o
s " o i
o7, "
T 4\ L] L I
PN [ ]
Moi"d o n ¥ '
L "~ i te
voi's n n ¥
Lt .
w! "
3
1 e n # | 1 Lee 1wt
' ta u
m
¥ / 5 X
311 -, 1
r I " w L
f ‘ » >)
. ")
o
! n
m
" v ]

-Hao Yu (ITP-CAS)

[Lehman, 2014]
[ Henning, Lu, Melia, Murayama, 20135]
[Liao, Ma, 2016]

Dimension-9
[ Li, Ren, Xiao, Yu, Zheng, 2020]

Qe b | e - waen [[Liao, Ma, 2020
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Dimension-5

LEFT Operators

Dimension-6

D<o tnl)l"‘:llnr.\'

Dimension-7

Lim-7 operators

LHnd opemson ‘& L ") '.*‘l‘l‘\.“‘s J'\"t)'lz g .’\".’r"ll .\' (” . ,")

Classes

.'\'I'\:' e

Hgpe ! " (1.0 Fl..! /R 24401 2 1 L“.“)

203 + h.e. 16 04140 32

(.1.(" ’ I: -'l.". ‘ | l: s | ..! - ‘-). l)

(1.1} iR 0 +20+12+0 a1

t " UrD + h.c.

1"[2 l..l | h.c. 16

01410 24

ND+32+22+

Toral 3 M+ 32+20+2 164

O 82 432 4+ 30 +

1208

[Jenkins, Manohar, Stoffer, 2017]

Dimension-8 |
[ Li, Ren, Xiao, Yu, Zheng, 2020]

[Liao, Ma, Wang, 2020]
[ Li, Ren, Xiao, Yu, Zheng, 2020]

Dimension-9
| S | [ Li, Ren, Xiao, Yu,
) T I — o — [Murphy, 2020] v onl ome | s | .

Zheng, 2020]

e 5 Hao Yu (ITP-CAS)

Nea — Eaeton
1 S ep z n Iiw} “n EY D — b 8 +442-0 " LT - 1) 150Nt
PR L LU W s4 20 Boin 15.a)
”» L8 . . = -
5 A ol L P D131 611 e P SNt
DA 1 1 3 L’ 2} (5 20)(T. 5%
\ AT S
0 1 " \ 4 ne " asas |
o'k et 3 PPl 1P 4 N e i 17e -2, (52 %
L e P | B lel{%uy + 1) (s ra)(r.o%
o " LY [ ] ] i a4+ 1) Ak
Euetl PP lP | \ LR | A 2up( %y 1) 12 NE.20
Tl ' 1 o P d "4l . 1514
v 1.0 X 1444 1 1w e} —%0f - 1M 125450
e M
" L PR | Moailas -1 A8 )
an i
p Ny A Sale X 2up(Yag o 2 g
r P e — \ A 1454 1] N NE $3.5¢0)
- ' A Q121 M “ 12w} 15545 %)
1684 % Fletigh LR AR n (30, 4 (% ¢
» Pl " Y - 10 " MR T S
; " Hedle' s 0 ¥ - e
A ¢ ‘o 4041 1) {Juy + 1) 1517)
‘N 4» Lo’ v v cnm
/ 20 v LR LI 23550
'\ 1 n m
A S0 1 Yoy 1 15Z)
[ " |
O] . I nye 1 e .38 )
. “n eais i 15
o 3] (=
" h ‘04 e
' N S ENL 30, 1
| Q2 &R0 e




Dimension-5
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[Aguila, Bar-Shalom, Soni, Wudka, 2009]

Dimension-8 |
[ Li, Ren, Xiao, Yu, Zheng, 20217
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Dimension-7
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Mathematica Code: ABC4EFT

Amplitude Basis Construction for Effective Field Theory

Welcome to the HEPForge Project: ABC4EFT :Dim [orentr

- Invariance

This is the website for the Mathemaltica package: Amplitude Basis Construction for Effective Field Thec
Package [Model |7

This package has the following features:

» Il provides a general procedure to construct 1he independent and complete operator bases for generc Lo
invariant effective field thaory, given any kind of gauge symmetry and field content, up to any mass dimer

» Various operalor bases have been syslemalically conslrucled lo emphasize different aspecls: aperalar
independence (y-basis), flavor relation (p-basis) and conserved quantum number (j-basis).

» [t provides a systematic way to convert any operator inlo our on-shell amplitude basis end the basis conv
can be easily done,

L ¥ selerrion

<4 ABCAEFT" P-basis
Authors e

The collaboration group at Institute of Theoretical Physics, CAS Beijing (ITP-CAS) .

» Hao-Lin Li (previously postdoc at ITP-CAS, now postdoc at UC Louvain) A Mathematica Package for

Arplitude Basis Constructan tar Ftrecrtive Field Thearies

Zhe Ren (4th-year graduate stucent at ITP-CAS)

Autbors: Hwa-oin i, Tinmel Te19918ne 1 e

¢ Ming-Lei Xiao (praviously pasidoc at ITP-CAS, now pastdec at Northwestarn and Argonr Zhe Ren, renzhesdzo.ac.cn
King Led ¥1ae, minglet adsasrarthwestern, adu
¢ Jiang-Hao Yu (professor at ITP-CAS) Jinng-Fea Pu, jhyasip.ec.sn

Yu Mu® Zherg, ehengeubuizio.ec.on

Yu-Hui Zheng (8th-year graduate student al ITP-CAS)

The pockege is gvailasle 2l heporge

For the lateat warsioa, suw the Citkub

https://abc4eft.hepforge.org/ £ sou sms e ncisae o your reseaen,

Fleaze cites arXiw: 2201.84633, 2035, 38038, 26437, 3753%

[ Li, Ren, Xiao, Yu, Zheng, 2201.04639 ]
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Dim-6 Operators

X ¢® and @*D? ¥ | (LL)(LL) (RR)(RR) (LL)(RR)
Qc | rAEcararegen | @, (to) Qes (o) (Lere) Qu Grb )Ty l) | Qee | EuedEne) | Qe | (yd)(@nter)
Qz | fAECGIGEGE | Quo (¢')0(e'e) Quo (') (Gpurd) W | @%a)@e) | Qu | () (i u) Quu (vale ) (i7" ue)
QW elJKw:vapW:(,‘ QvD (‘P'D”(P). (va“¢) de (‘P'W)(q-pdr‘p) (v:) (6;‘7,.1’%)(‘7.‘7"7'0:) Qdd (Jp"pdr)(d-a')'“dg) Qld (ip'yulr)(d-a'#‘dc)
QW elIK W’"W""WK" Qﬁ) (iﬂu'r)(ﬂn“m) Qeu (Epyuer)(thay"ue) Qqe (Gpvuar) (€ er)
" v P - -
T QY | Gwr')@r'm'a) | Qe | (Ene)(din*dy) o | (@) (@ u)
X2 2 X 2, .2 D -
,“’2 Py Al P ll 5 ‘f.’i - II W | (o) | Qal | (@nTAgr) (@ T )
Qea vy ?,“.G Qew (l,ff‘“‘ e)r oW, Qg) (‘P' :-bD,“ v)-(-lp‘:‘“lr) 5‘8‘) (i, T u, ) (A TAdy) le‘) (@70 (dyy*dy)
Qa | ¢'GLC™ | Q| (hoe)pBu | Qu | (#'iDie)br'v"h) | | QY | (@Tg)(dr*TAdy)
Qew A W,{uw"w Qua (6»0“”7"‘%)(5 G:u Qye (Wti Dy, p)(E"e,) (LR)(RL) and (LR)(LR) | B-violating
Q,W ele W,fuw"“' Quw (ﬁr"w“r)‘r’a W,f, %) (SP";Pu @)@ ar) Qledg (igcr)(,}.q{) Qg P ik [(d;)"'Cuf] [(q;u')TCJ::]
Qs ¢'e B, B* Qus | (30" u,)¢ B w | @D} )@ vq.) QW | (@uden@d) | Quu e [(q29)TCq*) [(u2)"Ce
Q.5 ¢'¢ BB Quc | (G0 Td,)p G, | Quu | (i 13:. @) (ipy*u,) QW | (@TAu)esn(@TAdy) | Qooh eMe ke mn [(429)7Cq™] [(g7™)TCL7)
Quwa | ¢'T'eWLB"™ | Qaw | (G0 d)T"o W, | Qu | (¢'iDuo)dpyds) | | Qb |  (Bedeml(@du) | Qi e (r1e) (7€) mn [(487)7Ca¥) [(a7™)7CH)
ol Wi, Bm (Gpo™d,)p By, i@ Dup)iyy'd,) || | Qion | (Bower)esn(@io™ u) | Quun e [(dg)"Cuf) [(u3)"Ce

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

K, :
X2 €W, WWPW#  gauge boson self-coupling

HO -
VP H?
V2PH?D :
X°H? .
H*D? :
V2 X H :
Pt

(oTp)3 Higgs potential, self-coupling
(0T0) (qiujP) Higgs-fermion (Yukawa)
<>

(©" Dy ) (@ ¢5) gauge-fermion (Z,W)
(eTp) Gf.,GHY gauge-Higgs
(" D*)* (¢! DH ) Higgs-Z
(@i 0" uj @) B dipole
_ _ SM gauge .

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

Jiang-Hao Yu (ITP-CAS)

Impact

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

mz (LEP)
(V. fVH

ffff scattering
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Dim-6 RGE

~ il
! g

1672

i
]

dG A
E = ,Z 6.2 - Ci(u) = C.'(/\)—; Ci(N) log (—)

JL

v ~ O(1,8% X\, y%, 8% g° N\, g%y%, A5, 2, vt g%, g%\, g°))

Alonso—-Jenkins—Manohar-Trott

g3X3 H® H* D? g2X2H2 yl.'2H3 gyt.'zXH W2H?D W
g x3 g2 0 0 1 0 0 0 0
6 2 2 4 2 2 4 2 4 2 4

H g’ Aghyt g @A e Ay 0 Ay?,y 0

H'D? | g° 0 g%\, ¥ g* y? g’y? g,y 0

g X*H | g* 0 1 gx A y? 0 y? 1 0
2 13 2 2 4 2 2 4 2.2 2 2 2
yv°H g° 0 g8, Ay g gAYy g8 Ag.gy g.,Ay Ay

gyv’XH | g* 0 0 g2 1 g2,y 1 1
2 142 6 2 2 4 2 2.2 2 2 2

v H"D g 0 g7,y g y gy g5, Ay 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]
...... e N SO L oo oo
(I,’,a,u)qufu,l. H;’.ﬁ,,,.f<lv,qufn""u,b. (es)dege;). t[l,,‘v“T'l‘Hq.‘.,,r’q,)
Standard model EFT (HY D! H)(1.7"15)., (H'i D! H)(G7""q,). (H'iD, H)(i,"d,)
(H'i D H) ('), (HYDLH) '), (L) (). (") ()
...... BN SN L o e
{lenir (1))25 (@r" Priryd;) (L PLys) .
Low energy EFT lescry ()75 (@1 (75)d;) (£aPrLys) .
AQCD ler(p)]?; (wic"" Prd;) (€aouw PLys) }
Chlral Lagranglan [(I(R)]nf [fs(P)]nf [67](11
MeV scale — ——

it | ),

4~ -
¥
]
¥4 h
' |
|
- - k ||I| |I |I
- — - . I| |
.

Dune/HyperK
il I

\Hl HH[I..I_I[IIH.‘ il
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Weak Theory at 1957

i
¥ o

[ —
1953 6He beta decay

Bad high energy behavior
Mo o GEs

.‘\ f"'
A

Vet n—>p+te

-
I

mw <= F ) 300 GeV,
[ Lee, 1961 ]

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

Hing= Wplval ) (Csbs™ vl +Cs'Yetvivad)
+ Walvavabs) Codbotyey e+ Y viriraln)
+‘§ (‘0?'740'\#‘# ») (Cﬂ”ot"f 1T .\p‘n{/v
+Cr'¥etysoneyals)+ ol v aviyada)
X(—Cavovavels—Ca'¥elvavd)
+ Wl roysln) (Cotvaeysls+Crlvals), (A1)
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Weak Theory at 1957

Type Form Components “Boson Spin”
¢ SCALAR Ve 1 0 +
* PSEUDOSCALAR V7'¢ 1 0 - ‘
* VECTOR yrté 4 1 (+,-.--)
¢ AXIALVECTOR WP 4 1 (+.4.+,—)
* TENSOR iy v Me e 2 |

Need to know complete UV

Bad high energy behavior

Vet n—>pte “{

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

Hing= (‘b pf'}'l\b u) ((J'S'p v Cs'Yety YW v)
+ (':"p f'}’ﬂ'#\(’n) (CV‘!’ 01'74'7 ,ﬂﬁ —C V"l’ef"ﬂ')'p')'bw V)
+’i’ (\0,7‘}*40':\,# J(Crbety WA
+Cr'Yetyvioneyals)+ ety evaiyabs)
X(—Capelraovavahs— Ca'Yelvsr )
+ ('/’p YeysWn) (CP¢ Yy CPlvas), (A1)

Jiang-Hao Yu (ITP-CAS)



Similar Story: Neutrino Masses

Nowadays, the first evidence of new physics is the neutrino masses

woilel o gocbabift e oo inmial e
\w,fm /0\'”'“

] . : ) l\ f' : , :

~ r }I I .l-} ¢ .l.) f i

2" VL L - Ju'i t' d |
ﬁ mm'ﬁ

Jiang-Hao Yu (ITP-CAS)



Neutrino Masses

The top-down approach is well-known, how about the bottom-up way?

(H; (H>

1 -
> My VI VL

Jiang-Hao Yu (ITP-CAS)



Type-3/2 Seesaw?

Whether additional seesaw (type-3/2 seesaw) is possible?

(M) H H> (H) H (H
i '-:‘ .
e
P vq 'r i P4 : Ig 2y 2 My
—_—— X =- 2 —— G X —— i’r . : »......%« - iy,
L % h’n | L Y YA Y VL Y, M, Ys L aly o

[ Demir, Karahan, Sargm, 2021 ]

1 —
> My VI VL

Jiang-Hao Yu (ITP-CAS) @




Bottom-Up Approach?

H) b b (H) c w (H) i \H)
: ] "r f = : :n zq g A[‘
——t— - = —_—— % —— L ,
L Y. My Y. W t Ya g ! L LSS LB g Ya, FW%A‘T u: )
Hl
o A3
Impose gauge conservation for each vertex =~ _ -
]-J ‘H L ‘H
s & 0. B, 872 H >—1 o
A S 1/2 X4 m 4 s ¢ m{
. . . M e .
[ —— St ], I . [ ———St——— |, . .

* Select UV topology with certain spin

Angular momentum conservation not imposed!
Cannot write 3/2-UV Lag for HHLL

Jiang-Hao Yu (ITP-CAS)
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Bottom-Up Approach?

Essentially the top-down approach T e >. _

C \ (M LI

Impose gauge cons+ation at vertex level

. Validation: matching

H H 0,1 .4
‘1/2, 3/2 1,
. ’ I >‘ < .

.
L H

L

Select UV ¢pology with fixed spin

Jiang-Hao Yu (ITP-CAS) @




Poincare Casimir: Spin-1/2&0

VS0 K O° = (HL)(ITL) BY = (12)

W?B = —sJ(J+1)B’

LH — LH channel LL — HH channel
2 3 19\ 2 .
" {-1.3}8‘1/ - —1-51';‘\12; ”{‘l 'Q}Bh — )

L L H

. % H 1 e
xs ¢/ J = --"' J =0

S : . 2

L - H

Jiang-Hao Yu (ITP-CAS)



Gauge Casimir: singlet&triplet

Ss "' ‘ 1 _} 1 A B{% — r-_.ii.‘(.'jl
L “‘ l ] BE = iigki
L ® L =
2
C°B" =r(r +1)B"
LH — LH channel LL — HH channel
v om0 DY L (0 0\,
(31..".8 :(_1 2'8 (Zl..".B =(_1 2'8‘
L . H
N R BR _ Jf ¢! R=1 - - g
hd ’ L B l('*rf" —2¢7e! R =3 .
L ‘H

Jiang-Hao Yu (ITP-CAS)



Complete Tree Seesaw Proved!

’ [ Li, Ni, Xiao, Yu, 2204.03660 ]
| 05 = (HL)(HL)

W?2B) = —sJ(J+ 1B’

LH — LH channel LL — HH channel
. 3 .9 ,
Wi 2 BY = - 751s(12) W 3 BY =0
L - H
R Rs V= ==, J =0
L < Y4 L sss
L H
Type-1 and lll: SU(2) single and triplet Type-1I: SU(2) triplet, or singlet (excluded by repeated field)
j-basis Model j-basis Model
02511211 = 0%+0" | typel O?I)I}LLL =07 N/A
Oy, = 0530 | type Il oWd =05 | typell

0% =(HL)(HL), O*=(HH)(LL)

Jiang-Hao Yu (ITP-CAS) @



LLHHDD UV Resonances

W2BY = —sW.5B i w? B! = —sJ(J+1)B7
— —SVV. initial/final® — ~ ° (J+1)

KWK =diag{./(J+1)]

15 , | Ve L19V L O[241/12 /94N _ 3
BY, o = ( Kyiry. ) W2 0B =so (5 %) BY T AsaB AT =3
20202 = | [34](13}¢24) {13} ““\o -2 (13)(24) J=3
/ UV resonances
Topology j-basis Quantum numbers {J,R,Y }
H I B{13}‘1 == 38’{4‘633—98:’;—232, %,3,0}
\ / 3{13}.2 = 38; - Bp, {%, 3, 0}
I ' gl Bpsys = —3B} + 2B} — 3B} + 2Bj, {3,1,0}
3{13}'4 - Bg + B.’; %, 1,0}
L H B{lZ},l =2Bf—48":v {1131—1}
>.-1: B(12) = —2Bf, {0,3,-1}
L "H By12) = 4B} — 2Bj, {1,1,-1}
B{lg} == 2Bg {0, 1,—1} N/A
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Genuine dim-7 Seesaw

[ Li, Ni, Xiao, Yu, 2204.03660 ]
Tree-level seesaw at dim-7: among 19 topologies, one genuine dim-7 seesaw

Topology J-baske Quamum numbars [ J, R, 1V} N ; Onapzanya = Of — 200 — 407, {§.3.0}.{0.4, -3} {0.3,1} | usonod b
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Complete Dim-6 UV Resonances

[ Li, Ni, Xiao, Yu, 2204.03660 ]
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EFT Motivated Simplified Model

RPV stop to 4 quarks
RPV squark to 4 quarks

RPV gluino uarks
RPV gluin garks

ADD (jj) HLZ, neo -,'

ADD (yy, #) HLZ, neo= d~

ADD Gex emissiop, n=2

RS QBH (jj), neo =1

RS QBH (ey), nen =1 Vei
split-UED, u =4 TeV sa

RS Gex(94d. gg), k/M: =0.1

quark compositeness (gg), nuwer=1
quark compositeness (If), nuges=1
quark compositeness (gg), nuwr= -1
quark compositeness ({f), nugs= -1
Excited Lepton Contact Interaction
Excited Lepton Contact Interaction

(axial-)vector mediator (xx). 90=0.25, gom =1, my= 1 GeV
(axial-)vector mediator (g9), 9q=0.25,gom=1, my =1 GeV
scalar mediator (+t/tf), gg= 1. goy = 1.m, =1 GeV

pseudoscalar mediator (+t/th), 9a=1.9om=1.m, =1 GeV
scalar mediator (fermion portal), Au =1, my =1 GeV

complex sc. med. (dark QCD), my, = 5 GeV, cTy, = 25 mm
BaryonicZ', 9q=0.25,gom= 1, my =1 GeV

Z'— 2HDM, gz =0.8, gom= 1, tanB =1,m, =100 GeV
Vectorresonance, g3=0.25 gom =1, m;=1GeV

Lleptoquark mediator, =1, B=0.1, Ax su =0.1, 800 <My <1500

Jiang-Hao Yu (ITP-CAS)

excited light quark (qy), fs=f=
excited b quark, fs=f=FfF=1A
excited light quark (gg), A=m_
excited electron, fe=f=Ff=1 A=m,
excitedmuon, fs=f=Ff =1 A=m;

WISM, [Vey|2 =1.8, |Vul?=1.8

"
E'E WISM, [V Vi P Ven? + [Viwl®) = 1.0

Type-lll seesaw heavy fermions, Flavor-democratic
Vector like taus, Doublet

scalar LQ (pair prod.), coupling to 1¥ gen. fermions, 8 =1

scalar LQ (pair prod.), coupling to 1¥ gen. fermions, 8 =05
g scalar LQ (pair prod.), coupling to 2™ gen. fermions, =1
& scalar LQ (pair prod.), coupling to 2™ gen. fermions, =1
scalar LQ (pair prod.), coupling to 2™ gen. fermions, 8=0.5
scalar LQ (pair prod.), coupling to 37 gen. fermions, 8 =1
scalar LQ (single prod.), coup.to 3¥ gen. fem_,f=1,A=1

, Namow resonance
Ow resonance
S

S5M Z’[qd)p
Z'(qq) 2
rstring
%B ey) = lﬂys 5
Sl
SSMW'( 0
i SSMW'(tv) e/
SSM W'(g3)
LRSM Wa(fNz), Ma = 0.5My;

LRSM Wa(tNz), My, =0.5My,
Axigluon, Coloron, cot8=1




Complete Dim-7 UV Resonances

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

Scalar
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[ Li, Ni, Xiao, Yu, 2204.03660 ]

de*H Luc|(S11). (F10))

S1413,3, - )

de HL*Q|(S12),(F10), (¥5)] Fo(1,3,1)
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F7(1,4,%)
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P s  More LHC searches!
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HEQ ! K 56),(52),(V9),(V3)] ol Lulj(VE),(512), (V)]
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- M L2QI(512).(56))



Complete Dim-8 UV Resonances

[ Li, Ni, Xiao, Yu, in preparation ]

mas I F72 i3 .
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(0.1.3,0) 8O + a0 160 W NS LTS kU = H>A

» (2.1,1,0] 240 — a0 — 240 y, “l
(L.1,1,0) 10§ - 80§ EFT amplitude IR ~ UV connection UV full amplitude
(0.1,1,0) 404

y yo P » =~ ¢ Ny J Ne
r)ii(‘.Au W3] = .4,;, s3] — A .,..,l_.'i_l‘ = i> ".‘,,’. s AN v (s)

R
) e : . ) ) * S.Y. Zhou
In the forward limit, a twice-subtracted dispersion relation
0 dq
ikl 1 - ¥ SR F
MU = — / 3 [NI‘J—U‘ "\’[kl—r.’{ + (< I/I e 1
2n (cA)?2 & | \
X .5l
"E 'C'l' a8 "33
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Particle | Spin - Chavge drrep Interaction ER < & __;; o 05
B , 5 |
B, 1 1 B H e D, Hi+ he. v 8(1,0,-1) 2(-1.2) N ool o3
=i 0 31 gMETH e HY + e, X 800100 2(1,2) ol
§ 0 lal 5] oMS (HT) v 200010 =0 ) N Is
B 1 1p(A) gB(H D, ) v oL L -e] — — : .1? .
P , Py | ihh 0a U RS o
= 0 3a(S) gME, (17 1) X o220, 1) 14 R
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[ Cen Zhang, 2021 ]
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Dim-9: Ovbb

[ Li, Ni, Xiao, Yu, in preparation ]

-
2 ¢,4 d,2 ¢,4 at \'/ 7
|
[1 [1 I1
wu, H I11 €.3 u,H I e, 3 e, 3 ,L\ 111 .1
I S 7' | \(
1.1 u, 6 1.1 u, 6
( ( d, 1 u, 6

[ Bonnet, Hirsch, Ota, Winter, 2012]

W?B = —sJ(J+1)B7
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Dim-9: n-nbar oscillation

[ Li, Ni, Xiao, Yu, in preparation ] e | @mwibl
2{ . B -,[:L.[_‘_r“}-:f:
E : ‘ df*uf |2y ;.___L',.; 2 e
| z_ , \ ’ e L ?] b 1T b
Py - (1 . T /.v...} [(3,4] : :‘_‘ o ‘}/:':._‘ﬁ;\\" (s-:- , i (" TR LT I.'_Lq!__]_n__‘ltm
* / E-.H }wf?‘.l ) ‘1 [T
/ ' b 2{ T, }
’ ’ QA | {f T T e L H e
e e EE
(ri, Ji) (1,1, 1) (0,1,1) (1,0,1) (1,1,0) (0,0,0)
(6.6,6) 0 30, + 803 0 0 O x(O-
- [ Babu, Mohapatra, Nasri, 2006]
(6.3,3) 0 s 0 0 s
(3,6,3\) 30, - 809 0 O RO 301 4+ 803 ()
(33,6) 301 "'802 0 301 +802 \‘. all ‘A 0
(33,3) 30, + 80, 0 30, 480, 30, 4+ 80, 0

e bdf
OF = €"“€" (dpadpy) (dredra) (tReURS),

o] acd _be
05 = €*"/ (dpadpp) (dpctre ) (dRaR).
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Electroweak Standard Model

Which UV should be picked out? Lesson from history of SM

1]
s

-

s .‘:_ : . “
Lee-Yang Welnblerg—Salam
» 1960 267

CERN Bubble Chamber Nobel prize
Englert-Brout-Higgs 1973 1979
Guralnik-Hagen
» _Kibble V. e —V, e
. 1964 2 a

ashow

1961 1972 Ve W

Neutral current EFT operator
ron Weak
oo isospin’ No resonance observed yet
(gauge SU2)
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Remark: A Bigger Picture

Effective operator has more symmetries than what we expected

[De 1’11] - _'él’jlf
Conformal symmetry D.K,] = iK,,

Spinor representation %« Al = 2w D+ M)
(M, Kp| = i(nupe Ky — 10, Ky,

Pt =y AR ~iD =+ 53" (N + Wdia)
K., = 420,05”5 —iMaz = Z Ain@ig + AigOia,
Waa = % (Pm,-}\_f‘i — !\I.."P.m.) iM ;= Z:\mé,g l :\,»35:'6-

i

Special conformal K Pauli-Lubanski W Dilatation D

Amplitude-basis UV resonances Anomalous dim

(Global) symmetry determines interaction (operator)!
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Why Young Tensor Basis?

Young Tensor basis exhibits the space-time symmetry of underlying S-matrix

M-basis Basis reduce/conversion

1\
monomial

Eliminate Feynman rule
UV resonance // \
¥ 112 8l "Hl\\ S-\\' .
J-basis P-basis | <=—— | F-basis
duality
RGE

example of “(global) symmetry determines interaction”
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Short Summary

1. paradigm shift in new physics
Bottom-up EFT provides a clear pathway to new physics step by step

2. symmetry determines interaction
From Warsaw dim-6 to any-dim Young tensor basis and UVs systematically

Young Tensor Basis Complete UVs

Any operator Complete UV resonances
to any mass dimension —————— @ LHC
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Chiral Lagrangian

For QCD and Electroweak




EFT Ladder

Energy
L=LG ity T g:g(‘l) + LqeD + LIi\\; *FL";;':.\.,-
UV models ra
many models .....
...... e SCAle e
5) ~(5)
Csuerr = Lsm /L\"’FC"(":) + /L\’;, Q" 4
SMEFT ‘
EW scale
HEFT
mw
3 - {51 -
Crirr = Lqrpiquot——O + —=—0!% 4
Aqon Low energy EFT (QCD+QED) ST T My g
Chiral Lagrangian + Heavy B EFT | £, = £.(s,p, 0., 70) + Lan (5,0, 1, 7) +
MeV scale

Nuclear EFT (nuclear matrix elements)
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The Sigma Model

2

Lo=750,070'd — 2 (®TD — v?) T = (¢1,- -, On)
Global Symmetry:  0(4) ~ SU(2) ® SU(2)
SSB: 0(4) — 0(3) [4;3 322 = 3 broken generators|

Lo =1{0,60"6 + 9,7 0"7 — M?82} — M5 (52 + 72) — I (5% + 72)°

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

1 A\ 2
— = T Am _ f 92
L, 2 (8“2 0 }Z) 16 ((Z 2)—2v )

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

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

8v2

E & M-~ v: L, ~ ; (U oty
Jiang-Hao Yu (ITP-CAS) |




Symmetry Breaking

Symmetry G {7} - Conserved charges O,

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=30,070"0 — 3 (@Td —?) (0|o|0) = v

my = Av? M2 =2 v? m,=0

m

"'2 .. : L,
Lo &~ T '._'T'.’,, u'e¥ U\

i M o~ov o
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Symmetry Breaking

Chiral Lagrangian description

G H B(z) = exp (%wd(x)T&) (®)

Pseudo Nambu-Goldstone

Jiang-Hao Yu (ITP-CAS)



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

Chiral Symmetry

0 1 l/ : — 0 I — . ( T= =v,"
£QCD B ZG‘;'G] ; q,_l‘,’Dﬂq[ { QR’A#'ID/th q —(u,d,s) q{- L9

JLv
Yp = H Ik
° ﬁ(zpco invariant under G = SU(3)_ © SU(3)g:

a, »>g, 9, G, > 8:0r (g..8%) €G

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

Mo— < M0+ " Ml" < Mlj'
e The 0 octet is nearly massless: m, ~ 0
The vacuum is not invariant (SSB): Ol(g,a,+G,9,)/0) #0

SCSB

Uu — g. U gf

)

-
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Goldstone Theorem

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

AJ

29 = | d3ij°(x) (3=1--..

Jar = g, "

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

Q;'10) =0

“Chiral symmetry"” of massless QCD H)]=0

Vafa and Witten 1984:

Axial charges ? QM0) =7 o Qf=0Qr-Q

| =

0] [93.0% |0} =

o

QA0) =0 QMO #0

Nambu-Geldstone realization of G
ground sLate is asymmelric

<O|Q'R qL |0:’ =0
“order parameter”
spontangously broken symmetry
spectrum contains Goldstone bosons
degenerate multiplets of SU(3),, C

Wigner-Wey! realization of G
ground state is symmetric

'(OIQF:QL |0:' =0
ordinary symmectry

spectrum contains parity partners
degenerate multiplets of G

Ol Fu0y ={0/dd 0) = {0 T¢|0y £ 0

Jiang-Hao Yu (ITP-CAS)

L, H)

/'.) q { A

A _
[ 2 JHO] =0
OF = gy, \Pq
0} ql0) = = (0]aa0)

Goldstone Theorem

H,Q' |0y =Q}H, |0} =0
Espec:trum must contain 8 states

QT ..., Q3 0)  with E =0,
spln 0, negative parily, octet of SU(?})\'
C(}I(lst()rle bosons :




CCWZ

Define Goldstone boson matrix, which transform nonlinearly under G

U(IT) = ™) — g U(I) A1 (T1(2), 9))

[.‘X—“. JX";] . ’:f‘flh ‘xrn" L iJf‘u’!ll‘ﬁT'ﬁ

Symmetric coset

CCWZ construction S = U(I)? = exp(2ill(x))
[Callan, Coleman, Wess, Zumino, 1969]

—U'D, U =dT*+ EST* =d, + E, . Y g% R(g)

Transform linearly under G

Building block Building block

du(1), By, (1)

fu =UVF, U= ftT% + f~T°

Jiang-Hao Yu (ITP-CAS)



Chiral Lagrangian

e SU(3)L ®SU(3)r invariant

B £2 , Derivative
| . - # M = I U .
U == o Ug ' 8 r € SUQ3)Lr “2 = 7 9, U 3"V, Coupling
o fﬁ ) I <) r) —(:)/.' -+ l,_ 0 ¥ D
Ly = z( U()U = 9.7 T Ed M
1 " f H —\ / ‘f—ft - o M
o (50 5e) (2 50) 2 (5 w) (55 )

+ 0 ‘:76/(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 — —_ .
Locp = Loep +q(y + a1s5)qa — q(s—ivsp)q
- E%CD T aLqu + ﬁR/qR - (-]R(S—l—ip)qL — (‘]L(s_,‘p)qR
l,=v,—a,=eQA, + -

— 1
= =z diag(2. -1, -1

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

Local SU(3). ® SU(3)r Symmetry:

I, = g lug +ig 0.8

q, — &9, o ‘_

= 8r¥ug) + i 8p0ug)

— o N

e 7 Br e (s+ip) = g.(s+ip)g
o DU = d,U—ir, U+iUl,

L = —(D,UD"U" +y U + U~
7 D & X X = 2B (s + ip)
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Pseudo-Goldstone Boson

e DU = d,U—ir,U+iUl,
L= —(D,UD"U" +yxU"+Ux'
4< / X X') X =2Bo(s+ip)
Currents:
Jh = iﬁz = i.fz D*UTU = L DFe + ...
STH 2 V2
19, / f
Vo= — L, = —f2D"UUl = —— DI + ...
S PRl vy /2 u

(0] (J3)1o I7H(p)) = iV2F p —_

= By (s(U' + U))

2

Ui(o) = {exp (i\/§¢/f)}

f = fr ~92.2 MeV

(7" = pu"vy)

o oL £ — .
2 H . | | By . ..
Z '\ U' + U X ' / > Lm 80 ‘:l_.'\/i (D:')',f' -+ 612 (A (D4‘) + -
f2

l M -
= —By {(mu + my) [7‘+ﬂ_ + a;g"n'] + (my 4+ mg) KTK

ij \ p l N > 1 Y
+ (mg — ms) KCK® + 6 (my + mg +4m;)n° + 7 (m, — mg) ™n
V
- " - Dashen .
Gell-Mann-Okubo: 4 Mg = Mg + 3 M2 Theosan | (Vi = Mo ) = 145, - ML),

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

U O(PO) F[Lll/ — 0;['1/ . 01/"1. _ I [|y’|u]
DU, r, O(pl)

L " HV — iV . GVpH — | oV

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)? + L, (D, U'D,U) (D*U'D" U)

+ L3 (D, U'D*UD,U'D"U) + L4 (D, U'D*U) (Ut + x T U)

+ Ls (D, UTD"U (UTx + x'U)) + Ls (UTx + xTU)?

+ L (U = xTUY + Ls (XTUXTU + UTxUTyY)

i Lo (FR"D,UD,U" + F/""D,U'D,U) + Lio (UFL" UFL,)
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Custodial Symmetry

Consider the Higgs sector (gauge-less limit)

’ b ! - ) /O &+
‘1’—((1).:) Z=(¢,¢)—(_¢ (Dc.)
R ¥ A 2 Ve :
Lo = (Du®)'D®—A {9 — =
= %'I‘r [(D*E)'D, Y] —% (1 ETE] = v3)°
SU(2). ® SU(2)r — SU(2)11r Symmetry: Y =g gl
EW chiral Lagrangian
- A -+ 1 U . c by — L [y (3
O = (v = H) U(¢) ( ) ) Y = (¢, 0) = v (v+ H) U(F)
H 2
Lhiggs = @ +4 S 1y [(D*U)'D,U] - 2(1{2 — v%)?
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EW Chiral Lagrangian

Same Goldstone Lagrangian as QCD pions:

¢ Goldstone Bosons

’
L

{0/ @,q, 0} (QCD), ® (SM) = U;(¢) = {exp(iF-G/v)},
¢ Expansion in powers of momenta  <s»  derivatives
Parity === ecven dimension UUD 1 i 2> 2
e SU(2). ®SU(2)r invariant

U i o Ug) ; g . € SU(2) r

2

v V(g it ang
Lo 7 I (d;,,U d U) Coupling

Derivative

Jiang-Hao Yu (ITP-CAS)



Higgs EFT

2
A LBosonic _ %o,,hoﬂh - %mf, — V(h/v) + VT}",,(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 X Fx (h v) op

Fx(h/v) = Y (é)

n=0

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

h\"
V(h/ 4 (v) ( 2
() = 32 0 (1)

nNe=2
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HEFT Lagrangian

2

5(2) - : <MA/M.V Wl1-1/> - : <ém/ él“’) + VT <D/l UT Dlt U>

EW T T og2 2g'2

1 0 |
U(¢)=exp{¢} , ¢ = ——5¢=| v
v V2 @ %¢0

N
DMU = " U—iWHrU+iUB* pHUt = orut iUt W —i B UT , (A) = Tr(A)

Wiv = gnWr — v Wi — i[We, W) Brv — onBY — o Br — i[BH, B)

SU(2)L ® SU(2)r — SU(2)Lr Symmetry:  U(p) — g U() gx

Wt — g, W"gL" + i g (')“gL' : B* — gg B"g,'é + i gr (')“g,l;,
H . A/l . - A L A1 . g’ I
SM Symmetry Breaking: Wt = -%5.Wt |, Bf = -503B
~ fAae | 4 1 2 N
’2 ‘ ) L' — : L_ .vfw VV‘. VV' } 3 /\/12 2"2'
£y = (DUt Dry) - ‘
4 v ! /
My = Mz costhy = Lgv

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

AL™ = —v {OL U(yp) [Y P, +YqP ]QR + LoU(p)Ye Py Lg + hec. }
- u o Vg
o= (¢) - =(%)
Up) - aUp)gy » QU —o8Q , Qr— grQr . P+ — grPsgh
e Symmetry Breaking: Py = 3(Io+o03)

e Flavour Structure: Y,4¢ 3 x 3 matrices in flavour space

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

EW chiral Lagrangian I EWChL with light Higgs I Higgs EFT
LO and NLO boson 212 NLO fermion sector  “°>*  Full NLO and
NNLO

LO Lagrangian

NLO Bosonic Lagrangian NLO Fermionic Lagrangian Complete NLO Lagrangian

237 (8595) operators for one (three)

[ Appelquist, Bernard, 1980 ] [ Buchalla, Cata, 2013 ] [ Sun, Xiao, Yu, 2206.07722 ]

[ Longhitano, 1980, 1981 ] [ Buchalla, Cata, Krause, 2014 ]

[ Feruglio, 1993 ] [ Brivio, Gonzalez-Fraile/Garcia, Merlo, 2016 ]

[ Herrero, Morales, 1993 ] [ Pich, Rosell, Santos, Sanz-Cillero, 2015, 2018 ]

Complete NNLO Lagrangian

11506(1927574) NNLO operators with flavor number 1(3).

[ Sun, Xiao, Yu, in preparation ]
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SMEFT vs HEFT

SU(3)c x SU(2)L x U(1)y SUB)c x U(1)em
LeSU2), RelUl)
H— LH U— LUR" h—h
. ] ( iG, + Gz«/ ,://_IZSGeUHiggsboson."
==\ L ~~—— Goldstonebosons ——— [ o0 0

X
/" In general, the two formulations lead to two distinct effective theories

ng/gs VEV / \ Expansion
v 246 GeV parameter
iSMEFT’ ( IHEFT] v & 246 GeV

-

6 . -3} m m ' e o
+@(4’\ ) f“u“D_( "_"J' LY Py h ’4—2’1‘_;,]h+...

2y Ry2 v v

4 SMEFT — 4 SM —

Al
m A A

- D = =={1+ 8 )k’ —41 + 840 - Zps e
SMEFT v 3 ™ , 2

: S 2

i 2¢ 6"4 | 2(.',,\;4 Jegve CpVE
“))" = A’ {)’l" = '). 3 5T ‘ A 6= . 4
miA* mi A\ 4A- XA

SMEFT: Predicts correlations between self-couplings

aslongasA>>v
JIdIIg-I_IdU 1U \I | r-\../-\o}

HEFT: no correlations between self-couplingﬁ
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Short Summary: 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
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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!



