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Basic: EFT Why/What



Scales in Physics

Nature at various scales

10 ‘cm

Macroscopic

Nicroscopic

Sand castle Sand Stones Crystal

Decouple among different scales
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Statistical and Thermal Physics
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At large scales,
the useful degrees of freedom
are its macroscopic properties
like density, pressure,
temperature, or entropy

At small scales,
the degrees of freedom of gas
are positions and velocities
of its component atoms
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Scales in microscopic world
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X-ray photons see Lower-energy photons
the atomic structure see atoms as neutral objects
and scatter on which are basically transparent

the orbiting electrons

This is how the universe becomes transparent after recombination
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Probing Higher Scales

Universe

Experiments
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Probing Higher Scales
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The Standard Model
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Motivate for New Physics

Origin of Matter

Origin of Mass

Why Higgs
mass hierarchy
so large! Baryon
Asymmetry
t
m2H1ggs = o ol y;Q """
Why v Dark
mes e matter
tiny?
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Search For New Physics

at various scales

TeV scale
X AL

Nuclear scale
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Many Theories, Many Particles

Origin of Higgs mass

gnergy Fl'o,)

PN %, SUSY, XtraD, CHiggs

PEL 2[R /BEH

Origin of neutrino mass
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Results at Energy Frontier

ATLAS SUSY Searches” - 35% CL Lower Limits
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at Luminosity Frontier
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WIMP-nucleon cross section |

Results at Cosmic Frontier
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No Sign of New Physics!
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BEST

M

Effective Field Theory
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Search for New Physics

Model building: assume a target (new particle), then shoot (search) for it!
Top-down approach

uv

[ultraviolet]

Renormalisation
flow

IR

[infrared]

SMEFT: systematical parametrization of new physics effects order by order

Bottom-up approach No new particle!

Jiang-Hao Yu @



Standard Model EFT

Assumptions: No new light particles, new physics decouples

| 1 1 1
ZsmerT = Zsm + Xﬁ? D=5 1 A2 ZLp-g¢*t ng p=7 T Fg’ D=8

Known SM
Lagrangian Higher-dimensional

SU(3)c x SU(2). x U(1)yvinvariant
interactions added to the SM

Task: Lorentz and gauge invariant, complete and independent Lagrangian

order by order with power counting canonical dimensions D
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Standard Model EFT

Provide universal language to systematize our thinking and design future experiments

Rate .. /7, \Known particle

Inaccessible (high-
energy) region

Energy

Determine Wilson coefficients of higher dim operators from deviations

Rate, (’ ‘\'Known particle
Effiective Field

Thaory ':—zcl?(;rl

Unknown heavy particle

AEnergy

Still very useful even after new physics discovery
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Lesson From Weak Decay

n—p+e —+V v —v,te +

VWV Boson

\<":\e

How to describe the weak decays at low energy?
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Weak Decay
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The Lagrangian coefficient here is called
the Wilson coefficient in this context
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Top Down Approach

Wilsonian Matching:

Z|Jg, J,| = / .[D<I>] [Dy] ot J ‘a( L[]+ Jad+J,0)

SFuv

-

=0.

Ecuztion of motion (EQOM):

Set ® = ®_[¢p] (EOM solution)

Z[J(p] = /. [DQO] eifddx(-z-.n[ip,q’c]-{-.]vtp)

The generating functional in the UV theory of light fields ¢ and heavy fields H
(
Zol gyl = lu)(,uuu lexp [ild‘x (LG H) I+ J,,H)

The generating functional in the EFT of light fields ¢

3
Lea | Luv . Tl
} )/J Zeeeldy) = Jll)-ﬁlt-xp :Jd Y (,/'::,-,.:ﬁ] +I¢p)
A Matching consists in imposing the condition
cutoff
Infrared, Ultravioler, ZEm*ij,l = ZUV[~’4,9OI
Long'distancef Short-distance, Al leading order (lree-level), the field configurations contribuling to the path integral
Soft Hard are the ones that extremize the action:
‘ aS
ZU\vlJ¢.D] = J[D([;chp Ii l(".& (Ylj\'((/’, H‘K¢Il) = J¢¢' )] 0= SH |”=”‘J¢l

that is, Hal@) solves the classical equztions of motion in the UV Lagrangian

Jiang—HaO YU  Hence Lerilg) = Zyy(P, Hy(d))



Integrate-out and Matching

Apply to the muon decay process:

starting point: F D — W] — m3)W; +—=[0,7,e, + 0,74, | W +h.c.
2
. 2 r— 8L |- -
6.0.m. —( - Wlﬁ,)""p + % [UeypeL + DprﬂL] =0
. - _ 8L 231 -
solution: W = = — (] — mw) [b'e)/peL + bﬂ'}’p;lL]

(Non-local) E%fective Lagrangian:

L 8P _ ) -1 _
Lon == oo+ ayp| (O = my) ™ [BareL + By

: . - R B = R =
Leading (local) Effec;twe Lagrangian: O-me  m mk
L= — =L 1.0, (5.6, + 5 6(—
eff — 9 eLpr e + HrY ,:)D ,u] [1/ eypeL + u,uyp/'tL‘ + ( 4 )

&
Vs

Ie",,y‘,u,. + [, y'.,v,,] O [.'7..}',,8,, =Yt ...

2
g9 1
Tree-level matching:  Mpew = Mpepmi — Grp= — = = =
42mz=, 2



Dimension Analysis

Fermi interaction is a higher dimensional operator

4D QFT functional integral: Z = /Dcpeis[d’], S = /d4a: Lo(x)]

Natural units, h=c=1: _Leng:t))h] = Mass! o kinetic terms
Ll=4: lgl=1 [¥]=3, [Du=1, [ =1, [g]=0

Renormalisable interactions have couplings [c] >0

Eint. — CO’ [O] <4

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

O] <4, [c] >0 O] =4, [c] =0 O] >4, [c] <0

‘Relevant’ ‘Marginal’ ‘Irrelevant’

I, %, &>, Yo o, pUY, Vuoyth i, byt ¢2 b,

Jiang-Hao Yu
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Renormalizability

Fermi interaction: Y4 = dimension-6 ¢ = ‘Wilson coefficient
- - cC - - . , :
O — ahahaiai _ Ar = ‘cutoff” (nothing to
Groyppy A“l{“ v, [d do with loop integration)

Inserting an operator once into a 2—2 amplitude:

()d d—4
ﬁeﬂr. - Z f{cl(??d X [.A] =0—- A~ C; (%)

1

Expect a power-like dependence on the external momenta
» At most equal to the power of A in the denominator
« Holds beyond tree-level: only physical (IR) scales result from loop integration

+ Easily seen using dimensional regularisation, which discards power-like
dependence on unphysical scales (unlike, e.g., cut-off regulator)

ohysical

[ 2 2 1
Inr ~ [ | p%, m2. log=, log =, ptlCE renormalisation
' poles
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Non-Renormalizable?

Consequence:

« Higher order corrections involving further d>4 operators lead to higher
power momentum dependence

n;+1
X — 4~

* Renormalisation requires counter-terms from higher dimensional operator
(di+dj) to cancel divergent piece

U -+ XT({ +d; — finite

A. EFTs require an infinite number of CTs to cancel poles to all orders: formally
hon-renormalisable

5. Poles can be cancelled (renormalisable) order-by-order in A

Jiang-Hao Yu @



Fermi EFT

Suppose we do not know the underlying theory (SM), how to describe weak decay?

Fermi 1939

P Citations per year
- My =G [%W/wa] [EV‘L@%] 100
Gr _5 —2
V2 ~ GF ~ 10 (GGV) 80
860
Lee-Yang 1956 40
If parity is not conserved in 8 decay, the most general “
form of Hamiltonian can be written as S
1956 1972 1988 2004 2020

Hiny= (‘l’pf')“i\b n) (CS\& oy t+C S"/’81'7475¢v)
+ (lppt')'ﬂn‘l’n) (C vWelvay CV'Sbcf'Y’a')’u"/ b‘h)

Comprehensive analysis of beta decays

+%(¢pf740'.\p¢n) (CT(¢8"740'A#¢V within and beyond the Standard Model
+ CT"/'J'YWM'/ s¥r) 1 (‘/’p*‘}’ﬁu‘)’é“ﬁ n)
X ( - C A‘p 617 aYuY b‘py _— CA ’¢01‘Y 47“¢,) Actum Fulkeneaki,? Mrtin Goni be-Akaron,’ wred Qsecar Nviliat- Cracic

T Walvaysdn) Cobelyayss+-Colbeiyan), (AD) v lmliiimily e e s

Llee Ying e Oyt - A e |C A me — O
- Im (Coip =€ '.:.f-..‘v-‘:n - .—l'i.v'“ 0 ((', GO — L 'y--"z?' »Yea)
wav [Cpempe — Chaw) + b (-1 @
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Bottom-up Approach

Write down the most general Lagrangian with leptons and quarks (a,g) only

Low energy EFT: SU3 x U1 singlet

(L)1) (L)1) (Lr)(LIT) + h.c.

OL | (v vee) (Fravares) ol [Py Ve ) E ot e ) QSRR (EnveneNEvsent)
(".‘.' L ELp T ere) (CLaTurin) oL e Fup rLe)lF R i) 05 " L FLpere Mg giae)
oy.Le (FLp v vee ) (FrevurLe) oy (P 7" vie Wi s i) Ol C S | O ey
o (ipy" vee)ursvutie:) o (epy e )ldnevpde:) O (erpene ) (diedri)
0,‘.4“’ (vepv'vie)(deavuder) oL (erpy" e M tip) SL (erpm ene N dLad,nd ge)
oY.LL (Fip T eredfiLaYutine) o (Zipv'eroNdasvedne) v il (Pepere (duviige:)
O,‘:,' . (Erpte tedra™yudes) Oh."‘"' (Grpv tire HEnAptrn:) \;r' _:‘:i (& e “Yen diaounttne
("‘,t ',: (eperedremptie:) 1 e C“I o (drpv des)(Ereyptne) (¥ o (trpttrs )t ctine)
OV | (e ue. ) (B syamse) OV P (o en Vdreruure) +he. OFV* (4T up W60, T " une)
C’::,” (drp"de. ) devade) oyt (B ur, ) e attad) O:"",'RR (Crpur Ndndre)
0(‘,' LE (Grp o, (doyade:) QVELR (e T, ) Epvied v C.’i:"m (Hnp T Y un W T )

VO LE Ny T une oy T ) OV )R (e ur-) (dnadne) QR (e pd e W e d )

(RR)RR) OVyetl Qg T ) idpan T ) QTR0 1, T, Wi T )
O™ (Erpy ene)(BRaT, 0 ) S (dopy e Wimo i) O pdre e )
().‘-."" (Eray Cny ’(Uu.-‘,,. u ') C’:;“-"--"' (dppr " 'I"‘L')( hre A P ) C'-‘:.:'-":" Iy, l~"ﬂ""')("b' "I‘*"-""')
AV LN J - . -
OV | emprterdnin dn) M o7 der)(rsmuin) (ZR)(RL) + h.c.
V¥, LK < A e 7 g )
OV BeaY us ) (B pa et Cia (ep¥ T diedld ot T 1) OL""erpen ) Bparuri)
VI1,LN i ‘T y .

oL (A" dis ) ms~.de) Ovin (2p7"dir)dmeppttie] +hoc. OF " iaier ) dradie) (.) d .

‘.T nn o ) , : ' OV = G p ™ T idmeyy T ttme) + hot. ..,:‘.,, - ,V - @ (1) muon ecay. gep
Q. (Gruy" ui ) draadne) Qs |1Piper-idrsuLe) — Y

’ _ u — l/,,e Ve

0-‘ .;l i '.‘-'lh- ' TA“A-‘ )i 5-"'A'r.. T J""'.'-'r )

@ (ii) neutron decay : gyqg
n— pe_Do (d — Ue_Dg)
@ (i) kaondecay: Qgus
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Effective Field Theory

Top-down Approach: matching/running among scales

I Make |iﬂ;‘.

A =y A —_ i)
. i ; b 1 el 2
e +Sir[ Light | _ D [H eavy] e +Syv| Light, Heavy | |
2. Zunning
deipl = 1
dlogar ;167?’0‘
l XD, 1%) —CH1 %)
L : Precision
= e observables
3, Mapping
| — —

Bottom-up Approach: field d.o.f and symmetry at certain scale

W = Ji|DsllDA|Dy||D8] exp{i [ d'z/=g| 3 R +Lox+ % Lo+ Lo+ |

[ Weinberg 1979, 2009 ] a [olk theorem: “ifl

one writes down the most general possible Lagrangian, including !l terms
consistent with assumed symmelry principles, and then calenlates matrix
elements with this Lagrangian to anv given order of perturbation theory,
the result will simply be the most general possible S-matrix consistent with
perturbative nnitarity, analyticity, cluster decomposition, and the assnmed
symmetry propertices.”

Weinberg’s Folk theorem

Jiang-Hao Yu



Core of EFTs

Scales Decoupling Theorem
7
|. Matching
uv
A model ; "'(|A)
2. Running
de,(p) « 1
dlogu zj: Tl
l O0.1%) - O1%)
= ; Precision
"y ¢ (my ) observables
3. Mapping

Field d.o.f Power counting

Symmetries

Jiang-Hao Yu @



Decoupling Theorem

DeCOU pl 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 EF T obtained by removing the heavy particles

Ng") = _a_\? {A‘”(“')+6/01dxx(1—x) Iog(mf-—q:);(l—x))}

ap {1— AN (p®) — Ne(q®/p®)} = ar(p?®) {1—Nr(q?/p?)}

Ng’) = AN(p?) + Ne(q®/p?)

RGE depends on scheme

Jiang-Hao Yu
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Decouple or Not?

MSbar scheme

> ~ C¥ —
AI—L(-'”L) o Q; 3_3_ A"‘(:“) nR(qu"ﬂ?_) — _Q: '{_}' 6/ ax X(l - X) l()g [,"r q X(] X)

i
2 5 .
B, = 3 Qf Heavy fermions do not decouple
Mass-dependent scheme
2 2
p p. 2, F—q X(l - X)
AN (u) = N(—p*) Na(q*/u’) = —@f _6/ chex(l = x] log [mg + p2x(1 —x)]

3 — 4O /"1 J 1?2 x?(1 — x)?
21 = X .
: o m? + p2x(1 — x)

3 51/02 QF)

L L < <

= o~ -~ < (=] -

. P y ) 2 . m/
e mi L pf, QG = 2@ M@’ /i) =-QF o 3 - log (—q°/1i°)
e m?2 > ;2. g ,_;NiQ')[! Ne(a? /1) ~ Q2 o q + i

f o, g M1 15 ¥f m;“f : T/ J 18 m%

Heavy fermions decouple
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Integrate-out and Matching

Solution in MSbar scheme (do EFT in MSbar scheme)

[T
. . 2 - . o
EFT with heavy fermion B = - Q2 — st

EFT without heavy fermion By = [lisht

* Two different EFTs (with and without the heavy fermion f)
* Same S-matrix elements for light-particle scattering at . ~ ny

* Different 3 function =» Different coupling

Couplings are auxiliary parameters (not observables)

* Same IR behaviour. Different UV behaviour

Jiang-Hao Yu



Effective Field Theories

Energy

_____ Flectroweak physics |vewscale  SMERLERERT

.. Quark gluon physics f Aqep  LEFT, WET, HQET, NRQCD ...

........... Nucleon physics | Mevseale  ChiPTLHBET

e Nuclear physics | eVscale ChiEFT.. ...
Atomic physics NRQED ...

Jiang-Hao Yu



Why Many EFTs?

Low energy probes of high energy physics

TeV scale and above

Involve in different d.o.f at many scales

match (different d.o.f.)

running (avoid large log)
nuclear scale

Jiang-Hao Yu @



Fermi EFT, Again

Beta decay at nucleon level

2 vud

\7 2

“%(:ITD_

@y v )iy,d) +h.c. d—uev, = n-—=per,

pATS

i’

—{pe b | @ igy,dy) | n >

Mn — pe v,) =—
\7

—

= = e B @) 10> (Pl gy |0 >

2‘;’ o P, = I - :"5
S (@p P p ) p | Gy dy) | o> L=

v, | o, .
= - Vg'(u(m;f,,f’;_v(p_.,)){(p | (@ty,d)|n > — {p|(iy,rsd) | n > }

Vm f - X - \ - - -
Mn — pe™i,) = —V—z'( i#(p)y,Prv(p,)) { w(p,)y,up,) = 8T (p,)y,7su(p,) + @(q)}

ud

2
Luv D — " ey v )iy, d)+h.c.

* Matching

. Vad ,_ _ _ { q
Lo D — 2‘1 (e,,}',,v,,){ (Py,n) — gA(prprsn)} +h.c.+0 (—)

v m n

Lattice Experiment
. By = 1.271 £0.013 g4 = 1.27536 £ 0.00041
Jiang-Hao Yu ‘ ‘



EFT Description

EFT provides systematical description on new physics effects

SMEFT, HEFT
PEL 2[R /BEH

ChiPT, HQET
ChiEFT... g

Frontier The C°

Useful even after new physics is found

Jiang-Hao Yu



Exercise: Matching at tree/loop

Still Fermi theory, but the UV from massive scalar

1 .9 =
Lran = i) + = (D, ,®)% — 51”1“(1’“ — | AQYY
Heavy mass scale Yukawa interaction
(I)l X £|| T :zw fgz(z,,w)(u va)
Matching condition
_ /\2
cg =
Lorentz structure does not match cs: new operator @ 1-loop
. T , 5 oy | er
LepT = 'z,'l,».:g)'z;; — g + INF2 (a0l ) (1)) + e (o) (o )
ce = A+ O(a?)
Ce 1 cr = _0(;62 ,\2 + 0(0'2) Leading order one-loop
w
2Q0% ( =3/2 =12 \ ce d
A."' - N h,J ('J
l

s
LR

—1/4 1/2 dlinp"’

Jiang-Hao Yu
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Proficient: SMEFT




SMEFT from Bottom-up

LHC probing scale

, e Most general Lagrangian with Lorentz and SM gauge symmetry
Bown quark 'Z;-; .%
*quwh LerT = La<q /\— | '\2_ Fooe

power counting: canonical dim.

SMEFT provides systematical parametrization of

... all possible Lorentz inv. new physics!

Jiang-Hao Yu



Fields, Symmetry, Expansion

SU(3)

Standard

Model

SU(2) uQ1)

§ = J o' Lix) —_ [£] = E®
(Ackcn) (Lagragan)

(ader) (vecicr)

LrG = Ro'Po—mPoly e [3] = [VE] = [A) = L

(ferman)
LDime = ¥ I:hll(;", - m) U —_— l!‘.-’] = E3/2

power counting: canonical dim.
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SO(N) Group

r r r r - r > > T
[‘X;w, "Xnﬁi] - ‘x;w"xn,"i - "\n,"i-’\;m JX;“, - _un;b V= 17 2v -+, N

=3 (olm J\'u.i’ -+ 51/.’1"‘/111 - 6;:;&"Xurv - Oun)(pﬂ) .

SO(n) SO(n-1,1)

; —&(_,L ‘L) I _h, - ) . ) I _h.(” 9] L 7]
Tak T\ dry ; ar; Hk 1 L day, J'k?).r:_.,- ' hi ™ 4 \J”H;I'J; 1 drn

[Lo,;, Lok) = —thLjx, (Lo, Lk = h(8alosr — dxLon),
[Lk,j> Lm.n] = th (kaLj.n + d:.ij.m - JknLJ.m - aj'.'uLk.'n) '
SO@3.1)

‘_ ."."_3, .‘123. "1"1‘-1’ — (,!:‘. ,"'_ I..,) . LA = K
(Mo, Myn. M) = (K, Ko, K3), """ Ml = -1-K,

:J-.:_,‘. J,t.gr] = th ((5,1 J_.,:.'. t éjr.]-,:,g, (5-,.'-.)'",',( (S.;ka‘!‘:'

['-]1‘7 Jy] - i’-/t: [‘-Iy? JZ] - 7'1.1" [JZ? '-]r] - ":Jy- )
_ﬂ-f)\p, ;\fﬂu] — —i(g,\,,ﬂ»f,,u -+ g,,,,;’l‘f,\,,, — g»,ﬂfm, — gp,,,;\':f,\,,)

SU(Z)/ZQ, Lo = {—1, 1}

tensor re .
p covering group

M; = ;-(J.“ -+ ll]l',') -
A‘\-] e ;(J,‘ Ur\-,‘) ’
o 3,9) . . ctla+~1/2 ?033/'2 r"”'“"”:siun’,’g\
. Ula, 3,7 =
—

Forsaroes Toos y = sinarsin /o L

I ~i{a=vy)/2.: 0y ~tlad~) /2 . 2
‘ cos Joosysina casacing h"l‘i/z € G ‘31 ‘2/
\

— cosersind iﬁ-f,-. J\fj] = ifijkﬂ-fk d

B a b . - . i
o\ b at _4’\'1'9 J\'j] — 'ltijkl'\'k :
M;,N;] =0.

Jiang-Hao Yu @



SO(3,1) Irreps

SO(3,1) not simply connected, find irrep by its covering group SL(2,C)

. . JOC) ST S .

b — ( O 1 2 3 . : - " T+t Tt —ar
T = | , . complexification X=0g,a" = - .

r r,r,r7,x") p i g g0 g3

Ay 7 1r
B = 51}(c_r")()
+
Spinor rep under SU(2) x SU(2)
- I = It

The (1, 0) Representation J The (0, }) Representation

r+ I > L . K ] |
N© = U +iK) =ik = Za,, NF =(Ji+iK) =0

1= K. Complex conjugate I |
N~ = S —iK;) =0 p Jug N = S(hi—iK) =—iKi = 0.

1 1 I I

K =-ijo I =ik = 0. J =50 K‘=1201

The (%, '5) Representation
Ty
y : - L NE 7 PR , ) . tensor rep ]
v l/..,v) — (e,ﬂﬂ— ‘¢ﬂv) .I (e‘d-a-%uﬁ»a )r ‘_.-;h ‘.-:h 'I"‘O;,;h — (l'n ‘_1 2 ‘,1) Zi (\.U ‘.l ‘_7 ‘3) = "u
(243

Jiang-Hao Yu @




SM Fields Under SL(2,C)

Yo € (1/2,0),

vt e (0,1/2),

H,; € (0,0),

H' € (0,0),

Jiang-Hao Yu

Flog = %F,..,afff; €(1,0), Fras= —él",,,,&(‘,::; e (0,1). X" = (X FiXm)
h = jr — Ji
Fields | SU(2) x SU(2), h | SUB)e SU@)w U(Ql)y | Flavor
s (1,0) ~1 8 1 0 1
Wi (1.0) ~1 1 3 0 1
Bras (1,0) —1 1 1 0 1
L. 5. 0) —1/2 1 2 -1/2 | ny
€. % 0) -1/2 1 1 1 ny
Qaas (3,0) -1/2 3 2 1/6 ng
ul, (3.0) -1/2 3 1 -2/3 ny
d?, (3,0) ~-1/2 3 1 1/3 ny
H; (0,0) 0 1 2 1/2 1
Hermitian conjugate (Frap)' = Flas
HT (and LT, Q") as a 2 of SU(2) cTHIH;, H, =¢H, er = el ug = uh, dg = d,
H= eHl




SO(3,1) Spinor Rep

. " : : AT P | ¢t )
Clifford algebra {Pi,rj} = 252-]-, i=1,.--,N M) (43,--- y8¢) = (=) F Ty ---T,
N
. —1/_ \ '
Y — S (Cl,"‘YpS (a ) — E QN S(a) rep of SO(N)
=1
SO(2n) SO(2n+1)
irreducible rep of SO(N)
0 Opn o S (a) ()
Y = Sla) = \ -
i ‘L ‘ N 0 v' 3\
o O Daola) r‘ 1
Reducible rep of SO(N) L, s VYo (n<v)y Y Yo YA (n<v<A),
IRV A e ; S YIY2Y3 Y
ST (a)o,Si(a) = Z ATy, S (a)o)Sa(a) = Zawat,,
v=1 V=1 Tr [TATP) = 8% g, A B=S VT, A D
Ji) — l f t !
Thet = g (”“”" - ”"”ﬂ) A=y17273 0 In
l(_'zl(oto — oo )
ol 4\ s A — Ay, if N = 2M + 1(odd),
n o (+ T = —Avy,, if N — 2Mieven)
(£) 0t (+) 5 (%) R 1ES. \ )
[J [w"‘] /3 ] o él""'l wfl O"ﬁ"’ fx I 01‘-/7'/1/0( | ‘)W”J gl

Jiang-Hao Yu

For odd N only

(47,
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Spinor Notation

{a

v={ ) =i = (x )

X'

¢1

T =x§ Caa +Eaxs
U1y Wy =x§ 0l X5 +£148" "oa
Wi Wy =X (07),, Phas + &1 (@) ;\’z’ ;
U, =§1'§20 + Xlr'..)t'?.
UL Ol =0l " + 3140 20 -
Ty Co™ Wy =€ (0™), "éap + X1a (6")° ,;X;‘é ;
U, 00T =l & 1 X xoa .
Uiy OV =x§oha &8 + 615" Yaa .

el =£;m () &8P + & ("), g

v L26

- (Q [0 (0 (L
qL = 0 UR u'f s AR = T G 0 s €ER
a.=(0,Q"), ar=(u.,0), dr=(d.,0), l=(0,L")),

u.o'u! = uytu, e.L=¢el, ud =u"Cd.

Jiang-Hao Yu




Fierz and Schouten Ildentities

(ma Y (Y ( ae,
(Y )i5 (V) 1 =12 0 -1/2 -1 (Y )it (V) s
1 — 3/2 () —1/2 0 3/2 %(Ulw)il(a;w)kj

5(0'“!/)'1'».)' (U;W)kl —
(775)i5 (15 ) -2 00 <12 1 || (msalus)e

()i ) \1/4 —1/4 1/ 14 14 )\ (s)a(rs)k;

v ) ,
gl“’ondo'gfj o 26““"6('1',3’

e*B5Y + P52 + 1268 = 0.

~ S ~ K ~ Ko
€505 + €5505 + €540% =0

(di)(Fet) = — S(dd)(i0) = S(dr*d)id) — S (dr " d)Tagul) + (A sd) sl — Sldysd)(Dsl)
L

(d~"d) 1,00, (s

L 1

I R S [ . S
(1) aq) + zl\'ff*-'v,‘(,t'[‘r‘,-.q,) + §!M"' O Gereaq) + 1I""‘A..-.".)\v;"‘r,.-ﬁrq,) - 3(,-'-~,.-."1|,rrr.sr;)

|

(lr(.'fle(;n'(-'q) S
[ ,
=5 EaT.e) - s
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SU(N) Group

I 0 RN VR L Y LI [+ .
[A r? '4 3] - OV '4 I O)‘:“l v A“u . (]. I, v = 1,2, » N.

Root-weight: obtain transformation matrices for any irrep Young tensor: obtain tensor basis for any irrep
|H, H)| =0 |H.E.| =0:E, |E, E_o=aH; g =U%" ny =na(UTY, (UN)U", = 6% .
€a3,..0, Us‘al ---U*”;n = €qy...crn detl/ =

a=x A, a 3
Y ) . :
£ = 2inSU(2); 3in SU3); ... £ —=2inSU(2): 3in SU(3); ...
- by ©
- 1 : - 1 | . » b
=g = 1 (e )+ Lo o ) = o g
30 ‘T 3B an il
| o] [3]= [aTa]+ &
d —_— ! ., A . R —
%& = TN % 292 =361
323 = 3&6
ds . T Y o ‘l‘ o -y -~ e 1 Nt B
¢ P \ CLH = gt g“-; =( g+ ;(S ;]5 .E“_v' =48 "-'5' 38 &y
dw .I-rl‘l & #mf N
' T":uv.:e 29 /' 0T 3 & 3 = ] e, X
non=1=50 (u"! l).
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SU(N) Tensor Product

Tensor decomposition

C(llug(.lg — Eulg(lgga;; - C{nlnln-,} E <{(1,112}4|;; : C{",":‘I“? - <:n|ngn.;: 2 — 2 — 2 - 1 ::‘ 2 ::‘ 2
1 2 3 = [1]2]3 1|2 1[3 3R3IRI=10BE8TID1

Tensor Product

+H
H
) SV

n—1)n-2)

o | = o & | & ] & & &
8 © 8 =1 8 & 8 = 10 = 10 = 27
| = [1T1] = o) 1] 1| = 11]1] % | | & 111}
H B ] ] 9 — 12 9
112] 2 1 2]

LieART 2.C - A Mathematica Application for Lie Algebras and

Representatioe Theory

Rober: Feger®*. Thomas W. Keplaart?, Fobeet . Saskoweki "

e —

http://lieart.hepforge.org

GroupMatli: A Mathemation package [or group theory
calculations

Repato M., Fonseca

L —

renatofonseca.net/groupmath

Jiang-Hao Yu

In 25]:= DecomposeProduct [Irrep[8U3] [8],Irrep[SU3][8]]
= 1+ 2(8)+ 10 + 10 + 27

oul T A

:—~ DecomposeProduct [Irrep[SU4] (4], Irrep([SU4] [4],Irrep([SU4] (6], Irrep[SU4] [15]]
20 := 2(1] +7(15) + 4(20°) + 35 + E(45) + 3!'\3,‘ + 3(84) +2/175) + 256

RAAUCPREpFrOducT [SUS, (3, 3, 3, X, B, -5, 8|

({{6y 5}, L}, {{7, 3}, 4}, {{5, 4}, 26}, {{4, €}, 5], {{3, 5], €4}, {{6, 2], 48],
((4, 3), 166}, ((2, 7),9], ({1, €], €€), (|2, 4], 360 , 5,1, 17¢),

‘.".40 ))J"*a:') {l“; HJJ "}J (':“. ~:¢ 1‘""; {‘1; 3 » Mx’n 'lxb -}v H‘;

“7) 8}) 27}; ‘{{qﬁ 0’) 235': ‘:{21 1‘ Sle‘ ‘ou 2‘1 297'- :1; °}o 217)"




SM Lagrangian

n ] ’ ' ch)
= - 2 . . L= -- B" — —tr(W, W)
Particle(s) Field(s) Content Charge Spin SU3)¢ SU2), UQl)y 4 g" e ;
I R
Quarks 0; w.d),  @s-) 3 2 1 - 3G )
. . ' . 1 Y S———————
(Three generations) W R Ug % /2 i 1 43 Ui1), SU(2) snd SU(3) gougo torms
dri dg -3 1L 3 1 -3 s
+(Pp,ép)0%iD, | T ) 4 épotiDye
Leptons Li (ve. €)1, (0, -1) 14 1 2 -1 (7L, éL] “\eL R uR
( Three generations) IRi R -1 12 1 1 -2 + V_QCF :'L'p ¥p -+ Hermitian conjugnte
Cluons G P « 1 $ 1 0 S
: 13 + lepton dynemical term
W bosons Wy W +1 1 1 3 0 _
Photen, Z beson W3, B, y,Z° 1 1 3,1 0 _g [(r/,,,e,,) $Mesy + e MG ( Z’; |
Higgs boson b H 0 1 2 1 4
S————————
alectren , munon, tavon mwass term
] - =
- -2 l(-eb,m $* M vy o gT | T )J
3<3-1+8 = N B \ V2
2x2=1-3 3x3-3+0 nf.utrim'mms term
3x2 =924 6<3 3415 fag”
. —_ 1 - 6<35 8+10 +5L'JL s*iD ( L)«f-ﬁ“a“iD.uH
SUR) s SR e "
> } hat R
6B = L+8+27 kir) i :
4%x%—2-4+86 6.3 8:8418 +dgo lD:d.Q +Herm|t:an conjugate
4x4—1+3+5+7 SU(3) 848 348415424 quark dynamical term
- 8x8 «1+28)+10 + 10 + 27
103 ~6+24 5 _ R T
10 <3 — 15+ 15’ ‘\7 iz, dz) oM*dR + dp M6 | :1::)
10 <3 = 15421 + 24 . 3 ’
10 <6 — 3+ 10 +42 N——
10x3 ~8+10+ 27 435 down strange, bottom mass term
10 %10~ 1+8+ 27+ 64 V1 o fadi
10 %10 — 10 427 + 28 - 35 =2 | (dp, ) ¢ Mg + R W17 (P )
! . /
up,charmed, top mass tarm
Necompase tensor products of producr irreps (3, 3, 11:(3, 3, 1} of SU3)wSU 328173 +(Dyf) D — mf[dé — v¥/2]3/ 202
n 7% ;= DecomposePraduct [ ~ - '

Productlrrep [Irrep[SU3][3],Irrep[SUZ] [Bar[3]],Irrep[SU3][1]].,
Productlzzep [Izrep[SVU3] [Bazx[3]],lzrep([SU3] [3],1zzep[SU3][1]]]
et 75 (1,110 4+(8, 1,11+ (1. 8.1+ [8,8,1)

Higgs dyramical and mass term
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Covariant Derivative

SMEFT should be gauge invariant: all derivatives should be covariant derivatives

1 1

D, =8, —ige-AGA —ig=T"W! —ig'yY B
[} M . ‘ u oIy .
2 2
. pag N | — " H' - 1 y g !‘ + ¥~ . vt
WD, ¢ =t (D“ - D.,) 2 and b D¢ =ip (-1" D,-D,r ) 2. P Dy = 1D
Gauge field should be gauge field tensor:
- - vA xrl v WLe
4\ 37 C {G'.”,, “ s B“y} ‘Y‘”’. — é&',“"“ﬂ J,\ PR
GCA = 3,GA-8,GA - g,jABCRBCC (DG, = 8,04 —g9.5PC¢CBCE,,
Wi = aW!—aW!— gVKWwI WK, DW= Wl — g KWWK,
B = 0,B,-0,B,, D,B,, = 0,B..

Bianchi identity (BI):
])j‘,.\,‘“‘-/l s (] [)'7[)‘3;""“, —_ - (D'SD#.’\.’,;P + DF‘DVJX-‘;.“:'

Covariant Derivative Commutator (CDC):

_Dp, Dql ~ X pa ot w DDy et D, Dy —» hc X e
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The Dim-5 Operators

The only operator at dim-5 is Weinberg operator (1979)

- —

/1 | | | -
Fsmerr = FLsm H— A )D—‘i b — V) 6t e Zpg+ A Zp_gt.

— 0
: H— —
Cz’j V 2 (”"\"2)

X(LiH)(LjH) +h.c. = c¢;,—vrvr;,+h.c

N = (%)

How to analyse?

| 3

g

1 W2 D?, FoD? | F2¢, Fap?
3 { ‘21)2. l“(,')l)l"‘) (_‘):;1)3. ey lpz(pz
F?¢, Fy? '&2& ¢’

For SM fielids, £ 0. Fo? end o5 vanish after teking account of their zaaze structures, For example, ¢°

g |

does not presecve ULy charnge conservasion since ’h;:,;;.\ bhas U(1)y charge 1/2, end can not foem a SU2)
singlet since Higgs is n SUZ) doablet. F24 and Fi¥* co ot preserve U1])y dmrge cerservation. The only
complex type of 1707 thar sievives after aking acoornt of 1771)y svmmerry is LLHF, which ean preserve

SU2Wy aand SU(3 e synnete s,

Odd power of scalar, and SU(2)L transformation ¢ro"¢r

Jiang-Hao Yu



Operator with Derivatives

New types of operators beyond SM Lagrangian: operator with more derivatives or more fields than just kinetic term in SM

Dim-5 & dim-6 operators contain D

/,'..'I’;)..'
D3 FFD?, ¢ D? Py D, w20 D?, Fo?D?
F2D? | FyuD, v2eD?, FoD? Dad D, 22, o D?

| ¥2D?, FoD?
02D2, FoD? | ¢*D2, ¢poD

T ———————————

Which fields Ds should act to?
| o D, DY, ;p.!,'—'lJ',lJ"-.!,", 2:!)',r,:"]'.r."—'o""'l),,-.r:' an 2:1)"‘;3}t,-‘—-'!)','u_,-"| wottw D,Dye  @a D, D,y

(#'D") (¢’ Dup) (") [(Dup)!(D%9)]  (¢T)O(e'p)
(¢'r'¢) |_If D 2 (D% 1|
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Field Redefinition

Z[ji] = /Hszi exp (z/d‘ir Lo+ nl1 + Zj,-ga,- + (.’)(7;2) )

())T = ((’15')1' - -y)T 93] 1" is any local Tunction of any of the fields ¢

(T(,')f

(Y(q‘/ 1 t

exXp (i /d%‘

Ly + 6L, +mLy +ndly + ) digi + el + om?)] )
14

2ljil = | 1%

ci=ci (o)) sl = of — () = g1y

a‘L o Mt' o oL ) oE’
8L = m,.s ———d —_—i ol

5L' | d['.’
( ~ Dy n )z;T[«;:]

OUJ )t “00,'.1((9’.)1

()(*) Ly ) 0L . . o
Z i —fHDw '!)t exp ( /d‘* [ﬁ(, + (dtw’_’“}f ),.5) ‘ 0,} ) nT[e] +nl] + Z;m,-:u + Jotnd + sz)‘)
\'*" /‘ :
the source term and the Jacobian can be neglected
‘hep-ph/9304230)|
Gaussian theorem on action
Equation of Motion (EOM) Integration by part (IBP) 8MO H
Two equivalent operators related by EOM Total derivatives are removed

Jiang-Hao Yu [ Artz, 1995 ] @



EOM and IBP

SM Equations of motion:

(D'DoY = mte — Alple) et — eI + cpi' Tow — dIg
\ [ o \ ) d

Il = Teep. iPe =TT, g = Loup | Tyde, iDu =157y, tihd = Fd!-;:)'q

DG, ',) = g, (1]“..".,.‘T"‘q + 'Fr.";',,T"‘ u + (Z'}'“T"“r!) : -
o’ BW" = .r/"}v"'_ﬁ :'.:f ! D“ » + f;" Z )'y ' ,‘;},-.:,"-,-;‘j.
we{lequd)

: Y g ( % T ok - I
(DPW,,.) = = (,, -:.D;‘: w + vl + dvTg).

Total derivative examples:

(Dup)'o+ o' Dyp = (Bupt) e +i(Aup) 0 + 018,00 — i A,
- (chpt)go + ¢80 = (¥’ ¢)

(Un;)f(umg) - _{Un—- )’[(Um 1 ,_)_+_() 'Uq,u' (Um -1, J

Jiang-Hao Yu



The Dim-6 Operators

| 1 1 1

0 2 4 6
1,".2 1_’)'.3 F:i
Yy D3, FFD?, ¢?D? FyuD, v2oD?, F¢?D? | F2¢2, Fip? o, o
F2D?% | FyyD, v2¢D? F¢?D? | ypd? D, 2?2, ¢ D? V23
lei F2¢2, FJ)2¢, &4 ,&2¢'3 ¢6

Similar to dim-5, but surprisingly difficult!
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0¢_ “"”’c

U, =hue' 213 (e'e).

Complete dim-6 Operators

It took 30 years to find the full (independent and complete) dim-6 operator basis
tedious and prone-to-error

On = funcGHGM G
On=faaclMGRG,

O, ~ v #lilis), Ow=erxWEWE Wi, . - - O OnC
On-isplims  On= e WEWE W Equation of motion (Field redefinition) g
0, =i i), Qu | fATChela | 9 el Q. 1) e
O =Ye'g )Gl G, O =0 )Gl ot 'D”Dur = 'm--"\‘?} — A (5‘3195) @ — € FJF' + &:‘,‘Jt:ff's Lo — d [‘} g Qo | FUmeraiay | Q 1# =007 ) R (I
W ' - | R wiwEe L Qe W (0 | iy i)
v eI WLWE L O e )WL W, - . SLA R o | WOTN ’
_ 7 — > Do = ol N — T wn . — T3 G | 2RI e
Ous = Ke'o}BD". Ovs=to'odiB". il = Teep, e =T1p7, g =Toup | Tydp, Du=T15"g, Y il : — —
oalats’ oy wlo's irr ) e [ ‘—.ﬁ -~ ~ v : ’ ) ‘“, '
Ous .c.v a)“..j"', Ouy=lo'r'e) W, B, (ny n.-'m!.! - % (v' D}{ 0+ l?‘,,rll " ‘1"'»""(1) 1 Quc SNoGa G | ey, | 2 ._,.n,. S
ol =g el e 0 < lg' e g's) =) SleGr G B LA LT 23| el ,u'i.-".'v,.
S Covariant derivative commutator | .1_.,.' G ot |t | i
Q= e Wowe [ [T v e PN [ FORR T
Gy =y, D_eli™" . - s a~r { e Lo,
e Mw D ~ X - Qe s B Lant L™y by ':rl".:', il e
Qo ' — Q R 2Lt 0 B ) PRLL AR S |
Q.- l'#"?.aU.OW“'. uq.- il . ) %y v .° lA“-‘. o "'-" H N ‘_.. n" :. i :"‘-- .\. :
Oq) - ‘MA?DO.“OM' kj"“ o .-'t ) (lr" l"““ Yy 'v-.j-‘pv.',"‘ O )
Oy = (v DuB*", . I . - e ! ”, A Cav Lk “aal L% U Davli e rl
o.a-.:*no{oaBuchmul , Wyler, 1986] Bianchi identity 2 X =0 on e
Ogy = iy 2,45 . . —pre .
[y [OERAREY [ (SRR B N (IR [
O, = (D117 e. Qo =00\ O =g’y - = = iy AT NV 4 3 URTRUN | PRSI Q 1= 0 s, T
e — g Dy 01, ( ) - L Teh TN . < Qe A
Om-UDAIDV, OB, oD o Integration by part (total derivatives 5 oroatirras | G arnrar | de| dotirn
Oe = (40,41 D" O =080, 0 -ye'Dp)eye), | i A B . e
’ 1 R \ i WA T U SaTate L0 N WA T
O =810 W, V=l el O = ¥a'Dopi(0Y"q) {Un‘f:)f (U”— ‘t:} o _{Un ) {Um ! ) + a {Un"y | (Um 1 ’.J ) ot RN B ] [ A N S TESR
0.,_'—("u, ‘l;"ﬂ:,‘ d;!‘-- ‘:!"'D,"“-)I'Qp""ﬂ] . ';!n A T T ) '\.‘, (s Bal, s
G =(J WSV, Oua=ta*vdl,,, o, <ie'D iy u), l 1. . QN | T T
Dy, = (=2 .“:"“:' » [+ -i:"'D.-P‘(J?’dl. Flerz Identlty 7:! iT - ‘ (4] \(sh 8 () d(} J‘)h/\ (LR L, el [LEVLR Sevr:laape
Doty [Ty ’:"4'.';: By N LM LA Poil S H
Cuw =311z Whes  Ouuwmido®dipB.,. 0, =ile"sD piar il 7 - Pl I , A,
— e el g e INTCRY 1 e,
T),‘ mn 201\‘1{)”;.‘ ajj’:anm ':;‘,“ ""[-': \.'V.\.:‘.l' mre e [(FE [T
o w B NEL, OR = E B, D it 2y b I O] T e
("e“ (DL AT i“‘" )

Ty = HanoMayg),

05" =M r'Pigy' vy,
0% =10y, )qr"a),

Qu = Ueraley e,
Clls Uiy ey,
G = Hdy, dydydy,
U Ly el @*n),
Oy, = (dy.elldv"d],
ALl =iy ) drd),

O% = lgr.a%g)igraty),
O =ligra“r'oay r*rq),
QY =&y Eigr'q).

O4 =(Ze) &),
On =t es],

Oy, =) 26},
Clge=Je)dg),
O =(Jw)ing),
ou"‘i‘:{&i) '
O =4 o) dy)

A= linaatultima®),
O = Hdy, 2 *d)(dy 2 "d)

O = (o A M) Ayt At

[Grzadkowski, Iskrzynski, Misiak, Rosiek, 2010]

U = ()
D% = (g tuiiantd),
Oy =2} Gu) .
OX=(ga'ulimy),
O = (gh"d W dr*e),

80-1-16-5+1 = 59
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Redundancies

Main difficulties:

5-1=4
redundant building block
2. Equation of motion (EOM) / 10 + 6 =16

. 0°p = — m?p + ...
3. Integration by parts (IBP) 1

1. Group relations (e.g. Fierz identities)

!"E Pusnisngn vor SISSA By € SPRINGER
15O E D Sepletnoar
Acc Sepreme

VED: Sep 24, 4010
e Sep g5, €010
P sn 25, B0

- rd Model Lagrangian
Warsaw U.), M. Misigk (Warsaw U. and KIT, Karlsruhe, TTP),

Dimension-six terms in the Standard Model
Lagrangian' : 1008.48384 |hep-ph]

<) 1,403 citations

B. Grzadkowski,” M. Iskrzviski,” M. Migak®" and J. Rosiek®

“Institute of Theoreticel Pliyzics, Caiversity of Warsew,
Hoza 69 PL-00-581 Warsaw, Poland

YInstitut Fir Theoretiseh= Teilche npdysik, Karlarvhe justitule of Teconology (NIT),
L 75128 Kovlsruhe, Corvaciny

4. Repeated fields (spin-statistics)
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Higher Dim Operator?

According to power counting, the lower dim, more dominant operators

Agim— A gim-—
|AI> ~ |Asm + dj\26+ 148+..
2

2 * 1 %
~ ASM|2 . FAdim—ﬁASM =+ F'Adim—6|2 I FAdim—sASM

Dim-8 operator could give rise to the leading contributions

q V q v 1 :
— —~rg-
A A TGC
V
q V q g g v

Neutral triple gauge

boson 227, ZZA, ZAA

dim-8 neutral neutrino NSI > dim-6 neutral NSI

Jiang-Hao Yu




Higher Dim Operators

new physics without new particle: neutrino masses and baryon asymmetry

B and L violation

),
N
Py o
IRESE: !--ik > 18 n-nbar oscillation
d d

nn -y Ny 7 Instanton

025 01243

[ Heeck, Takhistov, 2020]
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Higher Dim Operators

Energy

A

SM-EFT

~ 100 GeV

cim -3 dim-~T

R ’ o
Mgp: ¥V (d — uer) % 9,

SM-EFT’

v 1CeV  liiiiniiidiiiiiiaia s [— '

ChiPT

~ 100 NeV

Jrdd operators
(Lang- ana pion-range)

 MAPPP

JAAAPPPMM : fAAAP PP
Mg, Mgy Mg si: Mg o T, 5d

g l )uI(‘\r

[ Cirigliano, Dekens, de Vries, Graesser, 2018]
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Ovbb Operators

Very different types of operators contribute to the same process

Do

eR:eC,uR:ug,ddeTC
woU o w d W W d
0 Dim-5 0 Dim-7 O Dim-9

H? L2 H3 Ht L? DecHt3 Lt Ht?Lt?WR DZH+2Lt2 D?Ht?Lt?wWL
e e e e
u ,/‘ u
Dim-9
w
dct Ht L2 Q1 Ddct Lt? uc dc* L2 Q*, dc?dct L uct, dec L* ucuct®, dcect L Quct
Ddct Lt2 uc dct ec Ht Lt uc WL der“ec’uc’, deL“QQ wuct, def ec Lt Que”, L * Q% uc?

Need write down complete set of operators up to dim-9

Jiang-Hao Yu @



No. of independent ops

Hilbert Series Counting

10000000000

|

7557 369962 |

1 000 000 000

100 000 000

T

10000000

T

5474170

1 000 000

T

100 000

10000

100 -

10+

‘ [ Henning, Lu, Melia, Murayama, 2017]

I A i

S 6 7 8 9 10 11 12 13 14 15

-
-
-

Mass dimension

Also [ Lehman, Martin 2015]
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Higher Dim Operators!?

Given numbers of independent operators

Still 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

(DM W B S W N0 B W, (D W DB W (Dt VDY B 0,
(" BTV, B W 0 Y B DO LT B W) (YT M B, (W),
VDR W DY DL 8 N W aW) 5 W DD, 8,0,

AV DR D B W BTU WL B0 ;Q/.\d/(u“h T ¥ L e B AV F R T TS M U R
VDS (W LT IDE G W EEIEREDED B WS TN DL B, WY
AYEIOY B, LD WE, BTEHDYE L G WY, YD B (0wt A B (W,

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

QOQL

e™heeth ol (Lips Qray N Qsik Qret)

a9qt _ ~prst e Qi)
Qp"st - (_".-_?"" 3 24 . : [Qi'u:(?[c.‘:’

f o \
) R | L}"‘ (2" I (26M QI'( i)

p,'r,s,t= 11213

Which 2 should be picked up?

What flavor relations should

be imposed?

Jiang-Hao Yu
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Operator as Spinor Tensor

Any operator can be written with totally symmetric spinor indices:

O = (.Caiaj )n(gaiaj)n I |(D1i_| l‘il(bi) :‘i—hi
.
1=1 !

2 2
~ey o Xy o . (& 2 (x4 3 v s
€Caaz€arazCasray €r3a F1( l L) ’ (DLz) ‘s (DO.1) Fy"" g (D)

3 g

Epsilon tensor transformations under SL(2,C) x SU(N)

Cx; Cx. 19 7] O 0p ~ tkqy i1~
¢ ’—)EU‘.UG : 6~.-—>EL{-U-6~'.
kU . G e TRt ik l=1t0 N
k.l k.l

= 12 = 1%
€% Stikry..kbv_2 géy-d
- €
R--QH @ H®  Q = lrrep & ... & lrrep
Wd e " o
n n

Jiang-Hao Yu
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Total Derivatives

¢ = — (
_ - - ‘
XX X & X 2' q : ) ‘
3 B - [ ] v
T N Y o %;'J . Cir.c\'.ﬂcu'xu‘( I Cu,u\',{u;u: I lu i (u PT 0 L T e s s [T 72
n + EE
— Schouten identity T
n
Il
N ) I] ) a a )
S— : : 6 e(l C!L
! ; total derlvatlves (integration by part)
1 the sum over i means a total derivative

[Such Young diagram also obtained from conformal K harmonics]
[ Henning, Melia, 2019]

Differently we obtain Young diagram using epsilon tensor transformation
No need conformal symmetry!

Jiang-Hao Yu @



Independent Lorentz Structure

To obtain Lorentz structure, we invent a new Young diagram filling procedure!

Filling rules on semi-standard Young tableau (SSYT) R
II
with given class & L
)/N,n,ﬁ — - : :
{1,....1,2,...,2,...} # =n—2h; X
#1 #2 = 0

~

g}
Fock’s condition removes redundancy

[ YT method guarantees independence!

(") Wiy (ecpo”*Ly,) DD, H' Basis -
L Filling all SSYT guarantees completeness!
(n=1,n=23)

#1l=3,#2 =43 =2,#4 = 1. New filling: any operator could be converted to this basis
1 ]. ]. 2 ~Ya Cx o3 { ' Cx 1« 1 , By
2 3 3 4 6(&[(&;; 6(.\:1(.!;;€a2(x.1€ e Fle"u"”’; (D"?'"":f)(_yﬂ(} (D(D.;),} ' <l“> (l,;) (24> [‘;4]
]. ]. 1 Y2 Cx - f f / . x
21913 i €ayan€agag€aga €0 FLlﬂ"ﬂ'--'"Zu (D3) 57 (D¢4),}. | (12) (13) (34) [34]
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Repeated Field: QQQL

[Grzadkowski, Iskrzynski, Misiak, Rosiek, 2010]

B-violating

Qu’uq -ad"r,-. [((f”’ e Z!,] ["q;'.i)'l'(lyli:]
qu,'u u3r m [.“qrv\T(v J\] [(U:.’T("(’ft]

:;fyi] ud/”&-ﬂr-mu [U}”J ch' ] \ ')"')TCI?] “@2
(3) .

0y n‘h“ £). '-\‘ k""m [[ J"I(vqﬁk] lq;rm)lcaz]

Qduu £ ['Z'_J‘;_')T('..'u;.} [[u,{)T(..'et:
qqqf (1) £ 13
sz‘sf 1 ((?;‘)(rﬂif ?;‘:if )
Qe = —(QII% — QUTL)
[Grzadkowski, et.al. v3 2017]
D-violating

Quug 5'“‘*'-5;(- [ (' ‘( T ] [ -'”’ e f‘]
Qugu e [(g2)TCq* [(u])T Ce “
o ="M pmerm [(g9)TCq™] (™) CH ]
Qo e [(d)TCuf] [(u])TCer

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

¢ ¢ ¢, ¢
Qprst + Qrpst = Qaprt + Qsrpe

Flavor relations not easy task!
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Dim-5 Weinberg Operator

Repeated fields leads to symmetries in the coupling parameters
2x2=14+35 SU(2) in QM

Only one Higgs doublet in SM If more than one Higgs doublet

? R on A A 5 e i o

’ P (14 +3s) X (1a+35)=1ss+1aa+---
MTIs  Ia+3s

kijL;L; HH ki (LiLy HiHy) go + Kism (LiL He HY) 4 4

Kij is symmetric: Ki; = Kjj
4-fermion operators

ion = '
3 generation = 6 parameters! L*IL*LL
Higgs self couplings
(g;g S 2* X 2* x 2 x 2= (14 + 35) X (14 + 35)
x * *
. . . . (88) ( (AA) (
{{5, 5}, +n? (1+n)?, 1} {{A, A}, 2 (-1+n)?n?, 1} ngu ‘I- L o Lt'(ss)-i-q‘,“ 'L L} LkLl)MA)
36 par. 9 par.

2HDM = 10 parameters

45 parameters in 4-fermion operator
| Fonseca, GroupMath] Jiang-Hao Yu m



More Repeated Fields

So we need to keep track of S and A symmetries for repeated field

dPPD QiQ;Qr Ly

doublet SU(2) :auul no ||_vpcrc:|mrgt-]

374 = 81 coupling parameters?

2X2X2X2=(2xXx2)xXx(2%x2)=

(1a+3s) x (1a+3s)=1ss+1aa+--- Keep AA only?

Keep SS Culugag — 501602603 - C{n,ngfy,} ® C{nlng}n;; ® C{(l](l:‘:(lg D <[nlnzn;,:

1 li ters?
e e T 1 x 3 =3 coupling parameters?

[ Fonseca, GroupMath | Jiang-Hao Yu



More Repeated Fields

So we need to keep track of S and A symmetries for repeated field

dPPP QiQ; Qi Ly

doublet SU(2) [and no hypercharge]

374 = 81 coupling parameters?

2X2X2X2=(2X2)x(2%x2)=

(1a+3s) x (1a+3s)=1ss+1aa+--- Keep AA only?

Keep SS Cl.\lugag — Eulgugfu;; - C{n,n)nv,} ® C{n]ng}n;; ® ({(l](l:[:(lg D <En|ngn‘;:

1 li ters?
e e T 1 x 3 =3 coupling parameters?

IFtre case of 2X £ 24X L, Dyecodewoull be theloloving:

. fermulalluSymsetry[302, (2,2,1,3), Lweflase ~» Tiux)
B3 an, s e b N {3 P A A e

It says that. under the SUQ):, roup. e prodixt breaks 2 S¢ + M+ I (usng the natation

(4} = 5 13,1} =3, [2,2) » 2 for the § reprovertatione) S0, for example, neithor of the two

Answer: 0!!! Answer: 19 x 3 =57 parameters!!!

It 1s not enough by keeping only S and A symmetries for repeated field!

Jiang-Hao Yu



Plethysm

N Identical non-fundamental particles with nf flavors
6 x 6 x6 =1 + 2713 + 283y + 8121y + 2721y + 35213~ L0 11y + 10000y
Plethysms[SU3, 6, {3}, UseName - True]

ij= 128, 1}, {1, 1}, {27, 1}}

Plethysms[SU3, 6, {2, 1}, UseName - True]

ui = {135, 1}, {8, 1}, (27, 1}}

Plethysms[SU3, 6, {1, 1, 1}, UseName - True]
1+16, 1}, (10, 1), [ Fonseca, GroupMath]

PermutationSymmetry [SU2, {2, 2, 3, 3}, UseName - True]

i1, 23, 3, 43}, {7, (0O, 0TS 11, 403, (OO, CO2s 23,
(1> (0 B) 2 [ (B B 2 (0 o s {fs, oo B 1),
s B 2 1) o e B2 2 <4 (B mop) 1))

PermutationSymmetry[SU2, (2, 2, 2, 3}, UseName - True]

- <1, 2, 3}, {4}:, ({6, (OO, O, 1), ({2, {000, O} 2 12,
({2 B O 1) b e 0 3 [, (P ) 1)

w S ~

Jiang-Hao Yu




Sn x SU(m) Group

Three spin-1/2 particle wave function:

202Q2=4p23d2

Ve (194 (2)¢ (3)
o ()9 (9= (3) + % (1) (20) (3) + - (1)eh (2154 (3)
By (Dv- (29-(3) + (D V- (3) + ¥-(D¥-2%+(3)  S3 1-dim irrrep [3]
v ()9 (2)y-(3)

SU(2) 4-dim irrrep 4

1) = 2¢4(1)¥+(2)9-(3) = L (- (204 (3) = v- (1)1 (2)14.(3)
B) = 2 (Yo (2)94(3) — e (1o (2)6-(3) ~ V- (L)rs ()Y (3)
B) = 29 ()Y (2)94(3) = ¥ (19 (2)9-(3) = v (1)14(2)¥+(3)
) = 2¢_(Dv(2)v-(3) = ¥+ (1)¥-(2)y-(3) = Y- (1)v-(2)9+(3)

(rl—? 2)) SU(2) 2-dim irrrep

O

S3 2-dim irrrep [2 1]

Jiang-Hao Yu



Flavor Tensor

Three 1/2-particle with 3 flavors:

IRIRI=1008B8d1

SU(3) 1_d irrrep % i 33 1'dim irrrep [111]
t 3]
A rls]. 1[1] [1]1] [2]2][172] [1]3] [2]3] [1]2] [1]3] S3 2-dim irrrep [21
SU(3) 8-d irrrep LI. All I P B P F B P p [21]
SU(3) 10-d irrrep  rls[t]: Lefafahfefafobfnfufslfaf2iol[af2]3L[1]3]3}[2]2]2}[2 2[3}[2]3/3}[3]3]3] &3 1-dim irrrep [3]

1) 1[2) [3) [4) [5) [6) [7) |SD SU(3) 8-dim irrrep
1) 112°) 137) [4) [5) 67 [7') [8)

S3 2-dim irrrep [2 1]

Schur-Weyl theorem:

{11e@)@{1}e1))®---@{1}® ()= {\}®®)

N factors AFN

Jiang-Hao Yu @




Flavor Symmetry

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

Independent entris:
SSYT 1]1}[1[2,[1]3

2 21121333

5, Schur-Weyl

O{'éz =  ———— fl fg

Ot et ierm (ge?)TCtM (g™ o) Ss i LLLIY
' | O v 2 =K/
SU(ng): [T ]+—+"4 17 X3 — O,

Each span’s an irreducible SU(n ) subspace

: 1]

A 2',

t 3]
r s-|' ]
t

1afefa) 2[2){2]2][1]3][2]3][1]2 1]3]
T 1 EI I D L I A EA D
rls ¢]: [1]2)1)fa o]l2kla]rl3}l2]2 2)[1]2]13)|1[3|3)[2]2]2} 2]2/3)[2|3]3)|3 3|3,

How to recognize SU(nf) symmetry according to Sn?
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Spin-statistics

N-identical particle operator obeys spin-statistics:

Amplitude view:

Anp1,....N) ~ G TS RS

® 0 0(1,2,. .. oMyeoe

N) = O(x(1),7(2),...,x(m),...,N) = +O(1,2,...,m,...,N)

Operator view:

- . UTR (= s
i DO("""'} — 'F,’\!lq,’l{ Tél;: }Jw}m‘_ _A,’}I{t,“,,,}

permate flavor

Amp = ] or [1™] &€ Ac @1 Ag @ Mg

1

Ag‘:‘ = A ) AR J
[ Li, Ren, Xiao, Yu, Zheng, 2020]

(!"“-‘l""“ '{hn 1)v~-) {le‘)v'-'}
= Ty T arw
£51U3 “8U2 Mawinye Y hwiryye

4 ok LT f"h v"l\ {/': [
= |mwo ‘lh{'U?i ,) (" ° 15!1’:‘ ,l (r 3'\’1{1: i ~--'-')

\\ e
per mure pAtpe purmutrl.ormnu
[Fonseca, 2020]

.1 HH

.g[)r"g)() \s‘ \ SU(3)
»SL’ ‘: 2’ W I I I SU(2) W
1y SL' 2)[
SU(2),

SU(2). \ \

(Grassmann
Grassmann \
T Flawi

Flavor | | | H xt—=| | | | Avor

HXU <H le llﬁ Tx-0| %3 =

g \

104+8 +1



Dimension-5

6i.~1 €mn ( Ld CVL"L ) H i H"™

[Weinberg, 1979]

Y -
'
i
3
rn
'
( 2
. e
L

[Buchmuller, Wyler, 1986] [G

4 ad O'F

SMEFT

Dimension-

o'

A

amie 3’
Doy = 102 W27
Pow = 10 A d D L)

[APRTT 2 AN 3
Ay wdt'opii vy
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e X sl AvsAw, (L
Dy o (0P g A Oy sl Linlyyiin O » btk Oy = by Lakyd
- O 1@ Q0o a AN . Ao w o Lk
Dr = BT Oz ) )
O Qe rre Oy » Wy nd e Mo = oy L ndyd)
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LY ST, O = s i veg | [wiven|
(O fede ($xta) Opps = ., [l et | et ver;
A, = A O = ke o/ }._.'4.
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Dimension-8§
[ Li, Ren, Shu, Xiao, Yu, Zheng,

LD

- Pgudoa
» | ")
i an
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> )
L} )
! ")
n, (LN R |
O 1n)its AT A Ax)
| )
’ )
»o Mmua )
' (4
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[Murphy, 2020]
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Dimension-7

Li?'XH? 4 he,

- T )W Cro™ NI W] Oy
T et W (T Cro™ R B,
B o' H 4 e,
Goem [ AN T ) Qurn
) N— Gl W Co )" Quraw
Qrigerw | AN O e Qurw
it | omtrald b L0 Qurst
Qron ol w N O et
S THRD 4 e,
Quaro Oy e N LD N Q
G:'H'D? 4 e
[ . . BCDEIN= (D07 Q.
ivren | sl OO E\N™ (D N Qs

Dimension-

[ Li, Ren, Xiao, Yu, Zheng, 2020]

21907 H* 4 he,

(B CTI M (N4

W T

B o' H 4 he

Cans 8 W O )Y
oyt (0 gl O
Cans (B W1 COL

Camtp g NaloL et

MB) ' D 4+ b

ity | Cald, " v

et

SB): D 4 b

o0 | Can U NLCID 4

D | tam NS CiDA)

[Lehman, 2014]

e [ jao, Ma, 2020]

N oinwl Classcs P - Mo Nowran

i iz PRDY L a LR ] 'n",'rn;’ll [32ONT.A)
ED A s 20 G Bl 1) %)

+ + + = -
5 2 Fatd D | Ae D13y 610 i e} [5 20N, 50
rarf s\ Shiatam m ne! [(REF LR FEY]
b P s he | sansden 4 173 - x, (3 ) %
4 4 4 4 -
e X Gt e A Ne 1 debfisl rd lej(Tuy + 1) (Sra)r. o9
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Dimension-5

Low Energy EFT

Dimension-6

Dim-6 aperators

Dimension-7

Lim-7 operators

———— N i) Ulasses Noypa Niorm N (n.n) Classes Nerps MNeorm
Y ’le'l"”'~ _Ho 830 R4 e 2404+0-0 | 2 1 (3.0) |  F2i+he. 16 +0 4440 32
4 (20 T 4127812 | ™ (2.1) | Fyg 1 ke 16 101410 24
(1.1} iR 0 +20+12+0 a4 YD + h.c. 50 + 32 + 22 +
Toral 5 M+ 32+20-2 164
I 20 oral 6 82 4+ 32 + 30 +
Jenkins, Manohar, Stoffer, 2017 .
[ ’ ’ ’ ] [Liao, Ma, Wang, 2020]
Li, Ren, Xiao, Yu, Zheng, 2020 . .
[ Li, Ren, Xiao, Yu, Zheng, 2020] [ Li, Ren, Xiao, Yu, Zheng, 2020]
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Dimension-5

Dimension-6

Dim -4 operai

Nns10

vSMEFT with Sterile Neutrino

Dime

n-"/
Dyes-V oescrad:
o .

Chioss \ore

N o (n.n) Classes .\".;.-.- Niems SEnd 2 b W40+t

. 5al2 4 A, na b i)

1 (3,0 ke tr21012 | M4 Av=the | 04041

VO A J-4-2+0 3
Mo+ he 1404040 1 Savled i be | 0D s a0 8

(L1 et 0424040 12 AR o I TR )
. ( b (U [ b8

! P o] 34+04+0+0 3 T T
5 (L) Vit 4 e 2404040 i 0=4=22+0 | W

. . i D404 240

Tot:l 8 28444+0+2 33 5101248
De1De S D 1

[Aguila, Bar-Shalom, Soni, Wudka, 2009] [Bhattacharya, Wudka, 2016]

[Liao, Ma, 2017]

Dimension-& Dimension-9

[ Li, Ren, Xiao, Yu, Zheng, 20217

[ LizRen,Xiao; Yu, Zheng, 2021]

Ulesces Noape Nyrr
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Fiv2oD? 4 he (304010 & |
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Exercise: Real Scalar EFT

Question: how many independent operators at dim-6

Lgpr = l [(6 P — ”"24’2] 4)_4 o A + O(M™)
‘ 2 L7 Y41 M2 6!
Oy =% 0=, Os=¢*0¢. O;=¢*0¢* Of= ¢2<)“gbd”q‘),
Use Leibniz rule + integration by parts:

¢°0, 0,4 = - 2¢0,40,0¢ — " = ¢=—<0'0¢=--0;

2 2 - . , - —d — - 4 -~
¢’ Ap” =240, (0, ) = 24 (1 b + 2¢°(0,p)’ = O, =20, +20; = 306

) C, .
Use equations of motion: h=—m¢— ?44)3 + O(M ™)
)

This is relevant only if

- " wy C 46 5 C 3 we want.to keep track
Oc=¢ ' p=—m¢p" — ?tf) =—-m-0, - ? Oy of dimension-8 operators
. m4C C? m4C Cs
O¢ = ( 2 =mip? + Tt + =295 =m0, + 10+ —0 0, = ¢*
¢ = () ¢ 2 26 ¢ 2 3 Vat 50
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Exercise: Real Scalar EFT

How many independent operators of the form 32n ¢4 ?

82n¢2’ 82n¢3’ 82n¢4’

2n |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



Application: Dim-6 SMEFT

Disclaimer for this section: all materials not original



Warsaw Basis Operators

X ¢® and @*D? ¥ | (LL)(LL) (RR)(RR) (LL)(RR)
Qc | rAEcararegen | @, (to) Qes (o) (Lere) Qu Grd) Tl | Qee | (Eruer)(Ener) Qe | () (Ener)
Q | I*GPGHCH | Qo | (GI0EYY) | Quw |  (@'o)Gud) W | @ua)@re) | Qu | @u@rtu) | Qu | (Gl (Ea )
Qw | KWIWIWES | Qup | (£'D%0) (¢'D9) | Qus | (#'0)(apdro) W |Garalirra) | Qu | Graddiad) |Qa)| Gukldord)
Qw eIJKWJVW‘;Ipw:(u Z&: (i(lﬂ,'.:r;;tin“q.’) | Zm Eép’ruer;((:_n#::)) Q(.:) ((Qp‘ruqr))((énue,))
T lq 2T )@Y T G ed Epuer)(dy” qu QoY) (057" Uy
e o ll M wz.f:D - | wt | (par)(didy) | (@l e (@ T w)
Qo | ¢'CuC™ | Quv | (hoer'oWy | Qu | (#'iDug)lp"h) O | ()@ TAd) | QY | @) i)
Qe | ¢9GAGY | Qs | (ho"e)oBu | QX | (¢ Dé @) (bt v"1;) | QY | (GnT*e.)(d*TAd:)
Qew A W,{uw"w Qua (Q',a“”TAu,)GG:‘, Qye (gli Dy, p)(E"e,) (LR)(RL) and (LR)(LR) | B-violating
Qv ¢'¢W;,w'w Quw | (Go™u)T'gW,, o (wti’b"‘ #)a7"ar) Qledg (Ber)(dud) Qaug e [(d2)TCuf] [(g7)TClY)
Qs ¢'e By, B*" Qus | (40" u,)@ By o | (@'iD! )@ v | | QW (@u)en(@d) | Qogu e [(g27)TCq?*] [(u])"Cel]
Qi | ¢'0BuB” | Quc | Go"T)pGh | Qu | (¢iDu@)@ru) | | @B, | @I u)en@T4d) | O ePejuemn ((457)7Ca] [(Gm)7CL]
Quwn | P'rIWALB™ | Qaw | @o"d)reW), | Qu | (WiDu@) ) || Qi | @edenl@u) | Q| e (e ulr'ehm (@) Ca) (Gm)CH]
wo | o' WiB" (30" dy) By i(@'Dyp) 57" dr) || | Qleau | Bower)esn(@ho™ ) | Quun e [(d3)"Cuf] [(u2)"Cel]

59 independent operators
# real parameters (degrees of freedom)

/6: flavor universal
2499: flavor general Independent coefficient for all flavor combinations

All fermion generations have the same coefficient

(85,
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Dim-6
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Dim-5 Dim-6 ‘,,'
Weinberg Buchmuller&Wyler /
/ |
1980 1990 2000 2010 2020
year [ citation from inspire-hep ]
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Operator Classes

Dimension-6 operators of the SMEFT:  Interaction

X3 €W, WP WS gauge boson self-coupling

HS : (pTp)? Higgs potential, self-coupling
VEH? : (0'0) (Giuj @) Higgs-fermion (Yukawa)
V2H?D (goTDu ) (7" q;) gauge-fermion (Z,W)
X*H?: (pTp) Go,GHY gauge-Higgs
H*D?: (o' D"p)* (0" D*¢p) Higgs-Z
VX H : (G . P)B. dipole
SM gauge .
Dt (g )(q;C Y q1) groupgsinglets four fermion

Jiang-Hao Yu

Impact

diboson
di-HIggs
ttH, H—=bb
/Z, W prod.
ggH, H—=VV
mz (LEP)
ffv, ffVH

ffff scattering

(87,



New Interactions

1. New vertices e

in particular, violation of
global symmetries of the SM

2. New Lorentz structures

in addition to

in particular, violation of CP

%)
- o .

Jiang-Hao Yu

h
Lo B M e
A2 C8A2 T AN2 e 9%
he’ ' “.h
h
e Lu“d“u"ec
g Ut
l 2vx7i Yazi 2\’} r+ 17—
c.g. lel "Vlwwyvévlwﬂbulr,w'F...
A
Y2 WHW .
- ZmWWN W p present in the SM
| . 31sin Gy
k W Yo
c.g. Fe('ik“/;wwipwpy i A2 W:kuppp,z +




Modified Interaction Strength

There are 3 ways higher-dimensional operators may modify SM interaction strength

1. Directly: after electroweak symmetry breaking, an operator contributes to a
gauge or Yukawa interaction already present in the SM

2. Indirectly: after electroweak symmetry breaking, an operator contributes to the
kinetic term of a SM field, thus effectively shifting the strength of all
interactions of that field

3. Stealthily: after electroweak symmetry breaking, an operator contributes to an
experimental observable from which some SM parameter is extracted

Jiang-Hao Yu @




Modified Interaction: Directly

L _
Example: peR}/ﬂeR(HTD”H - DIMHTH)

,
\ /
After electroweak symmetry breaking i(H'D ,H — D ,H"H) — — 5V 8+ 8y 7, + ..

lCHe _
A2

épyer(H'D,H— D HH) = — cp, epyten”,

This adds up to the > S 4  INFu g
weak interaction in the SM \/ 8 + 8y ( T/ — S~ Qwa + 0g ) frtf ZP

Thus che can be constrained, e.g.,
2A2 form LEP-1 Z-pole data

Jiang-Hao Yu




Modified Interaction: Indirectly

Example: (HTH) (HTH)

This contributes to the kinetic term of the Higgs boson

2
Cyy . CyrV
T ; 2
o HHOWHH) = ——=—(0,h)
Together with the SM kinetic term:
| | 2c,7,Dv2

To restore canonical normalization, we need to rescale the Higgs boson field:

CryaiV2
h—»h(1+ H,, )
A‘

This restore canonical normalization of the Higgs boson field,
up to terms of order 1/A4, which we ignore here

Jiang-Hao Yu



Modified Interaction: Indirectly

2
h Al 1+ CrY After this rescaling, the dimension-6 contributio
o vanishes from the Higgs boson kinetic term

However, it resurfaces in all Higgs boson couplings present in the SM !

o X
h “Hg¥_
[4"1“, W, W, + m;Z f ,] ( 7 ) [_mWW W+ "’2 ]

] - / CpyV?
—?m Jf == : (l + HE] )mrﬂ
A

A=
AY i\~

Hence, the Higgs boson interaction strength predicted by the SM is universally shifted

LHC measurements of the Higgs signal strength provide a bound on the Wilson coefficient

. 2
p=109=+0.11 0T _ 0,09 +0.11
A2
or, equivalently CHO - l o) l

A (820GeV)? ~ (740GeV)?

Higgs measurements only probe new physics scale of order a TeV

Jiang-Hao Yu




Modified Interaction: Stealth

Consider the dimension-6 operator | H TDHH |2

After electroweak symmetry breaking:

cupV” (87 + 8&y)V°
ZZ +...
2A2 3 oy

C -
L\ HDHI

(82 + 8PV (. cupV?
Thus it modifies the Z boson mass: m22~ = == 4 - L+ ;ig

We have this very precise O(10-4) measurement of the Z boson mass

m, = (91.1876 £ 0.0021) GeV

From which we find the very stringent constraint

C 1
el

A2 (26 TeV)?

Jiang-Hao Yu



Modified Interaction: Stealth

]
Consider the dimension-6 operator | [ ‘LD}‘H |~

After electroweak symmetry breaking:

2 (02 4 0212
CupV~ (8L + 8y)V

CHD | rp+ 2
p DT =g Aht

( 2+ 2)V2 C V2
Thus it modifies the Z boson mass: m%z 5L 4gY 1 + giq

We cannot use the Z-boson mass measurement to constrain new physics
because, it is one of the inputs to determine the electroweak parameters of the SM

Inthe SM: (.= —_
oy g; = 0.6485
_ sigd gy = 0.3580
4n(g7 + &7) v =246.22 GeV
, (gl + PV
m; = 1 with very small errors

Jiang-Hao Yu




Modified Interaction: Stealth

| H "D H |2 In the presence of our dimension-6 operators, the relation between
H electroweak couplings and observables is disrupted

G — 1 _gigy , (& + 8V’ [ ClpV”
NI YT An(g + D) e 4 METE
vV 2v- 8L T 8y 2

Now we cannot assign numerical values to the electroweak parameters, because they depend on Cup

A useful trick is to get rid of the dimension-6 pollution in the input equations
by redefining the SM electroweak parameters

 o2y2 2,2
g — 3 (l ___“Hn3rY ) gy = 3 (l + CHn&yV )
TR gE - ghA? S 4(g7 — 87N
For the twiddle electroweak parameter, we can now assign numerical values
1

V2V g, = 0.6485
28y gy = 0.3580
v =246.22 GeV

a = —
4z(g7 + gy)

=2, A28 2
5 (8p gy
m, =

4 same as in the SM

Jiang-Hao Yu




Modified Interaction: Stealth

Z mass cannot be used to constrain new physics, because it was already used to set
numerical values for the twiddle electroweak parameter

But new physics emerges now in other observables, e.g. in the W mass

My, = 8L — & (l - CHDgEvz _ gLV (l — CHD§12,V2
W 2 4(gz - g%)]\'l p) 4(gL — g%)/\z

We can now use the experimental measurement of the W mass

my, = (80.379 £ 0.012) GeV

to constrain the Wilson coefficients

1 < Chp 1
(7 TGV)2 A2 (12 TCV)Z at 1 sigma

Numerically very different constraint than what one would (incorrectly) obtain from Z mass!

Jiang-Hao Yu



Weak Decay, Again

Muon decay data gives: Gr = 1.17x10° GeV-2— v = 246 GeV

« EFT contribution: A [0,)7* = [I4#19] [I% ~,10]
B,C [(9:.’,’]” = [Q,OTTk D,,;,o] [l‘ ) 7Ryt l“”] , o 1=1,2.
» A contains the Or up to a Fierz transformation [0,]"*"? == (é+*(1 = v5) ve) (7 v (1 = 75) 1) + - -

« B,C shifts W couplings to leptons after EWSB (04" =< (€4"(1 = 75) v) (e yu(1 = 5) 1) + - -

[01112“2 ( Y1 = v5) V) (Pe yu(1 = v5) p2) + - -

n-l'—‘-:—l'—'Nl'—'

—1——)—1— [l+[C(;) —

G’: 1 3)1 11 'U2 (3)]22 1 1 21 2 211
V2w [1 + e (O] ] [ + 12 (O] - 77m Cled™ + [ea ™' + [e]™™)
” 1 | | .
vp = G, New relation between Higgs vev and Fermi constant
f

2y L
/ v=uwvol1+ [C(a)] 2 + [C(:s)]2‘2 [ ]1212 , 11221 ﬁ ’
v ="1o ol /ol = |Cu - [(«u] A2

o V- \ _
4._& " Propagate to all observables that depend on V!
(expanded to order 1/A2)
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Theory Input Parameters

The SMEFT Wilson coefficients are theory input parameters

» In addition & analogous to SM input parameters {as, @pw, Gr, My, My, my, }

-/ / V:lz' = Vf,?_ o Vf,?.
g =g (1+Cos 5 - B =g (14 Cow 15 B =8 (1+Coc 3
a - V2 =/2
tanfy, = gf+—Tz (1—g.—2) Cows
g 2 g°

2 2 =4
v v % R L
My, = sz , M7 = f (&8°+87) + —8/(, {(8°+&8") Cop +428 Cows)
—) -
- - . ~ VI _ é g% +g"7 v;
€ = gsinf 1—cotd ' . = = = 1+
g W{ Wan2 %WB} &2 sin Oy cos 0y { 288’ N2 Cows
g°* M2, ve
= = 1 + ~ Cq
7T BZMm, oAz P
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Theory Input Parameters

The SMEFT Wilson coefficients are theory input parameters

- In addition & analogous to SM input parameters  {s, @pw, G, My, my, my, }

A\ 2 , x
< ¢t VSN
* V(H) = ) (cp"cb— ") Co (¢f¢) - o = (1 y 3

| v

2 A2 8N A%
e Normalization: H — (1+ci*)H ,  cf” ( Con — = Cmp) —
: 2 y 2 ’ 3C¢’ V2 km\
= My — 2 v (1 — +2c
H v, ( ) A2 /l
» Flavour: Vr ~ M; . 2 .
[Mf]rs - 7% ([Y’f”]rs o 2/\2 [Cf‘t’]rs )
L= QY Ot e 1
Dile = 2 M, (14 ") - % [Grol,
. ,
. 4G 2 1 g | - _
* Fermi: = = — + — (2 [C]  +2[C] =G - Gy )
Y 2 Ve /\ . ee JLr e.e I
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Theory Input Parameters

The SMEFT Wilson coefficients are theory input parameters

- In addition & analogous to SM input parameters  {s, @pw, G, My, my, my, }

A\ 2 , x
< ¢t VSN
* V(H) = ) (cp"cb— ") Co (¢f¢) - o = (1 y 3

| v

2 A2 8N A%
e Normalization: H — (1+ci*)H ,  cf” ( Con — = Cmp) —
: 2 y 2 ’ 3C¢’ V2 km\
= My — 2 v (1 — +2c
H v, ( ) A2 /l
» Flavour: Vr ~ M; . 2 .
[Mf]rs - 7% ([Y’f”]rs o 2/\2 [Cf‘t’]rs )
L= QY Ot e 1
Dile = 2 M, (14 ") - % [Grol,
. ,
. 4G 2 1 g | - _
* Fermi: = = — + — (2 [C]  +2[C] =G - Gy )
Y 2 Ve /\ . ee JLr e.e I
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Global Fitting of SMEFT

—

{0;,0,...,0,} = L (c,,;, CiyereyCny 0

[Aebischer et al.; arXiv:1810.07698]

)

Observations/

mw 1 | - 0.08 ' I

Ir;;: .l flavio lelts
"os..t b _ 0.06 -

A — y

5] - 0041 Individual
Aof;l . - a7 N N
::g,, . m '% 0.02 - Mar glna/ISed

FB - [_,

o |— e Pulls,...
Af::: : = SETe
f“:i; b —

A, - | ~0.04 1

Ay - I

R 4 | —0.06

mw .

R - - ~002  -001  0.00 0.01 0.02
>sy of Kerf Mimasu Cows [TeV-2]
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Global Fitting of SMEFT

f f Processes ( )
Basis & Sensitivity

L _Observables L * )

{0;,0/,....,0,} — C(ci,cj,...,cn,g (5) - ~

Observations/ | Measurement

mw | . .
l“ I 0081 fl o LImItS
1I~ 4 -. 0.06 1 o L )
it —_- o Individual ‘
W] 2 1 N Marginalised - 1
— |2 Pulls, ..
Gl o= | © Global fit
: : )
Sy Of K@ml M]masu l( uul«n“ . H".’l]

Madgraph school lectures

Cen Zhang
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Example: Triple Gauge Coupling

Lorentz, P, C and e.m. gauge invariance: Viw = 0,V — 9LV,
~» - . Vv 1 M v t v
wav = — 1 8wwy {gl (VV,,,,W Ve - W/l W V’)
4 — /1 V A v -1 — l./[) H
+r, W, W, V' + Y7 w, W "V,
w
Eowy =€=8gsinfw ., guu, =8cosbw , g'=1 , gf=1+4+68gf , kK, =1+6K,

® D=6 relations: )\, = ), , Ok, = 0gf —tan? Oy Ok~

=» 3 free parameters: 0g{ , 0k_ ., A, (SM: 6g7 = 6k, = A,
e SMEFT:
- 7 1 Cown cotOw Cows 6COSOWM3V Cw
()gl = . 2 ) OK., = 2 ) )‘Z - 2
V2Ggsin20y, N2 " V2GE A gz N2

Jiang-Hao Yu
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Example:

1.0 M LEP-2(WW)
B Higgs
M LEP-2 + Higgs

0.5

-0.5

68% , 95% C.L.

-1.5 -1.0 -0.5

08} -

0.0

pp — WZ (WW) — vl i~ (Lviv)

ATLAS+CMS combination

0.04 } 68% C.L.

L0806

mypp(TeV) < oo,
~0.04 -0.02 0.00 0.02 0.04
dgl.:

0Ky

Triple Gauge Coupling

Falkowski, Gonzdlez-Alonso, Greljo, Marzocca, 1508.00581

5.(]1 2
O Ky

Az

1 0.74
p= 0.74 1
~0.85 —0.88

0.043 + 0.031
0.142 £+ 0.085
—0.162 = 0.073

~0.85
~().88 '
1

MFV assumed

Falkowski, Gonzalez-Alonso, Greljo, Marzocca, Son, 1609.06312

ATLAS+CMS combination

0.2F ’ r

0.1F

0.0t

-0.1}

V08,06

mpp(TeV) < oo, 1.4, 1.2,

-0.2k

~0.04 -0.02 0.00 0.02 0.04
ng.:

Jiang-Hao Yu

ATLAS+CMS combination

0.04}
0.02}
~ 0.00}
-0.02}
—0.04}F myp(TeV) < oo, 1 4, L08. 06 4
—(.).2 -6.] O:O 0:| 0:2
0Ky




Example: Higgs Sector

[ Ellis, Murphy, Sanz,You, 2018]

S Cr N =¥ - -'. ' . =
Lharsaw ;f’ ye(HYH)(leH) + %yd(ﬂfﬂ)(qdﬂ) + 1;‘2” yo (HVH) (quH)
CG ABC ~Av o CHO oyt CuG -
+ S5 pABC G GEPGSH > (H'H)J(H H) + 5 Yu(@ T4u)H G,

¢ S gl e SHB g g e - CHG pri g A, gAe
v U

v

95% CL limits LEP + LHC Run 1+2

] Individual
16 Bl Marginalised

v \\ s \'\;v‘!“..' A q&.lg {\‘,' . \}“ Q'. \Q'.Q {"“;‘Qli‘:}\i\'§‘l\%\“;\$’s \\" N ‘.\ -Q’C:Q‘ . .“,,\ '\\ t'\‘\
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Example: Top Sector

68% C.L. limits
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See also Hartland et al., 1901.05965




Example: Z-pole Physics

[ Dawson, Giardino, 2018]

Op (Iyud) (1) Cown| (¢IT@) W2, B | Osp| (6t DFo)" (0! D,o)

g

“—

—> “— —
Odm (Q)tZD;ACﬂ(ER'V#CR) 0(}."!1 ((b‘tl:D“(I')}(ER’}'pU-H) Or,!»d (éTZDud))(dﬂ-"“dﬁ')

o(‘-’i) ' t,-Ba are~ra) | o | ¢ '1'8 EN( @b ) 01-3 ('1'80 = .
oq | (@D ONaT ) || Oy | (@'iD, O) g a) | Qg | (€' Dg &)U | Cpefficient LO NLO
OW| (61 D, ¢)(Ir ) Cu | [~0.0039,0.021] | [~0.0044,0.019]
Cown |[—0.0088,0.0013]|[—0.0079,0.0016]
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Example: Precision EW

[ Falkowski, et.al 2016]

+ They constrain 61 combinations of Wilson Cocfficicnts [Higgs / Warsaw basis!
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EFT Operator Tools

= Project for global, public SMEFT likelihood https.//smelli.github.io
+ Wrapper around flavio tool & flavio
« Initially developed for flavour physics observables https./flav-io.github.io

« EFT predictions for flavour, EWPO, LFV decays, lepton MDM, neutron EDM

2

« Interface to Wilson tool https://wilson-eft.qithub.io

+ Running SMEFT coefficients down to EW scale

+ Based on DsixTools implementation hitps./dsixtools.github.io
+ Matching to Weak Effective Theory below EW scale + running

« “Full stack™ suite of global EFT analysis software

+ Common interface: Wilson coefficient exchange format (WCxf)

httos://wexf.aithub.io

https.://rosetta.hepforge.org

Jiang-Hao Yu




EFT MC Tools

At LO:

« HEL, SMEFTsim, dimé6top...
+ Higgs Characterisation, BSMC, HiggsPO

+ NLO QCD (FeynRules//NLOCT/UFQO) + Full EWSB sector (top/Higgs/EW)
http.://feynrules.irmp.ucl.ac.be/wiki/SMEFTatNLO

Based on: | (1, (6) 14 single-top
' ttZ & tty

ttH, ggH, H+)
VH & VBF
tZq & tHq

Single & doubla Higgs
« HiGlu, SusHi, HFAIR, HiggsPair

eHDECAY for BR

DAY/
HAWK Nl semnibus anklrsGurg del~SAS6S D CQrams aak mak
- VBFand VH@MNLO i»n QCD & EW for SM + 2 ancmaous couplngs
VBFNLO g w1 ki edudviink
< Geraral [FO) ol 1o Migasisaak beeon prodoction @ MN_C nQZ0D
VH via POWHEG-BOX/MCFM oo (2015) 039}

« NLD QCD + PS avent ganaesatan far Sigga/=wW aparators (S1LH)

HEL&INLO

« PeynRdesNEDCTILEO implemantatior af H s W speraters

« WHL VI & any otaer pracess of interest (CPY operators aso on the way)|

Dilepton & EW Higgs in POWHEG-BOX

« | araer set of noerators considean

htipoewteqoo.m binfr |



Exercise: Explore EFT Tools

SMEFT-Tools 2019

4 &
gD

SMEFT-Tools
201 9 IPPP Durham

12-14 June 2019 Q
IPPP Durham

—urope’Zunch tmezona

2l This Is the 1st Workshap an Tools for Low-Energy SMEFT Phenomenolagy, SMEFT-Taols 2019.

Fractical Information . . . . P
The conference will be held at the Institute for Particle Physics Phenomenology ((PPP) in Durham (see

Timetable the announcement here and on INSPIRE),

G The aim of this conference is 1o discuss the status of and future prospects for compulting tools

Fee Payment designed for phenomenalogical analyses of the Standard Model EFT (SMEFT) and the Weak EFT (WET).
The related SMEFT phenomenoloqy as well as other SMEFT/WET related topics will also be discussed.

Farticlpant List

List of Confirmecd

Speakers /) StartsJun 12,2019, 12:00 AM () IPPP Durham
=" Ends Jun 14,2019, 11:45 PM 'oocns

Getting to the IPPP B ‘

Conference dinner $.  Jason Aedischer // W creditcardferm.coc
B Matteo Fael g

SCAM ALERT

craditcardform pdf

Alexander Lenz
Michael Spanncwsky
SMEFT-Taals Support Javier Virto . .
—p—— https://indico.cern.ch/event/787665/
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Summary & Outlook



Summary

Take home message 1: Core of EFT are decoupling theorem, fields and symmetry

Large 1 Top-down Bottom-up
C(o) + Llo, &) o
Renormalization Group W = f,&'\ ngJ IDA“.Dt,Dj lD@J exp{i f d*z \,/__Q [mT;R +£SM+%£5+AL2£6+ - ] }
........... jo— M = =--=-~ Matching

a [olk theorem: “f

. S one writes down the most general possible Lagrangian, including all terms
SNGITESSCR0N Lonp consistent with assumed symmelry principles, and then calenlates matrix

elements with this Lagrangian to anv given order of perturbation theory,
the result will simply be the most general possible S-matrix consistent with
perturbative nnitarity, analyticity, cluster decomposition, and the assnmed

e Sir| Light | _ / D [Heavy] o Suv| Light, Heavy | symmetry propertics.”

El!fl.~ 8

Take home message 2: SMEFT provides systematical parametrization of

... all possible Lorentz inv. new physics!

1 1 1 1
Z SMEFT = gSM+X§ZD=S+F§ZD=6 +F3’D=7 +F30=8+

Known SM

Lagrangian Higher-dimensional

SU(3)c x SU(2). x U(1)yinvariant
interactions added to the SM



Thanks!

Appreciate all materials from web, prepared for this school



