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OUTLINE OF THIS TALK

@ EFFECTIVE FIELD THEORY
© How 1O FIND ALL THE OPERATORS

© SOME VERY BASIC PHENOMENOLOGY
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EFFECTIVE FIELD THEORY

The Standard Model should be viewed as an Effective Field Theory (EFT).

zzzﬁo

@ A; is a cutoff: the scale at which new physics appears which can
contribute to O;.

o O; are all possible operators consistent with Lorentz symmetry and
gauge symmetries.

@ ¢; are the Wilson coefficients.

The “"Standard Model" consists of operators with d < 4.
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DIMENSION-5

At d = 5 we have an operator that can contribute to Majorana neutrino
masses:

(Lo H")(H'Lg)

L5 = cap A

For eV scale neutrino masses, we get A ~ 10'* GeV.
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DIMENSION-6 BOSONIC OPERATORS

Complete set of dim-6 operators involving Higgs and gauge bosons:

Ow = 0,(H'H)d,(H'H)
H'D WH
Ow = (H'rD,H)D, W}, = o ’
Oumy — (DL H 7D, HYW?, Op = (H' D ,H)d,B,,
(97 (1 H) By B Oup = (D, H'D,H)B,,
O¢ = (H'H)G%,G4,
HW = (D Hr"D, H)W2,
Ocnp = (D,H'D,H)B,,
C'y - ( )B/U/B;M/

=
where H''D ,H = H'(D,H) — (D,H")H
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RELATIONS BETWEEN OPERATORS

If you write down all possible operators, not all will be independent.
Operators can be related to one another by:

e Integration by parts: O1 = Oy — D,(...)
e Equations of motion: D, D*H = ...
o Fierz identities: (D, H'm*D, H)(HITH) = ...
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WHY DO WE CARE ABOUT DIMENSION-8 OPERATORS?

am(SM+%+%)2

e Dim-8 / SM interference terms appear at the same order as dim-62
terms.

@ Dim-8 operators should introduce an error on our bounds on dim-6
Wilson coefficients — but how big?

@ In strongly coupled theories, dimension-8 terms may be more relevant.
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THE HILBERT SERIES

The Hilbert series is a power series of invariants

H=> cut",

where t" indicates invariants involving n objects ¢, and ¢, is the number of
independent invariants at that order.
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HS AT DIM-8 WITH 0 DERIVATIVES

Basic objects: H, Hf, By, Wi, Gr.
$ = (H'H)' + (H'H)*(B")* + (H'H)* B"W "+
2 (HTH)2 (VVL)2 + (HTH)Q(GL)2 + (HTH)BL(WL)2+
(H'H)YWh)? + (HTH)(G")®.
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L./R NOTATION FOR GAUGE FIELDS

50(3, 1) — 80(4) ~ SU(Q)L X SU(?)R
Field strength tensors F),,, decompose as
(1,0) @ (0,1)
under SU(2)r, x SU(2)g.

Simpler to deal with (1,0) and (0, 1) representations separately: FMLV’R.

1 ~
Fjﬁ = §(F,W +iF,,)
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DIMENSION-8 OPERATORS WITH ZERO DERIVA!

O1
Oy
Os

Os
Og
07
Os
Oy

(HTH)!
(HTH)ZB;“,BW
(HTH)ZBWB,“,

o1y (HTH)(HTTIH)B,WW‘fV
81 (HVH)(H'TH)B,, W7,
5IJ(HTH)2W}{VW}{U
org(HTHPWi, Wi,
JIKJJ]\,{(HTTIH (HTT‘]H)W‘{,(/W‘?,{
T

)
JIKJJ]\,{(HTTIH)(H T‘]H)W‘KW‘JL{

ek (H'T'H) B, W, ,WE

ety (HH) (B Wi, Wi + Bu Wi, WK,

ersx (HTH)WEWIWE

eryk (HUH)WL W], Wi
bap (H'H)?G4,GB,
dap (HUH)*GA,GE,

fapc (HTH)G#,GE GS,

fasc (HUH)G2,GB GS

vpTpu
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DIMENSION-8 OPERATORS WITH TWO DERIVATIVES

[ (H'H)*(D,H' D, H) Osp1a | dersx (D HI 7' D H) (Wi, W5, + Wi,WE)
Oap2 61y (HTHY(H'7"H)(D, H'r’ D, H) Oap1s 615 (DpH' 7' D H)B,o W,

Oaps (D H' D,H)B,,B,. O2p16 61 (DL H' 71D, H)B,o W7,

Ospa (D H'D,H)ByoB,o O2p17 i61; (DyH ' D, H)(Bu,W;, — By, Wy,)
Oaps (D.H'D,H)Byo By Oapis 515 (DuH'T' D, H) (B, Wy, + Bu,W,.)
OQape oan (D H'D,H)G],GE, Ospro | 617 (DuH'T DL H)(By, W W = ByuW),)
Oupr 545 (DL H'D,H)G5, G, Osp30 | 1615 (DuH 7 D H)(B, W} Do BouWih,)
Osps oap (D, H'D, H)G}, CB Ospoat (H'H)(D,H" D,H)B,.,

Oape 015 (D H D, HYWE, W5, O2p22 (H'H)(D.H' DyH)B,

O2p10 515 (D H' D H)W L, W, Oapas Sry (H'H)(D.H'r ID,,H)WW

Oap11 017 (DMHiD#H)W;f,,fV‘[/";fU Oapaa 61y (H'H) (D H'r ID,,H) w
O2p12 ierax (DuH'T'DLHYW,,WE O2p25 Ory (H'T IH)(D“HTD,,H)W“’,,
O2p13 | €17K (DHHTTID,,H)(WJPW?,, - Wﬂprl,(,) Oz2p26 81y (H'7'H)(D HiD,,H) M,,




FIELD REDEFINITIONS

When the Higgs gets a VEV, higher dimensions operators lead to
corrections to kinetic terms. For example

(H'H)B,,, B" — v*B,, B"

C’U2
EB: <1+7\2+--->B;WBMV

Field redefinition:

1077)2
B,L—>(1—2 A2 +...)Bu

At dim-8 we will get corrections O (X—i)
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ProBING THE EFT

We can probe a subset of these operators via processes such as
pp — HW:

u W+

Also need to consider ‘contact’ operators involving fermions, e.g.

(QLo,Qu)(H='D , H)yWe,
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CROSS SECTION DEPENDENCE

a
0.020
0.015
— SM

Dimension-8 non-contact
0.010 N

Dimension-8 contact
0.005

1000 2000 3000 4000 5000 5000-°

Contribution to cross-section from contact operators grows very rapidly
with COM energy ~ EgM
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CONCLUSIONS

@ In the absence of direct detection of new physics, we must treat the
Standard Model as an EFT.

@ To this end, we have contributed a complete set of bosonic
dimension-8 operators.

o In order to apply to specific process, must consider fermionic contact
operators as well.
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Thanks for your attention!
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