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Introduction

The basic ideas behind effective field theory




Introduction

The SMis incomplete
No v masses
No DM
No gravity
Presumably due to new physics

... but who knows where it lurks.

Two possibilities: look for new physics:
directly — energy limited
in deviations form the SM — luminosity limited
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The goal is to find the £ — easier if the NP is
observed directly

SM deviations usually restrict but do not fix the NP.

In particular, two interesting possibilities:

NP = SM extension: The SM fields € L,
(example: SUSY)

NP = UV realization: the SM fields are generated
inthe IR (example: Technicolor)
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Basic EFT for the SM idea

Begin with Sy, [light-tields]

Assume the NP is not directly observable

= virtual NP effects will generate deviations from
Siignt Predictions

The EFT approach is a way of studying this
possibility systematically
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3.201

THE GENERAL EFT RECIPE

Choose the light symmetries
Choose the light fields (& their

transformation pro
Write down all loca
symmetries using t
derivatives

£ eff

nerties)
operators O obeying the

nese fields & their

=ZC00

The sum is infinite; yet the problem is not
renormalizablity, but predictability

7

EFT course - HRI



L «is renormalizable. Any divergence:
polynomial in the external momenta

obeys the symmetries
= correspondstoan O
= renormalizes the corresponding ¢,

The real problem: at first sight, £_has no

predictive power
oo coefficients = oo measurements
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However, there is a hierarchy:

{0} ={0}Ieading = {O}SUb|eading U {O}SUbsubIeading U

Eventually the effects of the O are below the
experimental sensitivity.

The hierarchy depends on classes of NP:

UV completions: a derivative expansion
Weakly-coupled SM extensions: dimension
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Example

Imagine QED with a heavy
fermion ¥ of mass M

All processes at energies below

3
O

Each term is separately
gauge invariant

etc.

There are no unitarity cuts
since energies <M
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= —%FWFW + Ui — M + eA)V
s = [[awat)ex [z [ e w9 M+ ed) m]

Sy = Indet [zc? — M + eA] + const
1
= —itrln []L + eA]

oo " )= d n
= % e ()

n=1
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Example (cont.)
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Since the full theory is known
G, , can be obtained explicitly

There is a divergent piece
Cyy = 1/(d-4) + finite

The divergent piece is
unobservable: absorbed in WF
renormalization

Observable effects are:
x 1/M>" = Hierarchy
ox e2"/(16 72)

= all observable effects vanish
asM — oo

The expansion is useful only'if
energy <M

Loop suppression factor:
relevant since the theory is
weakly coupled

. d4k’ ik.x 2 2
Guu(@) = [ s € (¥ — bk )G(H)

) 1 (1 ! ks
G) = gz {50y = [, duutt =l [1—ulu D

Cyy 1 k2+ 1 k2 \ 2 1 k2 3+
1272 6072 M2 ' 56072 \ M?2 378072 \ M2

1+ 2aC 3
Seft :/d4x s ()/4 uv/ Sl
8 (87
F 5 FHY F 5 2F,u,1/ . 4
oo B~ gggapa T B T | O




Example (concluded)

If we don’t know the NP:
Symmetries: U(1) & SO(3,1)
Fields: A,

U):A,—>F,
[Wilson loops: non-local]

F2 terms: change the refraction
index

F4terms D Euler-Heisenberg
Lagrangian (light-by-light

scattering).

NP chiral = Lot D €,

NP known: c, are predicted

NP unknown: c,, parameterize
all possible new physics effects

EFT fails: energies > A
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L . for the SM

Construct all O assuming:

low-energy Lagrangian = L,
The O are gauge invariant
The O hierarchy is set by the canonical

dimension
Exclude O if O o O on shell (justified later)

(“*on shell” means when the equations of
motion are imposed)
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CONYENTIONS

Gauge fields Indices

group  symbol generator group symbol

SU(3), Gf T4 SU@B3), A B,---

SU(2), Wi ! sU2), I,J,---

U(l)y B, family p, g, r,---
fields symbol SU(3), irrep SU(2), irrep U(1)y irrep
LH lepton doublet l 1 2 -1/2
RH charged lepton € 1 1 -1
LH quark doublet q 3 2 1/6
RH up-type quark u 3 1 2/3
RH down-type quark d 3 1 -1/3
scalar doublet ¢ 1 2 1/2
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Dimension g :

0 = (5,0) (¢'15)

1 operator
L-violating
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Dimension 6:

X?) (’06 and (,04D2 ?,02903

Oc | fAPCGGPGor | O, (¢Te)? Ocy (eT) (Ipere)

Of | fAPeaapradt | Oun (Te)O(eTe) Oug (¢70) (@pur?)

Ow | KWIWIeW [ || Opp | (#7D49)" (¢'D,0) || Oap | (#10) (@)

O | KWW Iow s

X2 W2 X b202 D

Opc ol G, G Ocw | (pote, )T WL, | O (¢1iDy ) (L#1,)
O,a ol G, GAm Ocp | (lyo"er)pBu, o) (w*iﬁj o) (Lpri M)
Opw | @leWLWI | Ou | Go" TAu)3Gh | Op | (diDy0)eter)
O | eleWiw™ | Ouw | @oru)'eW), | 0% | (¢liD,¢)@n"a)
Oy o' By, B Oup | (@o"u, )9 B 0% (sO‘L?JDHi ©) (@ " qr)
05 | #eBuB” | O | @o T 4)eGh | O | (D, o)@0 )
O,wnB plrlo W), BH Oaw | (Gpotdy )T e W), Opa | (¢TiD, o) (dyy*d,)
Oy | ¢TleWhLB" | Oup | (30" d)¢Bu | Opua | #(3 Dup)(untd,)
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(LL)(LL) (RR)(RR) (LL)(RR)
Ou (Lpyuulr) (L1 Oece (epyuer)(esyter) Ole (vl ) (EsyHer)
0w | @rna) @ a) || Ouwe | (Gpyuur) (@ us) Or (T Yuly) (s ur)
0% | (@ @) (@77 q) || Oaa | (dpyudy)(dsy¥dy) Oua (LYl (dsydy)
OV | Gl @r ) | O | @rue)@tu) || O | (@uar) (@ en)
O | G )@ wla) || O | @vue)@rid) | OR | (@yuar) @)
Oild) (Tpyptir) (dsy*dy) o) (G TG ) (U T uy)
O | (T u)(dsyTAdy) || O | (Gpvuar) (dsytds)
O | (G, T4, (dy"TAdy)

(LR)(RL) and (LR)(LR)

Oledq (Zj er)(dsql)
Ota | (@ur)zju(@idy)
Ofha | (@ T4 ur )o@ dy) 59 operators
Otegu | (Geresn(aiu) (assuming B conservation)
O, | Bouwer)ejn(@ o uy)
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((eeD* ) (LeDyp),

Dimension 7:

(Nel)e(el),
(dg)e(N°t),

(d
(¢°

(
N)(utCe),
eq)(Nd),

3.2017

(
(

)
(Nef)(qu),
(dd°)(dE),
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ec’)/“N)(ﬁbEDu@)
NeN)|ol,

[(q°¢)el)(de

),

(¢ceD,0)(peDH ), N¢(D, peDH),
|

WJ“”((MWW@] (WU’“’N)B ”

(Neq)e(de), (£eeq)(dN),

(ad®)(dN), [°(¢Tq)]e(ld),

(e9Tq)(ded), (aN)(dde).
w,, =w! !
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Formal Developments

Renormalization Decoupling thm. Equivalence thm.
Gauge invariance PTG operators




Equivalence theorem

Low-energy theory with action S, = [d4x L

Effective Lagrangian
Leg = Liight + Z coO
Two effective operators O, O such that

0.Slight

aO — O = A(9) 5
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Then the S-matrix depends only on
Co+ A Coy
Not on ¢, ¢ Separately.

Without loss of generality one an drop either O
or O from L«

What this means: the EFT cannot distinguish
the NP that generates O from the one that
generates O

.2017 EFT course - HRI



Example: 2d QM
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Simple classical Lagrangian L= _"_mx“-V

Add a term vanishing on-shell I = L — EA(I)(TTLQE 1+ V/) + 0(62)
— L+ e(mA'i? — AV') + tot. der. + O(€?)

Find the canonical momentum D= (8_L> _ m(l . 2614’)51-7

and Hamiltonian 833

1 1
H=pi—L=—p*+V +e¢ (——A’p2 +AV’) + O(€?)
2m m

= Ho+ eH' + O(€?)



1d QM (concluded)
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Quantize as usual (with an ;9 1 , 1 5 i) , ) 9
appropriate ordering A'p® — 1{{}), A },p} = —(p A +2pAp+ A'p )

prescription) 4

The quantum Hamiltonian is 1 1

e He o+ Ve (—pl(nAhob +4V') +0()
Which is equivalent to the H = (]I{o[]Jr e 0(62) y U =exp (—Ee{p, A})

original one 2

Also: UzU' = 2 + eA + O(¢?)

1
UpUT =p — Selp, A} + O(€%)



QFT: Sketch of proof

Suppose O, O’ are leading
effective operators (the other
cases are similar)

Make a change of variables

To leading order

There is also a Jacobian
A local = J oc §4)(0) & its
derivatives
=J— 0indim.reg.

[in general: J = renormalization
effect]
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Log=Lo+€(O +cO+---)+0(?)

»— od+ed A

Eeﬂ;—>£0+E(C’A%+C'O’—I—CO—I—---) + O(€?)

— Lo+ el(c+ad)O+---14+0(e?)

dg] — Det [1 +ec’%] o]

= {1 +ecTr [—] } [dg] = (1 + ec’ T)[de]



Gauge Invariance

In all extensions of the SM

Gsm C Griot
S~ S~
SM gauge group Full gauge group

= (O invariant under Ggy

rad.corrections

Ogauge—variant ALL gauge variant couplings

= a non-unitary theory

There is, however, a way of interpreting this.

3.2017 EFT course - HRI
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Stuckelberg trick

EFT course - HRI

Model with N vectorbosons

W, (n=1,2, ..., N) and other L= E(W, X)
fields x
Choose any Lie group G of dim.
L > N, generated by {T"} and T — _ni trTT™ = —§
add L-N non-interacting ’ v
vectorsW" (n=N+z, ..., L)
L

Define a derivative operator D'u = 8,& + 1 Z T W‘u/

n=1

L

Introduce an auxiliary unitary SU = Z e. T"U
field Uin the fund. rep. of G — "
Define gauge-invariantized WE — —tr (THUTD#U)

gauge fields Wn,

Gauge invariant Lagrangian EG.I. = [,(W, X) [E(W, X)|U:]1 — E(W, X)]



Any L equals some L, inthe unitary

gauge... but the x (matter fields) are gauge
singlets

Also L, is non-renormalizable
= valid at scales below ~4 ™m,,

The same group should be used throughout:

L gim < G-invariant = all L, is G-invariant
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So gauge invariance has content:

It predicts relations between matter
couplings (most x are not singlets)

If we assume a part of the Lagrangian is
invariant under a G, allthe Lagrangian has
the same property

= S ¢ is invariant under G,
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Renormalization

For a generic operator
O~ D*B"F°¢

B=boson field, F=fermion field.
Its coefficient will be the form

co ~ A(b, fYA~2°
. 3
Ao =dim(0O) —4=>b+ §f—|—d—4
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A divergent L-loop graph generated by O,
renormalizing O:

/ \
pi 3 2

/ \
4 5

\ /

Naive degree of divergence  jaycinio i
Ndiv:4L_21b_1f+zdv_d:ZAOU — Ap

3.2017 EFT course - HRI
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Power of A:

wno, -do) Ly, v,

divergence : Ndiv

Radiative corrections to A(b,f)

SA(b, ) ~ (1672) LH)\bU,fU

Naturality: for any graph
A(b, f) ~ OA(D, f)

.2017 EFT course - HRI
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ESTIMATING A

Replace O, - B% O, -

Ao 2,00) X g = Abunfo) = Mbf) = (4" AL

Similarly, for fermions
Ab, f) = (4m)T 2N (b, 2)

Combining everything:

Ab, f)=(Am)Ne, No=b+f—-2

.2017 EFT course - HRI



TWOTYPES OF DIVERGENCES

Logarithmic divergences generate the RG

If N

le
(4m)No
Ao

dco ~ X (power of InA)

If N . >0 thereis alog subdivergence

div

X (power of InA)

N div
Seo (4m)No y (m\N

AARo A/

.2017 EFT course - HRI 33



Leading RG effects from N

le

Z Ao, = Ao ; (Naiv = 0).

Super-renormalizable (SR) vertices:
An 2 0 except SR vertices: Acp=-1
If the SR vertex ~A ¢> then my~A
Natural theories: SR vertices « light scale

Natural theories: SR vertices - subleading
RG effects

Ignoring SR vertices - A 20

.2017 EFT course - HRI 34



THE OPERATOR INDEXAND THE RG

The index of an operator is defined by

u—4 u— 2 u— 1
Noy = b
9 © 5 't

so(u) =Ap + f+d—u

Then

Ngiv = ZSO’“ — SO + (4— u)L

.2017 EFT course - HRI 35



RG:
Ndiv=0

= So:ZsOv—l—(él—u)LzZsov > 50,
Apn=0

The RG running of ¢, is generated by operators
or lower or equal indexes.

If
ﬁeﬂ: — Z £S

index=s

RG evolution of £, generated by L. withs'<'s

3.2017 EFT course - HRI
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Special cases

EFT course - HRI

Foru=1, d=1, and b=0:s=d-1
Ay natural scale
Hierarchy: der. expansion
Higher s - subdominant

Foru=2:s=d+f/2-2
Ay natural scale
Hierarchy: der. & ferm. #
expansion
Higher s - subdominant

For u=4:s=d+b +(3/2)f- 4
A: natural scale
No suppression factor

so = (dim of O —4) +

=d+(5-1)b+

2

u—4

u— 1
2

Ay =

(# fields in O) — u

f—u

A
(4%)2/3



This approach also gives a natural estimate for
the c (aside from power of a scale)

Examples
Nonlinear SUSY:-
1 a a - 2 o’y 7
,E: —%det/l, Au:(sﬂ—l_z’{ wU a#w
O ~ /DY ! = K !

< <
O A (3m)2@D73 ~ (4m) B A2
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Chiral theories (low-energy hadron dynamics):

Simplest case: no fermions

U =exp (fion‘n')

L= —f*r0,UT0"U + (1(11) [tr@uUTﬁ“U]Q T =L BN [82nterms} T

2n—4
T

1
<
"0 AR (4m)d2

O ~ ¢*y! D, = fr=Ag, ¢g < (4m)*1

3.2017 EFT course - HRI
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PTG operators

Strongly coupled NP: NDA estimates of ¢,

For weakly coupled NP: ¢, < 1/44
... but we can do better.
If O is generated at tree level then
Co =11 (couplings)/A4
If O is generated by at L loops then
Co ~ [1(couplings)/[ A4]
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Assume the SM extension is a gauge theory.

We can then find out the O that are always loop
generated.

The remaining O may or may not be tree

generated: | call them “Potentially Tree Generated”
(PTG) operators.

To find the PTG operators we need the allowed
vertices.

NB: | assume there are no heavy-light quadratic
mixings (can always be ensured)
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Vector interactions

Multi-vector vertices come
from the kinetic Lagrangian

Cubic vertices o< f
Quartic vertices o< f f

V ={A (light), X(heavy)}
Light generators close

This leads to the list of allowed
vertices

In particular this implies that
pure-gauge operators are loop
generated

EFT course - HRI

1
Ly =—-VLVH V3 =9V~ Ve~ gfapVVe

4 B

1, T =T, = faax=0

cubic : AAA, AXX, XXX
quartic : AAAA, AAXX, A XXX, XXXX

loop generated : EUKW::”WVJPWJ{” & ete.



Vector-fermion

interactions

EFT course - HRI

Vertices with vectors and .
fermions come form the XMDX )
fermion kinetic termin L

x = { (light), ¥ (heavy)}
The unbroken generators T, do
not mix light and heavy degrees

of freedom = no 9 ¥ A vertex

Allowed vertices

with A :
with X :

10}y, = @By, = ?ngFOLV’;CL

p A, T A
DX, OUX, pUX



Scalar-vector

interactions (begin)

EFT course - HRI

These come form the scalar kinetic

term in L |D9]?, D, =0, +igt*V

9 = {$ (light), & (heavy) }

Terms VV¥ o (&) (((I)) t“tbﬁ) Vij” , tight (P) =0
The (unbroken) t, do not mix ¢ and &

The vectors t, (@) point along the
Goldstone directions then
t, (@) L ¢ (physical) directions
t, (?) L @ (physical) directions

Gauge transformations do not mix ¢

(light & physical) with the Goldstone <(I)> theny taqb — 0
directions Y



Scalar-vector

interactions (conclude)

This leaves 14 allowed vertices
(out of 25)

The forbidden vertices are

EFT course - HRI

FIV

VIVV

PVV

cubic :

quartic :

A, DDA
pdX, PDX, ¢pDX
dHAA, DDPAA

PHAX, PDAX, pDPAX
POX X, POXX, ¢DPAX

dXX, XX

o9p  9PA  YPA
PAA SAX HXX
DAA BPAX AAX

SPDAA AAAX



Application: tree
graphs suppressed by

1/A%2or1/A

EFT course - HRI

Notation:

Fermion:

—_——

Bosons:

Cubic vertex of O(A)
/’o

s ’
4 Fd
4 Is
s s
’ rd
________________ < R S
. .*\
~ ~
LY ~
N ~

» ’ ~ ] ” ~ \ r) ’
N ’ ~ ' ’ ~ \ ’ ’
. ’ A , ~ s
. , . ¢ , * AT ’

~ ¢ V4 . L ’
Rt LR R T ‘e I.---.l_-__.\ ’.---.v..._-.\
r A ’ LY ’ ~

A} | 4 b 1 ] ’
N 1 4 M 1 ] 4 ‘
~ 2 ~ 4
. I N ' ' s
~ ’ N ’ N »
~ | Vs 1 1 ’ N -—
[N . -
LY S X -9--0-0 S
, ~ ,' ~ ’I‘ “w---
’ < ’ e \

ri - -



PTG dimension 6 operators:

XB @6 and ¢4D2 w2¢3
Oc | fABCGavGEraSr | 0, (¢7¢)3 Oc (¢1¢) (Ipere)
Og | I4BCGHGEGSH | 040 | (6T9)D(910) Ous (¢'¢)(gpurd)
Ow | "EWIWIPW || Ogp | (67D#¢)" (6'Dud) || Ous (67¢)(@pdr)
O | VKWW rwin
X2¢2 wQqu ?f)quQD
Opc | oTeGAGM™ || Oy | (Lotve)rloW), || OF) (aﬁw 6) Iy,
0,z oo GA,GAm O.5 (I,0" e?«)gbBW oY) (gz)’rszgb)(z‘ i)
Opw PO WL, Wi Ouc | (Gpo"TAu, )¢ GW Ope (ch%D# ¢)(€p*er)
Oy | SloWLWI || Ouw | (goo*u)r oW/, | OF) (cb‘szu 8) (37" qr)
Oy ¢! By B Ous | (Go"u)¢ By || OF) (astD ) (@ 7" ar)
0,5 616 By, B Ouc | (Gpo"*Tdr)p Gy || Opu (¢TzD $)(apy*ur)
OswnB ng'rIqb WiUBW Oaw (q‘pa”’"’d,,,)'rfgb wi Ogd (ngz )( v#d,)
Oyiwp | ¢'T'oWiL,B"™ | Ous | (60"d)$Bu | Opua | (6! Dyo)(upnd,)
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(LL)(LL) (RR)(RR) (LL)(RR)
On (Lo ulr) (Lsy* 1) Oece (Epyuer)(Esy er) Ole (Lyyulr) (Esyer)
0 (@pYuqr)(@s7*qt) Ouu (pypur) (Usy ut) O Lyl (TsyHug)
0w | @ ar )@t a) | Oaa | (dpyuds)(dsy™dy) Oug (IpYule) (dsyPde)
Ol(;) (p’Yu r)(@s 7" qt) Oeu (Epyuer) (s ut) Oqe (@pyuar)(Esyter)
OF | Wt )@t a) | Oea | @pen)dsrtd) | OX | (@vpar) (@syus)
o) (TpYutir) (dsy*dy) O | (@uTAq) (@sy"T4uy)
O | (@ T un) (dsy*TAdy) || O | (Gprvuar) (s dy)
O | (@ruT qr) (dsyTAdy)

(LR)(RL) and (LR)(LR)

(Ber)(dsal)
(@ur)ejr(qhdy)
((jg;TAu,,,)ejk( 7" T4d,)

s ut)

(l_%eT)gjk( s
(l_%awer)sjk(qga“”ut)

3.2017
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39 PTG operators
(assuming B conservation)
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PTG operators are of 5 types
Only Higgs  ~¢°., ¢°0¢”
T parameter ~ (6 Dof’
Yukawa like — ~ |¢]*(v¢'¢)
W,Z couplings ~ (¢'D,¢)(vn"y")

4 fermion ~ (1T 1h2) (13T %1y )

3.2017 EFT course - HRI
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Some phenomenology

Phenomenologically: the amplitude for an
observable receives 3 types of contributions

oo = (é}Oﬂ)SM tree T (W)SM loop + (ébﬁ)eff

where
(élo/\)SM loop ™~ (Oé/[ﬂ'(') (W)SM tree

(ézo/\)effN (E2 CO/AZ) (W)SM tree

Easiest to observe the NP for PTG operators
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Some limits on A are very strict:
for O ~ eedd: A >10.5TeV

= is NP outside the reach of LHC?
Not necessarily. Simplest way: a new symmetry

All heavy particles transform non-trivially
All SM particles transform trivially

= all dim=6 O are loop generated (no PTG ops)

and the above limit becomes A > 840 GeV
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Examples:
SUSY: use R-parity
Universal higher dimensional models: use

translations along the compactified
directions

.2017 EFT course - HRI



Decoupling theorem (w/o proof)

Theory with light (¢) and heavy (®) fields of
mass O(A)

S= S|[¢] T Sh[¢1¢]

S, — renormalizable
exp(iS[¢]) = [[dP] exp(iSy)

3.2017 EFT course - HRI 53



Then
S = Sdivergent T Seff

Sdivergent Ff€NOrmMalizes S,

For large A
Sefr=[d'x 2 cp O
Co finite
Co— 0as A — oo

3.2017 EFT course - HRI
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Limitations

The formalism fails if
L is used in processes with E > A
If some O breaks a local symmetry

If some c,, are impossibly large
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Consider ee — uv

Then o —ocoasEyy,— oo

As Bs
olete” = v,u,) = 5y T +Cs
(s —mg) v iy
L g\ 2 12 1 g co 2 co”
47 (4CW> ( e 4w 2ew AQ( 5w) SrA4
51077 b |
:l '
5. 107 _| |
4 51077 | A=300 GeV E> A
301077 F| \
2 10T [
EI
1x10T {




Very large coefficients

A simple example: choose

And calculate the 1-loop W
vacuum polarization I1y;,

> @

Then get the propagator poles
s,ands,

If Aisindependent of A: no
light W

If A < 1/A2 the poles make
physical sense

EFT course - HRI

e
Eeﬂr = ESM — i—QW/j;/W_Vp [Fpﬂ + ZPN}
My

N2 [ A\ ¢2 6 1 A2
- 35 () [ -5 3l

= .2 Ko 2
4814 \ mw SNy, A 2myy,

5 y 192 %
— 81, S9 = (TWHFW = — ; —
q 1, S2 ( )(q) 2 10 m2 o0



Applications

Collider phenomenology LNV
DM Higgs couplings




3.2017

The Universe

SM (~4%)
DM (~23%)

m DE (~73%)

EFT course - HRI

Assumptions:

standard & dark sectors interact
via the exchange of heavy
mediators

DM stabilized against decay by
some symmetry Gy,

SM particles: G, singlets
Dark particles: G, singlets

Weak coupling

59



EFFECTIVE THEOQRY OF DM-SM INTERACTIONS

Within the paradigm:
L ~ oOsm + pOpwm + ﬁp

Mediator fields;

singlets under DM

1
Lot ~ M’f —O0smOpy + ZOSMOSM + 3 OpmObu

eaiormoss |l
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LEADING INTERACTIONS

Leading interactions:
Lowest dimension (smallest M suppression)
Weak coupling = Tree generated (no loop suppression factor)

dim O xO mediator /j
4 p[2P* —

‘¢|2¢ILIJ S (scalar)

O @'2@3 S .(P:darkscalar ....................
== i lIJ : dark fermion
(EQI))((I} lIJ) N (rermion) qﬁ . SM scalar d()ubleté
R SM lepton doublet;
N-generated:
> 2 component dark sector (2)Loop generated :
Couple DM (&, ¥) to neutrinos B, X" ® B, Vo'W

(@,¥)-Z,h coupling @ 1 loop
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v PORTAL SCENARIO

Dark sector: at least @ & ¥

mg > my = all @'s have decayed: fermionic DM.

_~ v

i R S0 A p— |
(06)(®TW) — Vo s \

Important loop-generated couplings

i(¢T Bu ) (VL rY* YL R) 6 (TD)
z h
SAVVWW
U Z
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RELIC ABUNDANCE

The Planck constraints fix

Aeff = Aeff(mw)

NB:
Large A = smallmy
Small o = small my

Acr (TeV)

1 10 100 1000
my (GeV)
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More refined treatment: include Z and H

resonance effects.

@o----
©

fax g

z

Fa] o

0 30

s

3.2017 EFT course - HRI

100 150 200
(GeV)
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DIRECT BETECTION

y 4
ANV " YT
s S

/4 Z nucleon H nucleon

_ _ 1 _
L= Z—’;(ww)(NN) + 5 Uu(eLPr + erPrR)VJA;
Nucleonic weak
current

3.2017 EFT course - HRI
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Results: easy to accommodate LUX (and other)
limits.

— Lux 90% C.L. (2014) — Atlas 90% C.L. (2014)

=
|
—~ |
10-48 /y4 ' \
Al \
‘ N

| fJ ‘,f\

10—50 Al 11 |

f

L

10 50 100 150 200
my(GeV)
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INDIRECT DETECTION

Expect monochromatic neutrinos of energy my  ;

v 14 10721
P : 10-231- — lcecube vv™ 2014
‘l_A
o
£
&
A
v v g 107
v
10—27 =
0 50 100 150

my(GeV)
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Uy COMPLETION

Add neutral fermions N to the SM:

L=N(@i @—my)N + (yldN + H.c) + (:N®'U + H.c)

Mass eigentsates: n; (mass=0), and x (mass=M)

N = —sgnr + (coPr, + Pr)x, V==Cconr + 8¢ XL

tand = yv/my; M = /m2 + (yv)?
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Large m,:

ﬁeff —

€1, —

i—i(@&)(@’f@) + He.

3.2017

EFT course - HRI

|

Yvz

Adrm,|

— Qi‘i’ Z(er PL + erPr)V

W
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In a model the c5 may be correlated = more
stringent bounds

For this model a strong constraint comes from
I' (Z — invisible)

This rules out my > 35 GeV unless mgz ~ my,

3.2017 EFT course - HRI
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Higgs - simplified

Phenomenological description:

H - _—
ﬁeff = — {(QCWMEVW_W+ + CzM%Zﬁ) + epmytt + epmpbb + chTTf-]
v
H 200 5
—|‘% Cy—m 3 Fﬁw cg 1 G

Experiments measure the ¢;
= need to relate these couplings to the ¢,

The relevant O can be divided into 3 groups
Pure Higgs
O affecting the H-W and H-Z couplings
O affecting the couplings of H, Z and W to the fermions
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Pure Higgs operators

There are two of them

The first changes the
normalization of H

Canonically normalized field

Must replace h — H everywhere

The second operator changes v:
absorbed in finite renormalizations

This operator can be probed only
by measuring the Higgs self-
coupling.

EFT course - HRI

1 0
On, = HOMP? Op=lel o= (+h)

(1+ eca(p)((?h)

l\DIb—t

L=Lom+ - 208¢+

A

H:\/1+ca¢eh%(1+%cawe)h GZU_



O modifying H-W and

H-Z couplings

EFT course - HRI

There is one PTG operator. O(,OD — ‘@T D(‘p ’ 2
Contributes to the T oblique
parameter.
€ECHD

The constraints on 6 T imply 5T = i | S 0.1
this cannot affect the ¢, within 04
existing experimental precision
All the rest are loop generated ¥ A ~Auv v
= neglect to afirst O‘PG ¢ (pGMVG OfﬂB QDT(pBMVB'u
approximation _ ~A A _ ~

PP Och <pT(p Gi,G W O(PB g0T<p By BMY
= HZZ & HWW couplings are O Towl winv O Telowl pwv
SM to lowest order. oW ST PN 4 ¢ Wuv

Och . ﬁ’/[wW’W O¢WB oiclowl pHv




H, W, Z coupling to

fermions (begin)

EFT course - HRI

First: vector or tensor

couplings.
These are PTG or loop PTG LG
generated.
(1) N r v, NIl
Limits on FC_NC coupled to the O(pl (¢ liﬂ (p)(l_PV lr) Ocw (Z_PU er)t gDWMV
Z suggest A is very large unless OS) (ol D,d g0)(1191.11//”” O,p (I,o" e, )9 By
p=r
L <> _ _ ~
L Oge @'iDue)@epyte)  Ouwg  @po"'TAu)@Gy,
C . . _ 1 = _ - ~
S)Edirérclvolvmg leptons: A > @g(pq) (o' D, 9)(Gpy*qr) O,w (qpalwur)flw W;iv
' 3 <2 _ - ~
- @ (@'iDLo)Gprlyt gr) Oup (Gpo™ ur)@ Buy
O,, involving quarks pa ) ) .y A
except the top: 4>0(2 Opu (p"i Dy @)upyHuy) OFle (qpot" T dr)p Gy,
TeV) <~ - _
Opd @'iDup)dpytds)  Oqw  (GpotVdrTle W,
Opua: 4>0(1TeV) ot _ _ y
ng)ud i(p D,ufﬂ)(upyudr) OuaB (CIpUM dr)g B,uv

O(1%) corrections to the SM:
ignore



H coupling to fermions

(concluded)

EFT course - HRI

There are also scalar couplings
o5
; (Oe)pr = || Lperp,
In unitary gauge
Ol =(e/2) (v+3H + - )2 (Oug)pr = o1 @purd,

e v contributions: absorbed in (Od@)pr = |@‘2qurgp,
finite renormalization. GIM

mechanism survives.

€ H contributions: observable
deviations form the SM




LG operators
EFT course - HRI

In most cases these are 1, 4 " .
ignored, but since H — vy, Zv, Opx = = |90| X X", X={G", W', B}
GG areLGintheSM, O

whose contributions interfere O — T WI BHY

with the SM should be e (('0 e)

included.

Operators containing the dual
tensors do not interfere with
the SM: they are subdominant



PHENOMENOQLOGICAL IMPLICATIONS

H — 1)

T(H — ) =k5Tsn (H — 9)
Iﬁlfb = (1 — CHp€ + \/§UC¢¢6) :

MMy

H - VVE (V=Z, W)

, e /u E//u z /u

T M e - § W :
N\

/n /it /n

['(H— VV*) =kiTsy(H = VV*)

2 _
kv = (1 — coge)
.2017 EFT course - HRI
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H— vy, vZ, GG

2 =1—€(cop — 0.30¢y, — 0.28¢4,)

’4}227 — 1 — € (Caqb — 182627 — 1-46Ctt,0)

ke = 1 — €(cap — 2.91¢ca — 4ciy)

T(H —vy) =k, Lsm(H = v7) a

T(H = Zv) = k7, Tsu(H — Z7)
I'(H - GG) = kzTsm(H — GG)

where , ,
. 167 167~ _
T T W T g el
~ 1672 [1
i 5(Cow — CoB)saw — cwBCow
_ 1672
CGa = —5 Cpa

78
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A SPECIAL CASE

If there are no tree-level generated operators:

= co~1/(167°) & qz66 ~1

and
prod
U d—1:2.9165(;(;
pro
Osm
B(H — VV*) 3
—1=-0.25 A>1.4TeV
By (H — VV) ccaa “
B(H — vv)

—1=¢€(0.3¢c~~ — 0.249¢
Bsy(H — vy) (036 GG)

3.2017 EFT course - HRI
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LNV & EFT

There is a single dimension 5 operator that violates lepton number (LN) —

assuming the SM particle content:

00 — NTCN, N, = ¢Tel,, e — (_01 é)

Note that it involves only left-handed leptons!

Different chiralities have different quantum numbers, different interactions
and different scales. The scale for O%)is large , what of the scales when

fermions of other chiralities are involved?

3.2017 EFT course - HRI 8o



Operator with ¢ and e:

O~ Ledp®d* D¢ witha —b=3 (dim=3+a+b+c=2a+c).

Opposite chiralities = need an odd number of v matrices = c=odd.

Try the smallest value: c=1. If the D acts on £ and e:

D — 0 De — 0.

because of the equations of motion and the equivalence theorem.

The smallest number of scalars needed for gauge invariance is a=3, b=o0. Then

the smallest-dimensional operator has dimension 7:

Ov(“? - (6?0’)/”]\[3) (QbTED/,LQﬁ) :
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Operator with two e:

O ~ eedp®dp’ D with a — b = 4 (dim=3+a+b+c=2a+c).

Same chiralities = need an even number of v matrices = c=even. Try the

smallest number of ¢: a=4

Cannot have c=0: SU(2) invariance then requires the ¢ contract into

oled = 0.

Then try c=2; each must act on a ¢ and must not get afactorof ¢ "€ ¢ .The

only possibility is then
0O = (T Ce,) (67 D,u0)” .

that has dimension 7:
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ov - B3 decay:

introduction

EFT course - HRI

Some nuclei cannot undergo 3
decay, but can undergo 23 decay
because

Eping(Z) > Egnd(Z+1)

Epind(£) < Eping(£+2)

There are 35 nuclei exhibiting 23
decay:

48Ca, 7Ge, 82Se , 9Zr, *°°Mo,
116CC| , 128Te , 130Te , 136Xe , 15°Nd,
238U

It may be possible to have no von
the final state (LNV process)

Best limits: Hidelberg-Moscow
experiment

Az = Azy1+e + 0,

Az = Azi0+2e™ + 20,

Tyo(¥ — BB) > 1.8 x 10%°years



ov - B3 decay:
operators, vertices &

amplitudes

EFT course - HRI

Amplitude ~ A/(Q?%*v?)
e=v/A
n=Q/v~2x104

eI @0 A=
/NvANv—d/Wv\ (¢'D,¢) [é’y“(ggTﬁc)} & A=né
/\MNUWW\ (T DH¢)?(eef) — A = n?€>



The implications of the lifetime limit depend

strongly on the type of NP.
Amplitude ~ A/(Q?v?3)
e=uv/A _
n = Q/’U ~ 92 % 104 dim of O ./4. Amin (TeV)
Limit: A < 1.4 x 1072 = 5 € 1.8 x 10t
7 ne’ 130
9 n?e3 3

If the NP generates the ee operator @ tree
level it may be probed at the LHC

.2017 EFT course - HRI
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Flavor physics: b parity

b — quark production in e* e machines

ete"—=>nb+X

In the SM model the 3 family (t,b) mixes with the other families, however

dr,
LM -mix = — (uz, e, tr) W Vekm | st
V2 b

Vap| = (4.15 £0.49) x 1073 |V = (40.9 £ 1.1) x 1073
Via| = (8.4£0.06) x 1072 [Vis| = (42.9 £2.6) x 107°
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= neglectingV, « 14 s there is a discrete symmetry:

(-1) ¥ ofbquarks) jg conserved

In particular et e~ — (2n+1) b + Xis forbidden in the SM!
For non-zero V's this “b-parity” is almost conserved.

NP effects that violate b-parity are easier to observe because the SM

ones are strongly suppressed.

3.2017 EFT course - HRI
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Looked at the reaction

ete"—=nb+mc+l1j (j=light-quark jet)

Let

* ¢, = efficiency in tagging (identifying) a b jet
* t;=probability of mistaking a j-jet for a b-jet
* t_=probability of mistaking a c-jet for a b-jet
* o0,,=0("e —=nb+mc+lj)

nml ™

Cross section for detecting k b-jets (some misidentified!):

h :Z <n> <m> (D eb (1 —e)" ] [t =)™ {71 = 8)"] o
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Let
N, , = # of events with k b-jets and J total jets (k=o0dd)
Then a 3-sigma deviation from the SM requires
Nk, = N, M| >34
Where A =error=[A, 2+ Ay o>+ Aye® 17
Agiar = (N )
* Asyst = Ny, 9,

Atheo = NkJ 5t

New physics:
1

3.2017 EFT course - HRI
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30 allowed regions derived from N, _, ,_,when o, =9, =0.05, t;= 0.02

3.2017

5, = 0.05, 0; = 0.05, t. = 0.1 and ¢, = 0.02

\/E L €p — 0.25 €p — 0.4 €p — 0.6
(GeV) | (fb™1)

200 2.5 0.68 0.74 0.81

500 100 1.81 1.96 2.15
1000 200 3.61 3.91 4.36

30 limitson A (inTeV ) derived from N, _, ,_,

EFT course - HRI
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Because of the SM suppression, even for
moderate efficiencies and errors one can probe
upto A~ 3.54s

3.2017 EFT course - HRI
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