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Introduction

The basic ideas behind effective field theory




Introduction

The SM is incomplete i .

No° masses
No DM
No gravity
Presumably due to new physics
but who knows
Two possibilities: look for new physics:
directly! energy limited

In deviations form the SM luminosity limited
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3.2017

The goal is to find th& \—easier if the NP Is
observed directly

SM deviations usually restrict but do not fix the NP.

In particular, two interesting possibilities:

NP = SM extensionThe SM field® L \p
(example: SUSY)

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

Begin with§;,,[light-fields]
Assume the NP Is not directly observable
) virtual NP effects will generate deviations from

Sight Predictions

The EFT approach is a way of studying this
possibility systematically
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THE GENERAL EFT RECIPE

Choose the light symmetries
Choose the light fields (& their
transformation properties)
Write downall local operator9O obeying the
symmetries using these fields & their
derivatives

Ler=a Co O

The sum Is infinite; yet the problemmst
renormalizablity but predictabllity
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L .:Isrenormalizable Any divergence:
polynomial in the external momenta

obeys the symmetries
) corresponds to al®
) renormalizes the corresponding,

The real problem: at first sight, .+ has no

predictive power
1 coefficients) 1 measurements
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However, there Is a hierarchy:

{O} :p}leading[ {O}subleading[ {O}subsubleading:j3

Eventually the effects of th® are below the
experimental sensitivity.

The hierarchy depends on classes of NP:
UV completions: a derivative expansion
Weakly-coupled SM extensions: dimension

é
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Example

EFT courseHRI
1 _
Imagine QED with a heavy L=—ZFuF" + (i — M+ ed)V
fermion? of massM
f/llla?(reocesses at energies below eisq, _ /[d\If d‘ff] exp [i/d4x T (Z@ M BA) \IJ]
Sy = Indet [zc? — M + eA] + const
1
= —itrln |1 + e
' o0 (_e)n 1 n
= 1 tr| —4——
etc. nzzl nM™ i /M — 14‘1
Each term is separately _
gauge invariant K' n—=9- %62 /d% d4yA“(:c)GW($ —y)A¥(y)
There are naunitarity cuts G =Gy, O0G,, =0

since energies



Example (cont.)

Since the full theory is known
G.. can be obtained explicitly

There is a divergent piede
Cuv= 1/(d4) + finite

The divergent piece is
unobservable: absorbed in WF
renormalization

Observable effects are:

/ 1M?2") Hierarchy
| e(16Y%)

) all observable effects vanish
asM- 1

The expansion is useful only if
energy <M

Loop suppression factor:
relevant since the theory is
weakly coupled
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‘ d4k ik.x 2
G () =/ (27 € (k’ Nuv — Kk, )G(K7)
G(k*) = 271T {GCLV—/O duu(l —u)ln [l—u(u—l);le}

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

1+ 2aC 3
Seﬁ-:/d‘lx 1T 0’4 ov/3 g g
&
Fl/ FHY FV F,uy 0) 4
+ g P — g e D + - | +0(e)




Example (concluded)

EFT courseHRI

| f we don’t know the NP:
Symmetries: U(1) & SO(3,1)

Fields: A
UQ):A- Fo

[Wilson loops: norocal]

: (2)
Fterms: change the refraction (2) Cn "~ n oy { n pupy ( n '“W) }
index Lg = A2 F,avrw . |F,O"F* =20, (2A,0"F — drop
F*terms % EulerHeisenberg Ny ey
Lagrangian(light-by-light Eglflf) — L (F "2 + & (F, FYPF,,F")
scattering). A @ A @)
C3 v [V Co v o

NP chiral) Ly %2, +g (Fu k" )(FWF” )+ AT (FMVF gl “’)

NP known:c, are predicted

NP unknownc, parameterize
all possible new physics effects

EFT fails: energies @



L . for the SM

Construct allO assuming:

low-energy Lagrangian £,
TheO are gauge invariant
TheO hierarchy is set by the canonical

dimension
ExcludeO’ O’ /f O on shell (justified later)

(“on shell” means whe
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 5 :

0 = (5,0) (¢'15)
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1 operator
L-violating
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Dimension 06:

X?) (’06 and (,04D2 ?,DQQQS
Oc | fAPCGGPGor | O, (¢Te)? Ocy (eT) (Ipere)
Of | fAPeaapradt | Oun (e)D(e'e) Oug (¢'0) (@pur)
Ow | KWIWIeW [ || Opp | (#7D49)" (¢'D,0) || Oap | (#10) (@)
O | KWW Iow s
X2 W2 X b202 D
Opc plo Gl GAM Ocw | (Lo e, )rleW}, | OF (D, ) (I,7"1,)
O oo G, GAm Ocp (lpo" e ) By oL (w*iiz_i: ) ([T y*ly)
Opw Pl W, Wik Ouc | (@po"" T ur )Gy || Ope | (91D, o) (@ er)
O | eeWiLwiw | Ow | @omu)raWl, | 09 | (oD, ©)@r"a)
O¢ o' By, B* Oun (Gpo"” 1y ) By 05, (w*iDH,f ©) (@ " qr)
0,5 ' By, B Oac | (4" Tdr)p Gy, || Opu (sOTiIZL ) (Upyuy)
O,w B il Wi, B Oaw | (Gpo*dp )T W], || Opa | (@'iDy @) (dpy*d,)
ngWB piTlp WiuB'W Oap (gt d; ) By Opud | (@' Dpp)(upy*dy)
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(LL)(LL) (RR)(RR) (LL)(RR)
Ou (Lpyule) (Lsy™1y) Oee (Epvuer)(Esyter) Ote (Lpyulr) (€57 er)
Oy (@pYuqr) (s qt) Ouu (tpyptte ) (Tsy™ g ) O (Lp Yyl ) (T )
Og‘? (@Y™ @) (@ m @) || Odaq (dpydy) (dsyHdy) OLa (Ll ) (dsy™dy)
O | Gyud) @ a) | Oecw | Epmuer) @) || Oge (qpfypqr)(esynet)
O | U@ ') | Ot | (@muer)dd) || O8) | (@uar) @)
oL (Tp Yt ) (dsydy) O | (@ T2a) (asy T Auy)
O | (@pyuTAun) (der? TAdy) || O | (@ yuar) (deyde)
O | (@ T a)(dy"TAdy)
(LR)(RL) and (LR)(LR)
Oledq (Zj er)(dsql)
0(1) DU )E ik _fdt
o (JfAur;jkikT)dﬂ 59 operators
Olegu | Be)ein(@u) (assuming B conservation)
02 | (Houwer)em(@ior u)
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Dimension 7:

((°eD ¢)(LeDyg),  (€*N)(eDue),  (FeeDul)(¢eD ),  N°(DypeDH),

(N<0)e(et), (NeN)|g|?, (Neoh (¢eW )], (N°0HN)B,

(dq)e(Ne0), [(@¢)et)(d0), (N<q)e(dl), (Teeq)(dN),

(dN)(uTCe), (N<0)(qu), (ad)(dN), [ (1q))e(ld),

(¢Peq)(Nd), (dd°)(dE), (é¢'q)(d°d), (aN)(dde).
where

20 operators
All violate BL
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Formal Developments

Renormalization Decouplingthm. Equivalenceghm.
Gauge invariance PTG operators




Equivalence theorem

Low-energy theory with action $=sd*xL,

EffectiveLagrangian
Leg = Liight + Z coO
Two effective operator®, O’ such th

0.Slight

aO — O = A(9) 5
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Then the Smatrix depends only on

Co * aCos

Not oncg, CyzSeparately.

Without loss of generality one an drop eith@r
orO flkom

What this means: the EFdannot distinguish
the NP that generate® from the one that
generates O’

3.2017 EFT courseHRI 20



Example: 1d QM

EFT courseHRI
. . . 1,
Simple classicdlagrangian L= —-mz“—-V
2
Add a term vanishing oshell L — I — eA(x)(mi + V’) + 0(62)

— L+ e(mA'i? — AV') + tot. der. + O(€?)

: : oL
Find the canonical momentum p= (_) _ m(l . 2€A'):i7

and Hamiltonian 83'3

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

= Ho+ eH' + O(€?)



1d QM (concluded)

EFT courseHRI

Quantize as usual (with an ;9 1 , 1 5 i) p ) 9

appropriate ordering A'p® — —{{p, A },p} = —(p A +2pAp+ A'p )

prescription) 4 4

The quantum Hamiltonian is 1 1 , , 9
H=— V — A AV O

e PV e (gl AL+ AV ) +0(@)

Which is equivalent to the H = UffoU]L + 0(62) : U =exp (—Ee{p, A})

original one 2

Also: UzU'T = 2+ €A+ O(€?)

1
UpUT =p — Selp, A} + O(€%)



QFT. Sketch of proof

EFT courseHRI

Suppose0, O are | eadi . ! A 2
effective operators (the other Be% = Lo+ ¢ (C O +cO+--- ) T O(E )

cases are similar)

Make a change of variables gb — Qb + ECI.A

6.5
To leading order Legg — Lo+ € (c’ A(S—qbo + O +cO + - ) + O(e?)

— Lo+ el(c+ad)O+---14+0(e?)

There is also dacobian dA
A local) J/ 40 &its [d¢] — Det [1 + ec’—] [d¢]
derivatives Jo)

) J! 0indim.reg.

oA
[in general:J = renormalization — {1 + ec'Tr [—] } [do] = (1 + ec’ J) [dg)]
effect]



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

) anonunitary theory

There Is, however, a way of interpreting this.

3.2017 EFT courseHRI
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Stuckelbergtrick

Model with Nvectorbosons
Wn, (n=1,2,..., N) and other
fieldsA

ChooseanyLie groupG of dim.

L. N, generated byR'} and
addL-N noninteracting
vectors W, (n=N+1,..., L)
Define a derivative operator
Introduce an auxiliary unitary
field Uin the fund. rep. ofc
Definegaugeinvariantized

gauge fieldsAm,

Gauge invariant.agrangian

EFT courseHRI

L=LW,X)

7" = —T"7,

L
Dy=0,+iy T'W;
n=1
L

oU = Z e, T"U

n=1

Wi = —tr (T"U'D,U)

7

K’G-I- — E(WaX) [E(W, X)|U:]1

trT" T = —6pm

LW, x)]



AnyL equals somd. -, In the unitary
gauge..but the A (matter fields)are gauge
singlets

AlsoL ; , is nonrenormalizable
) Vvalid at scales below %4m,,

Thesamegroup should be used throughout:

L im< 5 Ginvariant) allL 5, isG-invariant

3.2017 EFT courseHRI
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S0 gauge invariancieascontent:

It predicts relations between matter
couplings (mosi arenot singlety

If we assume a part of the Lagrangian is
iInvariant under &, all the Lagrangian has
the same property

) Sk IS Invariant undefsg,

3.2017 EFT courseHRI
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Renormalization

For a generic operator
O ~ DB 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 divergentlL-loop graph generated b®,,
renormalizingO:

/1 . 2\
), N
\ /

Naive degreef divergence acue s
Ndiv:4L_21b_1f+zdv_d:ZAOU — Ap

3.2017 EFT courseHRI
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Power ofL :

eE-LCh O - fo. } — Naiv — Z Ao, =

divergence : Ngiv

Radiative corrections tb(b,f)

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

Naturality: forany graph
A(b, f) ~ OA(b, f)

3.2017 EFT courseHRI
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ESTIMATING A

ReplaceD, MHB* 0O, -

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

Similarly, forfermions
b, f) = (47)T 72\ (b, 2)

Combining everything:

Ab, f)=(Am)Ne, No=b+f—-2
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TWOTYPES OF DIVERGENCES

Logarithmic divergences generate tHeG

If I\Idiv =0
5 (4m)No
Co

Ao

X (power of InA)

If N, >0 there Is a logubdivergence

X (power of InA)

N div
S o UMNE (@\N

AARo A/
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LeadingRGeffects fromN,,, =0
Y Ao, =Ap;  (Nazy =0).

Superrenormalizable(SR) vertices:
Doz 0 exceptDgsIR vert.i
If the SR vertex ¥ %o thena % ¥
Natural theories: SR verticéslight scale
Natural theories: SR verticd$)subleading
RGeffects

Ignoring SR verticeBhDy =2 0
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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

3.2017 EFT courseHRI
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RG
I\Idiv =0
SO = so, + 4 —u)L > so, > SO,
Doz 0 CTE -

TheRGrunning ofc, Is generated by operators
or lower or equal indexes.

If

A4 s

RGevolution ofL generated byL  wi t ¥ &
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Special cases

EFT courseHRI

&1 O OBXh Asg=xh Aiﬁoé\ﬁqaq, 1 wad? A¢:(4 )2/3
T

o 5. natural scale
Hierarchy: der. expansion
Highers- subdominant

Foru=2:s=d +1/22
a s: natural scale
Hierarchy: der. &erm. #
expansion
Highers- subdominant

For u=4:s=d + b + (3/2)}f4
a: natural scale
No suppression factor

u—4

so = (dim of O —4) +

(# fields in O) — u

:d—l—(g—l)b—l—u_lf—u

2 2
Aq{-;‘ (47)2s/3
O~ ———— gD, A=
A? (47)3 ’ ¢

1

A

A

47



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
Ez_ﬁdetA’ Ay =0y T i7" 9 Y
< ! < !
C
O > Alﬁb- (37)2(d=1)/3 ~ (4m)1/3 Ai
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Chiral theories (lov@nergy hadron dynamics):

Simplest case: no fermions

o)

— 2420, U0 U + &V [0, UT0"U]” + -+ + g2 x [0*"terms] + - - -
1
O ~ ¢! D?, = fr=Ay, ca < (4m)*7

<
€0~ Aq% (47)d—2
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PTG operators

Strongly coupled NP: NDA estimates ¢

For weakly coupled Ny < 14°¢
but we can do bet
If O Is generated at tree level then
co =0 (couplings)s ¢
If O Is generated by at loops then
Co » O(couplings)/| o¢]
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Assume the SM extension Is a gauge theory.

We can then find out th® that arealwaysloop
generated.

The remaining® may or may not be tree

gener at ed:PotentiatlyaliedGe h b e et
(PTG operators.

To find the PTG operators we need the allowed
vertices.

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

Multi-vector vertices come
from the kineticLagrangian

Cubic vertices f
Quatrtic verticed ff

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 courseHRI

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 courseHRI

Vertices with vectors and . . s ra
fermions come form the X?»ﬁXa D, = afu + g1’ V,u,
fermion kinetic term irL

A= & (light), @ (heavy)}

TheunbrokergeneratorsT, do
not mix light and heavy degrees
of freedom) no A2 A vertex

Allowed vertices

with A : YA, YU A
with X : Yy X, VUX, yUX



Scalarvector

Interactions (begin)
EFT courseHRI

These come form the scalar kinetic

term inL | DY|?, D, =90, +igt"V}

# = {A(light), © (heavy) }

Terms V¥/ hoi ((CIJ) tatbﬁ) V;Vb” ,  tiight () =0
The (unbroken}, do not mixAand®©

The vectord, hSi point along the

Goldstone directions then

t, i ? A (physical) directions
t, o1 ? ©(physical) directions

Gauge transformations do not mi
(light & physical) with the Goldstone <(I>) theny tagb — 0
directions Y



Scalarvector

Interactions (conclude)

This leaves 14 allowed vertices
(out of 25)

The forbidden vertices are

EFT courseHRI

FIV

VIVV

PVV

cubic :

quartic :

pHA, 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

l/e2o0r 1k

EFT courseHRI

Notation:

Fermion:

—_——

Bosons:

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

» s ~ ] ” ~ \ r) ’
N ’ ~ ' ’ ~ \ ’ ’
. ’ A ’ ~ s
. , . ¢ , * AT ’
~ \ ¢ s N A ¢
SRt EE R ‘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 | fABCGaGEGSH | 0, (¢14)? Oc (¢16) (Tperd)
Of | FAPCGHGErGSH || Opa | (¢19)D(819) Oug (¢16)(@purd)
Ow | eTEWiWlrw || Oyp | (¢1DH4)" (67Dud) || Ous (67¢)(dpd:r¢)
O | VEWIrw JewEn
X202 V2 X b e q52 D
O | toGAGY | Ouy | (otve)r'ow], | O WD 8)(17"ly)
O | ¢oGAGY™ | O | (lo* er><r>BW o5y (cb*szcb)(f rlyh,)
Opw | otoWLWI |l Oua | (g aWTAur)abGH,V Ope (qs*zDﬂ 8)(Ep7"er)
Oy | SloWLWI || Ouw | (goo*u)r oW/, | OF) (eﬁ‘wu 6)(@7"ar)
Oy ¢1 ) By, B Oup | (@o"u)dpBu | OF (astD &) (@7 " ar)
0,5 ot 6 B, B Oac | (G TAd )¢ GL, || Ope (ng &) (TpyHu,)
Opwr | ¢'TloWL,B*™ || Oaw | (Gpotd. )T ¢ WS, || Oga (611D, ) (")
Oyiwp | ¢'T'oWiL,B"™ | Ous | (60"d)$Bu | Opua | (6! Dyo)(upnd,)
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(LL)(LL) (RR)(RR) (LL)(RR)
Ou (Lo ulr) (Lsy* 1) Oee (Epper)(esnter) Ole (Lyyulr) (Esyer)
0w | @uer)@7"a) || Owe | @mpun) @) || O | Gpvale) @y uy)
0w | @ ar )@t a) | Oaa | (dpyuds)(dsy™dy) Oug (IpYule) (dsyPde)
O | Grl)@"a) || Oew | Eomer) @) | O | (@uar)@syier)
O | Gt )@y m'a) || Oea (Epyuer) (dsytdy) % (@) (s uz)
O | (@yuur)dsyd) || O%) | (@ T4 @y  TAuy)
O | (@ T4ur)(dsr*TAdy) || OF) | (@vuar) (dsr?dr)
O | (@ruT qr) (dsyTAdy)

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

Oledq (l_%er) (dsq})
O | (@ur)en(@idy)
OB 4 | @T*u)en(@ETAdy)
0N | @er)ew(@u)
O | Bouwer)ejn(d

39PTGoperators

o) (assuming B conservation)

3.2017
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PTGoperators are of 5 types

3.2017

Only Higgs ~¢°, ¢°0¢°
T parameter ~ |¢'Dg|?
Yukawa like ~ [6]*(v¢'¢)
W,Z couplings~ (¢'D,.¢) (")

4 fermion ~ (100 1h2) (30 %y)

EFT courseHRI
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Some phenomenology

Phenomenologically the amplitude for an
observable receives 3 types of contributions

$ :@ )SMtree+($ )SI\/I Ioop+($ )eff

where
($ )SM Ioop» (®/41/9 ($ )SM tree

($ )eff» (E2 CO/ = 2) 65 )SM tree

Easiest to observe the NP for PTG operators

3.2017 EFT courseHRI 50



Some limits ore are very strict:
forO» eedd o > 10.5TeV

) 1S NP outside the reach of LHC?
Not necessarily. Simplest way: a new symmetry

All heavy particles transform netrivially
All SM particles transform trivially

) alldim=60 are loop generated (nBTGops)

and the above limit becomes > 840 GeV
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Examples:
SUSY: use Rarity
Universal higher dimensional models: use

translations along theompactified
directions

3.2017 EFT courseHRI
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Decoupling theorem (w/o proof)

Theory with light A) and heavy®) fields of
mass Of)

S =§[A] +S,[OA]
S! renormalizable

exp(i S[A]) =s[d©] exp(i S.)



Then
S= Sdivergent T Seff
Syivergent '€NOrMalizess
For largea
Sis=Sd*& c5 O

Co finite
Co! Oasm! 1

3.2017 EFT courseHRI
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Limitations

The formalism falls If
L .« IS used In processes with B>
If someO breaks a local symmetry

If somec, are impossibly large
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Consideree!

Then341

10

as gy !

1

EFT courseHRI

6. x 10
5.x1077 |

aeTE[ | n=300GeV E >o
35107 F| |

1. 3 100




Very large coefficients

A simple example: choose

And calculate the loop W
vacuum polarizatiorj

> @

Then get the propagator poles
s,and s

If , is independent of: no
light W

If, / 1l/?the poles make
physical sense

EFT courseHRI
Log = L  AC e (p s g
eff — ~SM —Zm—Q U [ p + P }
%%

4872 \ myy 5m?

N2 [ A\ ¢2 6 1 A2
- 35 () [ -5 3l
omW

(TWHW)(q) = —————

2
q- — S1, S =
7 ¢* + My — miy,

4
m
W 2
§1 X ——=~ SS9 X A
A2
Slwm%/v So ~ A?



Applications

Collider phenomenology LNV
DM Higgs couplings




The Universe

Assumptions:

SIAGOB A standard & dark sectors interact
DM (~23%) via the exchange of heavy
mediators

m DE (~73%)

A DM stabilized against decay by
some symmetryG,,,

Mediators A SM particlesG,,, singlets
. \ A Dark particlesG,,singlets
ark

Sector Standarg A Weak COUp”ng

Sector
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EFFECTIVE THEOQRY OF DM-SM INTERACTIONS

Within the paradigm:
L ~ oOsm + pOpwm + ﬁp

Mediator fields;

singletsunder DM
Ogsm mediator§ — Opum & SM symmetries

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

esiiormass |
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LEADING INTERACTIONS

Leading interactions:
Lowestdimension (smallest M suppression)
Weak coupling Treegenerated (no loop suppression factor)

dim O xO mediator /j
4 p[2P* —

‘(ﬁ)|2¢fl1] S (scalar)

5 ‘ (f) | 5 (b?' g (Pdalkscal&r ....................
— o~ - A\ dark fermion
(fqb)(q}h]?) N (fermion) YR SM scalar doublet

¥ SM lepton doublet;

N-generated:

> 2 component dar k (ZLeoggénaated :
CoupleDM (©, @) to neutrinos B, X""® B, Vo'W

(©,2)-Z,hcoupling @ 1 loop
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v PORTAL SCENARIO

Dark sector: at leasp & 2

mg>m ) all©® s hav e fenwrucdM.e d :

N (T Yo ety e - /
(£o) (P 11;)_>\/§ T © \

Important loop-generated couplings

i(¢T Bu ) (VL rY" VL R) 7 (D)
. o

VYW
Z
a
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RELIC ABUNDANCE

a ) (o]
:© (ov) ~ (0/Actt)” At = A 1 %
) YW=y T 198rm2, ¢ f mz,
a —e—0

1 10 100 1000

] The Planck constraints fix
= 6] /\_\ B g = B gr(Ma)
= |
< | Largeo ) smallm

Small3s) smallm.

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

@

3.2017

0 50 100 150 200
m  (GeV)
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DIRECT BETECTION

y 4
ANV " YT
s S

a Z  nucleon H nucleon

_ _ 1 _
L= Z—’;(ww)(NN) + 5 Uu(eLPr + erPrR)VJA;
Nucleonic weak
current
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Results: easy to accommodate LUX (and other)
limits.

10743

— Lux 90% C.L. (2014) — Atlas 80% C.L. (2014)

1074

1074

Al 11
10 50 100 150 200
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INDIRECT DETECTION

Expect monochromatic neutrinos of energy-m

(o] (0]
* * 10-2' -
= —=1 . 10-231- — lcecube vv™ 2014
TA
o
£
&
a a 2 10-2
10
§

10-27

0 50 100 150
my(GeV)
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Uy COMPLETION

Add neutral fermionsN to the SM:

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

Masseigentsates n, (mass=0), and\ (massM)

N = —spnr + (coPr + Pr)x , V=Ccogng + So XL

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

ﬁeff —

€1, —

i—i(@&)(@’f@) + He.

a N N
/’ . )
, ..
"I . B
© A
3.2017 EFT courseHRI

|

Yvz

41tm,

— Qi‘i’ Z(er PL + erPr)V

W

§0
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In a model thee; may be correlated more
stringent bounds

For this model a strong constraint comes from
i (Z! Invisible)

This rules out m> 35GeVunless i » ma.
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Higgs - simplified

Phenomenological description:

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

Experiments measure the
) need to relate these couplings to tlog

TherelevantO can be divided into 3 groups
Pure Higgs
O affectingthe HW and HZ couplings
O affectingthe couplings of H, Z and W to the fermions
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Pure Higgs operators

EFT courseHRI
1 212 6 1 0
There are two of them Osp = 5 (0ulel?)* Oy = || o = ﬁ ot h
The first changes the 1
normalization of H L=Lsu + = A2 3 Oop + ~ 5 (1 + ecoy)(OR)” +
2
Canonically normalized field H = \/1+cope h~ (1 + %C&OE) h € = %

Must replace H Heverywhere

The second operator changes v:
absorbed in finite renormalizations

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



O modifying HW and

H-Z couplings

EFT courseHRI

There is one PTG operator.

Contributes to the T oblique
parameter.

The constrainton =T imply
this cannot affecthe g within
existing experimental precision

All the rest are loop generated
) neglectto a first
approximation

) HZZ & HWW couplings are
SM to lowest order.

OsoD — ‘SOTDSOIQ

5T = EC""D| < 0.1

(@87
OpG 0T GG O,p
O(p@* ¢Tcp53vGA“” O(pg
Opw eToWl Wity 0O g
O PTAWI 0,5,




H, W, Z coupling to

fermions(begin)

EFT courseHRI

First vector or tensor

couplings.
These are PTG or loop PTG LG
generated.
(D . R T T WUy I I
Limits on FCNC coupled to the Owl (@i D pe)Upy™ir) Ocw (Ipo™er)T oWy,
, o ) !
gzsruggesp is very large unless OS) (ol D;ﬁ o) T,tlyHl)  O,p (T, er) By
L <> _ _ ~
S Oge @'iDup)epyte)  Oug  @po"'T un)pGl,
Oj 4 Involving leptonss > Opg @'iDup)@rtar)  Oww  (@Gpotturt W,
' 3 <2 _ _ ~
o oy (@'iDLo)Gprlyt gr) Oup (Gpo Vur)@ By
O, s involving quarks N ) ) )
_(Ie_)éc\:oept the top= > O(1 Opu @'iDye)pytuy)  Oug (Gpo" ' TAd)p G4,
<3 = _
Opd @'iDup)dpytdy)  Oaw  (@pordnTl oW,
Oj u -8 > O(ITeV) o _ _
Ogoud i(p Du‘ﬂ)(”pyudr) OuB (qpal“)dr)w By

O(1%) corrections to the SM:
ignore



H coupling to fermions

(concluded)

There are alsscalar couplings

In unitary gauge
jliP=@2)(v+3H+3 ) /| ¥ 2

2y contributions: absorbed in
finite renormalization. GIM
mechanism survives.

2 H contributions: observable
deviations form the SM

EFT courseHRI

(Oew)pr = |@|2Ep€r%
(OugcJ)pT = |90‘QQpUr95a
(Odgo);m" = |90‘2(jpd’r‘907



LG operators

In most cases these are
ignored, but since H °°, Z°,
GG are LG in the SMD,
whose contributions interfere
with the SM should be
included.

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

EFT courseHRI

Opx =

Own

1 2 1
_|90| X;WXM ;

(cp T go) WI B*Y

X ={c*, w!, B}



PHENOMENOQLOGICAL IMPLICATIONS

H! AA

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

MMy

HI VV (V=Z, W)

, v E//u Z /u

o M e - § o :
AN

/u ef/ut /u

['(H— VV*) =kiTsy(H = VV*)

Ky = (1 — cape)

3.2017 EFT courseHRI
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HI °°,°Z, 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
i 1672 [1
i 5(Cow — CoB)saw — cwBCow
_ 1672
CGa = —5 Cpa

78
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A SPECIAL CASE

If there are no tredevel generated operators:

= co~1/(167°) & qz66 ~1

and
prod
U d—1:2.9166(;(;
pro
Osm
B(H — VV*) )
—1=-0.25 o > 1.4TeV
By (H — VV) ccaa
B(H — v7)

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

Different chiralitieshave different quantum numbers, different interactions
and different scales. The scale 0f°)is large , what of the scales when

fermions of otherchiralitiesare involved?

3.2017 EFT courseHRI 80



Operator with” ande:

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

Oppositechiralities) need an odd number d¢f matrices) c=odd.

Try the smallest valuee=1. If theD acts on ande:
D — 0 De — 0.

because of the equations of motion and the equivalence theorem.

The smallest number of scalars needed for gauge invariange3$=0. Then

the smallestdimensional operator has dimension 7:

Of7) = (e] Cy"Ny) (¢"€Dy6) -
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Operator with twoe:

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

Samechiralities) need an even number éfmatrices) c=even. Try the
smallest number of: a=4

Cannot have=0: SU(2) invariance then requires theontract into

oled = 0.

Then tryc=2; each must act onfand must not get a factor k72 A. The
only possibility is then
0O = (T Ce,) (67 D,u0)” .

that has dimension 7:
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0° - decay:

Introduction

EFT courseHRI

Some nuclei cannot undergo
decay, but can undergo Xecay
because

Eind(£) >Ejind(Z+1)

Ebind(z) <Ebind(z"'z)

There are 35 nuclei exhibiting 2
decay:

48Ca,’%Ge,82Se 967r ,100Vo
116C( 128Te 130Te 136Ke 150N(,
23%

It may be possible to have Roon
the final state (LNV process)

Best limits:HidelbergMoscow
experiment

Az = Azy1+e + 0,

Az = Azi0+2e™ + 20,

Tyo(¥ — BB) > 1.8 x 10%°years



0° - decay:
operators, vertices &

amplitudes

EFT courseHRI

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

e @) 4=
/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=v/A _
n = Q/’U ~ 92 % 104 dim of O ./4. Amin (TeV)
Limit: 4 <1.4x 10712 = 5 € 1.8 x 10
7 ne’ 130
9 n?e3 3

If the NP generates theeoperator @ tree
level it may be probed at the LHC
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Flavor physics: b parity

b —quark production in €e machines

ete! nb+X
In the SM model the'8family (,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,, ., s there is a discrete symmetry:

(-1)#otbauarks)ig conserved

In particulare* e ! (2n+1) b + X is forbidden in the SM!
Fornonz er o V& psartihtiys “ibs al most conser

NP effects that violate fparity are easier to observe because the SM

ones are strongly suppressed.
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Looked at the reaction
ete! nb+mc+lj (=liglyuark jet)

Let

A 2 = efficiency in tagging (identifying) a b jet
A t; = probability of mistaking ajet for a bjet

A t_= probabilityof mistaking ac-jet for a bjet
A ¥ =% ee! nb+rmc+l)

Cross section for detecting kjets (some misidentified!):

= 3 (0)(0) (o) - e - 0m = - )= o
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Let
N, ;= # of events with k gets and J total jets (k=odd)

Then a &igma deviation from the SM requires
- SM
| N, ; NkJ | > 3¢
Where¢ =error =¢ o2 +¢ o+ ¢ y°] ~
A ¢ stat = (N )2
A ¢ syst: NkJ-I—-s

A ¢ theo:NkJi—t

New physics:
1

L= & "0@e); 65 =1,23
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3% allowed regions derived fromN,_, ;_whent, =

3.2017

05 = 0.05, 6, = 0.05, t. = 0.1 and t; = 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

3%limits ona (inTeV) derived fromN,_; -,

EFT courseHRI

0.2

+ = 0.05¢,= 0.02
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Because of the SM suppression, even for
moderate efficiencies and errors one can probe
uptoe» 3. 5 Vs
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