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Relevance of effective field theories: bottom-up

e Model independent approach. Physics above a given scale mapped into
Wilson coeflicients of higher dimension EFT ops.

1
Lsmerr = Lsm + Y Aa—a Ci 0

e LHC + EWPD data can be used to do global fits of Wilson coefficients.
These bounds are model independent, any UV model must satisfy them, no
need to re-do analysis for each model

e EFTs at NLO ?

> With the increasing precision in some experimental observables, one-loop
corrections can become important. Moreover, some EFT contributions are
only generated at one-loop.

> Ongoing efforts to extend the EFT analyses to NLO
See for instance CERN Yellow Report 4

> Radiative corrections to the EFT also important in Flavour Physics
e.g. Feruglio, Paradisi, Pattori, arXiv:1606.00524; Pruna, Signer, JHEP 1410 (2014) 014
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Mapping a UV model to the EFT: top-down

E  Lsmerr(o,u = Mg)
RGE's

Y ESMEFT(¢7 o= Eexp) — EFT analyses,
: global fits

e This set-up translates the experimental constraints on the EFT
parameter space (i.e. Wilson coeffs.) into those of the UV model.
In specific models correlations among Wilson coeffs. expected

e Ideally, a simple and systematic framework to match any UV theory

to the EFT would be needed
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Diagrammatic vs functional matching

Two approaches to construct the low-energy EFT from the UV theory

e Matching the diagrammatic computation of Green functions with light
particles in the external legs in the full theory and in the EFT

¢
+ + -
i) AN
e Using functional methods to integrate out the heavy particle effects and extract
the local contributions to the EFT

etV = N [ D¢pDP exp [i [ dx L(p, P)]
e TEFT — Nngb exp [zfda: L:EFT(¢)]

— T'Luv¢] =Terr(¢]
same 1LPI diagrams

They are equivalent, but functional methods are more systematic when one

aims to determine many Green functions (no Feynman rules, symmetry factors...)
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The revival of the functional approach

e Functional techniques to obtain the 1-loop effective action developed long ago
Fraser '85; Aitchison, Fraser '85; Chan '86; Galliard '86; Cheyette '88

e The 1-loop heavy particle effects to the low-energy EFT were extracted from
the full theory effective action in some cases:

Ball '89; Bilenki, Santamaria '94; Dittmaier, Grosse-Knetter '95

e Functional methods have recently experienced a renaissance

> The contribution to the EFT from pure heavy loops can be casted as a uni- \_,--
versal master formula Henning, Lu, Murayama '14; Drozd, Ellis, Quevillon, You '15 '

\\—/

> Variants of the functional approach that also account for heavy-light loops .
proposed; they require subtractions to remove terms already present in 1-loop
EFT contributions Henning, Lu, Murayama '16; Ellis, Quevillon, You, Zhang '16

This talk: alternative functional method to obtain the complete one-loop EFT

directly from the full theory effective action (i.e. without infrared subtractions)

— “expansion by regions” Fuentes-Martin, Portolés, PRF, 1607.02142
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Outline of the method
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Preliminaries

Consider a general UV theory with heavy ngy and light n; degrees of freedom

n = NH (for charged degrees of freedom, the field and its complex conjugate
ML enter as separate components in 7))

e Split each field component: n — 7+ n

7 : Background field, classical solution of EOM

7 : Quantum fluctuation (only in loops)

e At the one-loop level we only need to consider the Lagrangian up to O(n?)
in the generating functional

. 5L 1 . 8L
£=r (1) + (nT\d&:&—Fénn) R 2 T577*517 7]+0(773)
n=n | 77='77
(EOM) _

fluctuation operator
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One-loop effective action

lloop ].
eiTuv —J\//Dnexp[ /d:z: nTOn]

Generic form of the fluctuation operator:

O — ( Apy X},H ) Ap, A : heavy and light loops

Xy Ap X1p : heavy-light loops

e We want to compute the 1-loop heavy particle effects in Green functions
of the light fields as an expansion in 1/mpg

e We can factor out the loops involving heavy fields by writing O in
block-diagonal form

3 I 0 tan (Ag 0
n — Pn P_(—AleLH I) =>POP—(O AL)

where EH - AH _XEHAleLH
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One-loop effective action

~1loop 1 . ~ [ R
ezl“b‘\, — /DnH exp [z/dx 577}{AH 77H] N /'D//L exp {i / dx 3'/},AL 1}/,]

L J
I

~ \ —C
= (det AH) (¢ =1/2,—1 for bosons/fermions)

— all 1-loop heavy-particle effects contained in det A H

L

" nNH
,’ \\ ,’ \\
\ ,/

The integral over Ay, accounts for loops of light particles — L
(heavy fields only as tree lines)

Part of the I“%Jl(\),()p coming from loops involving heavy fields:

: ~ 2
el — (det AH) (assume ng is bosonic in what follows)
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One-loop effective action

-1
2

el'n = (det &H)
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One-loop effective action

Iy = tlndet Ay

z
2
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One-loop effective action

FH — -;—TI‘IHAH
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Evaluating the functional determinant

FH — -;—TI‘IHAH

Rewrite the functional trace using momentum eigenstates

z dp
Di = L tr / ; (ol Aglp)

For scalars: Ay (x,0,) = —D? —m?2, — U(x,d,)
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Evaluating the functional determinant

——tr/dd /(27r —z'p)2—m%,—U(m,8x+z'p)]]l
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Evaluating the functional determinant

i 2ipD + D? + U (z,0, + ip) !
N /d Z /(27r {( p* —mi )1}
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Evaluating the functional determinant

i 2ipD + D? + U (z,0, + ip) !
N /d Z /(27r {( p* —mi )1}

This expression generates all one-loop amplitudes with at least one
heavy-particle propagator in the loop (n: # of heavy propagators)

U(x,0;) = —D? — m¥% — Ay (x,0y)

Uy =—-D?— mH Ay (heavy loops)

Upg = X}, HAZIX LH (heavy-light loops)

The operator Azl contains the light-particle propagator (A = ZL + X1)

ALl = i (—1)™ (A7'Xp)

m=0

m Zzlz Light-field propagator
A
L X Interaction term
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Evaluating the functional determinant: method of regions

. 1 d 2 D Dz X . n
I‘H:——;—/dda:Z—/ dpdtr ipD + 2+U(2:1:,8 + ip) .
n=1 n <27T) pm —my

e Loops with heavy particles receive contributions from the hard (p ~ my)
and soft (p ~ mp,p;) loop momentum regions

-~

\

e In dim. reg. the two contributions can be computed separately

— expansion by regions: contribution from each region obtained by Taylor
expanding the integrand with respect the parameters that are small there, and

then integrating over the full d-dimensional space. Beneke, Smirnov '98
hard soft
p~myg > mr,p; p~mp < mpyg
— polynomial in %, :Z_If; — heavy propagator expanded in p/my
(pure short-distance!) (same as EFT loop diagrams
from tree vertices)
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Matching the full and EFT effective actions

Full-theory effective action

FL’U\/[TA]L] = f dy ﬁ%%e +1'y + %ln det AL with ﬁH = ﬁH[ﬁL]
EFT effective action

Perrlic] = / d'z (LEES + Lp ) + 5 Indet O

Tree-level matching

Lyrr(ie) = LoV (1)

local expansion of
e = Nu (i)

example: two real scalars i, ng with a 73 ng interaction

__ 9 3 __ 9 3 _ 9 52,3
H 82—’)’)’@{ L m%{ N mz}{ ne +---
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Matching the full and EFT effective actions

Full-theory effective action

PL,UV[UL fdd Etree +T'yg + 2 2 ln det A, with ﬁH = ﬁH[ﬁL]
EFT effective action

Perrlic] = / d'z (LEES + Lp ) + 5 Indet O

One-loop matching

/ d'z LpP = T + (I%™ + 2 Indet A, — = Indet OF5
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Matching the full and EFT effective actions

Full-theory effective action

PL,UV[UL fdd Etree +T'yg + 2 2 ln det A, with ﬁH = ﬁH[ﬁL]
EFT effective action

Perrlic] = / d'z (LEES + Lp ) + 5 Indet O

One-loop matching

/ d'z LpP = T + (I%™ + 2 Indet A, — = Indet OF5

X >0

— same lloop amplitude as one

: tree
would obtain from Lgpp !!!
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Matching the full and EFT effective actions

Full-theory effective action

PL,UV[UL f dy Etree +T'yg + 2 2 ln det AL with ﬁH = ﬁH[ﬁL]
EFT effective action

Perrlic] = / d'z (LEES + Lp ) + 5 Indet O

One-loop matching

/ dz £1E1§9Fp = [hard | (PSO b 5 M — ZIndet (’)gﬁ%)

for a formal proof see Zhang, 1610.00710

4 lloop hard| one-loop Wilson coeffs. determined
p— d €T E p— F p
f EFT by hard part of full-theory eff. action
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Evaluating the hard part of the functional determinant

i 2ipD + D2 + U (x,0, +ip) \ |
B /d Z /(27r {( p* —my )1}

e To compute ['#* we introduce the counting

pamHNC

and expand the integrand in I'yy up to a given order ¢ % with k£ > 0

e Only a finite number of terms contributes because U at most O(()

for example: to obtain the dim. 6 operators , i.e. (’)(1 / m%,),

it is enough to compute U up O((™%) (recall that d*p ~ (%)
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A simple example

Pedro Ruiz-Femenia - SUSY2018 - Barcelona - Jul 2018



1st example: scalar toy model

1

L(p,0) = 5 (0u0 0" — M* &%) + 5 (Qup o —m® ¢%)

DO | =

Interesting for two reasons:
e Very simple. Excellent testing ground

e Only heavy-light loops contribute

Tree level: £ = L(¢, )

EOM: ¢ = — 25 3% + O(M ™)

K 4 /\

PTRAEY

0> ¢

. 1 o A K A2 _
= Lo7 =5 (0up ¢ —m? %) — 5o+ p+OoM™

2

?

72M?2

One loop: Lo ¢
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Scalar toy model: functional integration

1 | 1 K A
L(p,0) = 5 (Oud 06 — M ¢%) + 5 (Qup O —m* %) = ' =107 &

1. Collect the fields in a multiplet: n = (j;)

2. Compute the fluctuation operator:

Ag = —0% — M?

520 )
—{ Ap=—2-—m2 532 2pé

O =
0n* 0 n=1

XLH = —

3. Calculate U = Uy + ULy

Ug =—0°—M?*—Ag =0
Urg = X}L/HAzleH
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Scalar toy model: functional integration

1 | 1 K A
L(p,0) = 5 (Oud 06 — M ¢%) + 5 (Qup O —m* %) = ' =107 &

1. Collect the fields in a multiplet: n = (j;)

2. Compute the fluctuation operator:

Ag = —0% — M?

520 )
—{ Ap=—2-—m2 532 2pé

O =
0n* 0 n=1

XLH = —

3. Calculate U = Uy + ULy and compute U(z, 0z + ip) up to ¢4
Uy =—0*—M?—-Ag =0
Up = X1 AT X 1y
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Scalar toy model: functional integration

1 | 1 K A
L(p,0) = 5 (Oud 06 — M ¢%) + 5 (Qup O —m* %) = ' =107 &

1. Collect the fields in a multiplet: n = (j;)

2. Compute the fluctuation operator:
Ag = —0% — M?

= Ap=-02-—m? -5 - N\po
n=n XLH:—%‘,«aQ

6°L

O =
on* on

3. Calculate U = Uy + ULy and compute U(z, 0z + ip) up to ¢4

P P p* 2 p
+0(¢)

, Ao 2 1 /.. R Y 1.
U0, +ip) = 2 [ (1475) + % (2imd + 02+ 502) —a ke ] 2
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Scalar toy model: functional integration

3. Calculate U = Uy + Urg and compute U(x, 0z + ip) up to C‘4

A2 1 m? 1 K Pup
Uz, 0z + p? 1+ — —|——(2' 8“+32+—A2)—4—””8“3” 52
(=, ip) = 727 [p2 ( p2) p? “Pu 27 P8 ’

+0(7)

4. Insert U(x, 0y + ip) in the general formula

oo i 1 2ipd + 0% 4+ U (2,0, +ip) "
Leer’t = — 52%/ {( pz—m%{ 1
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Scalar toy model: functional integration

3. Calculate U = Uy + ULy and compute Uz, + ip) up to (4
/\2 A2 1 m? 1 . 2, KR .2 PupPv v| 2
+0(¢™)

4. Insert U(x, 0y + ip) in the general formula (only n = 1 contributes)

oo i = 1 2ip0d + 0% + U (2,0, +ip)\ "
a5 30 e (7 a )

2
pZ_mH
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Scalar toy model: functional integration

3. Calculate U = Uy + Urg and compute U(x, 0z + ip) up to C‘4

2 2
Uz, 0y +ip) = 2 32 [1 (1+1)+i(27,p“8“+82+—<p)—4@8*‘3”] 32
4 p? p? p? 2 p

+0(7)

4. Insert U(x, 0y + ip) in the general formula (only n = 1 contributes)

Elloop o _3/ ddp U($,6$+Zp)
=2 ) 2n)d p2— M2

+O(M—%)
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Scalar toy model: functional integration

3. Calculate U = Uy + Urg and compute U(x, 0z + ip) up to C‘4

2 2
U(z,0; +ip) = A Q> [1 (l-i-ﬂ) —|—i (2zp“8“+82+—g0)—4%8“3”] @?
4 p? p? p? 2 P

+0(7)

4. Insert U(x, 0y + ip) in the general formula (only n = 1 contributes)

Elloop o _3/ ddp U(x78m+7’p)
=2 ) 2n)d p2— M2

+O(M—%)

The integral is straightforward. In MS with = M

2

22 m 1 K
ﬁlloop _ 2 (1 ) A4 282 ~2 6
T T 16(1672) [ ( +M2) AR VP)
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Scalar toy model: diagrammatic matching

=1 — 1 p
3M?2

(s+t+ u)
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Scalar toy model: diagrammatic matching

: tree Y ~202 ~2 Y ~6
4-point Green function Lopr = LI + TR VE P20%¢% + —— s
77N o 2 m?  s+t+u
1672 [3+3M2+ 2M? ]
hard
2 2 2
) 9 m m m _4
" 16n2 [_3W+3WIH(W)] oW
soft
. 2 2 2
- 1 9 m m m _4
> Q_IGWQ)\ [_2W+2M2IH<M2 ] O
soft

B
3M?

(s+t+u)

—1a — 1
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Scalar toy model: diagrammatic matching

202 A2
4'M2<,08g0 A+

3 2 m?
o= A <1+—>
3]\642 (S+t+U) 167‘(‘2 ]\42

—1a — 1
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Scalar toy model: diagrammatic matching
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Scalar toy model: diagrammatic matching

Y . 45 2 no need to compute
>< BRVE — 7= 1672 A EFT diagrams!!
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Two applications
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Integrate out BSM states in the MSSM

Wells, Zhang, 1711.04774

e computes the one-loop contributions to the SM renormalizable operators when
heavy BSM states in the MSSM are integrated out using the functional approach

— SUSY threshold corrections to SM parameters

e study what regions of parameter space can realize gauge coupling and Yukawa
unification, while allowing consistent matching onto SMEFT parameters (those
in Higgs potential in particular)

tanB =50 tanB =10
50, ‘ . 50 . ‘
L o @ .‘...... g o o0 o
Y ",’:ﬁ:{ o
10 L R e
5k . .7 5— OCS“ ‘:ﬁ.&' o o (X )
§"’ I . ﬂ:’?:ﬁ" w.\."\ﬁ (] " g ’ ....o..ﬁ.o:..’
T A T AN
3 c”,g,\” . ® ot )
F ‘\Qﬁ E
0 5&11:0‘?‘.':‘%’ o .‘f.; :\O.;.O'o 0.5
@F 5 o.' Qe e %
_Jo;%g o ;.‘ ‘0 L4
o o
3 4 5 6 7 8 9 10 3 4 5 6 7 8 9 10
logo(Ms/GeV) log4o(Ms/GeV)

Pedro Ruiz-Femenia - SUSY2018 - Barcelona - Jul 2018 18/22



Integrate out BSM states in the MSSM

Uz, 0,)

Wells, Zhang, 1711.04774

& g d | é|x §g W B|é|gqg udl e|lG W B
o || ¢? o |ud q q e 1 D® D&
q ¢ @ ud q q gq
i 7 2 &g q u u
d ¢ B ¥ q d d
] N I 1
é e | 1 e
X u,d qg e I ¥
g q d
W q l 7
B q d | e | ¢
o | ¢ ¢* |ud g q e 1 D¢ D¢
q || ud u,d © p q q q
u | q q | ¢ u u
d | q q | ¢ d d
l e e % l l
e l l @ e
G u d G
W || D& Do I Wy, 0%, &2
B || D& Do| q u d 1l e @2, 2

Pedro Ruiz-Femenia - SUSY2018 - Barcelona - Jul 2018

19/22



Matching SMEFT and the Weak (low-energy) EFT

1 1
LsSMEFT = Lsm + L5 + 5L+
A A
Weinberg operator dim.-6 operators
generates v Majorana masses  parametrize deviations from the SM
Energy Buchmuller, Wyler '86; Grzadkowsi et al. "10

UV model

e We would like to connect BSM constraints
on the SMEFT Lg with low-energy observations

A W matching e

ESMEFT

RGE

}

M| s matching s

HWET

AIR RGE
Observables }
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Matching SMEFT and the Weak (low-energy) EFT

1 1
LsSMEFT = Lsm +|7Ls +|°5 L6+ -
Weinberg operator dim.-6 operators
generates v Majorana masses  parametrize deviations from the SM
Energy Buchmuller, Wyler '86; Grzadkowsi et al. "10
UV model
A o e We would like to connect BSM constraints
o m Ing . .
- on the SMEFT Lg with low-energy observations
LsMEFT e RGE take care of the (possibly large) logs. ..
Jenkins et al. 1308.2627, 1310.4838
Alonso ettal. 1312.2014 RGE

}

M| s matching s

HWET

Aesbischer et al. 1704.06639

Gonalez-Alonso et al. 1706.00410
AI Jenkins et al. 1711.05270 R(fE
Observables
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Matching SMEFT and the Weak (low-energy) EFT

1 1
LsSMEFT = Lsm +|7Ls +|°5 L6+ -
Weinberg operator dim.-6 operators
generates v Majorana masses  parametrize deviations from the SM
Energy Buchmuller, Wyler '86; Grzadkowsi et al. "10
UV model
A o e We would like to connect BSM constraints
o m Ing . .
- on the SMEFT Lg with low-energy observations
LsMEFT e RGE take care of the (possibly large) logs. ..
Jenkins et al. 1308.2627, 1310.4838
Alonso ettal. 1312.2014 RGE

}

Myy| s matching s —— known at tree-level Aesbischer et al. 1512.02830
Jenkins et al. 1709.04486

HWET

Aesbischer et al. 1704.06639

Gonalez-Alonso et al. 1706.00410
AI Jenkins et al. 1711.05270 R(fE
Observables
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Matching SMEFT and the Weak (low-energy) EFT

1 1
LsSMEFT = Lsm +|7Ls +|°5 L6+ -
Weinberg operator dim.-6 operators
generates v Majorana masses  parametrize deviations from the SM
Energy Buchmuller, Wyler '86; Grzadkowsi et al. "10
UV model
A o e We would like to connect BSM constraints
o m Ing . .
- on the SMEFT Lg with low-energy observations
LsMEFT e RGE take care of the (possibly large) logs. ..
Jenkins et al. 1308.2627, 1310.4838
Alonso ettal. 1312.2014 RGE

}

Myy| s matching s —— known at tree-level Aesbischer et al. 1512.02830
Jenkins et al. 1709.04486

HWET e including one-loop pieces that are not
pesbischer et al. 170400032 log-enhanced could be important

A Gonalez-Alonso et al. 1706.00410 RGE .
I Jenkins et al. 1711.05270 l — One_loop matchlng
Observables

(w.i.p., non-trivial tree-level matching checked!)
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Public code: DsixTools

A Mathematica package for the matching and RGE evolution from the new
physics scale to the scale of low energy observables

Manual: arXiv:1704.04504 (3]
Website: https://dsixtools.github.io/ § -
e Tm]s

UV model O

A s matching S Celis, Fuentes-Martin, Vicente, Virto ‘17

LSMEFT SMEFTrunner

Modular structure
RGE

l

Myy| wsssss matching s EWmatcher Each module can be
used independently
HwET WETrunner
AIR RGE

|
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e We have provided a functional method to construct the EFT that results from
integrating out the heavy part of the spectrum

e The method succesfully adresses some issues regarding the treatment of the

terms that mix heavy and light quantum fluctuations, and simplifies the technical
modus operandi:

> only the hard component of the functional determinant is needed for the
one-loop matching coeffs.

> does not require subtractions of one-loop EFT contributions (as opposed
to other methods proposed recently)

Outlook

> large amount of algebra involved in the computation of the functional
trace, automation required for realistic models

> 1-loop matching between SMEFT and Weak Hamiltonian (work in progress)
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e We have provided a functional method to construct the EFT that results from
integrating out the heavy part of the spectrum

e The method succesfully adresses some issues regarding the treatment of the

terms that mix heavy and light quantum fluctuations, and simplifies the technical
modus operandi:

> only the hard component of the functional determinant is needed for the
one-loop matching coeffs.

> does not require subtractions of one-loop EFT contributions (as opposed
to other methods proposed recently)

Outlook

> large amount of algebra involved in the computation of the functional
trace, automation required for realistic models

> 1-loop matching between SMEFT and Weak Hamiltonian (work in progress)

Thank youl!
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Evaluating the functional determinant

This expression is not manifestly covariant (open covariant derivatives):

e If U=U(x) (momentum independent) we can rewrite it in a
manifestly covariant form
Galliard 86', Cheyette 87'. Also used in Henning et al. JHEP 1601 (2016) 023

DBy, 11 [_ (D 4 z'p)2 —U (g;)] o—iDudp, _ 1 [_ (éw 0y, + ip)2 _ (7]

~

~ : U: Covariant derivatives
G Field-strength tensor _
only in commutators

e However U is momentum dependent when heavy-light loops are
present and this “trick” is not useful
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Long story short

In summary, the procedure goes as follows:

1.

Collect all fields in a field multiplet, n = (ng n1)7. Charged fields and
their conjugates should appear as separate components

. Compute the fluctuation operator

6% L

0= on* om

Xy Ap

n=m

. Calculate U = Uy + Uy from O

A

Ug = —D? —m?% — Ay (heavy loops)
U = X1y AT Xy (heavy-light loops)

and expand U(xz, 0, + ip) to a given order in ( ~ p,mpy, e.g.
O (¢™*) for d = 6 operators
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Long story short

In summary, the procedure goes as follows:

4. Insert U(z, 0y + ip) in the general formula

1 1 dp 2ipD + D2 + U (z,0, + ip) "
g =—= fddx —/ tr — 1
2 n; nJ (2m) P2 —miy

and expand the integrand a given order in { ~ p,my, e.g. O (¢7%)
for d = 6 operators. The computation of the integrals is
straightforward

Disclaimer: Terms with open covariant derivatives should be kept
and will combine into terms with field-strength tensors

Pedro Ruiz-Femenia - SUSY2018 - Barcelona - Jul 2018



Comparison with other approaches
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Henning, Lu and Murayama approach

Henning, Lu, Murayama, arXiv:1604.01019

The authors implicitly perform the following shift
_ (! _A;XZH top_ (A 0
P = (O 7 — P'OP = 0 A,

with Ap = Af — XLHAI_JlX}JH. To obtain the heavy-light contributions
from A they have to subtract the contributions from the EFT

=~ () (m)
= -
_D2_M2 _D2_M2 truncated _D2_M2 rest

Similar to Bilenki, Santamaria, Nucl. Phys. B420 (1994) 47

X Further diagonalizations are needed in the case of mixed statistics

X The truncation has to be defined for each order in the EFT.

Intermediate steps are more involved

(cancellations on non-analytic terms in the light masses
must take place to get infrared-finite matching coeffs.)
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Ellis, Quevillon, You and Zhang method
Ellis, Quevillon, You, Zhang, Phys. Lett. B 762 (2016) 166

The authors perform the functional integration of the full O (with no prior
block-diagonalization) and subtract the contributions from the loops in the
EFT in a similar fashion as Henning, Lu and Murayama

v/ Compact expression in terms of U(z)... but its validity is limited

X Further diagonalizations are needed in the case of mixed statistics
(among heavy and/or light fields)

X The truncation has to be defined for each order in the EFT.
Intermediate steps are more involved

X The method cannot be applied to cases where the heavy-light
interactions contain derivatives (e.g. gauge interactions)

A recent paper |[Zhang, arXiv:1610.00710] adopts our method and proposes a
diagrammatic method for bookkeeping the algebra
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2nd example: SM + heavy scalar triplet

Extension of the SM with and extra scalar sector 7, g = 1,2,3  ©¢/mini, Roncadelli 781

1 1 A
£ = Lsu+ 5 Du® D" — S M 00" - T@ (@292 + & (¢’f¢a¢) ¢ — (¢’f¢) P Pa

Tree level: £ = £ (P, D)
e We choose kK ~ M

EOM: & = 55 (91796 — 52 [ D? + 20 (416) | (6770) + 0 (55)

One loop: L£g2°P

e We need to fix the gauge of the quantum gauge fields
. 2
BGF: Lo = —5i- (D, ")
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SM + heavy scalar triplet

1 1 A
L= Lsu+ 5 Du® DI" — - M>$" " T‘I’ (829)2 + k (¢1‘T“¢) r — (qs’qu) P PT

1. Collect the fields in a multiplet: n =

2. Compute the fluctuation operator:

2
_ 0“L ) A=
0n* 01 n=1]

O

e

\xsz/

( Ay =AYy

Apro X5, (x0T
Xos AL, (Xi%)T

c e \* ved
xhs, o (XGs) Al

| X = (X3ea) (X6a)™ (X05)T)
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SM + heavy scalar triplet

3. Calculate U = Uy + Uy and compute U (x, 0, + ip) up to ¢4

Uy =—D? - M? — Ay
Upr = X1 AT X 1

e The computation is very lengthy but simple, mostly algebraic

e Using the Landau gauge (i.e. & = 0) simplifies the expressions, since
the gauge propagator becomes transverse

4. Insert U(z, 0, + ip) in the general formula

' © 1 [ %ipD + D2 + U (2.0, +ip) \
FHZ—E/d%Z—/ pd tr iplJ + 2+ (2x, + +1p) 1
2 n=1 n (271—} p~ = mH

after a bit of algebra... for example, dim. 6 Higgs ops. proportional to g*:

il = oot [ (316)o° (319) + 3 [(#9) (60°9) + he] -

2
_ P
vt | = 1672 M4 | 16 ¢ Dm‘ }
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