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THE 750 STAGES OF GRIEY

The LHC has proven another model to be right, the Kiibler-Ross one

® Denial They did not publish yet the spin-2 analysis!

(2] Anger Damned experimentalists! Enough of ambulance-chasing!
© Bargaining A simple 20 anomaly would be enough!

@ Depression The field is dying!

©® Acceptance
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EFT AS A DISCOVERY TOOL

the bottom-up approach

= |n its search for NP, the LHC indicates the existence of a
non-negligible mass gap v < A

= We can therefore write the most general non-renormalizable £
compatible with the observed symmetries and dof

Lo L

e A3£(7) +...

1
Leis = LY + KL(E’) +

= Mapping experimental observables to the Wilson coefficients in L
allows us to search for NP in a model independent way!

= We dispose nowadays of an impressive fit of the SM EFT to data
( EWP D, LHC d ata, .. ) Ciuchini, Franco, Mishima, Silvestrini, '13; de Blas, Chala, Santiago, '13,15; Pomarol, Riva, I,
Peuna, Signer, 'I; Falkowski, Riva, 'I5; Buckley, Englert, Ferrando, Miller, Moore, Russel, White, 'IS; Berthier, Trott, 'IS; Aebischer, Crivellin, Fae),
Grewb, 'I5; Ghezzi, Gomez-Ambrosio, Passarino, Uccirahi, 'IS5; Hartman, Trott, 'I5; David, Passarine, 'IS; Boggia, Gemez-Ambrosio, Passarino, 'lb;

de Blas, Ciuchini, Franco, Mishima, Pierini, Reina, Silvestrini, 'lo;.



EFT AS A DISCOVERY TOOL

the top-down approach

Ey
MATCHING
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QUTLINE

= UV/IR tree-level dictionary
= UV/IR one-loop dictionary

= Effective Lagrangian at one loop: functional methods and matching

= MATCHMAKER Anastasiou, AC, Lazopoulos, Santiage, to appear soon
automated one-loop matching in effective field theories

= Conclusions



TREE LEVEL MATCHING

We can perform the tree-level matching for the following Lagrangian
Lov(¢,®) = Lsm()+[@TF(¢)+h.c]+d [-D* — m} — U(¢)] 2+0(@?)
by using equations of motion

(D% + mj + U(9)] @ = F() + O(®7)

which leads to

1 1
o, = F= F
D2—i—m2 +U m>2 [1+m_1(D2+U)]
1
=— - (D2+U)—F+ —(D2+U) (D2+U)
my  mg mg, mg mg mg
and

o = Luv(¢, D(D))



TREE LEVEL MATCHING

We already have a tree-level dictionary for non-mixed contributions!

X U
R () ) B O V) I ¢
D Y
Irep (3,1)2 (3, 1)_1 (3,21 32z (32)_5 (33)2 (3,3)_1
3 3 6 6 6 3 3
New Quarks: de) Aguila, Perez-Victoria, Santiage, '00
_ ET N
Leptons N E (El\i> (EE,,> N E™
E™ E~
Irrep (171)0 (1,1)_1 (1,2)7% (1,2)7% (1,3)0 (1,3)_1
Spinor Dirac/Majorana Dirac Dirac Dirac Dirac/Majorana Dirac

New Leptons: del Aguila, de Blas, Perez-Victoria, '08



TREE LEVEL MATCHING

We already have a tree-level dictionary for non-mixed contributions!

Vector By Bl W wi gL gL Hy Ly
Irrep (1, 1o (1,17 (1,Adj)g  (1,Adj)y  (Adj,1)g  (Adj, 1)1  (Adj, Adj)g  (1,2) 3
2
2 5 1 5 1 5
Vector ug uy, Q, Q) Xy Y Y
e (3,1)s (3,15 (3,21 (3.2 5 (3,Ad)g (.21  (6.2) 5
3 3 6 6 3 6 6
New Vectors: de) Aguila, de Blas, Perez-Victoria, 'I0
Colorless S S1 So ® =) =y [SF} O3
Scalars
Irrep (1.1  (L1);  (LDy (1,2)1 (L3 (1L8); (1,41 (L4)3
2 2
Colored w1 wo wy 11y I ¢
Scalars
Irrep (3,1) 1 (3,1) (3,1) 4 (3,2) 1 (3,2)7 (3,3) 1
3 3 3 6 6 3
Colored Q7 Qo Q4 e L3
Scalars
Irrep (6,1) 1 (6,1) o (6,1) 4 (6,3) 1 (8,2) 1
3 3 3 3 2

New Scalars: de Blas, Chala, Perez-Victoria, Santiage, IS



TREE LEVEL MATCHING

= Dimensionful couplings imply that particles with different spin can
simultaneously contribute to £%6 at tree level contributions

Kp1pa¢3 + K VD, + K'VEV, 4.

= Only a subset of the irreps in the previous lists contributes

= Work in progress: de Blas, Chala, Criado, Perez-Victoria, Santiago, to

Gppear soon

= Then, the tree-level UV/IR dictionary will be complete!



ONE LOOP MATCHING

= Many contributions to the effective Lagrangian can be only
generated at the quantum level

= Even contributions that can potentially arise at tree-level only
appear at loop level in specific models

= The dictionary should be extended to one loop if we want to
account for these cases

= The number of possibilities increases dramatically!! Automation
seems compulsory.

= The matching can be performed

= Diagrammatically Anastasiou, AC, Lazapoulos, Santiago

= By functional methods Henning, Lu « Murayama, '14; Drozd, Ellis, Quevillon, You, 'I5;
Henning, Lu, Murayama, "lo; Ellis, Quevillon, You, Zhang, '16; Fuentes-Martin, Portoles,

Ruiz-Femenia, b



ONE LOOP MATCHING BY FUNCTIONAL METHODS

The effective action
&Ser(9) — /Dq)eisuv(tb,@)

leads at one-loop order in the saddle-point approximation to

i 2
Seft(¢) = Suv(¢, Pc(9)) + 3 log det (‘%

)

where

5(¢, @)
5

=0= D)
B,




ONE LOOP MATCHING BY FUNCTIONAL METHODS

Henning, Lu + Murayama, ' resuscitated the Covariant Derivative Expansion
(CDE) Gaillard, *86; Cheyette, 86 for the calculation of

. 52Suv (¢, @
ASe(¢p) = icsTrlog <—%

) = icsTrlog [D2 +my — U(¢)]
D

obtaining

2
ASer(9 ICS/d4 / 5 triog l <qu + CMV%> + m3 + ]

where

N = n+1 0"

G,LLV e "go (n + 2)! [Pal, [. .. [Pa,,v [Dp,a DU]]]] 6qo¢16q042 . aqan
& 0"

U,u,l/ E Z m [Pa17 [ .. [Pam U]]] aqalaqa2 e 8qa"

Il
=]

n



ONE LOOP MATCHING BY FUNCTIONAL METHODS

Henning, Lu + Murayama, "I

After expanding in A = (¢> — m3) ™! one obtains (for dg = d*q/(2m)?)

B = _'Cs/dq/dm‘ptr [1+a ({a awai} + G Gron0” — U)]
or
ALett = —ics/dq/dmfptr [A ~A ({q, G+ G — D) A
+A({q,é}+@2—D)A({q,é}+E;Q— U)A+...]
In the case mg o 1,

[A’ [Pa17 [ N [Pan7 [Dlu Du]m] = [Aa ['Doqa [ c [Pana U]]]] =

so the dgq integrals factor out of the trace and can be computed once and
for all!



ONE LOOP MATCHING BY FUNCTIONAL METHODS

Henning, Lu « Murayama, 11

Cs
Leff,l—loop = Wtr{
4 1 m? 3
ot =5 (e s - 3)
2
2 m
+m [7(Iogﬁfl) U]

1 m? 1 m?
0 2 2
4+ m |:—E<Iogﬁ—1) G:W—ElogFU]

1 1 1 1 1 1

—|-=(P.6 ) -—G,G. G —— (P -=-U—-—=-UG,G
+ m2 [ 60 ( H ;LV) 90 nY Svo Sop 12 ( H ) 6 12 py S pv

1|1 1 5 1 I
+*[ﬁ”4+5“('°““> + 130 (PO + 57 (V6.6

1 1 ’ ’
- ﬁ [(PMU)7 (PVU)] G’uu - E [U[U1 GuVH Guvj|

1 5 1 5 2 1 2
— |- =~ — A(PU)> — — (UP
b |- 0V PR - 5 wR]

+ = [Flo uﬁ] } where P,A = [P,,Al, G, =[Dy,Dy]



ONE LOOP MATCHING BY FUNCTIONAL METHODS

This was generalized to the non-degenerate case by Drozd, Elis, Quevillon,
You,'I5

—I'CS{f"l + f"QU,';—l— f’gG:Lzy,J + fﬁUﬁ

+ f’f(P Gurit)” + (G i) (Goo ) (Gor) + AP, Us]” + (U UpcUi)
f(UyG, quGW ki)

+ f'lgl(UUUijklUﬁ) 73 Ugl Py, U [P, Usd

+ g0 [P [Py Uil [Py [Py Uil + flo [P [P, Uil [Py [Py Ul

+ o Pu 1P Ul 1P [P, U]

+ B U Un Gy ta G + 25 [Prss Us] [P, Upd Gy

(5 UulPus Uisd = B8, [Pus U] Up) [P, G

+ Ao " (UUikUuaUim Umi) + 17 U Ui Prs, U] [P, Uil + £ Ul P, Ui Uni[ Py, Ui

+ f'{?,’"’" (Ui U Uit Uiy U Ui }



UIGHT HEAVY MDUNG

However, such formulas are only valid in the absence of linear terms in ®

Bilenky, Santamaria, 95; del Aguila, Kunszt, Santiage, 16

L(¢p,®) D BTF(¢) + h.c.

since they do not consider diagrams with ¢ running in the loop

¢




LIGHT HEAVY MIXING

We will always get the same physical amplitudes providing we perform a
local transformation ® — &, + @’

N—-1

b= [DP+mi+ U Fx ,7122 (— [D* + U(¢)] %)nw)

® p—0

Therefore, even though we can suppress the linear coupling to order
O(mg?N) for arbitrary N

1 N
Lyv(p, @) D &' <[D2 + U(9)] mQ> F(¢) + h.c.

o]

it will still contribute to certain amplitudes at O(mg?)



LIGHT HEAVY MIXED CONTRIBUTIONS PART 1

Henning, Lu, Murayama, 'l6

We need to match non-local objects to their local truncated expansions

)

j 5250
1—‘l(j%FT((b) = 5(E1F)T(¢) + é log det (—L@)

52Suv (o, ®)

rl(6) = o -5

52
Since
5%25(p, 5%25(p, @ 525(¢, P
log det <— 5(¢(,¢Z1>)2) <1>c) = logdet <— 5(52 ) q)c) Hog det <_((§T(¢)))
we get

(1) i 52Suv (e, c(@)\ i 5259 (4)
[ 6= (G (-5



LIGHT HEAVY MIXED CONTRIBUTIONS PART 1

Henning, Lu, Murayama, 'l6
One only needs to keep the rest after dropping the truncated or local
counterpart

5% Suv(9, Pc(9))

(1) i
/dxz Ci mixed O =3 log det (—T)d

where if, for instance,

L N B 1 N
-D>—m3  mi mi-D>*-mi \-D>-mi), \-D>-mj

d means to drop in

62Suv (¢, Dc(9)) 1

log det (——5¢2 ) = Trlog {1 T —m A11(x)
1 1

T D2 _ mg{)Aﬂ(X)_DQ — mgb Aga(x) +

the terms where all heavy propagators are replaced by —1/m?2



UIGHT HEAVY MIXED CONTRIBUTIONS PART

Ellis, Quevillon, You, Zhang, "6
One can integrate about both classical solutions, ¢. and &,
¢:¢c+¢)’7 <I>—>(I)C—|-<I>’

and do exactly the same with

Ugo U¢><I>>
U=
<U¢q> Usa

After subtracting from 49 the contrlbutlons arising from loop diagrams
with tree-level generated operators Af9 one can compute the mixed
terms by plugging (A )eup = a0 — Af’kj into their universal
expressions

However,

= it can not be applied when Ugg contains derivatives!

= it has to be generalized to cases with mixed statistics!



LIGHT HEAVY MIXED CONTRIBUTIONS PART m

Fuentes-Martin, Portoles, Ruiz-Femenia, 16

It is possible to diagonalize

1 Ay X P 1
— (ot 4 H LH — —f
L 2(@,¢)<XLH AL> <¢> 57 On

by }
A 0 1 0
T fr— H fr—
PTOP < 0 AL) , wWhere P (_AL_leH 1)
and }
AH = AH — XIHAL_leH = —02 — m%{, - U
getting

i =1 dp 2ipD + D + U(x, 0x + ip) \ "
Su= :F—/ddx —/ tr( ’ )
2 ; n) (2n)d p? — m3
and

d_ pl—loop __ chard
/d XLeer™ = Si;



MATCHMAKER

Anastasiou, AC, Lazopoulos, Santiago; work in progress

= We are developing an automated tool to perform tree-level and
one-loop matching of arbitrary theories into arbitrary effective
Lagrangians

= Based on standard, well-tested tools (FeynRules, QGRAF, FORM,
Mathematica, Python)

= Flexible (from full matching to specific operators), fully automated
and general

= Unified treatment (effective theory just another model)

= Off-shell matching with (initially) massless particles in the effective
theory (e.g. unbroken phase of the SM)



MATCHMAKER

Anastasiou, AC, Lazopoulos, Santiago; work in progress




MATCHMAKER

Anastasiou, AC, Lazopoulos, Santiago; work in progress

Current status

= bosonic operators \/
= two-fermion operators v

= four-fermion operators Well advanced!



SUMMARY

= Having a complete UV/IR dictionary that maps arbitrary UV
completions to experimental observables would be fantastic

= The tree-level, dimension-6 dictionary is (almost) finished

= The required automation for the one-loop dictionary is well
advanced

= MatchMaker: General, fully automated and flexible code to compute
tree-level and one-loop matching conditions



Thanks!



ONE LOOP MATCHING BY FUNCTIONAL METHODS

2
ASer(o ICS/d4 / 5 triog [ (qu + ZJHV%> + m3 + ]

where

= for real (complex) scalars ¢, = 1/2(1) and U(x) = M?(x) and

= for fermions ¢; = —1/2 and
i
Ux) = _§UWG;W + 2me M(x) + M?(x) + [P, M(x)]

= for massless gauge fields
= the ghost piece ¢; = —1, m3 = U(x) =0
= the gauge piece ¢; = 1/2, m3 =0, U(x) = —ig"" G,
= for massive gauge fields
= the ghost piece ¢ = —1, U(x) =0
= the gauge piece c; = 1/2, m3 =0, U(x) = —iT"* (G, + M,..)
= the Goldstone piece ¢; =1/2, U(x) =
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