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SMEFT: constructed with

Higgs: h GBs: U(SIZ‘) _ eiaawa(:ﬂ)/v
Singlet U(z) — LU(2)R!

Independent!!

B Being h asinglet: generic functionsofh  F;(h) =1+ 2047;ﬁ + 67;—2 + ...
v v

B Being U(x) vs. h independent, many more operators can be constructed



Decorrelations

B Investigate on the signhals of decorrelations: due to the nature of the

2
chiral expansion vs. the linear one, and due to  F;(h) # <1 4+ ﬁ)
v
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Brivio,Corbett,Eboli,Gavela,Gonzalez-Fraile, Gonzalez-Garcia,LM&Rigolin, JHEP 1403 (2014)
Brivio,Eboli,Gavela,Gonzalez-Garcia,LM&Rigolin, JHEP 1412 (2014)
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New Signals

B Study the anomalous signal present in the chiral description, but

absent in the linear one

SMEFT HEFT
_________ / I
d =10 — /><’7 N
d=28
© — 40

Brivio,Corbett,Eboli,Gavela,Gonzalez-Fraile, Gonzalez-Garcia,LM&Rigolin, JHEP 1403 (2014)
Brivio,Eboli,Gavela,Gonzalez-Garcia,LM&Rigolin, JHEP 1412 (2014)
Brivio,Gavela,LM,Mimasu,No,Rey&Sanz, arXiv:1511.0109



B Why and how EFTs

B The master formulas for operator counting and cross sections

2 SMEFT

B xPT

B HEFT

based on:

B. Gavela, E. Jenkins, A. Manohar & LM,

Analysis of General Power Counting Rules in Effective Field Theory,

arXiv: 1601.07551 7
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Why to use an EFT?

It is convenient

The observables considered are measured in a determined energy range

l

Only on relevant contributions at that energy

Calculations are easier
Benefits in the renormalisation procedure

Accidental (approximate) symmetries

Top-down approach from the full theory to the EFT: i.e.

- EFT applied to B physics;
- QCD chiral perturbation theory for pions;
- etc...
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Why to use an EFT?

It Is necessary

The full theory is NOT known

l

Use of the known particles and known interactions to infer
the symmetries and the nature of the full theory.

Bottom-up approach from the EFT to the full theory
(with some luck): i.e.

- Fermi theory;
- Higgs effective theories;
- etc...
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How to construct an EFT?

Spectrum + Symmetries

l

Construct ALL possible operators with the

fields of the given spectrum and invariant + Power counting
under the chosen symmetries.

Reduces the number of operators at each order of the
expansion(s), organises the hierarchy among the operators,
sets the validity of the EFT.
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N, refers to the number of such field/coupling appearing in the vertex
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B An arbitrary connected diagram with insertions of the generic vertex will have an
amplitude of the same form of the vertex but the )y, undergo some conditions

ONv §No ANA N ANA gNag Ny \Nx (47) N

depends on external \\

momenta and internal depend on depends on the
legs (propagators external and “external” 4m and on
brings momenta) internal legs the number of loops

No=) Na, Nin =) Nixi—2L
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When we have an operator, only the external legs, and not the internal, are relevant!

—pp Eliminate the dependence from the internal legs

+

—gp |Mposing the theoryidentity v — 71+ 1 =1

-+

—gp |Mposing that the total dimension is 4

3
4=Np;i+Ngi+Na;+ §N¢,z‘ + N

l

only 6 relations are independent
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1
Ny =N, + Ny

(o

aNp¢N¢ANA¢N¢ANAgNgyNy)\N>\ (47_‘_)N4ﬂ-
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aNp¢N¢ANA¢N¢ANA y)\NA 4’7'(' Ny,

1
Nx,iENp,i+§Nw,i ENcb + Na, + Ny,
1 _ _ _

r=Np—Ng— N, —2N) —2
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aNp¢N¢ANA¢N¢ANAgNgyNy)\NA (47T)N47r

Nypr = Np — N, — N, — 2Ny — 2
equivalent to say that:

19, A, b} = dmid, A, ¢

{9, y, VA} — ﬁ{gay, VA}

1
£~ st
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8NP¢N¢ANA¢N¢ANAgNgyNy>\N>\ (47T)N47r

Npg. EN@ ‘|‘NA,,; —|—N¢i

(2

Np =) (Np —2)— (2L - 2)

)

Nypr = Np — N, — N, — 2Ny — 2
equivalent to say that:

19, A, b} = dmid, A, ¢

{g,y, VA} — %{g,y, VA}

1
£~ st

Master Formula

A TN Tar 1™ Tar AN Tdm 1M g 1 Nopy 1N [ A 1
e b I e B e B IR = I P e

. O . Compare with:
Each operator in the effective Lagrangian should Manohar&Georgi 1984
be written according to this normalisation. Luty 1997

Cohen,Kaplan&Nelson 19?99



Consequences

A+ To1N" 47 ¢ No Tqm AN 47 1) Ny g 1Na Ty 1Ny | A o
1672 [K] [T] [T] [A3/2] [E} {E} [16#2]

B The master formula can be generalised to masses and cubic couplings:

m2 42 s ko
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B The master formula can be generalised to masses and cubic couplings:

m?¢> Myt kg?
N \ \
m | my | N i]“
A2 [T} A A

B Covariant derivative homogeneous in power counting of A and 4mt (not of Ny)

D QJFZ[%} [@]:(S’Jrigfl

A A A A

B Equation of Motion is homogeneous in power counting of A and 4m (not of Ny):
i.e. consider the SM Higgs doublet

OH +m?*H + X(HH)H 4+ yyp =0

all the terms scale as % :
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A4 A @ Ay
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A4 0, 4mg O* 4Amg u
42 " A A A A ~ 90”9

A4 dr X, 4T XK
(@m2 ~ A2 A

— X, XM
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Comparison with the old NDA

What is different wrt the well-known NDA master formula?
AY [0 47TA 4w q I
1672 [ ] [ A [477} 47'(' 167T ]

y

Kl \

Original NDA master formula: [X
f

GEE
—“” —
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e B ) )™ e [
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Comparison with the old NDA

What is different wrt the well-known NDA master formula?

A4 aN
1677[]

A = 47Tf

1V
7'(' 1677]

47TA 47T¢
47‘(‘ 4
'4*\‘ o
Original NDA master formula: v
> foA° fA FA
12 P]NP H% [L]“ NQX [&]Ny [u] h
A f fVA A A2




Comparison with the old NDA

What is different wrt the well-known NDA master formula?

A* Q 5 @ 47TA 4w Ng y Ny AT
1672 A3/ 2 47T 47'(' 167T2
AN=A4r f
Nw
o ‘Q A
Original NDA master formula: 22 X, X1
/ e

e B Tl G 1

—pp Doubts on how to weight Xuv:

X, XM v Tuning!!
e ‘“’XM ; 19
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—

[ (4m)*
e P° el D) —> 4
d=6 {
(477)2 2 —p ) 9
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o~ () L )

There ONLY dependence is on A

The hierarchy between the size of cross sections only depends
on A\, and not on the number of derivates!!

f(4w)4 & — 20 — 4O
A? ’ m(4m)? [ E? °
d:6<42 — O~ 2 <A2>
00,07 —— 2052
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There ONLY dependence is on A

The hierarchy between the size of cross sections only depends
on A\, and not on the number of derivates!!

f(4w)4 & — 20 — 4O
A? ’ m(4m)? [ E? °
d=6<(4 » — ¥ ‘7 g <A2>

B ($0,0)2 = 20 — 2¢
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The Physical Impact
o~ () L )

There ONLY dependence is on A

The hierarchy between the size of cross sections only depends
on A\, and not on the number of derivates!!

6 _>
A2 ¢ 20 = 49 7T(47T)2 <E2>2

=6 4 —
S (00,0 =P 2020

.
(47T)6 ¢8 _> 2¢ — 6¢

(90@P)? = 26 — 2
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The Physical Impact
o~ () L )

There ONLY dependence is on A

The hierarchy between the size of cross sections only depends
on A\, and not on the number of derivates!!

[ (4m)* ¢ —
AZ ? 20 7'('(47'(')2 E2\°
d=06 < , — O 72 <A2>
00,07 —— 2052
r(‘i@)f;qbs —tp 20 — 6O ; N
d=8 < — UNW(;;Z) (i‘l)
L(ZXZ)Z (¢0¢)°  =——> 20— 2¢
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The Physical Impact

TR () [

B Processes with same number of particles can have different
cross sections: the difference is ruled by A

[ (4m)’
1=6 — s @
— E2
U o0 ——> @2

4 ¢8 ﬁ 2¢ — 6¢ ,
J—8 < . —_— o~ m(4)
(47)° o
e ——e @)
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The Physical Impact
TR () [

B Processes with same number of particles can have different
cross sections: the difference is ruled by A

B Processes with different number of particles/derivatives can
have same cross sections: same number of A

r(47r 4
®¢6 g 2 2\ 2
m(4m E
d:6< 2 —p O~ (EZ) <A2>
Gner —lo
(47)°
= $° | 20 — O ,
B m(4m)? ([ E*
d=8 < o — O 2 A4
L(<sz¢)2 —_—| 2¢ — 2¢
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SMEFT

The Standard

Model Effective Field Theory (SMEFT): assuming B and L conservation

Operator | d | N, | NDA Form

H? 2|1 0 A’ H?

1h? 3| 1 Av)?

H* 4] 0 | (4n)? H?
Vv H 41 1 (4m) p* H
2D 4] 2 2D

H?D? 4| 2 H?D?

X? 41 2 X?

HS 6| 0 “ﬁgf HS
V2H3 | 6| 1 % W2 H32

HAD? 61 2 (41172)2 H4 D2
X2 H2 61 2 (4/?2) X2 2
V2XH | 6] 2 | U y2XH
D2H2D | 6| 2 (%@2 H2H2D
4 (4m)? 14
HHHE +-

[Buchmuller&Wyler 1984]
[Gradkoski,Iskrzynski,Misiak&Rosiek 2010]

23



SMEFT

The Standard Model Effective Field Theory (SMEFT): assuming B and L conservation
[Buchmuller&Wyler 1984]
Operator | d | N, | NDA Form [Gradkoski, Iskrzynski,Misiak&Rosiek 2010]
H> 2] 0 A2H?
Y2 3] 1 Ay)?
H* |4 0 | (47) H?
V2 H 41 1 (4m) *H
2D |4 2 2D — )
H?D? |4 2 H>D? ——P D,H'D"H
X2 4] 2 X? +—> (W, W)
6 6l o (4/272)4 76
Q2H? 6| 1 | YUl ¢2H32
Hip2 gl 2 (4/172)2 42
X2H2 |6 9 (4/@2 22
V2XH |6 2 | YUl y2xH
D2H2D | 6| 2 (%@2 H2H2D
o 61 92 (TQ)Q b
X3 16| 3 @) x3
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SMEFT

The Standard Model Effective Field Theory (SMEFT): assuming B and L conservation
[Buchmuller&Wyler 1984]
Operator d NX NDA Form [Gradkoski,Iskrzynski,Misiak&Rosiek 2010]
H?2 |20 A2H?
2 |3 1 A2
H* |4| 0 | (4m)2H?
V2 H 41 1 (4m) *H -
v2D | 4| 2 2D —> W
H?D? |4 2 H>D? —— D,H'D"H
X2 4] 2 X2 —> Tr(W,W")
(4m)°
HS 6| O 4 A% HS
G2H? | 6| 1 | Unl y2H39
H4D2 6 2 (477)2 H4D2
27172 (4/}r2)2 2179 <_> (47T)2 U T
XPH® 16| 2 | S5-X°H o (W W ) (H'H)
V2XH |6 2 | YUl y2xH s
Y2H?D | 6| 2 | Un) ¢22H2D +—> (/Q Dy (H DFH)
b 61 2 (TQ) e
X3 16| 3 e x3
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The Standard Model Effective Field Theory (SMEFT): assuming B and L conservation
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SMEFT

The Standard Model Effective Field Theory (SMEFT): assuming B and L conservation

£ = [OSE L pO=0 L pdse L

Operator | d | N, | NDA Form

H? 21 0 A% H?

1? 3| 1 Ae)?

H* 41 0 (47)? H*
V2 H 41 1 (47) p* H
V2D 4| 2 Y?D

H?D? 4| 2 H?D?

X? 4| 2 X?

(4m)°
HS 6| O e HS
¢2H3 6 1 (41{2 ¢2H32
(47)°
H*D? 6| 2 Az H*D?
X2H2 6 2 (‘XQ X2H2
VEXH | 6] 2 (4];22 V2 X H
¢2H2D 6 2 (‘i@) ¢2H2D
e 61 2 (4132) e
X3 6] 3 ar) x3
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SMEFT

The Standard Model Effective Field Theory (SMEFT): assuming B and L conservation

£ = [OSE L pO=0 L pdse L

The A expansion determines the
physical impact of the operators and
it coincides with the ordering of the
operators due to renormalisation:

Operator d N, | NDA Form

H? 2 0 A% H?

1? 3 1 Ae)?

H* 4 0 (47)? H*
V2 H 4 1 (47) p* H
V2D 4 2 Y?D

H?D? 4 2 H?D?

X? 4 2 X?

(4m)°
HS 6 0 e HS
¢2H3 6 1 (‘%/(72) ¢2H32
(47)°
H*D? 6 2 Az H*D?
X2H2 6 2 (‘XQ X2H2
VIXH 6 2 (4];22 V2 X H
¢2H2D 6 2 (‘5{72) ¢2H2D
e 6 2 (4132) e
X3 6 3 ar) x3
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SMEFT

The Standard Model Effective Field Theory (SMEFT): assuming B and L conservation

[ — [dS4 | pd=6 | pd=8 | Operator d N, | NDA Form
H? 2 0 A2 H?
The A expansion determines the )2 S Ayp?
physical impact of the operators and H* 4 0 (4m)* H*
it coincides with the ordering of the v*H 4 1 | (4m)y°H
operators due to renormalisation: 2D 4 2 2D
H?D? 4 2 H?D?
L4=4 2 2
LO X 4 2 X
n-loop with £d4<4 vertices 6 6 0 (4A772)4 76
¢2H3 6 1 (‘%/(72)3 ¢2H32
47)?
H*D> 6 2 | ¢ A2>2 H*D?
X2H2 6 2 (‘XQ X2H2
VIXH 6 2 (4];22 V2 X H
¢2H2D 6 2 (‘5{72) ¢2H2D
gt 6 2 | Uty
XS 6 3 (4m) X3
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SMEFT

The Standard Model Effective Field Theory (SMEFT): assuming B and L conservation

£ = [OSE L pO=0 L pdse L

The A expansion determines the
physical impact of the operators and
it coincides with the ordering of the
operators due to renormalisation:

£d§4
LO _ .
n-loop with g2<4 vertices

£d26
NLO . _
n-loop with 1 £9=6 vertex

Operator d N, | NDA Form

H? 2 0 A% H?

1? 3 1 Ae)?

H* 4 0 (47)? H*
V2 H 4 1 (47) p* H
V2D 4 2 Y?D

H?D? 4 2 H?D?

X? 4 2 X?

(4m)°
HS 6 0 e HS
¢2H3 6 1 (‘%/(72) ¢2H32
(47)°
H*D? 6 2 Az H*D?
X2H2 6 2 (‘XQ X2H2
VIXH 6 2 (4];22 V2 X H
¢2H2D 6 2 (‘5{72) 1@2H2D
e 6 2 (4132) e
X3 6 3 ar) x3
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SMEFT

The Standard Model Effective Field Theory (SMEFT): assuming B and L conservation

£ = [OSE L pO=0 L pdse L

The A expansion determines the
physical impact of the operators and
it coincides with the ordering of the
operators due to renormalisation:

£d§4
LO _ .
n-loop with g2<4 vertices

£d26
NLO . _
n-loop with 1 £9=6 vertex

£d:8

NNLO
n-loop with 1 £4=8 vertex

n-loop with 2 £24=6 vertices

Operator d N, | NDA Form

H? 2 0 A% H?

1? 3 1 Ae)?

H* 4 0 (47)? H*
V2 H 4 1 (47) p* H
V2D 4 2 Y?D

H?D? 4 2 H?D?

X? 4 2 X?

(4m)°
HS 6 0 e HS
¢2H3 6 1 (‘%/(72) ¢2H32
(47)°
H*D? 6 2 Az H*D?
X2H2 6 2 (‘XQ X2H2
VIXH 6 2 (4];22 V2 X H
¢2H2D 6 2 (‘5{72) ¢2H2D
e 6 2 (4132) e
X3 6 3 ar) x3
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SMEFT

The Standard Model Effective Field Theory (SMEFT): assuming B and L conservation

£ = [OSE L pO=0 L pdse L

The A expansion determines the
physical impact of the operators and
it coincides with the ordering of the
operators due to renormalisation:

£d§4
LO _ .
n-loop with g2<4 vertices

£d26
NLO . _
n-loop with 1 £9=6 vertex

£d:8

NNLO
n-loop with 1 £2=8 vertex

n-loop with 2 £24=6 vertices

independently of number of loops!!

Operator d N, | NDA Form

H? 2 0 A% H?

1? 3 1 Ae)?

H* 4 0 (47)? H*
V2 H 4 1 (47) p* H
V2D 4 2 Y?D

H?D? 4 2 H?D?

X? 4 2 X?

(4m)°
HS 6 0 e HS
¢2H3 6 1 (‘%/(72) ¢2H32
(47)°
H*D? 6 2 Az H*D?
X2H2 6 2 (‘XQ X2H2
VIXH 6 2 (4];22 V2 X H
¢2H2D 6 2 (‘5{72) ¢2H2D
e 6 2 (4132) e
X3 6 3 ar) x3

24



XPT

B Chiral Perturbation Theory (xPT) has been used for low-energy QCD:
considering only u and d quarks and neglecting their mass

Chiral Symmetry SU(2); x SU(2)p :

YR — Qp YR QL,RESU(Q)L’R
dr dr
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XPT

B Chiral Perturbation Theory (xPT) has been used for low-energy QCD:
considering only u and d quarks and neglecting their mass

Chiral Symmetry SU(2); x SU(2)p :

YR — Qp YR QL,RESU(Q)L’R
dr dr

(o) = (i)

B As ¢ — g pairs are energetically cheap, the QCD vacuum will contain condensates:

Chiral Symmetry spontaneous breaking {(Gq) # 0

SU(2)r, x SU(2)r — SU(2)diag =—pp 3 Goldstone bosons 7
U=e*™7/f U 5QlUQg

25



B The pion Lagrangian is written as

L=2Ls+Ly+... (+soft breaking part)
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# The pion Lagrangian is written as

L=2Ls+Ly+... (+soft breaking part)

N, N,
A4 [Q] [@] Lo = szTr (@MU@MUT)

16m2 | A A

A =4nf Ly= = [T (9,U0"U")]"

f scale of the pions
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B The pion Lagrangian is written as

L=2Ls+Ly+... (+soft breaking part)

A* [9]7 [4me] ™ f? T VS T
1672 [K] [T] Ly =TI (0.U*U") Ny =Np+ Ny =2
Cq 2 B
A=dn] Ly = 10— [Tr (0.U0"UT)] N, =4

f scale of the pions

- The ordering of the operators due to renormalisation, 2,, 2,, etc...
coincides with the ordering in N,

LO {NX

NLO { 1-loop with an arbitrary number of N, =2 vertices} =N, =4

NNLO 1-loop with an arbitrary number of NLO vertices N, =6

2-loop with an arbitrary number of N, = 2 vertices
26



[:2 = —Ir

Ly =

f2
4

C

4

6 2

s

(0,U0"UT)

Tr (0,U0*UT)]"
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2 1
ngfZTr(@uUé?“UT) NXENp+§N¢=2 d=2
Cq

6772

Ly= Tr (9,U0*U )]’ N, = 4 d=4

APPARENTLY:

g Counting dimensions is equivalent of counting derivatives

NXENp—i_%XD:d
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2 1
ngf—Tr((‘)uUé?“UT) NXENp+§N¢=2 d=2

4
C 2 .
Li= o [T (0,U0"U7)] N, = 4 d=4
APPARENTLY:

g Counting dimensions is equivalent of counting derivatives

NXENp—i_%XD:d

O r~

E? A?

—p  Counting d is equivalent
to counting A

m(4m)? <E2>_NA

Does N, determine the physical impact of operators in xPT?
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—pp Convenient to expand in pion fields:
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—pp Convenient to expand in pion fields:
0TI+  O°II°
75— T+
f f4

341-[4 841—16
£4NC4<A2f2 == A2f4 —|—>

Lo ~ O*TI? +
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—pp Convenient to expand in pion fields:
0TI+  O°II°
75— T+
f f4

341-[4 841—16
£4NC4<A2f2 == A2f4 —|—>

Lo ~ O*TI? +

d=4,68,...

d=8,10,12...
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—pp Convenient to expand in pion fields:

0TI+ O2%I1I°

2 2

Lo ~ O°TI% + 7 T 7i d=4,6,8,...
oI OIS

£4NC4<A2f2+A2f4+'”> d=28,10,12...

\_, Nszp+%M>€
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—pp Convenient to expand in pion fields:

0TI+  O?II°
27172 _
0TI+ OIS
£4NC4<A2f2+A2f4+'”> d=8,10,12...

\_, Nszp+%M>Q

—pp Distinct terms of the expansion gives different effects:
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0TI+  O?II°
27172 _
0TI+ OIS
£4NC4<A2f2+A2f4+”'> d=8,10,12...

\_,, Nszp+%M>Q

—pp Distinct terms of the expansion gives different effects:

821_[4 821_[6
f2 _|_ f4
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—pp Convenient to expand in pion fields:

0TI+  O?II°
27172 _
0TI+ OIS
£4NC4<A2f2+A2f4+'”> d=8,10,12...

\_, Nszp+%M>Q

—pp Distinct terms of the expansion gives different effects:

(47)° \ \ o(rm — 4m)g
a7
o v E2

(mm — ) ~ (27;) (ij)

N, =2
N, =4
m(4m)?

E4

E2

(

A4

;
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—pp Convenient to expand in pion fields:
0TI+  O°II°

Lo ~ 0TI + R d=4,6,8,... N, =2
0TIt OIS
£4~C4<A2f2 e +> d=28,10,12... N, =4

\_, Nszp+%Xp>€

—pp Distinct terms of the expansion gives different effects:

2
2
\ (4ﬂ.) E4
(4m) \ o(mm = 4m)y E? \ A4
g~ 7o

(mm — ) ~ m(4m)7 (E2>

E? A?




—pp However, considering a given process, it receives contributions from
different operators and ...
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—pp However, considering a given process, it receives contributions from
different operators and ...

O*I1* H%II1°
f2 f4

Lo ~ O°TI? +
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—pp However, considering a given process, it receives contributions from
different operators and ...

82]:[4 82]:[6
[T

\ o(mm — T)g ~ 77(2727)2 (ij)Q

84]:[4 84]:[6
£4~C4<A2f2 + AZ 74 —|—>

\ o(Tm — )4 ~ 7 (4m)? (E4>2

LZ ~Y 82]:[2 _|_

E? A4
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—pp However, considering a given process, it receives contributions from
different operators and ...

(‘921'14 821'16

m(4m)? (E?\?
'7T7T — 7T’7T E2 A2

641_[4 841_[6
£4NC4 <A2f2 —+ A2f4 —|—>

Lo ~ O°TI? +

n(4m)? [ E* :
o(mm — 7))y [5Z A

o(nm — m)s (E2>

o(mm — 7)o A?
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—Jp However, considering a given process, it receives contributions from
different operators and ...

6‘21'14 821'16

n(4r)? (E?\’
7T7T — 7T7T 2 A2

0TI+ OIS
A2f2 _I_ A2f4 _I_"'

\  w(4m)? (E4>2

Lo ~ O*TI? +

£4NC4

’7T7T—>7T7T

o(mm — 7)o

2 2
A ) > according to [V, ordering: {52 ~ O0(p°)

Ly~ O(p*)
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—pp However, considering a given process, it receives contributions from
different operators and ...

O2I14 2116
[T

\ o(mm — T)g ~ 77(2727)2 (ij)Q

641_[4 841_[6
£4NC4 <A2f2 —+ A2f4 —|—>

\ o(n = )y~ AT (E4>2

E? A4

Lo ~ O°TI? +

> 2
o(mm — T )4 N (E2> according to NX ordering: £2 O(p4)
o(mm — T)g A2 L4~ O(p’)

-

The physical ordering is again determined only by A, although
it can be hidden in the GB matrix.
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—pp However, considering a given process, it receives contributions from
different operators and ...

O2I14 2116
[T

\ o(mm — T)g ~ 77(2727)2 (ij)Q

641_[4 841_[6
£4NC4 <A2f2 —+ A2f4 —|—>

\ o(n = )y~ AT (E4>2

E? A4

Lo ~ O°TI? +

o(mm — T4 E?
T\ A2

o(mm — 7)o

-
-

2 2
> according to NX ordering: Lo ~ O(p4)
Ly~ O(p7)

The physical ordering is again determined only by A, although
it can be hidden in the GB matrix.

The ordering in A coincides with NN, only for processes with
same number of external fields.
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HEFT

Grinstein & Trott, PRD 76 (2007)

Azatov, Contino & Galloway JHEP 1204 (2012)

Alonso, Gavela, LM, Rigolin & Yepes, JHEP 1206 (2012)

Alonso, Gavela, LM, Rigolin & Yepes, PLB 722 (2013)

Alonso, Gavela, LM, Rigolin & Yepes, PRD 87 (2013)

Buchalla, Cata & Krause, NPB 880 (2014)

Gavela, Gonzalez-Fraile, Gonzalez-Garcia, LM, Rigolin & Yepes, JHEP 1410 (2014)

Independent!!
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HEFT

The Higgs Effective Field Theory (HEFT) is a fusion of SMEFT and xPT
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HEFT

The Higgs Effective Field Theory (HEFT) is a fusion of SMEFT and xPT

3 GBs SM

Renormalisation is different between SMEFT and xPT:

M e i

-
NLO — NLO — NLO —
NNLO NNLO—NNLO—NNLO—
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HEFT

The Higgs Effective Field Theory (HEFT) is a fusion of SMEFT and xPT

3 GBs SM

Renormalisation is different between SMEFT and xPT:

RS | K
- LO - NLO — NNLO—
NLO < NLO - NLO NLO % NNLO%

NNLO—NNLO—NNLO— NNLO% .




How to merge the two theories??




How to merge the two theories??

B Building blocks:

VvV, =(D,U)U" V — LVIL
L & SU(Q)L
T = Uo3 U T LTL'
VLR
A, X

h  singlet of SM syms: arbitrary F(h) = Z a; (%)
i=0
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How to merge the two theories

B Building blocks:

VvV, =(D,U)U" V — LVIL
L € SU(Q)L
T = Ug3UT T LTL
YL R
A, I |
h  singlet of SM syms: arbitrary F(h) = a; (ﬁ)
i=0 /
B Leading interacting terms: expanding the fields
T — 03 NX p—
21 21 qgu
V/JJ — 7({9“]:[ —|_ 7 [H,gA’u] —|— TB/’L NX =— ]_ .



How to merge the two theories

B Building blocks:

VvV, =(D,U)U" V — LVIL
L € SU(Q)L
T = Ug3UT T LTL
VLR
A, I |
h  singlet of SM syms: arbitrary F(h) = a; (é)
i=0 /
B Leading interacting terms: expanding the fields
U=1+... N, =0 d=20,1,2,...
T:US NX: d:O,1,2,...
21 21 v
Vu:_aun+_[H79Au]+g_Bu Ny =1 d=1,2,3,...

f f f
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How to merge the two theories

B Building blocks:

VvV, =(D,U)U" V — LVIL
L & SU(Q)L
T = Uo5U'T T > LTL'
VLR
A, X,
h  singlet of SM syms: arbitrary F(h) = a; (%)
i=0

B Leading interacting terms: expanding the fields , , .
Primary Dimension

T:US NX: dp:O
21 21 qgu
V,=—-0I11+ — II,gA,| + =—/B, N, =1 d, = 2

Fr f .



Assuming B and

Operator | d, N, NDA form
12U 3 1 A2U Fye(h)
X2 4 2 X?% Fxz(h)
V2D 4 2 V2D
(Oh) 4 2 (Oh)?
\% 4 2 ( A )2 V2 Fya(h)
V2V 5 2 V2V Fyay(h)

2 XU 5 2 2T 2 XU Fyexu(h)
P 6 | 2 Gr)” o Fya(h)
XV? 6 3 . XV Fxvz(h)
Jge 6 | 3 Q1) X3 Fys(h)
XVo 6 3 = XV 0Fxva(h)
V2VUO | 7 3 | x*VUIFyevua(h)
Pp2V3IU | 7 3 | 2 ¢*V2U Fyayey(h)
2 UH? 7 3 + 12U 02 Fyeyae (h)
V202 8 4 @ V202 Fyeg2 ()
\% 8 4 any? V* Fve(h)

HEFT basis

_ conservation, and no BSM custodial breaking
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Assuming B and

HEFT basis

_ conservation, and no BSM custodial breaking

Operator | d, N, NDA form
12U 3 1 A2U Fye(h)
X2 4 2 X?% Fxz(h)
V2D 4 2 V2D
(Oh) 4 2 (Oh)?
\% 4 2 ( A )2 V2 Fya(h)
V2V 5 2 V2V Fyay(h)

2 XU 5 2 2T 2 XU Fyexu(h)
P 6 | 2 Gr)” o Fya(h)
XV? 6 3 . XV Fxvz(h)
Jge 6 | 3 Q1) X3 Fys(h)
XVo 6 3 = XV 0Fxva(h)
V2VUO | 7 3 | x*VUIFyevua(h)
P2V?2 7 3 | 2 ¢*V2U Fyayey(h)
2 UH? 7 3 + 12U 02 Fyeyae (h)
V202 8 4 @ V202 Fyeg2 ()
V4 8 4 any? V* Fve(h)

1
<> T (W [VH,VY]) Fxve(h)

P 4 47T)2Tr (VAVH)? Fya(h) .



Primary Dimension d,,

Operator | d, | N, NDA form
»2U 3 1 AY2U Fyey(h)
X2 4 2 X2 Fxz2(h)
V2D 4 2 V2D
(8h) 1 2 (8h)?
V* 4 2 ( — )2 V2 Fyz(h)
V2V 5 2 W2V Fyev (h)

2 XU 5 2 2T 2 XU Fyexu(h)
P 6 | 2 Un)  Fya(h)
XV? 6 3 o XV Fxvz(h)
e 6 | 3 Q1) X3 Fys(h)
XVo 6 3 £ XV 0Fxva(h)
V2VUO | 7 3 | xV*VUIFyevua(h)
P2 V2 7 3 | $¢*V2U Fyeveu(h)
12U H? 7 3 + ¢2U 0% Fyzvaz (h)
V202 8 4 = )2 V202 Fy2g2(h)

V4 8 4 VA Fya(h) 4,

(4 (4m)2



Primary Dimension d,,

d, counts the dimensions of
the leading interacting term

Operator | d, | N, NDA form
2 U 3 1 AY2U Fyey(h)
X2 4 2 X2 Fxz2(h)
2D 4 2 2D
(8h) 1 2 (8h)?
V* 4 2 ( — )2 V2 Fyz(h)
V2V 5 2 W2V Fyev (h)

2 XU 5 2 2T 2 XU Fyexu(h)
s 6 | 2 Ur)” % Foya(h)
XV? 6 3 o XV Fxvz(h)
X3 6 3 C7) X3 Fys(h)
XVo 6 3 £ XV 0Fxva(h)
?VUO 7 3 1+ V2VU O F p2vua(h)
2 V2 7 3 + V2V2U Fyevey(h)
2 UH? 7 3 1 ¢2U 0% Fyzvaz (h)
V25?2 8 4 (4 )2 V202 Fy2g:2(h)

\% 8 4 V4 Fya(h) -

(4 (4m)2



d, counts the dimensions of
the leading interacting term

|

d, counts the number of scales,

explicit and implicit

Primary Dimension d,,

Operator | d, | N, NDA form
2 U 3 1 AY2U Fyey(h)
X2 4 2 X2 Fxz2(h)
2D 4 2 2D
(8h) 1 2 (8h)?
V* 4 2 ( — )2 V2 Fyz(h)
V2V 5 2 W2V Fyev (h)

2 XU 5 2 2T 2 XU Fyexu(h)
s 6 | 2 Ur)” % Foya(h)
XV? 6 3 o XV Fxvz(h)
X3 6 3 C7) X3 Fys(h)
XVo 6 3 £ XV 0Fxva(h)
?VUO 7 3 1+ V2VU O F p2vua(h)
2 V2 7 3 + V2V2U Fyevey(h)
2 UH? 7 3 1 ¢2U 0% Fyzvaz (h)
V25?2 8 4 (4 )2 V202 Fy2g:2(h)

\% 8 4 V4 Fya(h) -

(4 (4m)2



Primary Dimension d,,

Operator | d, | N, NDA form
d, counts the dimensions of »?U 3 1 AY?*U Fyey(h)
the leading interacting term X2 4 2 X2 Fxa(h)
V2D 4 2 W2 D
I (Oh)? 4 2 (Oh)?
V* 4 2 ( — )2 V2 Fya(h)
d,, counts the number of scales, V2V 5 2 V2V Fyov (h)
explicit and implicit W2XU 5 9 Am 2 XU Fyexu(h)
P 6 | 2 Un)  Fya(h)
m(4r)? (E?)‘NA XV?2 6 3 - XV Fxvez(h)
O v
E2  \ A? X3 6 | 3 C7) X3 Fys(h)
XVo 6 3 £ XV 0Fxva(h)
V2VUO | 7 3 | xV*VUIFyevua(h)
Pp2V3IU | 7 3 | $¢*V2U Fyeveu(h)
The physical impact on cross 2 UH? 7 3 1 ¢2U 0% Fyeusz (h)
sections is ordered by d, V2092 8 4 (4 )2 V2 0% Fyzp2(h)
V4 8 | 4 V4 Fya(h)

(4 (4m)2
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d, is orthogonal to the ordering for renormalisation:

Operator | d, | Ny NDA form
»2U 3 1 A2U Fyey(h)
X2 4 2 X% Fx2(h)
V2D 4 2 V2D
(Oh)? 4 2 (Oh)?
V?2 4 2 ( — )2 V2 Fyz(h)
EAY 5 2 W2V Fyev (h)

2 XU 5 2 2T 2 XU Fyexu(h)
P 6 | 2 Ue) 4t Fya(h)
XV? 6 3 = XV Fxvz(h)
X3 6 | 3 GB1) X3 Fys(h)
XVo 6 3 = XV 0Fxva(h)
Pp2VUO | 7 3 | x*VUIFyevusa(h)
2 V2U 7 3 + V2V2U Fyevey(h)
2 UH? 7 3 12U 02 Fyeuaz (h)
V202 8 4 @ V202 Fy252(h)
\% 8 4 V* Fya(h)

(4 (4m)? 35



d, is orthogonal to the ordering for renormalisation:

LO

Operator | d, | Ny NDA form
»2U 3 1 A 92U Fyei(h)
X2 4 2 X% Fx2(h)
V2D 4 2 V2D
(Oh)? 4 2 (Oh)?
V? 4 2 ( o )2 V2 Fyz(h)
EAY 5 2 W2V Fyev (h)

2 XU 5 2 2T 2 XU Fyexu(h)
P 6 | 2 Ue) 4t Fya(h)
XV? 6 3 = XV Fxvz(h)
X3 6 | 3 GB1) X3 Fys(h)
XVo 6 3 = XV 0Fxva(h)
Pp2VUO | 7 3 | x*VUIFyevusa(h)
2 V2U 7 3 + V2V2U Fyevey(h)
2 UH? 7 3 12U 02 Fyeuaz (h)
V202 8 4 @ V202 Fy252(h)
\% 8 4 V* Fya(h)

(4 (4m)? 35



d, is orthogonal to the ordering for renormalisation:

Operator | d, | Ny NDA form
»2U 3 1 AY?U Fyoy(h)
X 4 2 X2 Fxz(h)
LO 2D 4 9 2D
(Oh)? 4 2 (Oh)?
V2 4 2 ( o )2 V2 Fya(h)
V*V 5 2 ? V Fyav(h)
Operators necessary to VXU | 5 2 | TY*XU Fpexy(h)
absorbed divergent o 6 | 2 ()" 4 Fpa(h)
contributions arising from XV? 6 3 -+ XV Fxvz(h)
the 1-loop renorm. of LO Lag X3 6 3 1) X3 Fys(h)
XVo 6 3 £ XV oFxva(h)
+ NLO V2VUO | 7 3 | ¢*VUOIF2vus(h)
p2V3IU | 7 3 | 2 ¢*V2U Feyey(h)
Operato.rs en.coding NP 262 - 3 L 42U 02 Fyoype (h)
contribupons with the same V292 3 A ﬁ V20 Fyzp2(h)
physical impact o : p V4 Fya(h)

(4 (4m)? 35



Disentangling the Higgs Nature

Higgs: h GBs: U(z) = pioam® (x)/v
Singlet U(z) — LU(z)R!

Independent!!

2
B Being h asinglet: generic functionsofh  F;(h) =1+ 2aiﬁ + &-h—Z + ...
v v

B Being U(x) vs. h independent, many more operators can be constructed
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<4—P Linearsibling

isentangling the Higgs Nature
Operator | d, | Ny NDA form SMEFT
»?U 3 1 A2 U Fyey(h) 4
X 4 2 X2 Fxz(h) 4
2D 4 2 2D 4
(Oh) 4 2 (Oh)? 4
V2 4 2 G )2 V2 Fyz(h) 4
V2V 5 2 V2V Fyev(h) 6, 8
VXU | 5 2 AT 2 XU Fyexu(h) 6
P 6 | 2 A" 4 Fya(h) 6
XV? 6 3 XV Fxva(h) 6, 8
X3 6 3 <4”) X3 Fya(h) 6
XVo | 6 | 3 — XV 0F xvo(h) 6
p2VUO | 7 3 | 2 *VUIFyevua(h) 8
2 V2 7 3 | $¢*V2U Fyeveu(h) 8
2 UH? 7 3 12U 02 Fyeuaz (h) 8
V25? 8 4 ﬁ V202 Fy2g2(h) 8
\'%4 8 4 V4 Fya(h) 8, 10

(4 (4m)?
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<4—P Linearsibling

} <+—>» D,H'D'H

isentangling the Higgs Nature
Operator | d, | Ny NDA form SMEFT
»?U 3 1 Ap?U Fyeu(h) 4
X 4 2 X2 Fxz(h) 4
2D 4 2 2D 4
(Oh) 4 2 (Oh)? 4
V?2 4 2 ( A )2 V2 Fya(h)
V2V 5 2 V2V Fyev(h) 6, 8
VXU | 5 2 AT 2 XU Fyexu(h) 6
P 6 | 2 A" 4 Fya(h) 6
XV? 6 3 XV Fxva(h) 6, 8
X3 6 3 <4”) X3 Fya(h) 6
XVo | 6 | 3 — XV 0F xvo(h) 6
p2VUO | 7 3 | 2 *VUIFyevua(h) 8
2 V2 7 3 | $¢*V2U Fyeveu(h) 8
2 UH? 7 3 12U 02 Fyeuaz (h) 8
V25? 8 4 ﬁ V202 Fy2g2(h) 8
\'%4 8 4 V4 Fya(h) 8, 10

(4 (4m)?
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isentangling the Higgs Nature

Operator | d, | Ny NDA form SMEFT
»2U 3 1 A2 U Fyey(h) 4
X 4 2 X2 Fxz(h) 4
2D 4 2 2D 4
(Oh) 4 2 (Oh)? 4
V?2 4 2 ( A )2 V2 Fyz(h) 4

W2V 2 V2V Fyov (h) 6, 8

2 XU 2 2T 2 XU Fyexu(h) 6
Ik 6 | 2 () 4 Fya(h) 6

XV2 @ 3 1 v Fxve(h) 6
Ve 6 | 3 B1) X3 Fys(h) 6
XVo | 6 | 3 £ XV 0Fxva(h) 6
»2VUO 3 | 2 *VUIFyevua(h) 8
2 V2 3 + V2V2U Fyevey(h) 8
2 UH? 3 12U 02 Fyeuaz (h) 8
V209? 8 4 ﬁ V202 Fye52(h) 8

V4 4 gz VA Fya (h) 8,(10)

<4—P Linearsibling

} <+—>» D,H'D'H
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isentangling the Higgs Nature

Operator | d, | Ny NDA form SMEFT
»2U 3 1 A 92U Foy(h) 4
X 4 2 X2 Fxz(h) 4
2D 4 2 2D 4
(Oh) 4 | 2 (Oh)? 4
V2 4 2 A2 V2 Fya (h) 4
b2V @ 2 Y2V Fyay (h) 6, 3

V2 XU 2 2T 2 XU Fyexu(h) 6
P 6 | 2 A" 4 Fya(h) 6
xv? |(6)| 3 XV Fxvz(h) 6(8)
X3 a 3 <7;> X3 Fys(h 6

<4—P Linearsibling

200 (\7/| 3 | 142U&? Fpeus(h) \8/
v2e: | 8 | 4 L V232 Fy22 (h) 8
@)
1
V4 1 e VA Fya(h) 8,

37



e PATY(TV ) Tr(V, W,y ) Fia(h)

Brivio,Corbett,Eboli,Gavela,Gonzalez-Fraile, Gonzalez-Garcia,LM&Rigolin, JHEP 1403 (2014)
Signals expected in the chiral basis, but not in the linear one (d=8)

95 e P, W W Z3 Fra(h) 7

number of expected events (WZ

production) with respect to the Z pr q

SR e e L A L L R R

o f

B 14000; — . Background -

§ 12000 Bl sMwz .

Ll ... D q2=0.1 §
10000 e .
= . @95% CL:
5000 00 o0 ey present gZ € [—0.08,0.04]
sooo N - LHC(7+8+14) g2 € [—0.033,0.028]
2000 e . T :

0
0O 25 50 75 100 125 150 175 200 225

pTZ(GeV) 38
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Conclusions

B Use EFT is convenient and sometimes necessary. Many
different counting can be defined.
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Conclusions

B Use EFT is convenient and sometimes necessary. Many
different counting can be defined.

B The primary dimension counting:
B measures the physical impact in terms of cross sections
B is orthogonal to the renormalisation ordering(s)
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Conclusions

B Use EFT is convenient and sometimes necessary. Many
different counting can be defined.

B The primary dimension counting:
B measures the physical impact in terms of cross sections

B is orthogonal to the renormalisation ordering(s)

B To disentangle the Higgs nature:
B the presence of new signals
B decorrelation signals (not discussed here)

o2 S
and the primary dimension can tell which are the most

promising couplings. Relevant for phenomenology!!
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Conclusions

B Use EFT is convenient and sometimes necessary. Many
different counting can be defined.

B the presence of new signals

B decorrelation signals (not discussed here)

o2 S

and the primary dimension can tell which are the most
promising couplings. Relevant for phenomenology!!
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Comparison with Buchalla et al.

Buchalla, Cata & Krause, NPB 894 (2015)

Counting based on derivatives

Naively expected at LO,
as they are N, = 2

LO

N @ N, + N, + 2N,
X’ g Yy NLO

Ny
Use one single parameter when
naturally there are many!

NNLO

NLO

otherwise 4 fermions at LO

Operator | d, | Ny NDA form
12U 3 1 AY*U Fyey(h)
X2 4 2 X2 Fxz2(h)
2D 4 2 Y?D
(Oh)? 4 2 (Oh)?
4 2 ( A )2 V2 Fyez(h)
V2V Fyav (h)

2 XU 5 2T 2 XU Fyexu(h)
e 6 (47T) p* Fya(h)
XV? 6 3 = XV2 Fxvez(h)
X3 6 | 3 Q1) X3 Fys(h)
XVo 6 3 £ XV 0Fxva(h)
V2VUO | 7 3 | +¥*VUOIFevua(h)
P2V2IU | 7 3 | 2¢*V2U Fyeyey(h)
12U H? 7 3 1 *U 92 Fyeuez (h)
V209? 8 4 ﬁ V202 Fyep2 (h)
\% 8 4 @ V' Fva(h)

41



Alternative F.» Normalisation

B Canonical normalisation of the gauge field strength kinetic terms as

X X1

At [0]7 [4r ¢ N¢ 4w 2
1672 | A A A A3/2 47‘(’ 167T2

B Alternatively

_XWXW

A [o" A7 ¢ Ne A7 1) N, e
1672 [K] [T] [K] [A3/2] 9] 47r} [16#2]
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by Vo & vt T,V en 1N MFV

Alonso, Gavela, LM, Rigolin & Yepes, JHEP 1206 (2012)
Alonso, Gavela, LM, Rigolin & Yepes, PRD 87 (2013)

It is easier to read the interaction vertices in the unitary gauge:

£l =— % (WO law (1 + Bw h/v) +iacp(1+ Bop h/v)]x
/ > (y%]VT—I— Vy%) Dy + h.c.] +
&L’Y“V,qu l

TEL’VM [Ta V,u] wL

BT = 17y

W W meson oscillations
aw,cp ——» ’ —— Ab
sl

B — X,y
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0.5

» n'.., Do
VIR P
¢ Lo LA T RN B
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SM values:
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Decorrelations

SoUmeks Hroml A nleeE

510 510
% a3 - %’ 8 - =
£ F Lo E
L I S S S 5 4r -
Z = N\ E 2
1.5 15
0.75 ] 0.9
I 2 5 03
. -0.3
-0.75 ] "
—1.5_7 SEEE— 0 SNR F -1.5
Y
ZB — 4(202 _I_ (114) — fBg AB — 4(262 — a4) — O

Data: Tevatron DO and CDF Collaborations and LHC, CMS, and ATLAS
Collaborations at 7 TeV and 8 TeV for final states yy, WtW~—, ZZ, Zy, b b, and tt
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Example of Decorrelation

Correlations present in the linear basis are absent in the chiral basis

Op = (D,®)'B*(D,®)
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Example of Decorrelation

Correlations present in the linear basis are absent in the chiral basis

.9 - 2
1eq _ U 2 e g — % 2
O =—2A, W FWT h 7, W HWT h
B o A (v+ h) Sy W HEW T (v + h)
A, ZM3"h(v+h) - “ ZE9" h(v + h)
dcosOy " 4cos? Oy M
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Example of Decorrelation

Correlations present in the linear basis are absent in the chiral basis

.9 - 2
Leg — 1% 2 e g — 1% 2
O =——A, W HWT h m o3V Vs h
A, ZM3"h(v+h) - “ ZE9" h(v + h)
4dcosBOy M " 4cos2 Oy M
Op = S Poh) + LPu(h) with A%
* B= 16 A )-|-§ a(h)  wit ]-“Z-(h):(l_|_5>
. 2
Py(h) = 2ieg? A, W HW T Fy(h) — 2—2— 7, W HW ™ Fy(h)
cos Oy
Py(h) = ——2 A, ZF3 Fa(h) A g T F (h)
=V cos Oy~ M 4 cos2 Oy M 4

Wt ha o W w+ h, o WT
4 A, T R
w- A W- W- Z W~
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Example of Decorrelation

Correlations present in the linear basis are absent in the chiral basis

.9 - 2
Leg — 1% 2 e g — 1% 2
O :—A I/W MW"‘ h 7 y M =+ h
B 3 L (?} + ) R COS HW (L |4 W (?} + )
A, ZM3"h(v+h) - “ ZE9" h(v + h)
4cos Oy M " 4eos2 Oy M
Op = S Poh) + LPu(h) with A%
* B = 1¢ 2()-|-§ 4(h)  wit ]—“i(h):(1+;>
. 2
Py(h) = 2ieg? A, W HW T Fo(h) — 2—2— 7, W HW " Fy(h)
cos Oy
Py(h) = ——2 A, ZF3 Fa(h) A g T F (h)
T cos Oy H 4 cos2 Oy M 4

due to the decorrelation in the ]:’L(h) functions: i.e. [see also Isidori&Trott, 1307.4051]
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Example of Decorrelation

Correlations present in the linear basis are absent in the chiral basis

.9 . 2
Leg — 1% 2 e g — 1% 2
O :—A I/W MW"‘ h 7 y M =+ h
B 3 L (?J—l— ) 8COSHW (L |4 W (”U—|— )
A, ZM3"h(v+h) - “ ZE9" h(v + h)
4dcosBOy M " 4cos2 Oy M
Op = S Poh) + LPu(h) with A%
* B = 1¢ 2()-|—§ 4(h)  wit ]-“Z-(h):(1+5>
. 2
Py(h) = 2ieg? A, W HW Y Fy(h) — 22— 7, W HW ™ Fy(h)
cos Oy
Py(h) = ——2 A, 710" Fy(h) - g T F ()
AT cos Oy~ H : cos2 Oy M b

due to the nature of the chiral operators (different c; coefficients): i.e.
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