The quantum structure of EFT

%ﬂ/m Drsseriinc

Dipartimento di Fisica Teorica, Universita di Torino, Italy

INFN, Sezione di Torino, ltaly

M

The Final HiggsTools Meeting, Durham

o>



constructing SMEFT

o

Experiments occur at finite energy and measure Seﬁ(/\)

Whatever QFT should give low energy SF(A), VA < oo

]

o There is no fundamental scale above which S#f(A) is not

deﬁned (K. Costello, Renormalization and EFT, AMS)

]

Sef(A) loses its predictive power if a process at E = A requires
oo renormalized parameters (J. Preskill, CALT-68-1493)



No phenomenology here, not even a discussion on the validity
range of the SMEFT, i.e.

]

SMEFT (linear representation) vs. HEFT (non-linear
representation),

linear vs. quadratic implementation of dim = 6 operators, i.e.

o

positivity,

unitarity bounds

o

analyticity, etc.

¢]

Waiting for the next SM or the next EFT, is SMEFT a consistent
QFT from the point of view of removing UV poles (beware, an
EFT is not stricty renormalizable)?
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EFT is just the effective theory only designed for perturbative calculations of
the S-matrix elements. Green functions may contain divergent contributions:
we are only interested in Dyson-perturbation- scheme of calculating the S
matrix.

Though the effective theory is renormalizable by construction it presents
no interest until the problem of redundant operators is solved.
Thus it is necessary to point out an infinite number of renormalization
prescriptions that allow one to fix the finite parts of counterterms. If this is
done arbitrarily, the theory loses its predictive power. Unfortunately, we do not
have an infinite number of corresponding physical principles needed to avoid
the problem.

Therefore, one must either indicate new (sufficiently powerful) principles or
radically reduce the number of free parameters in the theory. Anyway, we need

to know the whole list of free parameters which S-matrix depends upon.



Technically speaking, we need to make all Green functions UV
finite, including dim = 6 operators and, at least, dim =8
operators. This means computing the UV divergent part of a huge
number of diagrams. The problem is already clear for the dim =4
part of the Lagrangian. To give an example, think about one-loop
CTs for QGR. Is there a simple path?

Yes, it was invented by G. 't Hooft and it is based on the so-called
background-field-method (BFM).

For the SMEFT the problem is even more severe, since the number
of CTs grows with the order in PT. Any calculation will produce a
huge number of terms, most of them being related by EoMs or
differing by a total divergence. Consider the following Lagrangian



Consider the following Lagrangian

L(A+0) = LAV HZ/(A)+ 30 WE (A)2g,
+ 0 NZL- o ¢ + % ¢ Mj;(A) ¢ + 0(¢3) +total derivative

Classical equations of motion are .#/(A) = 0. All one loop
diagrams are generated by .Z(¢), the part quadratic in ¢.



Assume

v _
Wij = 8" i

1 1
2(0) = 5 (%) +ON" 90+ 9M¢
The Counter- Lagrangian is
1

— 2 2
AL = gra(da) [a°M2+al (9uNv)"+a2 (9uNy)” +a3MN?
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However
1 > 1
Z(9) = —5(9u¢+Nu¢) +§¢X¢

X = M-NKN,

is invariant under

=
Il

o+N¢
N, = Ny—duM+[A,Ng]
X = X+[AX]



Therefore A.Z also will be invariant

1
AL = _Tr(aX?+bY" V)
Yuv - ap, Nv _avN” +N“ NV _NvN”



To understand the EFT problem we consider a toy model, one
complex scalar field, but will include both dim =6 and dim =8
operators. The Lagrangian looks as follows:

¥ = $4+ $6+ iﬂs
1
La = 0 duo—m 0 0~ S A (6%0)

Lo = g la|oP 0o +ar (6" u0) "o

1 \3
+ ga3 <|¢|2—§V2> ]



1 ,\* 1 ,)°
L = gla <|¢|2—§V2> +g"as <|¢|2—§V2) B
+ g'ag |0 Vi Vy+g®arB?
1
5822 (ViUu+ VUL ) +20SB
+ a]_OT/'lv TV[.l +311 ZZV Zp,v‘f'alz (ReZuv) (R/eTl_lv)

B = 20,0"duo+¢"00+000"
Ve = 0"duo
Uy = (00")duo+20v0"dudyo+0¢"0duo
S = Juo'duo
Tyy = Jduo™dyo

Zuv = ¢* au avq)



Introduce
o L (h+v+iv)
= — v
N v
1
m? = Bh—§V2
M
v = —
g

where B, fixes tadpoles



However, the Lagrangian is not canonically normalized (LSZ etc.),
therefore we have to transform the fields, which is allowed by the
Equivalence Theorem (ET)

1 2 8
ho o= <1+g6x()+g6x( ))h’ /\/?2X on
= (1 (1) Ny XIIH[/
v +aoxy) +EEx; + v
1 2
Moo= (1+goxi) +eéxy) M
N N S I
Xy = %(38*311) Xy =D+ 2 7%3182+%2
1 1 2 1
Xy = *374‘23871311 Xl&/)_3232+8
) 3, 3 3 1 1
Xy, = gaj——-a1ax+ - 32+736737+73877811

2 4 32 8 4 4



BFM obtains by expanding, h— H+ h,w — W+ y. The resulting
Lagrangian is still invariant under the following (shifted)
transformations

H—-H+AAH V- VHAAV
AH = —V-gsaV
+ g62[(%a%—%amz—h-l—%as—%an)‘V—%D“’}
AV = H+g+g6[%(231—32)%_311{]
+ g2 [% (63%—23132—4374—38—311)1{
- %(23%4'36—487-1-38—311) g—%DH]



Remarks:

Once we have the Lagrangian written in the language of the
BFM we can use EoMs and the relevant message is that EoMs
must only be used for classical fields

Next, the integration over the quantum fields is Gaussian and
can be performed according to a well-known algorithm

It is worth noting that the problem of finding UV poles is
reduced to the one of computing tadpoles

Still we will have plenty of terms that are equivalent when
using EoMs and neglecting total derivatives. We need an
algorithm for that

Only at this point we can determine field /parameter CTs and
the mixing among Wilson coefficients. The presence of
dim = 8 operators is not trivial



Redundancy algorithm

Apply EoMs and introduce scalars

(v H)?

B = (3u3v )?

Bs (9 9v )(3u9v )
(OuH) (9



Solve and obtain

Bi = —M?K,+ O(fields®) + Ofields*)
etc.

Move to 3 fields, e.g.

TD1 = dudydvdyH*=0

TDg = du(duV¥)H?=0



Apply EoMs, introduce scalars

Solve the equations, e.g.

1
G = 5 MYH4fields® + - 4 fields”

until all redundant expressions are eliminated.



The Lagrangian has the following structure

Z = g0 Mon(1,1) 2+ Y gf Mon(2,2) y?
n=0,2 n=0,2

+ g Mon(1,2)hy+ Y, gf MY (1,2)hduy
n=0,2 n=1,2

+ @M(1,2)h00y

Gaussian integration amounts to compute the trace of a logarithm
where, in the M-matrices one replaces

au — a,u‘l'lqu

integration over g follows



Remark: we are looking for UV divergent parts, therefore the
expansion stops after a finite number of terms. Typical integrals
(tadpoles) are:

1 .
/ddqm — R M)

Only j =1,2 give UV poles, etc.



In M(x,0d¢)6(x—y) = InM(x,ax)/(;Tq)Afexp{iq-(X—y)}
- /(;I#;‘lexp{iq-(x—y}InM(x,ax—l—iq)

we have to compute

exp{—%Tr InMd(x—y)}

and we perform and expansion of the trace in inverse powers of
propagators. Since we are looking for UV poles, the expansion will
stop somewhere (up to MO is required when dim = 8 operators are
inserted).



It is worth noting that Tr In M requires a symmetric matrix M and
that particular care is due in avoiding spurious IR divergences (y is
massless)

In(AB) = InA+InB if [A,B]=0

Trin(AB) = TrinA+TrinB if AB positive-definite

Solution: write M = A (I+K) and use

In[A 1+K)] = In(AD)+In(I+K)= (Inl)I+K—%K2+...



Only at this point and after eliminating all redundant terms, we

substitute
H = Z,H V=27,V
M = ZyM g=12gg
4 6 8)\ 1
Zy = 1+g2 (82 +g502) +eloz)) 2

. 1
zZg = 1+ (02 +g502f +g262) 2



7 = % 0
n=1,

8579 (1.1) 2t & + 82 (2,2) a5 ab + 578 (1,2) a} 2
87 (3.3) ah a5 + 62 (1.3) & a5 + 577 (2.3) ab 2
Y ozg()a)

j=412

57

+ +



Z %J,a aj
=13 1=/.3

1
6,-J-+g2—C,-J-

cl®
ul

g g6— (6)

6
g8~ ij,)



dim =14

dim =6 52576)(0
8789 (1)

5789 (1)

57 (1)

Cn

Ca1

Cs1

Finally:
sz = sz{p) =0
578 = 57 =10

0

4 5702 =2 8§20 (3)=0

108 57\9(2)=-26 574)(3)=—66
12 8720 (2)=-24 57 (3) =66
—4 Ciyp=-2 C13=0

—24 Cp=-12 Cr3=0

—104 C3 =24 C(C33=-76

A longer solution for dim = 8








