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BSM Primaries: the Physics of the SM Effective Field Theory

FRANCESCO Riva

Summary. — The phenomenological implications of the Standard Model (SM)
are governed by the accidental symmetry structure of the dimension-4 Lagrangian.
In this talk I discuss the next order in an expansion in fields and in derivatives,
that parametrize the largest effects of heavy physics beyond the SM. The remaining
symmetries of this dimension-6 Lagrangian imply relations between experimental
observables that should be used to test the consistency of deviations from the SM,
to design new physics searches and to make them more sensitive.

PACS 12.60.Cn — 12.60.Fr.

1. — Motivation

The Higgs bosons discovery marks the culmination of searches for the Standard Model
(SM) of particle physics. All of the SM sectors have finally been probed and most of its
parameters accessed experimentally, with different levels of precision. At the same time
direct searches for physics beyond the SM (BSM) have been unsuccessful, suggesting the
existence of a mass gap between the SM states and any possible mass scale characteristic
of the new physics sector.

In this situation, where the energy of our experiments seems to be insufficient to
produce BSM degrees of freedom on-shell, we can still hope that their virtual exchange
induces some visible effects, as modifications of the interactions between SM states. This
represents the main motivation to perform SM precision tests.

For these tests to bear any quantitative physical significance and for their results to
be readily interpretable in the framework of searches for new physics, an appropriate
parametrization of the possible departures from the SM is necessary. This parametriza-
tion is naturally provided by an SM effective field theory (EFT), which groups all possible
interaction among the SM fields in a series expansion in inverse powers of the scale of
new physics A:

(1) Lg=Ls+Ls+ -,

where £, is made of dimension-4 operators and defines what we call the SM Lagrangian,
while Lg, that contains dimension-6 operators suppressed by A?, gives the leading BSM
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effects.(!) From a bottom-up perspective, these interactions can be considered necessary
and their coefficients (the scales associated with each of them) can be fixed only through
experiments, in the same way as one fixes the SM input parameters through precise
measurements of the input observables (o, mz,Gp,...). From a top-bottom perspective,
on the other hand, specific BSM models can be matched straightforwardly to the EFT
description, by integrating out the relevant massive particles. This twofold interpretation
of the EFT parametrization, makes it a suitable tool to characterize departures from the
SM in such a way that precision SM tests can be turned into searching tools and their
results compared with other direct or indirect searches.

In this note I review the leading departures from the SM in an EFT description.
Interestingly, of the many accidental symmetries and relations that define the SM La-
grangian, some resist at the leading order in the EFT expansion (equivalently: the num-
ber of observables affected by the leading EFT effects, is smaller than the number of
operators characterizing the leading EFT Lagrangian). For this reason the EFT anal-
ysis implies some relations between observables (the analog of, e.g., the SM relation
my = my/ cosfy ), that represent an important piece of information about the BSM
structure. In fact, these relations can be used the test the assumptions behind the EFT
(e.g. a separation of scales or the exactness of the SM symmetries); alternatively, they
can be used to identify the directions that have been weakly probed by current and past
experiments and understand which observables deserve particular attention.

2. — BSM Primaries

There are several possibilities to write Lg. From a top-bottom perspective, different
operator bases for Lg can facilitate the comparison with explicit BSM scenarios. For
instance, the SILH basis [1] was constructed to capture the effects of universal theories
(where the new physics couples only to bosons), such as SUSY or Composite Higgs(?),
while the basis of Ref. [8] makes the matching with theories with (partially) composite
fermions more straightforward. From a bottom-up perspective, however, these formula-
tions are all equivalent as one is only interested in complete sets of operators. In fact,
from this point of view, we can treat Lg in exact analogy with the SM Lagrangian L4:
we chose the most precise experiments to fix its parameters (for the SM, L4, we typi-
cally take a,mz,Gp,...) and then express all other observables in terms of these input
parameters (observables in terms of observables). To this end, we must identify a set of
well-measured input observables (which are actually affected by the modifications implied
in Lg) that allows us to fix the parameters in Lg. This matching between coeflicients in
Le and well-measured observables was performed in Refs. [9, 10, 11] and named BSM
Primaries basis, and I summarize it here. The first important step is to recognize that
there is a class of BSM operators, which in the gauge eigenstate basis corresponds to
operators of the form |H|? x Lgyr, which can only be tested in Higgs physics [10, 14]. In

(1) Assuming lepton and baryon number conservation.

(%) See Refs.[2, 3], and references therein, for analysis of the contributions to the EFT of
Supersymmetric and Composite Higgs models [4, 5]. Typically, for weakly coupled theories,
direct searches are always better than indirect ones. This is not necessarily true for strongly
coupled UV models, where the effects of virtual particles might be enhanced by the strong
coupling; nevertheless in realistic composite Higgs models the connection between the light
Higgs mass and the resonance masses (see e.g. [6]), implies that direct search for the fermionic
resonances (as in Ref. [7]) is expected to provide the most stringent constraints on these models.
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fact, when these operators are measured in the vacuum <ﬁ> = v, they can be absorbed
into a redefinition of some SM parameter and they have, therefore, no physical effect.
The number of such operators equals the number of SM parameters which, if we limit
ourselves to CP conserving quantities and a diagonal flavor structure(?), reduces to eight,
which we write as:
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where f = u,d, e runs over different types of fermion. Here, I denote h=ov+ h(z) the
Higgs field, where h denotes the physical Higgs degree of freedom; Aj, includes interac-
tion which are irrelevant for experiments in the near future[9] and I define Z,,, = Z,,, —
igCQWW[ W Aw = Ay — igSQWW[ W, and W = VVi + ng[M (sow A+ cow Z),-
Written in this way, Lg is automatically ready to 1ncorporate the experimental infor-
mation from measurements of the Higgs decay and production rates: measurements of
the rates h — vZ,~v7, ff, the production channel GG — h and the — custodial preserv-
ing — AV, V* and h® vertices (the latter not yet accessible), allow to fix the parameters
{Evy 2y Ky §gﬁu,5gé‘d7dg§e, Kaa, 59@\/’ dgsn }- Notice that in the above expressions, and
throughout this note, I absorb powers of m#,/A? or v?/A? into the coefficients ; and
dg;: in this way, for the EFT to make sense, we expect k;,dg; < 1. Unfortunately (see
e.g. Refs. [12, 13, 17]) this is not the case for the dg; couplings at present, implying that
the use of the EFT parametrization in this case is not yet justified. However, for the x;
couplings the constraints are already very stringent: at the 95% C.L.[12, 17, 10]

(8)  hyy €[-1.3,1.8] x 1073, kz, €[-2,4] x 1072, kgg € [-1,1] x 1072

Then, Egs. (2-7) automatically imply a prediction that the coefficient of structures like
hZ,,Z", which modifies the differential distribution of h — ZZ* (see below), receives
contributions from Eq. (2) and Eq. (3), but this contribution is limited within the range
of Eq. (8).

A second class of BSM effects contained in Lg can instead be measured both in Higgs
physics and in the vacuum. In the language of effective operators, these effects are as-

(3) These arguments can be easily extended to higher-order effects in a Minimal Flavor Violation
(MFV([15]) expansion[10] or to more complicated flavor structures[16].
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sociated with structures like HTo®H, which transforms non-trivially under SU(2)y, and
implies measurable EWSB effects for (ﬁ) = v. In this case, at present, the measure-
ment of these effects is more easily performed in the vacuum(*) and, for this reason, we
parametrize this sector of the effective Lagrangian as,

2

h 0 — h 0 — Co 0 —
AL‘XE = 6geZRﬁZ‘ €RVuer + (SgeZLv—2 Z'eryuer — Tg(W'H vryuer + h.c.)
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all these effects, in the vacuum, can be measured as modifications of SM couplings
(meaning that their contribution interferes with the SM in the amplitude-squared) and
from a comparison with LEP1 data, we find[19]

d9%, 0.4+0.5
o092, —0.1£0.3
dg% -1.6+0.8
(13) 692, | =| —26+16 |-107°
5g%ZL 23+1
897, —3.6+3.5
394, 16.0 £5.2

(4) This is not necessary true for effects that grow with energy and can be measured in VH
associated production processes, as discussed in Ref. [18].
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with a correlation matrix reported in Ref.[19]; from LEP2 data, on the other hand, we
obtain(®)

) dg17 = —0.05252, ok = 0.052051.

On the other hand, the following effects, which also affect Higgs and EW physics, do
not interfere with the SM:

(15)

52
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for quarks g = u, d, where the coefficients are assumed to be real and T3 denotes weak
isospin (and similarly for leptons). Here 6gg’ is expected to be suppressed by both the
down- and up-type Yukawas in a MFV expansion so that (together with the fact that
it doesn’t interfere with the SM and its contribution is therefore suppressed in inclusive
quantities) it can be neglected. On the other hand the 6/{(‘1/ can be measured in dipole-
type experiments [] and we omit the result here.

Finally L4 includes interactions that do not involve the Higgs field. In particular

’l_LLUIWdRVVJr )+h.c|,

n%

(16) + 555(T3§LUWQRZW +

iAy

(17) AL‘M = % [(eA“” +g09WZW)W;Pme ,
K
(18) ALsc = mi;gseABcGﬁ”Gprcw

and four-fermion interactions, which can be found in [14]. LEP2 data[19] gives A\, =
0.0075-97, while k3g and four-fermion interactions involving quarks can be constrained
using dijet searches at the LHC [21]. Interactions involving leptons and quarks can be
constrained both at LEP [22] and LHC [10, 23].

In summary, Eqgs. (2-7) together with Egs. (9-12), Eqgs. (15,16), Egs. (17,18) and the
four-fermion interactions, offer a complete parametrization of all BSM effects accessible
at the leading order in an expansion in inverse powers of the new physics scale. They are
organized in such a way that experimental (input) constraints can be readily implemented
and the physical consequences quickly extrapolated, as we show in the next section.

3. — Consequences

The main predictions from this analysis are the following.[10, 9] First of all, from Eqs.
(9,10) it is clear that the W f f and Zf f vertices are related at the level of Lg, while the
W dipole-type interaction for the fermions are related to those of A and Z as can be read

(5) The extraction of these parameters from data, is complicated by the limited experimental
information available, as discussed in Refs. [19, 20].
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from Eq. (16). Furthermore, there are only 3 types of CP-conserving TGC, characterized
by[24] 6g7, 6k and A, while QGC are related to them through

592 7 5gWW 7 5gZZ 6972

~Z

(19) 591Z: = =
9éy 2,98 2055 Y%,

and Eq. (17). Finally, there are only 8 Higgs BSM primary effects (for one family),
given in Eqgs. (2-7), while all other Higgs interactions can be written as function of the
parameters of Lg discussed so far. An interesting example is the differential distribution
of h — V ff[25, 26, 27, 28, 29, 30, 31, 32, 33], whose amplitude is generically written as

(20)  M(h — VJf) = (ﬂGF)l/Qe*#(Q) ']J“/U(p) [A}/ Ny + B}/ (p- qMuv — 4u pu)} )

where ¢ and p are respectively the total 4-momentum of V and the fermion pair in the

Jf current (J]’fL = = fL.rY"fL.Rr), €" is the polarization 4-vector of V, and I have defined

+ M2 1 1
o) AV —a¥ paVE MY gy v 1 grl
(21) ay +ay Tz U Tz T e

(’l;}/:OforV:W).
Now, the coefficients a}/ and b}/ are associated with Lagrangian structures, such as
hV,,, V¥ whose coefficient in Lg can be readily read from the expressions in the previous
section. Neglecting the coefficients from Eq. (13), we are left with[10]

SM SM
a? ~ f + 2€Qf (529W91 to,, /Q,y> , ?/ ~ —g{:v ,
. SM SM
aj ~ f (1 + 2ca9y, 97 + 2t5,, Ky) ay = g™+ 20, 97),
295" SM
bf = =5 (wy — dean izy) b~ 205 (i, — Az |
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(22) BJ% ~ —8eQ floy Kz~ -

where g/"™ = my (\@GF)U2 (Tgf - Qfszw) is the SM value of the Zff coupling,

T3 s and Qy are respectively the weak-isospin and charge of the fermion f = {fr, [r}
In turn, these can be evaluated using Eq. (8) and Eq. (14) and obtain, for the case of
h— ZIl,

dai, 0.2,0.1 oa, 1072, vZ 2 1072, 1?2 2 1072
ZE[i"'L /\Z [*877]X0 ) lL€[775]X0 ) ZLE[*a5]7XO )

alL lL

daf, say, 2 .z 2 VA 2
e [-02,03), == e[-8,7)x107% b € [-3,2)x 1072 Bf, € [-2,5] x 102,
lr lr

Although the allowed range in alZL . s quite large, we notice that their impact on the total
amplitude, when summed over lepton chiralities, is much smaller, 237, gaf/ ). lR(ng)2 €
[~6,4] x 1072, This implies that the expected BSM modification in the differential distri-

bution of Higgs decay is already fairly constrained: our analysis sets the goal for future
Higgs physics experiments to be competitive.
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Interestingly, this differential distribution, although not directly tested by experimen-
tal collaborations so far, has been probed by measurements of the custodial parameter
A\wz during LHC Runl. In fact, momentum-dependent deformations of the hV ff cou-
pling behave differently when tested in h — W ff’ or h — Zff, because of the difference
between mz and myy. In some sense, the custodial parameter Ay is sensitive to the
SM custodial symmetry breaking, through custodial-preserving momentum-dependent
interactions. Through our analysis we find

_ T(h=WW) I'™M(h— 22)
T IM(L S WW) T(h— ZZ)

Awz —1

We see that Eq. (23) puts a bound on Ay z stronger than the experimental limit [12]:
(Awz —1) € [-0.45,0.15].

4. — Conclusions

The SM EFT motivates SM precision tests, providing a framework in which searches
for departures from the SM can be interpreted as searches for new physics and can be
compared with direct searches of explicit models. In a bottom-up approach, the param-
eters characterizing the leading BSM piece of this effective Lagrangian, Lg, can be fixed
through the most precise SM precision tests. Then, since the parameters in Lg are less
than the observables that are modified by Lg, we can relate different observables and
extract concrete, but generic, predictions. This task is facilitated by writing Lg in the
BSM Primaries basis, where observables can be written in terms of other observables.
Using this procedure, we have provided a quantitative prediction for the expected vari-
ation of the differential distribution of h — V ff decays, for the custodial parameter
Awz, for the W couplings to fermions, for quartic gauge couplings and for dipole-type
interactions involving the W-boson. These relations can be used to understand which
observables deserve more attention in future experiments and which, instead, are already
well measured.
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