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Abstract

We review the effective field theory approach to physics beyond the Standard
Model using dimension-six operators. Topics include the choice of opera-
tor basis, electroweak boson pair production, precision electroweak physics
(including one-loop contributions), and Higgs physics. By measuring the
coefficients of dimension-six operators with good accuracy, we can hope to

infer some or all of the features of the theory that lies beyond the Standard
Model.
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1. INTRODUCTION

There are two methods to search for physics beyond the Standard Model of particle physics. One
is to search for new particles. The other is to search for new interactions of known particles. The
latter is the subject of this review.

There exists a long history of physicists supplementing established theories with new interac-
tions, followed by experiments to measure or bound these interactions. In this review we concen-
trate on particle physics at the energy frontier, in which the established theory is the Standard
Model, including the Higgs particle that was discovered in July 2012 by the ATLAS (1) and CMS
(2) Collaborations at the CERN Large Hadron Collider (LHC) from proton—proton collisions at
7 and 8 TeV. This particle has been studied in some detail, and it behaves as the Standard Model
Higgs particle to a good approximation, so we treat it thus. As of fall 2013, no particles beyond
the Standard Model have been found; we await proton—proton collisions at 13-14 TeV.

The first question that arises is how one should go about parameterizing the hypothesized
new interactions. However one extends the Standard Model, it should not do violence with the
framework of the Standard Model itself. Because the Standard Model is a quantum field theory,
the extension should also be a quantum field theory and respect all the axioms of quantum field
theory.

The new interactions should respect the SU(3)¢ x SUQ);, x U(l)y gauge symmetries of the
Standard Model. Whereas the electroweak interaction is spontaneously broken at energies below
the mass of the Higgs boson, 7z;; ~ 126 GeV, it is unbroken above this energy. Thus, the gauge
symmetries of the Standard Model are unbroken at the energy frontier.

We assume that the new interactions decouple from the Standard Model in the limit that the
energy scale characterizing the new interactions goes to infinity. This is not true of all theories
beyond the Standard Model, but it is a good working assumption and is consistent with what we
know at present.

Many sectors of the Standard Model have been tested with an accuracy that goes beyond leading
order in perturbation theory. We therefore desire that any new interactions that are introduced
allow for unambiguous calculations beyond leading order. Ideally, one should be able to calculate
any process at any order in both the Standard Model interactions and the new interactions.

All of the above properties are satisfied by an effective field theory (3-5). As the name implies,
it is a quantum field theory, and it is straightforward to implement the gauge symmetries of the
Standard Model. It carries with it an energy scale, A, that we interpret as the scale of new physics
and that we assume to be greater than the Higgs mass. New interactions are constructed from
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Standard Model fields and have a coefficient proportional to an inverse power of A; thus, the
Standard Model is recovered in the limit A — co. The new interactions are compatible with the
calculation of Standard Model radiative corrections. The new interactions may be calculated to
any desired order in 1/A, with the caveat that the introduction of additional interactions may be
necessary at each order in 1/A.

A benefit of thinking of the Standard Model as an effective field theory is that this explains some
of its mysteries. Why does the Standard Model contain only renormalizable interactions, and not
the more complicated nonrenormalizable interactions? The answer is that the nonrenormalizable
interactions have coefficients that are proportional to inverse powers of the scale of new physics,
A, and are therefore suppressed at energies less than A. If one writes down every interaction
constructed from Standard Model fields with coefficients that are dimensionless or of positive-
mass dimension, one arrives at the Standard Model.

Another benefit of thinking of the Standard Model as an effective field theory is that it gives
some guidance as to what new interactions to look for. One would expect the dominant new
interactions to be the ones that are least suppressed by inverse powers of A. In the absence of any
restrictions, the new interactions that are the least suppressed are proportional to the first power
of 1/A. There is only one such interaction (for one generation of fermions), and it gives rise to
Majorana masses for neutrinos (6). Because our focus is on the energy frontier, we do not discuss
this interaction any further.

The interactions that are suppressed by 1/A? come in two classes. The first consists of the
interactions that violate baryon number (B) and lepton number (L). There are five such interac-
tions (for one generation) (6-8), and the ones involving the light quarks and leptons are highly
constrained by experiments such as proton decay. The second class consists of the interactions that
respect B and L, which are less constrained. There are a staggering number of these interactions:
The number of independent interactions of this type is 59 (for one generation) (9). By the same
counting, the number of interactions in the Standard Model is only 14 (for one generation). Thus,
we gain a renewed appreciation for the simplicity of the Standard Model.

The interaction that gives rise to Majorana masses for neutrinos violates L by two units. In fact,
all interactions that are proportional to an odd power of 1/A violate B and/or L (10). We restrict
our attention to the interactions that conserve B and L, given that these are the least constrained
and therefore are the most likely to be relevant to experiments at the energy frontier.

The effective field theory of the Standard Model that conserves B and L is thus

[':['SM‘FZ%Oi‘F“‘a L.

where ¢; is a dimensionless coefficient' and (; is an operator® constructed from Standard Model
fields. Because a Lagrangian is of mass dimension four, the operators O; are of mass dimension
six. The ellipsis refers to operators of dimension eight, ten, and so on. The expectation is that the
leading effects of new physics will be represented by the dimension-six operators because they are
the least suppressed.

An example of an effective field theory is given by a new Z’ boson that couples to Standard
Model fermions. At energies below the Z’ mass, one does not observe the new particle directly
but, rather, a new four-fermion interaction of Standard Model fermions. Because fermion fields
are of mass dimension 3/2, this interaction is represented by a dimension-six operator. The Z'

"These are often referred to as Wilson coefficients to honor Ken Wilson’s pioneering work on effective field theory.

2If O; is not hermitian, its hermitian conjugate should be added to Equation 1.
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propagator contributes a factor of 1/M %, to the interaction, so the scale of new physics, A, is
the mass of the Z’ boson. The dimensionless coefficient of the dimension-six operator, ¢, is the
product of the Z' couplings to the Standard Model fermions. The reader may recognize that the
above example is analogous to the Fermi theory of the weak interaction, which is the effective field
theory of the weak interaction at energies below the /7 mass.

This example illustrates that an effective field theory is not intended to be valid to arbitrarily
high energies, but only up to the scale of new physics, A. Beyond that energy, the new particles
must be included explicitly. One may then construct a new effective field theory from the Standard
Model particles and the new particles that have been discovered.

At this time there is no established evidence for the presence of any dimension-six operators.
One may instead use the world’s data to place bounds on the coefficients of these operators. In this
way we quantify the accuracy with which the new interactions are excluded. The advantage of this
approach is that it does not make reference to any particular experiment. Different experiments
place bounds on different combinations of dimension-six operators. If every analysis uses the same
approach, we can combine the world’s data in a consistent way.

If we were fortunate enough to find that the coefficients of some of the dimension-six operators
were nonzero, it would amount to the discovery of new physics. By measuring the coefficients with
good accuracy, one can hope to infer some or all of the features of the theory that underlie the
effective field theory. There is a historical precedent in the theory of the weak interaction. Fermi’s
original theory of the weak interaction, developed shortly after the discovery of the neutron in
1932, was based on vector currents; it took many years of experimentation to establish that the
true theory involved vector minus axial-vector (V'—A) currents (11, 12), ultimately leading to the
introduction of the SU(2),, gauge group as a fundamental aspect of the electroweak theory (13-15).

The coefficients of dimension-six operators are dimensionful: ¢;/A?. Unfortunately, measuring
these coefficients does not reveal the scale of new physics, A, only the ratio ¢;/A?. For example,
the V’'—A effective theory of the weak interaction by itself did not reveal the mass of the W
boson, only the ratio Gr/v/2 = g2/8m;,. Searches were performed for I bosons as light as a
few GeV (16). However, once the SU2), x U(1)y theory was proposed and the weak neutral
currents were measured, there was enough information to infer the mass of the I (and Z) boson
because it was possible to derive the weak coupling g from the electromagnetic coupling e via
e = gsinfy, where sin 0y is extracted from weak neutral-current experiments. Thus, once one
has an underlying theory in mind, it may be possible to infer the scale of new physics, A.

2. OPERATOR BASIS

If one writes down all dimension-six operators that can be constructed from Standard Model
fields and that respect the Standard Model gauge symmetries (as well as B and L), one arrives at a
list that is longer than the 59 operators mentioned above. However, many of these operators are
redundant; they are equivalent to a linear combination of other operators. These linear relations
correspond to the Standard Model equations of motion or other identities (17). This redundancy
is a feature of dimension-six operators that is unfamiliar from the Standard Model, in which one
does not encounter redundant operators.

Because of this redundancy, there exists a great deal of flexibility in which set of 59 operators to
use. Any set of 59 independent operators constitutes a good basis. However, there is no physically
preferred basis: Any basis can be used to describe the data. A particular experimental measurement
generally depends on only a few of the 59 operators in a given basis.

One can place a bound on the coefficient of a particular operator by assuming that all the
other operators in that basis have vanishing coefficients. However, this is an ad hoc assumption,

Willenbrock o Zhang



unless one has in mind an underlying theory that produces this particular pattern of coefficients.
In the absence of an underlying theory, one should include every dimension-six operator that
contributes to the calculation of a physical process. Thus, each experimental measurement will
generally bound a set of dimension-six operators.

Several operator bases are currently popular, and we characterize them as follows.

1. The first attempt to construct a complete basis goes back to Reference 18, which contains
80 dimension-six operators (for one generation). Gradually, it was discovered that some of
these operators are redundant (19-21), which eventually led to the basis of 59 operators (9).
Thus, the basis used in Reference 9 may be viewed as the descendant of the first attempt
at constructing a complete basis (18) and is, thus, historically significant, at the very least.
Below, we refer to this basis as the BW basis, with apologies to those who contributed to its
development.

2. A basis that maximizes the number of operators involving only Higgs and electroweak gauge
bosons was constructed in Reference 22. Given that this paper did not discuss operators
involving fermions, it was not intended to be a complete basis. Nevertheless, it is widely
used for studies of Higgs and weak boson physics, and it can be extended to a complete basis
by adding operators involving fermions. We refer to this basis as the HISZ basis. When it
is extended to include operators involving fermions, one may choose to eliminate some of
the HISZ operators via equations of motion.

3. A third class of bases began with Reference 23 and has been developed into a complete basis
(24-28), motivated in part by the discovery of the Higgs boson. We refer to this class of
bases as the GGPR basis, again with apologies to those who contributed to its development.?

Other bases are also in use, but we do not attempt to summarize them. For example, the basis used
in Reference 29 is a cross between the BW basis and the GGPR basis.

Table 1 shows the CP-even operators containing only electroweak boson fields in these three
bases. If the operators look strange and unfamiliar, it is because they are: After all, they are not
present in the Standard Model, so we are not accustomed to them. It takes some time to get used
to them, and it does not help that three different bases are presently in use, with three different
notations and normalizations. For example, Oy represents three completely different operators
in the three bases. We encounter some of these operators below.

Numerous dimension-six operators contain fermions, and we do not list them here. They
tend to be nearly the same in the three popular bases, although there are differences that can be
important. For example, the basis used in Reference 28, which is in the GGPR class of bases, uses
equations of motion to eliminate two of the operators containing fermions present in the BW
basis.

Some operators are CP odd. At tree level, they interfere with the Standard Model only if the
observable is constructed using triple-product correlation of momenta and/or spins; thus, the
effect can be observed only in processes in which there are at least four independent momenta
and/or spins that can be measured. We do not consider CP-odd operators in this review.

If the underlying theory is a weakly coupled renormalizable gauge theory, it is possible to
classify dimension-six operators as being potentially generated at tree level or at one loop (31).
This classification is cleanest in a basis containing the maximum number of potentially tree-
generated operators (32). Both the BW basis and the GGPR basis satisfy this criterion, whereas
the HISZ basis does not. It has been argued that this classification also applies to strongly coupled

3This basis is sometimes referred to by the acronym SILH (strongly interacting light Higgs), which is the title of the GGPR
paper (23). We prefer to avoid this label because this basis is generally applicable.
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Table 1 The CP-even operators containing only electroweak boson fields®

BWP

HISZ¢
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Oy = ¢l Wi, W
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Opy = @ B,w W o

Ow = (D @) W (D, @)

Ouw = ig(D*H)a"(D"H)WE,

Op = (D, @) B (D, @)

Onp = ig/ (D H)/(D"H)B,,
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Oy = -4 (Drwe)
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_ Ow =%(H'e"D H)D"Wj,
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_ Op=%(H'D H)3" B,

Oyp = (¢! D) (0! Dug) Op,1 = (D, @)l DT (D D) Or = J(HD,HY
Opo = (9'9)D(p'9) Op = 30,(®T )9 (D) On = (" H )
0, =('p)’ Op3 = (@I @) Os=AHI®

— Op.4 = (D, D) (D" ®)(PT D) —

*Operators of three popular bases of dimension-six operators are listed. The operators in each row are either identical (up to normalization) or similar.
bThe notation and normalization of the BW basis (18) are from Reference 9.

¢The notation and normalization of the HISZ basis (22) are from References 22 and 30.

dThe notation and normalization of the GGPR basis (23) are from Reference 27.
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underlying theories that are minimally coupled (33), although the principle of minimal coupling
(which is not a principle of the Standard Model) has been criticized (34).

Our own view is that one should fit the data with dimension-six operators without regard
to their classification. If the data indicate that some dimension-six operators have nonvanish-
ing coefficients, then the classification of the operators may help in unraveling the underlying
theory.

3. WEAK BOSON PAIR PRODUCTION

As an example of the application of effective field theory to a physical process, let us consider
weak boson pair production, specifically W+ W~ production. This process has been measured at
LEP-Ilviae*e™ — W1/~ and at the Tevatron and LHC viagg — W ~.

Dimension-six operators affect this process in two different ways. First, they can affect the
processes from which the input parameters «, Gy, and My are derived. Second, dimension-six op-
erators can contribute directly to this process. A given operator may even contribute in both ways.

Let us consider the dimension-six operator

Owww = Tr[W,, W W, 2.
where
7 i a a a abc c
W, = 580 @W¢ —o,Wi — ge W) 3.

is the SU(Q2); field strength tensor. This operator is present in all three bases listed in
Table 1, although with different notations and normalizations; we adopt the HISZ conven-
tions for this discussion. This operator gives rise to three-, four-, five-, and six-point weak-boson
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Figure 1

Feynman diagram for ff — W1 ~. The blue dot represents an interaction arising from a dimension-six
operator.

interactions. For the process under consideration, it is the three-point interactions that matter,
namely y W W~ and ZW W ~. These interactions give rise to the Feynman diagrams shown in
Figure 1, which modify the differential cross section for ff — W*W~.

Our only information about this operator at present (at tree level) is from ff — W*+W-.
We can think of this operator as a modification of the triple gauge boson interactions y W1~
and ZW* W ~and can relate it to a standard parameterization of C- and P-conserving anomalous
triple gauge boson couplings (35, 36),

A
L =igwwy |:g1V (WLW*M_WMW‘:U)VU +KVW;W;VMU+MTVW:VW;'OV;{|,
W

where V =y, ZiW 3, =8, W —8,W;55 V., = 8,V — 8,V; and the overall coupling constants
are defined as gy, = eand gz = e cotOy . Electromagnetic gauge invariance implies that

gl =1, so there are five independent C- and P-conserving parameters: gZ, k,, kz, »,, and Az.
The relation of Oy to this Lagrangian is
3gmi,
Ay =rz=cwww , 4.

2A?
where ¢ - / A? is the coefficient of the operator Oy -y~ in the Lagrangian. The nontrivial result
Xy = Az follows from restricting our attention to dimension-six operators. If we were to include
dimension-eight operators, the equality of these two anomalous couplings would be violated (22).
Dimension-eight operators are suppressed by 1/A*, so we expect these couplings to be equal to
good accuracy.

It is well known that the presence of anomalous triple gauge boson couplings leads to a cross
section for ff — W* W~ that violates the unitarity bound at high energy. This finding led to
the introduction of ad hoc energy-dependent form factors such that the cross section respects the
unitarity bound at arbitrarily high energy (37). The effective field theory viewpoint makes it clear
that this is an unnecessary complication (10). An effective field theory is valid only up to the scale
of new physics, A, not to an arbitrarily high energy. The data must respect the unitarity bound,
and because the effective field theory is intended only to describe the data, it will also respect the
unitarity bound. It is not a concern that the theoretical cross section violates the unitarity bound
beyond the energy where there are data (Figure 2).

The reason the dimension-six operator Oy i, via A, 7 (Equation 4), leads to a cross section
that violates the unitarity bound at high energy, F, is that it introduces terms in the ff — W~
amplitude that are proportional to ¢y E*/A2. One way to place an upper bound on A is to
calculate the energy at which the unitarity bound is violated, for a given value of ¢y /A
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Figure 2

The invariant mass distribution for W17~ production at the LHC. The lowest (blue) curve is the Standard
Model prediction; the middle (purple) curve includes the effect of the dimension-six operator Oy ; and
the upper (red) curve is the unitarity bound. The data are hypothetical.

Doing so places an upper bound on the energy at which the effective field theory is valid and,
hence, an upper bound on A. Such a calculation in the /"—A theory led to an upper bound on the
W boson mass of ~700 GeV (38). The fact that the /" boson mass is considerably lower than this
upper bound reflects that the weak interaction is weakly coupled.

Unitarity bounds on anomalous triple gauge boson couplings should be viewed from the same
perspective (39, 40). For a given value of an anomalous coupling, one can use the unitarity bound
to calculate an upper bound on the scale of new physics, A. As the anomalous coupling tends to
zero, the upper bound on the scale of new physics recedes to infinity.

In the HISZ basis, several other operators contribute directly to the anomalous gauge boson
couplings. Restricting our attention to the CP-even operators, in addition to Oy there are

Oy = (D, ®) W™ (D,®), 5.
O = (D, ®)' B*(D, ), 6.
Opw = ®' B, W o, 7.
Opw = Tr([D,., W, [D", W) 8.

The last operator contributes to A, = Az,* whereas the first three operators contribute to the
anomalous couplings Aglz = glZ — 1, Akz = k7 — 1, and Ak, = k; — 1. However, one finds that
there is a relation among these anomalous couplings,

Agt = Akz +5%/c? Ak, 9.

where s and ¢ are shorthand for sin 6yand cos 6. This relation is, again, a consequence of restrict-
ing our attention to dimension-six operators; it is violated by dimension-eight operators (22).

#The operator Opyy also makes other contributions to the triple gauge vertex.
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The relations of Equations 4 and 9 are examples of how an effective field theory provides some
guidance as to what new interactions to look for. Another example is the absence of anomalous
couplings among neutral gauge bosons (y, Z) when one’s attention is restricted to dimension-six
operators (22, 41).

The two relations among the anomalous triple gauge couplings show that the five couplings
(Azs Ay, Aglz . Akz, and Ak;,) are described by only three independent parameters. However, the
BW basis contains only two operators that contribute directly to the triple gauge vertex, Oy and
O, (42). This seems to imply that the anomalous triple gauge couplings are described by only
two independent parameters in this basis, which apparently contradicts the claim that the physics
is independent of the basis. In particular, it appears that AgZ = 0 in the BW basis.

The solution to this puzzle is that there are also indirect contributions to the anomalous triple
gauge couplings. For example, in the BW basis the operator (not listed in Table 1 because it
includes fermions)

0% = (pliD! )" y"1) 10.
affects the input parameter Gy taken from muon decay, causing a shift in sin’ 0y, that in turn
contributes to AgZ and Axz. The relations of Equations 4 and 9 are still respected.

In the GGPR basis, six operators contribute directly to the anomalous triple gauge couplings:
Oz, Oy Oup, Oay7, Op, and Oy, which are the same as in the HISZ basis but with the HISZ
operator Opy replaced by the GGPR operators Oy and Oy,.> One obtains the two relations
among the anomalous triple gauge couplings (Equations 4 and 9), demonstrating once again that
the same physics is obtained in any basis (27, 28).

4. FLAVOR

Many dimension-six four-fermion operators contribute to processes in the Standard Model thatare
forbidden at tree level and suppressed at one loop via the GIM mechanism (43). These processes
put constraints on the coefficients of these dimension-six operators that are of order ¢;/A? ~
(106 GeV)~2. If the scale of new physics is 10® GeV, there is little hope of observing even its
indirect effects at the LHC. However, it is possible that the coefficients, ¢;, are much less than
unity, in which case A could be much lower than 10° GeV. Is there a natural explanation for why
flavor-violating dimension-six operators might have small coefficients while flavor-conserving
dimension-six operators have coefficients of order unity?

One such explanation goes under the name minimal flavor violation (44-46), which can be
incorporated into the effective field theory approach (47, 48). The basic idea is that the coefficients
of the dimension-six operators that mediate flavor-changing processes are suppressed by the same
small factors that suppress these processes in the Standard Model.

For the remainder of this review, we invoke minimal flavor violation as a rationale for concen-
trating on flavor-conserving processes. Minimal flavor violation suggests that the largest flavor-
violating effects are to be found in top quark physics.

5.BEYOND SAND T

A well-known parameterization of physics beyond the Standard Model is applicable to models
with heavy particles (>m,) that couple only to the electroweak gauge bosons. These particles

5The operator Op contributes by modifying the mixing of the W3 and B fields.
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contribute to the gauge boson self-energies. The leading terms in an expansion of these self-
energies are known as S, 7, and U (49). A global fit to these parameters has been performed by
the Gfitter group, and a plot of S versus 7 (assuming U = 0) may be found in Reference 50 (also
see Reference 51).

The effective field theory approach to physics beyond the Standard Model may be viewed as a
generalization of S and 7 to heavy particles that couple to more than just the electroweak gauge
bosons. Using the conventions of Reference 52, the parameters S and 7 are represented by the
coefficients of the HISZ operators

Opw = B, W o, 11.
Op.1 = (D, @) dD'(D" D), 12.
as
2
P c_, my,
S:—;H“)(O):—CBWF, 13.
. I133(0) — I1;,(0 2
T Z_MZ_CQI%_ 14.
iy 2A

The parameter U does not correspond to any dimension-six operator. It first arises via a
dimension-eight operator.

Bounds on S and 7' yield bounds on ¢y /A% and ¢o,1/A? (Figure 3). However, once one
opens up the parameter space to include all dimension-six operators, bounds on the coefficients
of these two operators become considerably looser (28, 42, 53).

o0 T T T T T T T T T T T T T T T T T ]

99%

95%

C,,,/A?(TeV-2)
o
8

-0.05 -

-0.10 | -

-04 -0.2 0.0 0.2 0.4
Co/A%(TeV2)

Figure 3

Bound on ¢ gy /A? and ¢ .1 /A%, assuming that all other operator coefficients vanish. The ellipses (fiom
outer to inner) are at 99%, 95% and 68% CL.
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To elucidate this point, consider the plot of ¢ pyy-/ A? versus ¢ 1 /A* in Figure 3. The strongest
bound on ¢y /A% is obtained by setting ce.1/A* = 0; however, this is an ad hoc assumption.
Letting c,1/A? float loosens the bound on ¢ gy /A%. The loosest bound on ¢ gy /A? is obtained
by ignoring ¢ 1/ A?. However, doing so can be misleading, as it neglects the correlation between
the bounds on ¢ gy /A and ¢ 1 /A

The analogous effects appear when we add more operators. Letting the coefficients of these
operators float loosens the bounds on both ¢ - /A% and ¢,/ A%. However, there continues to be
a correlation between ¢ gy /A% and ¢ .1/ A%, as well as a correlation between these coefficients and
the coefficients of the additional operators.

In a different basis, S and 7" may be described by different operators. In the BW basis, they
are described by the same operators as in the HISZ basis. In the GGPR basis, T'is described by
a similar operator as in the other two bases, but S is given by the sum of the coefficients of two
operators that appear in neither the HISZ nor the BW basis:

Ow = %(H "D H)D' W, 15.
Op = %(HTB”H)E)"BW, 16.
with®
2
S= nj\v;(t‘w-i—fg). 17.

It may be misleading to exclude consideration of a dimension-six operator under the pretense
that the coefficient of this operator is well constrained by precision electroweak data. A linear
combination of such operators may be equivalent, via equations of motion or other identities, to
an operator that is not well constrained (33). If one includes all the operators of a given basis in
an analysis, this problem is avoided. Operators should be excluded only if it has been established
that doing so will not bias an analysis.

6. PRECISION ELECTROWEAK MEASUREMENTS

Prior to the discovery of the Higgs boson, the most comprehensive analysis of precision elec-
troweak measurements using effective field theory (54) was carried outin Reference 42. Itincluded
every dimension-six operator that affects precision electroweak experiments and imposed flavor
symmetry to exclude flavor-changing operators; it also imposed CP. This analysis resulted in a list
of 21 operators in the BW basis. A global analysis of the world’s data was performed, resulting in
a x? distribution as a function of 21 coefficients. The bounds on these coefficients can be thought
of as a 21-dimensional ellipsoid, the analog of the two-dimensional ellipse in the ¢ pp-/A? versus
co,1/A? plane in Figure 3.

As discussed in Section 5, the bound obtained on the coefficient of an operator by arbitrarily
setting all other operator coefficients to zero is too stringent. Conversely, the bound obtained on
a coefficient by letting all other coefficients float can be misleading, as the correlation between
coefficients is neglected. Both of these effects are exacerbated by the large dimensionality of the
space of coefficients.

Two linear combinations of BW operators would not be bounded at all if one were to exclude
the data from ete™ — W~ (33). These are “blind directions” (55) with respect to the rest of

6The operators in Reference 28 are suppressed by inverse powers of 7y instead of A, so the relation there is S = ¢y + ¢ 5.
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the precision electroweak data. The two linear combinations of BW operators are equivalent, via
equations of motion, to the HISZ operators Oy, and Op or the GGPR operators Oy and Op p.
In this sense, the BW basis is not as transparent as the HISZ and GGPR bases in describing the
precision electroweak data. These two directions, as well as the HISZ operator Oy, are only
weakly bounded by the ete™ — W+~ data, which have limited statistics.

We have found that the second-, third-, and seventh-smallest eigenvalues of the bilinear func-
tion x? (42) have eigenvectors that span these three weakly bounded directions to a good ap-
proximation. The eigenvectors with the first-, fourth-, and fifth-smallest eigenvalues span a linear
combination of quark—quark-lepton—lepton operators, and the eigenvector with the sixth-smallest
eigenvalue corresponds to a combination of four-lepton operators.”

Because the directions corresponding to the HISZ operators Oy, and Op are present as linear
combinations of operators in the BW basis, the correlations between operator coefficients are
increased. This increase is reflected by the fact that the bound on the S parameter is loosened
by a factor of ~2,500 if all other operator coefficients are allowed to float versus setting them to
zero (53). In the GGPR basis, in which these directions are included in the basis via the operators
Opw and Oy, this factor is reduced to ~10 (28). A similar result is expected in the HISZ basis.
Although any basis can be used to describe the data, the HISZ and GGPR bases have the advantage
that the weakly bounded directions are included explicitly, which eliminates their correlation with
the precision electroweak data.

With the discovery of the Higgs boson, more dimension-six operators can now be included.
The analysis in Reference 42 sets the standard for future analyses.

7. CONSTRAINTS AT ONE LOOP

Some dimension-six operators are bounded only mildly. For example, the HISZ operators (also
present in the BW basis; the second is also present in the GGPR basis)

Opw = oW, W o, 18.
Opp = D' B, B ® 19.

are bounded at tree level only by measurements of the Higgs boson coupling to electroweak
bosons. Prior to the discovery of the Higgs boson, these operators were not bounded at all at tree
level. However, these couplings also contribute to precision electroweak measurements at one
loop. It is conceivable that the constraints on these operators from precision electroweak data are
complementary to those from tree-level Higgs phenomenology (22, 29, 55-57).

Figure 4 shows the diagrams involving these operators that contribute to precision electroweak
measurements. Because the diagrams are all self-energies containing heavy particles, we can use
the S and 7 formalism to describe the result. An explicit calculation reveals that the contribution
to T vanishes and the contribution to §is UV divergent. This means that the HISZ operator Opj;-
must be included in the analysis. Writing the final expression in the large 72y limit for simplicity,

one finds (58-60)

& ¢ s (1) 2 gzmzw cww A"ZCBB qu
S=-——p vt (e taar )20 | 20.

"We thank W. Skiba for his assistance in this analysis.
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Figure 4

Feynman diagrams involving the operators Oy and Opp, which contribute to precision electroweak
measurements. The blue dots represent interactions arising from these operators.

where ¢ gy (1) is the renormalized coefficient of Qg at the renormalization scale 1 in the MS
scheme. Because this coefficient is unknown, it screens the contribution of the operators Oy -
and Opp to the S parameter. By contrast, the U parameter is UV finite, as it must be given so it
does not correspond to any dimension-six operator:

2.2,,,2 2
~ gos mymy Cww

U = . 21.
8rims, A2

Performing a global fit of the precision electroweak data to ¢z, ey, and ¢pp yields only
very weak constraints on the last two coefficients (58-60). These constraints are much weaker
than originally thought (22, 57). Those stronger bounds resulted from arbitrarily setting the
renormalized coefficient ¢ gy (11) to zero, combined with setting the renormalization scale to u =
A = 1TeV, which artificially enhances the one-loop contribution in Equation 20 (59). An analysis
of the one-loop contribution of the HISZ operators Oy -, Oy, and Op to precision electroweak
data yields similarly weak constraints (58-60).

8. HIGGS BOSON

The discovery of the Higgs boson has expanded the possibilities for probing dimension-six op-
erators, leading to a flurry of activity in applying effective field theory to Higgs phenomenology
(24, 25, 27, 28, 61-68). We anticipate that this subject will continue to evolve, so we can provide
only a snapshot of the situation as of fall 2013. The upcoming run of the LHC at 13-14 TeV will
probably fertilize further activity in this area.

The LHC data on Higgs production and decay are currently consistent with the predictions of
the Standard Model, so we can merely put bounds on the coefficients of dimension-six operators
involving the Higgs boson. Ideally, this should be done in the context of a global analysis so as
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to include constraints on these operators coming from other measurements. Starting with the 21
operators in the BW basis needed to describe precision electroweak data identified in Reference 42,
one needs to add several more operators to also describe Higgs boson production and decay. We
count an additional 7 operators that are needed, bringing the total to 28. These are the BW
operators Oy, Oy, and O,q from Table 1; the operator

Oy = ¢'0G, G 22.

to parameterize the Higgs coupling to gluons; and three operators to parameterize the coupling
of the Higgs boson to third-generation fermions,

Ous = ¢'0(Gu), 23.
Oup = ¢'0(Gdy), 24,
O = ¢'o(leg). 25.

At this time, there is no analysis that includes all 28 of these operators. Recent analyses (24, 25,
27, 28, 62-64, 66, 67) have been concerned mostly with describing the Higgs data, and include
other data to varying degrees. One of the most extensive analyses includes 19 operators in the
GGPR basis (28). Of the GGPR operators listed in Table 1, the operators O,y and O,p are
eliminated in favor of other operators using equations of motion.?

An analysis of Higgs and W I~ data was performed (69) using six operators in the HISZ
basis. This basis is incomplete (27) because two of the operators that were removed via equations
of motion correspond to blind directions with respect to the precision electroweak data. These
operators were reinstated in a revised version of Reference 69 that is available on the arXiv (70).

Let us consider the decay H — yy, which has the most statistical significance. Because this
decay proceeds at one loop in the Standard Model, dimension-six operators that contribute to
this decay are strongly constrained. In the HISZ basis, the correction to the partial width for the
decay receives direct contributions from dimension-six operators that are proportional to

AT(H — yy)~ (cww +cpp — cpw). 26.

The same formula applies in the BW basis, with the operator coefficients appropriately renamed.
In the GGPR basis,

AT(H — yy) ~ cBs- 27.

In this basis it is evident that the bounds from H — yy are independent of bounds from elec-
troweak vector boson pair production, which depend on the GGPR operators O3y, Oy, Onsp,
Ozw, OB, and OW (28)

After H — yy, the decays with the most significance are H — Vff, where V' = Wor Z (53,
71). The dimension-six operators that contribute to these decays are not independent of those that
contribute to electroweak vector boson pair production. At present the bounds on the operator
coefficients from H — Vff and electroweak vector boson pair production are comparable in
magnitude (28, 66).” This is less transparent in the BW basis, for reasons discussed in Section 6.

SReference 28 also lists the GGPR operator Os = A|H |® in its basis, but this operator cannot be probed at present.

Reference 66 uses an incomplete basis, as discussed above for Reference 69. This problem has been remedied in a revised
version that is available at arXiv.org (70).
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The decay H — Zy, although it has not yet been observed, also bounds a linear combination of
the same operator coefficients. In the GGPR basis (28),

1
AT(H — Zy) ~ Z(CHW —cup) + 25%cps, 28.

which depends on the coefficients of the operators Oy jr and Oy p that affect electroweak vector
boson pair production.

The situation becomes more interesting if deviations from the Standard Model are observed in
the future. By measuring the coefficients of the dimension-six operators with good accuracy, we
can hope to infer some or all features of the underlying theory. The coefficients of the dimension-
six operators are measured at the electroweak scale, but the underlying theory resides at the scale
A, so it is best to evolve the measured coefficients from the electroweak scale to the scale A to get
the most accurate picture of the effective theory produced by the underlying physics. Fortunately,
theorists are hard at work deriving the necessary machinery for this evolution (26, 27, 29, 68, 72—
75). Unfortunately, as mentioned above, measuring the coefficients of the dimension-six operators
does not reveal the scale A, only the ratio ¢;/A%. Thus, the coefficients must be evolved up to an
arbitrary scale A, unless we are able to deduce the scale A by anticipating some or all of the details
of the underlying theory. This is what happened with the electroweak theory, as recounted at the
end of Section 1. It remains to be determined whether this evolution is important to unraveling
the underlying physics.

To gain an understanding of the evolution of the operator coefficients, let us go back to
Equation 20. Taking the derivative of this equation with respect to the renormalization scale u
gives

d gz SZ
MECBW(M) =357 (fWW + 72633) , 29.

which is the evolution equation for the coefficient ¢ gy (11); in general, there are also contributions
to the right-hand side from other operator coefficients, as well as Standard Model couplings. The
coefficients of the operator coefficients on the right-hand side of this equation are referred to as the
anomalous dimensions of ¢, and the fact that the evolution depends on operator coefficients that
are different from cpy is referred to as operator mixing. Due to operator mixing, the anomalous
dimensions of the 59 operators are best described by a matrix (27, 29, 73, 74). The anomalous
dimension matrix was recently completed in the BW basis (68).

9. FINAL THOUGHTS

We hope the reader is convinced that the effective field theory approach is a simple and elegant
way to treat new interactions beyond the Standard Model, with many virtues. It would be very
exciting to discover new interactions and to use effective field theory to help unravel the underlying
physics.

We would like to end with a dose of humility. Until a new collider is built, the energy frontier
belongs to the LHC. Historically, hadron colliders, as well as proton fixed-target experiments,
have discovered new physics by directly observing new particles, not by observing the effective
interactions that these particles mediate at energies below their masses. Notable examples include
the J/v, the Y, the W and Z bosons, the top quark, and the Higgs particle. Although the W/
and Z bosons did manifest themselves first as four-fermion interactions, these interactions were
observed in weak decays (/" boson) and in neutrino neutral currents (Z boson), not in hadronic
collisions. The observation of new physics via its low-energy effective interactions is unprecedented

www.annualreviews.org o Effective Field Theory

97



98

in hadronic collisions. This fact can be viewed in a positive light; after all, we would rather discover
the new particles directly than observe their low-energy effective interactions.

There are three facts behind this history. First, all of these particles are narrow resonances.
Second, hadronic collisions probe a broad range of subprocess energies. Third, there are generally
large backgrounds in hadronic collisions. A narrow resonance sticks up above the background, if
there is enough subprocess energy to reach the resonance and enough parton luminosity to produce
the resonance. The effective physics at energies below the resonance is not observable.

There is another historical point we would like to make. We have already recounted the story
thatled from the Fermi theory to the /’—A theory to the electroweak model and cited it as evidence
of the usefulness of effective field theory. However, consider another effective field theory, that of
the low-energy interactions of pions and kaons known as chiral perturbation theory (3). Although
we now know that the underlying theory is QCD, chiral perturbation theory continues to be a
useful tool. However, it was not chiral perturbation theory that led to the discovery of QCD. That
discovery came via an entirely different route, which included the observation of scaling in deep-
inelastic scattering and the theoretical realization of asymptotic freedom in non-Abelian gauge
theories. Thus, the discovery and measurement of effective interactions, although important, may
not be what allows us to deduce the underlying theory.

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that
might be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS

We are grateful for conversations and correspondence with A. Manohar, C. Quigg, and W. Skiba.
S.W. is supported in part by US Department of Energy grant number DE-FG02-13ER42001.
C.Z. is supported by the IISN “Fundamental Interactions” convention 4.4517.08.

LITERATURE CITED

1. Aad G, et al. (ATLAS Collab.) Phys. Lett. B 716:1 (2012)
2. Chatrchyan S, et al. (CMS Collab.) Phys. Lett. B 716:30 (2012)
3. Weinberg S. Physica A 96:327 (1979)
4. Weinberg S. Phys. Lett. B 91:51 (1980)
5. Georgi H. Annu. Rev. Nucl. Part. Sci. 43:209 (1993)
6. Weinberg S. Phys. Rev. Lett. 43:1566 (1979)
7. Wilczek F, Zee A. Phys. Rev. Lett. 43:1571 (1979)
8. Abbott LF, Wise MB. Phys. Rev. D 22:2208 (1980)
9. Grzadkowski B, Iskrzynski M, Misiak M, Rosiek J. 7. High Energy Phys. 1010:085 (2010)
10. Degrande C, et al. Ann. Phys. 335:21 (2013)
11. Sudarshan ECG, Marshak RE. Phys. Rev. 109:1860 (1958)
12. Feynman RP, Gell-Mann M. Phys. Rev. 109:193 (1958)
13. Glashow SL. Nucl. Phys. 22:579 (1961)
14. Weinberg S. Phys. Rev. Lett. 19:1264 (1967)
15. Salam A. In Elementary Particle Theory, Proceedings of the 8th Nobel Symposium, ed. N Svartholm, p. 367.
Stockholm: Almgqvist & Wiksell (1968)
16. Bernardini G, et al. Phys. Lett. 13:86 (1964)
17. Politzer HD. Nucl. Phys. B 172:349 (1980)
18. Buchmiiller W, Wyler D. Nucl. Phys. B 268:621 (1986)

Willenbrock o Zhang



19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
SI.

52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.

Grzadkowski B, Hioki Z, Ohkuma K, Wudka J. Nucl. Phys. B 689:108 (2004)

Fox PJ, et al. Phys. Rev. D 78:054008 (2008)

Aguilar-Saavedra JA. Nucl. Phys. B 812:181 (2009)

Hagiwara K, Ishihara S, Szalapski R, Zeppenfeld D. Phys. Rev. D 48:2182 (1993)
Giudice GF, Grojean C, Pomarol A, Rattazzi R. 7. High Energy Phys. 0706:045 (2007)
Masso E, Sanz V. Phys. Rev. D 87:033001 (2013)

Contino R, et al. 7. High Energy Phys. 1307:035 (2013)

Elias-Miro J, Espinosa JR, Masso E, Pomarol A. 7. High Energy Phys. 1308:033 (2013)
Elias-Miro J, Espinosa JR, Masso E, Pomarol A. 7. High Energy Phys. 1311:066 (2013)
Pomarol A, Riva F. 7. High Energy Phys. 1401:151 (2014)

Elias-Miro J, Grojean C, Gupta RS, Marzocca D. arXiv:1312.2928 [hep-ph] (2013)
Hagiwara K, Hatsukano T, Ishihara S, Szalapski R. Nucl. Phys. B 496:66 (1997)

Arzt C, Einhorn MB, Wudka J. Nucl. Phys. B 433:41 (1995)

Einhorn MB, Wudka J. Nucl. Phys. B 876:556 (2013)

Grojean C, Skiba W, Terning J. Phys. Rev. D 73:075008 (2006)

Jenkins EE, Manohar AV, Trott M. 7. High Energy Phys. 1309:063 (2013)

Gaemers KJF, Gounaris GJ. Z. Phys. C 1:259 (1979)

Hagiwara K, Peccei RD, Zeppenfeld D, Hikasa K. Nucl. Phys. B 282:253 (1987)
Zeppenfeld D, Willenbrock S. Phys. Rev. D 37:1775 (1988)

Abers ES, Lee BW. Phys. Rep. 9:1 (1973)

Baur U, Zeppenfeld D. Phys. Lett. B 201:383 (1988)

Gounaris GJ, Layssac J, Paschalis JE, Renard FM. Z. Phys. C 66:619 (1995)

Degrande C. 7. High Energy Phys. 1402:101 (2014)

Han Z, Skiba W. Phys. Rev. D 71:075009 (2005)

Glashow SL, Iliopoulos J, Maiani L. Phys. Rev. D 2:1285 (1970)

Chivukula RS, Georgi H. Phys. Lett. B 188:99 (1987)

Buras AJ, et al. Phys. Lett. B 500:161 (2001)

Buras AJ. Acta Phys. Polon. B 34:5615 (2003)

D’Ambrosio G, Giudice GF, Isidori G, Strumia A. Nucl. Phys. B 645:155 (2002)
Grinstein B. arXiv:0706.4185 [hep-ph] (2006)

Peskin ME, Takeuchi T. Phys. Rev. Lett. 65:964 (1990)

Baak M, et al. Eur. Phys. 7. C 72:2205 (2012)

Gfitter Group. Constraints on the oblique parameters and related theories. http://project-gfitter.web.
cern.ch/project-gfitter/Oblique_Parameters/ (2008)

Barbieri R, Pomarol A, Rattazzi R, Strumia A. Nucl. Phys. B 703:127 (2004)

Grinstein B, Murphy CW, Pirtskhalava D. 7. High Energy Phys. 1310:077 (2013)
Grinstein B, Wise MB. Phys. Lett. B 265:326 (1991)

De Rujula A, Gavela MB, Hernandez P, Masso E. Nucl. Phys. B 384:3 (1992)
Hagiwara K, Ishihara S, Szalapski R, Zeppenfeld D. Phys. Lett. B 283:353 (1992)
Alam S, Dawson S, Szalapski R. Phys. Rev. D 57:1577 (1998)

Mebane H, Greiner N, Zhang C, Willenbrock S. Phys. Lett. B 724:259 (2013)
Mebane H, Greiner N, Zhang C, Willenbrock S. Phys. Rev. D 88:015028 (2013)
Chen C-Y, Dawson S, Zhang C. Phys. Rev. D 89:015016 (2014)

Manohar AV, Wise MB. Phys. Lett. B 636:107 (2006)

Passarino G. Nucl. Phys. B 868:416 (2013)

Dumont B, Fichet S, von Gersdorft G. 7. High Energy Phys. 1307:065 (2013)

Chang W-F, Pan W-P, Xu F. Phys. Rev. D 88:033004 (2013)

Corbett T, Eboli OJP, Gonzalez-Fraile J, Gonzalez-Garcia MC. Phys. Rev. D 86:075013 (2012)
Corbett T, Eboli OJP, Gonzalez-Fraile J, Gonzalez-Garcia MC. Phys. Rev. Lett. 111:011801 (2013)
Einhorn MB, Wudka J. Nucl. Phys. B 877:792 (2013)

Alonso R, Jenkins EE, Manohar AV, Trott M. arXiv:1312.2014 [hep-ph] (2013)
Corbett T, Eboli OJP, Gonzalez-Fraile J, Gonzalez-Garcia MC. Phys. Rev. D 87:015022 (2013)
Corbett T, Eboli OJP, Gonzalez-Fraile J, Gonzalez-Garcia MC. arXiv:1211.4580 [hep-ph] (2013)

www.annualreviews.org o Effective Field Theory 99


http://project-gfitter.web.cern.ch/project-gfitter/Oblique_Parameters/
http://project-gfitter.web.cern.ch/project-gfitter/Oblique_Parameters/

71. Isidori G, Manohar AV, Trott M. Phys. Lett. B 728C:131 (2014)

72. Grojean C, Jenkins EE, Manohar AV, Trott M. 7. High Energy Phys. 1304:016 (2013)
73. Jenkins EE, Manohar AV, Trott M. 7. High Energy Phys. 1310:087 (2013)

74. Jenkins EE, Manohar AV, Trott M. 7. High Energy Phys. 1401:035 (2014)

75. Jenkins EE, Manohar AV, Trott M. Phys. Lett. B 726:697 (2013)

100 Willenbrock o Zbhang



	ar: 
	logo: 



