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A large class of models addressing the electroweak naturalness problem postulates the existence of new
spontaneously broken global symmetries above the weak scale. The Higgs boson arises as a pseudo-
Nambu-Goldstone boson (PNGB) whose interactions are nonlinear due to the presence of degenerate
vacua. We argue that, once the normalization of the PNGB decay constant f is determined, the Higgs
nonlinear interactions in the gauge sector are universal in the infrared and independent of the symmetry
breaking pattern G/H, even after integrating out heavy composite resonances. We propose a set of
“universal relations” in Higgs couplings with electroweak gauge bosons and in triple gauge boson
couplings, which are unique predictions of the universal nonlinearity. Experimental measurements of these
relations would serve as the litmus test of a PNGB Higgs boson.
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Introduction.—The discovery of the 125 GeV Higgs
boson confirms the Higgs mechanism for electroweak
symmetry breaking. Together with the nonobservation of
new particles to date, the question of naturalness—what
stabilizes the Higgs mass?—becomes even more pressing.
Inspired by the lightness of pions in low-energy QCD, a
large class of models proposes new spontaneously broken
global symmetries above the weak scale, in which the
Higgs boson arises as a PNGB. Prominent examples
include little Higgs models [1-3] and the holographic
Higgs models [4,5]. By now these models are generically
referred to as “‘composite Higgs” models [6,7]. Testing this
class of models is among the top priorities in current and
future experimental programs in high energy colliders. One
generic feature of the model is the existence of fermionic
top partners responsible for canceling the top quadratic
divergent contribution in the Higgs mass. If such a
cancellation mechanism is confirmed in the future, it would
be a striking confirmation of composite Higgs models [8].
However, there is a distinct class of models in which the top
partner is neutral under QCD, the so-called neutral natu-
ralness models [9], which originated from the twin Higgs
model [10]. In this case it is challenging, experimentally, to
discover the top partner. In this work we will focus on
another generic feature of a composite Higgs model: the
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nonlinear interactions due to the PNGB nature of the
Higgs boson.

Effective Lagrangians for PNGB Higgs models rely on
the seminal works of Coleman, Callan, Wess, and Zumino
(CCWZ) [11,12], which requires specifying a broken group
G in the ultraviolet and an unbroken group H in the
infrared. The Nambu-Goldstone bosons (NGBs) are then
“coordinates” parametrizing the coset space G/H. In
CCWZ, each G/H gives a seemingly different effective
Lagrangian, valid below the scale of new symmetry break-
ing, which is at A =4zf 2 10 TeV. In addition to the
PNGB Higgs boson, there are typically other composite
resonances, at m, = g,f 2 1 TeV, whose presence and
interactions are model dependent. Below m,, one often
performs a “matching” of the CCWZ Lagrangian to the
strongly interacting light Higgs (SILH) Lagrangian [13], so
as to facilitate comparison with observables. There are
numerous PNGB Higgs models, each based on a different
coset G/H [6,7], resulting in seemingly different effective
Lagrangians and predictions. For simplicity, collider stud-
ies are often based on the SO(5)/SO(4) minimal
composite Higgs model.

Later it was realized that the CCWZ Lagrangian can
be reformulated using only infrared data, by imposing
the Adler’s zero condition [14], without referring to a
target coset G/H [15,16]. Thus, in composite Higgs
models with the custodial symmetry, where the Higgs
model transforms as a fundamental representation 4 of
the SO(4) subgroup of a potentially larger unbroken
group H, the nonlinear Lagrangian below the cutoff scale
A and above the resonance scale m, is universal. In this
Letter we extend the universal nonlinearity below the m,

scale and argue that the universality is preserved in the
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gauge sector, which allows us to present new and
universal predictions of a PNGB Higgs model in its
couplings to electroweak gauge bosons and in triple
gauge boson couplings (TGC). Presently, we summarize
our arguments and findings; the details will be presented
in a forthcoming publication [17].

Universal nonlinearity.—One major development in the
modern S-matrix program concerns the reconstruction of
effective field theories from the soft limits of scattering
amplitudes. One prime example is the nonlinear sigma
model (NLSM) describing interactions of NGBs, whose
scattering amplitudes have long been know to possess the
Adler’s zero. Using a 4-point (pt) vertex as the building
block, one can construct the 6-point tree-level amplitudes
using only 4-pt vertices, which would not satisfy the
Adler’s zero condition. This necessitates the introduction
of a 6-pt vertex whose value is uniquely determined by
requiring the Adler’s zero condition in the 6-pt amplitude.
This program was initiated in Ref. [18] and completed to an
arbitrary number of external legs in Refs. [19,20]. At the
level of the Lagrangian, the Adler’s zero condition is
equivalent to imposing constant shift symmetries in the
NGB field, 7% - 7% 4+ ¢* + ---, where &% is a set of
infinitesimal constants. It turned out this is sufficient to
reconstruct the NLSM Lagrangian without recourse to
CCWZ and without reference to a coset [15,16]. The
equivalence of the nonlinear shift symmetry approach to
that of the CCWZ becomes manifest once a suitable basis
of group generators for H is chosen.

Consider a set of scalars z¢ furnishing a linear
representation of the unbroken group H, 7% — z¢+
i (T") 7" + O(a*), where T' is the generator of H.
We choose a basis where T' is purely imaginary and
antisymmetric, (77)7 = —=T" and (T%)* = —T'. Tt will be
convenient to define the matrix 7 :

2 . )
Tuh = F (Tl)ar(Tl)sb”rﬂX7 (1)

where f is the NGB decay constant. Notice that we
have changed the normalization of f from that in
Refs. [15,16,21,22], so as to conform with the convention
in the literature in composite Higgs models. Then the
nonlinear shift symmetry that enforces the Adler’s zero
condition to all orders in 1/f is [21,22]

7 =7+ [F (D) pe?.  Fi(T)=VTcotVT, (2)

and the leading order two-derivative Lagrangian invariant
under the nonlinear shift symmetry is

sinv/7T
ol

L0 = [FAT P ydwtvat,  FolT)= o)

Notice that Eq. (3) is written entirely using infrared data:
the Adler’s zero condition and the linearly realized group
H. The broken group G only serves the purpose of counting
the number of NGBs, which is related to the normalization
of the decay constant f. Applying Eq. (3) to the case of 4
under SO(4) gives the universal NLSM Lagrangian for a
composite Higgs.

So far we have only established the universal non-
linearity below the cutoff scale A and above the resonance
scale m,. Integrating out the resonances results in the
SILH Lagrangian. The crucial observation of SILH is that,
after the composite resonances are integrated out, the
nonlinearity of the effective Lagrangian is preserved [13].
After the matching, one simply replaces the well-known
4z counting in NLSM by g, = m,/f. Operators in NLSM
that are suppressed by A =4zf are now suppressed
by m,=g,f in the SILH Lagrangian. Otherwise the
structure of the effective Lagrangian, including the non-
linearity, remains the same. More explicitly, the NLSM
Lagrangian is organized by the naive dimensional analysis
(NDA) [23],

Ser = / d4xA2f2£<f,§> = / d*xL® ... (4)
A

SILH replaces A — m,, but the nonlinear structure

remains the same. Therefore the “symmetry-preserving”

part of the SILH Lagrangian inherits the universal non-

linearity from the NLSM Lagrangian.

There are effects that break the nonlinear shift sym-
metry of the NLSM. One example is the gauging of the
electroweak SU(2);, x U(1)y, inside the SO(4), which
can be incorporated by replacing the ordinary derivative,
0, = D, = 0, + iA,. Therefore, gauging the electroweak
symmetry does not spoil the universal nonlinearity in the
NLSM. Generally speaking, massive spin-1 vectors cou-
pling to the Higgs current must be in the adjoint repre-
sentation of SO(4) [24], and integrating out these massive
vectors produce the same nonlinear interactions as in the
NLSM Lagrangian [13]. This implies integrating out
massive spin-1 vectors will also preserve the universality
in SILH. It is possible to produce higher dimensional
operators violating the shift symmetry that are not present
in the gauged NLSM Lagrangian. These operators, how-
ever, must be suppressed by the same coupling associated
with the renormalizable interaction in the SM Lagrangian
[13], such as the top Yukawa coupling and the quartic
Higgs coupling. Therefore these operators reside in sectors
containing fermions and Higgs potential energy. If we
focus on the gauge sector, these violations of universal
nonlinearity do not arise.

O(p?) nonlinearity.—After gauging the SU(2); x
U(1), subgroup of SO(4), £? in the unitary gauge
becomes
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22
£ — %ayhaﬂh + gTsin2(9 +h/f)

1
Wiw+ YA/
x ( : * 2cosQy " )
hZ

1 h
= — H —E— — —_ ...
28,/18 h+ [1+2 1 §U+(1 2§)U2+

1
X <m%VW;W_” + 2m%Z”Z”), (5)

where my = gv/2 = myzcos@y, sind=v/f and &=
v?/f? =sin? . In particular, v = 246 GeV is different
from (h) = f0, the vacuum expectation value of the
PNGB Higgs h. It is important to note that, at this order,
couplings of n Higgs bosons with WW and ZZ are
completely determined by (i) Adler’s zero condition and
(ii) the Higgs boson sits in the 4 of the SO(4). If we define
the coefficient of (h/v)"(myW W™ + m3Z,7"/2) to be
b,,, we see the first two coefficients are

b, =21-¢, by, =1 -2¢. (6)
As has been emphasized, the normalization of f, and hence
£, is not universal and dependent on the particular coset
G/H. Thus we can extract b, from the hVV, V =W, Z,
couplings and use it as an input to predict b,;,, which would
be one experimental test of the universal nonlinearity. by,
could, in principle, be measured in a VV — hh scattering
process.

Since the coupling b,,, is completely fixed by one free
parameter &, there are many more predictions from the
universality. It is worth stressing that, experimentally, the
overarching goal should be to overconstrain the universality
and perform as many tests as possible. However, at this
order, all other predictions involve b,,,, n > 3, and require
measuring VV — nh, n >4, which is a daunting task
even in a future high energy collider. (The amplitude for
VV — 3h vanishes for a symmetric coset [16,25]). It would
be more desirable if we could use only a 2 — 2 processes,
which is possible if we include the O(p*) operators.

O(p*) nonlinearity.—Turning off any gauging for now,
there are two building blocks for O(p*) operators: d% and
EL which transforms as the 4 and 6, (adjoint) of SO(4),
respectively,

2
#m.0) = IFADI0,
. 2 .
Ey(n.0) = ]723,4”“ [F4(T)]o(T'x)", ()
where F,(7) is defined in Eq. (3) and
2, VT
.7:4(T> = —?Sln T (8)

In our notation a,b,---=1,...,4 run in the 4, while
i,j,---=1,...,6 run in the 64, of SO(4). Under the
nonlinear shift symmetry in Eq. (2),

ET' - U(E,T)U™" - iUd,(U™), ©)

where U € H and its explicit form can be found in
Refs. [15,16].

Gauging the electroweak SU(2); x U(1), amounts to
replacing 9, — D, = 9, + iA, in di(z,0) and El(7,0).
Formally, we can choose to gauge the full SO(4) and dj
now becomes

V2 b

dZ(ﬂ',D) = 7 [IZ(T)]ab(Dﬂ”) DM = a}l + lA;lTl,

(10)

where T" is the generator of SO(4). Although the gauging
explicitly breaks the nonlinear shift symmetry, one can
formally treat the gauge field as a “spurion” in the 4 of
SO(4) that transforms covariantly in the same way as
d;(z,0). This suggests a new building block that is
covariant under both the shift symmetry and local gauge
transformation,

(Fn) = % FAT(TnPF. (1)

where F',, is the field strength tensor of A,. Similarly, from
Ei(z,D) one can identity another spurion in the 6, of
SO(4) and construct another covariant object:

+\i i 2 J j\a i \b

(fi)' = Fl +]72Fuu(T 7) (Fa(D)]ap(T'm)", (12)

which comes from singling out the term in Ej(z, D)
proportional to AL and replacing the gauge field by its
field strength tensor. Again both operators are constructed
using only the infrared data, without recourse to a coset
G/H. The corresponding operators in the CCWZ
formalism can be found in Ref. [26], whose notation
we follow.

In the end there are four building blocks, d¢, E,",, (f)s
and (f;,)", for constructing the O(p*) operators. For
objects carrying the SO(4) adjoint index it is useful to
further classify them as reducible representations of
SO(4) ~SU(2), x SU(2)g, an SU(2) x U(1) subgroup
of which is identified with the electroweak gauge group.
Their expressions in the unitary gauge, to all orders in

1/f, are
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TABLE 1.
weak mixing angle, and ¢,, = tan Oy .

Predictions of universal Higgs nonlinearity. Here c,, = cos @y and c,,, = cos 20y, where 6y, is the

7

ch

1

(1) hZ,D*Z, /v
() hZ,, 7" |v

(3) hZ,D"A, /v
4) hZ,, A" v
el

(1) K*Z,D"Z,/v*
(2) W*Z,,2" | v*
(3) K*Z,D"A,/v*
4) n*Z,, A" [ v?
v
ige, W W, Z, + H.C.
ige, W, Wy Zm
ieW,f Wy A"

[4cay(=2¢3 + ¢7) + 4cf cosb]/c2,
=2[(cq —2cd)cos O+ (c7 + 2¢5)ca,)/ 2
8(—2¢3 + c3)t,,

—4(c; +2c5)t,,

c#
2[co(—2¢3 + ¢7) cos O + ¢ cos 20]/c,
—[(cq =2¢3) 0820 + c3,,(c; + 2¢5) cos ) /3,
4t,,(=2¢3 + ¢; ) cos @

—2t,,(c; +2c5)cosd
cv
87 = 2[(2¢3 — c7) cos @ — cf]/c2
oy = 2[(2¢c3 — cj) cosO — cf ¢y, — 4cd st/ 2,
ok, = —4(c;y —2cd)

ar

ds =2 {504@ (ﬁ>

o
+ TSIH(Q + h/f)x (W, —57B,)|,

f
(EL/Ryr — 1+ 008(29 +h/f) Wi+ 1F 005(29 +h/f) B,57,
1
(f) = %Sin(e +h/f) (W, = 87B,,)5",
(FiHRyr = 1+ cos(@+ h/f) wr, + 1 F cos(0+h/f) 5B,,. (13

2

where the superscripts L and R refer to the upper and lower
signs, respectively, and r = 1, 2, 3 is the adjoint index in
SU(2), /g There are 11 independent operators at O(p*)
that can be constructed [26], six of which are even under

space inversion X — —X and not contracted with ¢,,,,,. We

focus on these six CP-even operators in this work and
compute them to all orders in 1/f. They are

0, = (did")?, 0, = (d;d;)?,
05 = [(ELYT - [(EL)T
0F = =idsd!(F35) T} % (8 Thl,

Oy =[(fu)P. 05 =) P =T (14)

where T7 . is the SU(2),/, generator. Using the SILH
power counting, the four-derivative effective action is

D c;
d xm2f2L® (f , —) -N"%0, (5
/ ’ fom, Zg/% 1)

where c; are expected to be order unity constants, although
in some cases operators contributing to couplings of neutral

4
S(SH)HH =

2

|
particles and the on-shell photon are further suppressed by
additional loop factors [13].

Predictions.—Here we present predictions of nonlinear
interactions in Higgs couplings to electroweak gauge
bosons and TGC in the unitary gauge. We start by para-
metrizing the couplings as follows:

2
£, =" (Tt 4 CPTE L VDY), (16)
i M

where Z" and Z?" are O(p*) operators contributing to hVV
and hhVV couplings, respectively, while Z ?V involves
TGC. Here V=W, Z, y. The C;’s in the above are
dimensionless coefficients. We list only a subset of the
operators and predictions from the universal nonlinearity in
Table I. The complete list and prediction will be presented
in Ref. [17]. Notice that O, in Eq. (14) do not contribute

to operators appearing in Table L.

Recall that ¢;’s in Eq. (15) are incalculable coefficients
in the derivative expansion of the effective theory and
parametrize our ignorance of the ultraviolet physics.
From Table I we can extract “universal relations” among
C;’s in Eq. (16) that are independent of the c¢;’s. Some
examples are
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2h 2h 2 ~h h
5" G 20505 — e, G/t

choch 26%,
1 1 1

2 2h 2h 2 20 2h
2¢,,C" = ¢, C5" /1, 2¢,,C5" = ¢,,C" /1,
2 h T 5 2o h
2¢;,C1 = ¢,,C5 /8, 2¢;,C5 — ¢2,Ch /1,

cos20 1 3
_200s9_§<1_§§+“'>’ (18)

where the notation is explained in the caption of Table I.
These relations are all determined by the one single input
parameter sin @ and free from the incalculable coefficients
in Eq. (15). As such, they serve as universal predictions of
Higgs nonlinearity and can be tested in future experimental
programs on the Higgs boson. Note that Ié’lh do not
contribute to processes involving the on-shell photon.

It is interesting to compare the prediction of universal
nonlinearity with theories without a PNGB Higgs, e.g.,
the standard model effective field theory (SMEFT) [27]
which augment the SM Lagrangian with higher dimen-
sional operators with arbitrary coefficients. In particular,
the dim-6 and dim-8 operators relevant for our discussion
are parameterized as follows:

a;
Lsmerr D z — 0+

i=w.B.HW.HB

af
fz;nz (H'H)O;, (19)
p

where Oy, Op, Oyw, Opyp are defined explicitly in
Ref. [13] with the gauge boson fields canonically normal-
ized. Then Eqgs. (17) and (18) now become, at the leading
order in £,

c¥ 1
—3hz— 1+
c; 2

o 8 _ .8 8 _ 8
i <1 Qy — ap + Ay aHB§>, (21)

AV
CZ 2 Ay — Ap +aHW_aHB

Mé) . (20)

Ay — OHB

ZCEVC%h - CZWC%h/tw
ZCaC? - CZwCél/tw
1 ab, + oS+ aSyy + by
2 aw+a3+ayw+aHB

o) @
2C%vcgh B C2WC421h/tw
2¢3Ch — ¢y, Cl /1,
1 8 8
z_<1+wf) (23)
2 agw + ayp
Comparing these relations, we can see that the difference

between the universal nonlinearity and SMEFT start from
O(&), which is the contribution from the dim-8 operators.

This is to be expected, since at the dim-6 level the
nonlinearity makes no prediction due to the arbitrary
normalization of f. However, the ratio of the dim-8
coefficient with that of the dim-6 is determined by the
nonlinearity.

The universal relations could be tested both at the
hadron collider and at a future lepton collider. The triple
gauge boson couplings can be measured through the
diboson production f,f, — V,V,, where V,, denote the
massive gauge bosons W+, Z. Here the initial states are
quarks for a hadron collider and electrons for an e'e™
collider. The 7VV couplings have been studied extensively
in the literature [28—44]. In contrast, the hhV'V couplings,
in particular the different Lorentz structures, have received
very little attention [45-49]. They can be measured through
the double Higgs production in the vector boson fusion
(VBF) channel or double Higgs production in association
with a vector boson or even an off-shell single Higgs
decay: h* — h*V*V.

Conclusion.—In this work we argued for the universal
nonlinearity of models containing a PNGB Higgs boson
that transforms as the 4 of an SO(4) subgroup of the
unbroken group H, without referring to a particular coset
space G/H. We presented the effective action up to O(p*),
as well as its predictions in the Higgs couplings to
electroweak gauge bosons and the TGC. These universal
relations are fixed by a single input parameter sin 6, which
is related to the normalization of f, and could potentially be
tested using multivariate techniques in collider experiments
[32,39,50,51]. In addition, the TGC could also be probed to
a high precision at the HL-LHC [33,37]. In a forthcoming
publication [17] we will provide a comprehensive phe-
nomenological analysis of the universal relations, which
would serve as the smoking gun signal of the PNGB nature
of the Higgs boson.

This work is supported in part by the U.S. Department of
Energy under Contracts No. DE-AC02-06CH11357 and
No. DE-SC0010143.
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