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Effective field theory is an effective approach to parametrizing effects of high energy scale physics in
low-energy measurements. The two popular frameworks for physics beyond the standard model are the so-
called standard model effective field theory (SMEFT) and the Higgs effective field theory (HEFT). While
the description by the SMEFT deteriorates when the scale of new physics is not so high or it participates in
spontaneous electroweak symmetry breaking, the HEFT makes use of nonlinear realization of sponta-
neously broken symmetry in which there are practically no restrictions on the Higgs field as a singlet. In
this work we present another framework, called broken phase effective field theory (bEFT), in which we
deal directly with mass eigenstate fields after spontaneous symmetry breaking without employing
nonlinear realization. We take the type-II seesaw model as an example to demonstrate our approach.
By matching the model to both the bEFT and the SMEFT at tree level, we compare the results for two
processes, the Higgs pair production via vector boson fusion which appears as a subprocess at the LHC and
the Higgs-strahlung process at a future electron-positron collider. We find that the bEFT reproduces the
type-1I seesaw model more accurately than the SMEFT in the regions where the bare mass of the Higgs
triplet becomes close to the electroweak scale. Therefore, the bEFT serves as a useful framework that can
compensate for the shortcomings in both the SMEFT and the HEFT when dealing with UV models that

involve Higgs mixing or new particles with a mass close to the electroweak scale.
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I. INTRODUCTION

With the discovery of the Higgs boson at the Large
Hadron Collider (LHC) in 2012 [1,2], the standard model
(SM) was finally established. However, there are some
problems that the SM cannot address, such as the origin of
neutrino mass. In order to solve this problem, several types
of new physics (NP) models have been proposed, such as
the three conventional seesaw models [3—15] and radiative
models aiming at a common origin of neutrino mass and
dark matter [16,17]; for a review see, e.g., Ref. [18].
Usually the new particles are much heavier than the
electroweak scale, securing an effective field theory
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(EFT) approach to their effects in low-energy physical
processes.

There are two representative EFTs to parametrize the
deviations caused by heavy NP from the SM predictions.
One is the standard model effective field theory
(SMEFT) [19-22]. In the SMEFT, the SM fields are
classified by their representations in the complete gauge
group Ggy = SU(3), x SU(2); x U(1)y. A perturbative
expansion is performed in terms of 1/A, where A denotes
the NP scale. The leading-order interactions in the SMEFT
consist of Gg) invariant operators up to mass dimension-
four (dim-4), i.e., the SM Lagrangian. The other is the
Higgs effective field theory (HEFT) [23-37]. In the HEFT
the fields are classified by their representations in the
unbroken gauge group SU(3),. x U(1),,,, but the SU(2); x
U(1)y symmetry is nonlinearly realized. Since the physical
Higgs field h is now a singlet under this nonlinear
symmetry, arbitrary functions of s appear in the HEFT
Lagrangian. In this sense the HEFT already encodes
deviations from the SM in the leading order. In the
HEFT, a perturbative expansion is done according to the
number of loops.
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Comparative studies have been actively carried out in
recent years on matching a specific ultraviolet (UV) theory
onto the SMEFT or the HEFT. For instance, Ref. [38]
considers the SM extended with a real singlet scalar and
matches it onto the SMEFT and the HEFT respectively. The
matching of the two-Higgs-doublet model onto both the
SMEFT and HEFT has also been performed [39—41]. In
Refs. [42,43], the SM extended with a real triplet scalar is
matched onto the HEFT. See Refs. [35,37,44] for a more
general discussion of theories that cannot be matched onto
the SMEFT but must be matched onto the HEFT. The
classification of the SMEFT and the HEFT in the context of
a bottom-up approach is found in Refs. [45-49]. In general,
if the NP scale is much higher than the electroweak scale,
the new heavy fields are classified by their representations
under Ggy. By integrating them out, the UV theory is
matched to the SMEFT. On the other hand, if the NP scale
is close to the electroweak scale, the mixing between the
SM fields and the new heavy fields cannot be neglected. In
this case, the theory should be written in terms of the
degrees of freedom after the electroweak symmetry break-
ing (EWSB), and the original electroweak symmetry
SU(2), x U(1)y is nonlinearly realized. After bringing
them to the mass eigenstates, the new heavy fields are
integrated out, resulting in the HEFT.

In this paper, we introduce a new EFT framework that is
different from both the SMEFT and the HEFT. In our
framework, the UV theory is rewritten in terms of the
degrees of freedom after the EWSB. We do not rewrite it in
a nonlinearly realized form of SU(2), x U(1)y, but instead
work with the fields in the unitary gauge. After bringing
the fields to their mass eigenstates, we integrate out the
physical heavy fields. We call thus obtained EFT the
broken phase EFT (bEFT). In the HEFT, the operators
written in nonlinear realizations generate an infinite power
of the fields, which complicates the evaluation of the
physical observables. Our bEFT, on the other hand, does
not include an infinite order term of the fields and is
therefore easier to deal with. The bEFT and the HEFT also
differ in their power counting schemes. In the bEFT, a
perturbative expansion is made over inverse heavy masses
in the broken phase, in contrast to the loop expansion
employed in the HEFT.

To illustrate our approach concretely, we consider
matching the type-Il seesaw model [9-14] onto our
bEFT. In the type-II seesaw model, an SU(2); triplet
scalar is introduced. Its vacuum expectation value (VEV)
is severely constrained by the p parameter measurements.
The lower bound on the mass of doubly charged scalars is
around 400 GeV if the triplet VEV saturates the upper
bound on the p parameter. If the NP scale is close to the
electroweak scale, it is expected that the accuracy of the
description by the SMEFT deteriorates. It is important to
see whether the SMEFT or the bEFT can describe low-
energy physics accurately in such a case. Matching the

type-II seesaw onto the SMEFT has already been done up
to dim-6 operators at the one-loop level in Ref. [50]. We
rewrite its tree-level results in the basis after the EWSB, and
call this EFT the broken phase SMEFT (bSMEFT). To
assess which of the bEFT and bSMEFT can better repro-
duce the result of the UV theory, we consider two specific
processes: one is the subprocess at the LHC for the Higgs
pair production through vector boson fusion W~-W* — hh,
and the other is the Higgsstrahlung process e™e~ — hZ ata
future electron-positron collider. We show that the bEFT
reproduces the cross sections of the UV theory more
accurately than the bSMEFT over a wide range of param-
eter space. This is because the bEFT deals with the mass
eigenstates after symmetry breaking and incorporates the
mixing of scalar fields at the leading order.

This paper is organized as follows. We introduce the
type-II seesaw model in Sec. II. In Sec. III, we describe how
to perform its matching onto the bEFT. In Sec. IV, we
rewrite the SMEFT matching results in a basis after the
EWSB to get the bSMEFT. All operators up to dim-5 and
some of dim-6 operators in the bEFT and bSMEFT are
shown in Sec. V. We then evaluate in Sec. VI the two
processes mentioned above in the UV theory, bEFT, and
bSMEFT respectively and compare their results. We con-
clude in Sec. VII.

II. TYPE-II SEESAW MODEL

The type-II seesaw model adds a triplet scalar A to the
SM, with the Lagrangian given by

Ly = Loy + Tr[(D,A)T(DFA)]

1 _
— |2 Y¥LSio,AL, + Hec.

V2
—-V(H,A), (2.1)
where the covariant derivative for A is
DA =0,A+iZ ("W Al +igB,A,  (22)

2

with Wy, (a =1, 2, 3) and B, denoting the SU(2); and
U(1)y gauge fields, respectively. The scalar potential is
given by

V(H,A)=—m%(H H) +%(H*H)2 + M3 Tr(ATA)
P Tr(at )R+ 2 (Tr(AT A T4 A )))
+A4(H H)Tr(ATA) + AsHT[AT, A|H

A
+ <7%HT1'02ATH+H.C.), (2.3)
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where the notation follows Refs. [51,52] and all parameters
except for Ag are real. For simplicity, we will also assume
A¢ 1is real. The doublet scalar field develops a VEV vy,
which through the Ag4 coupling induces a VEV v, for the
triplet scalar field,

1 2wt
ne (), 2.4
\/§ UH+hH+iZ0

a + ++
A:G_Aa:i( 0 \/55 >’ (2_5)
V2 V2 va+ 8 +in =6t

where Al = (6% 4 &°)/v2, A2 = i(6TF - 6°)/v/2, and
A’ = §*. The VEVs are obtained by the minimization
conditions of the scalar potential to be detailed in the
Appendix, and result in the scalar mixing,

G=\ [ cosp sinf [w*
(Hi> B (—sinﬁ’ cosﬂ’) (Si ) (2.6a)

h cosa sina hy
= . , (2.6b)
H, —sina  cosa &
<GO> B < cos 3 sinﬁ><z0> (2.60)
Ag B —sinfl  cospf n) '
where the mixing angles are given by
2
tanff/ = ﬂ, (2.7a)
Uy
2
tanf =2 = \V2tanp, (2.7b)
Uy
4 M3 + 12,04
tan 2a = ﬂ 5 A + 2 121}A 3 R (2.70)
vy M3+ (A- = A)vy + 5403
with
1
l_ - 5 (/14 - /15) (28)

The triplet VEV breaks the custodial symmetry, and is
severely constrained by the precision p parameter. The
latter is expressed in terms of the W boson mass My, the Z
boson mass M, and the Weinberg angle 0y,

M3, 1
= == ) 2'9
’ MZcos?0y, 1+ 26> (29)
where
=5 (2.10)

and v, = /% +2v3 ~#246 GeV. Allowing a 3¢ deviation
from the measured value p., = 1.00038 + 0.00020 [53],
we obtain the upper bound ¢ < 0.0105. In the following
sections, we will work up to order e?. We list here some
interactions in the unitary gauge, including the ones

relevant to later evaluation of the processes W-W* —
hh and ete~ — hZ in Sec. VI,
Lyy D C}?’h3 + ClhW W+ CEYWZhZW;WW
+ C}l“z’th”Z” + C}?’ZthZ”Z” + ngHotho
+ CEIZWZHOW;W“‘ + C[Ifl‘gzzHOZMZ/‘
<>
+ (Chlpyw(H"iD,h )W+ 4 H.c.)

+CY4(Ag0,h) 2", (2.11)

where ®,D,®, = @D, P, — (D,®,)®,, and the coeffi-
cients are

302 e )
CUV:—%”eerezvew (6 =2 Fx—1) A (2« 1),

" 2rik 2
(2.12a)
Cov TV 1 202 4 ax— 1) (2.12b)
hW 2 ’

Cllyr = i [1 4 4€?] (2.12¢)

h*W 4 ’
cov TV L 2 p2 g 2.12d
hzz_4c%v[ + €*(=2«% + 8k — 1)], (2.12d)
Chp= 7 [1+ 12¢%%], (2.12e)

Wz SC%V
3k —2—A_kri
Crn, = oy =3 (2.12f)
C[I{I\(/,'W2 = _926(K - I)er, (212g)
2
g(k-2)
Cg‘gzz = —€Uey 720%1 , (2.12h)
9(2x 1) .
Chiw = € 7 (2.12i)
g2k —1 .
Ciyz = ( ). (2.12j)
w
where
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Vow B 1
MA’ _1+72A(i_—l)

ry = (2.13)

One notices that the new contributions from the triplet
scalar are suppressed by O(e) or O(e?) relative to the
SM parts.

III. MATCHING ONTO bEFT

In this section, we perform the matching of the type-II
seesaw model onto the bEFT at tree level. As we empha-
sized in Sec. I, the bEFT introduced in this work differs
from the HEFT in several ways. The HEFT employs a
perturbative expansion in the number of loops. Our bEFT,
on the other hand, employs double expansions in terms of
both € and the inverse of heavy fields” masses. In addition,
the HEFT introduces the would-be Goldstone fields in a
nonlinear realization, while our bEFT assumes the unitary
gauge and removes the would-be Goldstone fields from the
very start. We take the new scalars H,, Ay, H*, and H** as
heavy states and integrate them out to perform matching
onto the bEFT.

Before going into the details, we introduce an auxilliary
Z, parity that can help bookkeep the power of expansion on
the matching. Under the Z, the triplet scalar and the
couplings Y, Ag flip sign, (A, YA, Ag) = —(A, YA, Ag),
while the SM fields and other couplings keep intact. This

|

2 2

My ""Hy 72 M,
Hj

2 + 2

VW[h, ®] D h h? +

+3 (Zerh + h*)[A_H} + 1_A} +

M3 (2 =3k
e [R50

UBW

and the kinetic energy terms of heavy fields. We can now
integrate out heavy scalar fields H,, A,, H*, and H** to
obtain the bEFT up to the dim-6 level. This may be
accomplished with the help of the Mathematica package
Matchete [54]. The resulting effective operators and their
Wilson coefficients (WCs) are listed in Sec. V.

IV. MATCHING ONTO bSMEFT

In this section, we consider matching the type-II seesaw
model onto the SMEFT and rewrite it in terms of the fields
in the broken phase to get the bSMEFT. We emphasize here
that the bEFT in the previous section is obtained by
integrating out heavy fields after the EWSB, whereas the
bSMEFT is obtained by integrating out heavy fields before

/’{_K:| h2H0 + € |:

symmetry is preserved in the broken phase since the triplet
VEV being proportional to Ag is also odd under the Z,, i.e.,
vpa = —vp or € — —e. The solutions of the equations of
motion for the heavy scalar fields ® € {H,, Ay, H*, H**}
are expressed in terms of the SM fields in the mass
eigenstates. The odd parity of the heavy fields implies
the solutions in the form,

oo 2m+1

Z Z ny2m+1 n(m.n) [¢SM]v (31)

m=0 n=

¢SM

where O [¢h,,] is an operator composed only of the SM
fields ¢bgy. Our goal is to match the type-II seesaw model
onto the bEFT up to dim-6 and order €. In light of the fact
that O [¢h,,] contains lepton bilinears (1$1,)2"+'~" with
| = ¢, v, we can easily check that the following three terms
in the scalar potential,

VPEET[l, @] D 1,e®; + deh®? + 1,0, (3.2)
only generate operators of dim-n(n > 7) and/or of order
€"(n > 3), and are therefore irrelevant. Here i (i=1,2,3)
is given by a function of parameters in the original

Lagrangian. The remaining interactions relevant to our
analysis are given by

Aj+m H H" +mys H H'

(20 + As)H-H* +2(4_ + As)H™~H*+]

—MZ(I )4 K} h3H, (3.3)

UCW

the EWSB. The tree level matching result onto the SMEFT
can be found in Ref. [50], which is given by

2mH

M2

£d1m6 = 4+ -6 A2
SMEFT SM 2M2

)y

+(cHoR) +H.c)
+CPPTOL + COy + CnOpo + CrpOup
( eHOeH uHOp CZI"JO +H C. ) (41)

where the dim-5 Weinberg operator is (’)E,Sr) = LPHATL®
and the remaining dim-6 operators adopt the standard
Warsaw basis notation [22]. The matched WCs are given by
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o L L R e
2M3 aM3
A7 A
Cp=(41-2_)—%—-—C,
MA MA
oL SO |
2M% M}
o AT AV e AYE
H=oomd » T oMt T T om0 T

where the superscripts p, r, s, t denote fermion generations.
Note that A4 is considered as the same order as the bare mass
M , in the SMEFT power counting. Y7, Y{”, and Y1" are the
SM Yukawa couplings for the charged leptons, up-type
quarks, and down-type quarks, respectively. In the following
part, we will rewrite the above SMEFT interactions in terms
of the broken phase fields to get the bSMEFT.

A. Shift of VEV

The scalar potential is modified by the inclusion of the
dim-6 operator Oy,

. A
VRS, = —myH'H + 5L (HHY = Cy(HTH)',  (4.3)
with

A2 2m?
== (1- 372 (4.4)
A A

The dimensionful parameter Ag can be expressed in terms
of vy and v, by Eq. (A4),

_ 2M2AUA +j.11)3A + ZJ_UA’U%_I

Ag o (4.5)
H
The solution for the new minimum is given by
<H+H> _ Aeff VY /,{%ff - 6CH/16fo%-1 ) (46)

6Cpy

We expand the above solution to the first order of Cy and
define the new vacuum as

(4.7)

V2 3C,v* 72
HH)=-1(1 A7H ) = —ew
=" (14

et ) 2

Note that 7., can be expressed in terms of the potential
parameters as

2 [g 6(142=4 ) (M} + 403 v
o i %

o /)|

(4.8)

We emphasize that, as the notation suggests, the above
expression for 9., is different from that for v, introduced
in Eq. (A2) for the UV theory, although they are numeri-
cally identical: ve,, = Ve, = 246 GeV. In the following, as
we did for the UV theory in Sec. II, we expand the
bSMEFT in terms of the parameter

g=b (4.9)

vew

B. Higgs-gauge interactions

The interactions between the Higgs and gauge bosons
are modified by the dim-6 operators Oy and Oy which
will change the normalization of the Higgs field.
Redefining the Higgs field to make it canonically normal-
ized will modify all interactions involving the Higgs field.
The relevant terms are

£H,k1n

svmpr = (D, H)'D*H + CyrOyny + CypOpp.  (4.10)

yielding the derivative terms of the Higgs field Ay,

< 1 hy\2
‘CngE;T D 5 |:1 - 2Ckin (1 + ~—H> ]0ﬂhH(3”hH, (411)

where

~ I _ ~
Ckin = DawChy _Z”ngHD =& (1+1_73)%

(4.12)

The Higgs field is made canonically normalized by
rescaling

h= hin/ 1 =2¢un ® hy(1 = cyn)-

By substituting Eq. (4.13) into Eq. (4.10), we get modified
Higgs-gauge interactions.

(4.13)

C. Higgs self-interactions

The Higgs self-interactions are modified by the operator
Oy, as well as by the Higgs field redefinition through the
Oy and Oyp operators. The final form of the scalar
potential in the broken phase is given by

. A 3C, 02 ~
LAnS: D —Lffﬂgw (1 ] + 2Ckin> h?
2 Aeff
A 5C D> ~
_Lffaew<1 _2HVew 3ckin> h
2 eff
Aett 15Cy 03, =4
A I AU )
8 ﬂeff + Ckin

3 1
+ > Choyh’® + g Cyh®. (4.14)

4
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D. Yukawa interactions and neutrino mass

The Yukawa interactions are modified by the operator
O)u(y = u,d, e). Including the Higgs field redefinition,
they become

0 h
;CdlmG D_uﬂ<1+ 1+Cin ~—>
SMEFT \/E ( ki ) Vow
Cpr ,172 ljl 2
r wH Yew

« 3 =T () Jote
w=u,d,e

+Hc. (4.15)

The neutrino mass and neutrino Yukawa interactions are

induced by the dim-5 operator OE)Sr) ,

broken phase

which become in the

Dew h \ e
chlof +he ==l (14 ),
+H.c.. (4-16)

V. LIST OF WILSON COEFFICIENTS FOR bEFT
AND bSMEFT OPERATORS

In this section we list the WCs of the effective operators in
the bEFT and bSMEFT. In all tables the second column
lists the WCs for the operators in the bEFT up to order €2,
while the third column lists those in the bSMEFT up to order
&% and 75 . The field / in the third column corresponds to the
canonically normalized / in Sec. IV. Note that the Hermitian
conjugate of a non-Hermitian operator is not listed.

TABLE I. WCs for the dim-3 operators in the bEFT and bSMEFT.

dim-3
Operator WC in bEFT WC in bSMEFT

AL =0
s —d vy + E vy {(1—2;«%_ I—KJE?: —6Ki| — ATy +521~)ew[i +BA— 61+ (T30 - 18/1—)7%}
hW, W Lles [] = (1 — 4 + 242)] Ll [1 4 82(1 +24_73)]
hz,2" o [1 - (1= 8e + 26 « bw[ +582(1 4 24_R)]

AL =2
i ey el I+ AR
TABLE II. WCs for the dim-4 operators in the bEFT and bSMEFT.

dim-4

Operator WC in bEFT WC in bSMEFT

AL =0
nt i [Es e+ G2 _as @b 20— Ba R0 (- R
W2 W W JT [1 Q240 2K1>(+2/l ,<r+,</1 rA)} %[1 +282(1 + 273 )}
wz,z" & 1- ERIENERTE )] & [1+ 14220104 2732
W, WHwow+ _% {1 _ 2 (lliirrﬂ _d
i fivents B
wawrzz: 9 [1+ € ] 946%
z,2'2,7% (2 92y 0

8ct, (1+4-r%)
1 Y,l;r

hl/_/L.pl//R.r(l// = u, d,@) _ﬁ

- 1=+ 227

AL =2

h(C v, =&Y (1 +2_r3)

—eY{(14+4-7)
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TABLE III.  'WCs for the dim-5 operators in the bEFT and bSMEFT.
dim-5
Operator WC in bEFT WC in bSMEFT
AL =0
h5 62[(1—/()(2—3/();"’2—2(1 —5Kk4+-5k%)A_ —(I—SK)Kﬁri] 3e% (4/1 2 )(1 +21
Ve (144_ rL\)2 Dy -
WBW-WHH 14262 +(1-1) (3=8Kk) A_r2 +(1-26)xA2 14 ] 0
# Ve (144-13)?
hW, WH W Wt g (1K) [kr3 —(1-2%)A_r] 0
Vew (144-13 )?
hW; W:’ W HWH e2g*[2cri—(1 —ZK)A_ ] 0
Vew (14+(A+25)r3 )
W7 71 2 g7 [-2-3Kk+8K +3(2—Ti+-4x%)A_ri +2(1-2x)kA2 i | B¢ (1424_7)
" 2wey iy (144217 )? Tew €l
hz,72¢7,7% 2g* (2—x)[3x3 —2(1-26)A_rd] 0
4vcwccv(1+i,ri)2
hW_Wﬂ‘Z,,ZU e2g*[(5-4K)kri —(4—11k+66)2_r4] 0
: 2oy, (14413 )?
hW; W;FZHZ’/ _ 26264 [2(1—-c3,—4x+2kc3, )3 +(2—cd,) (1-26) 2414 ] 0
Ve Cy (2+(2A_+15) 13 )?
ihW), W, zw _ Eg=2)r} 0
VewCw (2+(24_+45)r3)
Joug e’ (1-2x)r% 0
(hiD W)W 2" Voo (A5
h2 Wy, Wr, V2k(2=3k+_13) yypr 32(1424_R) 1,pr
YL pVR, W 4 Vi Ayb
W;W+HII_IL,[7WRJ _ \/vﬁszrzK 1—x) YPV 0
Vew (14+4_12 3)
Z Z”l/_/ YRy V262 g* (2—K)Kr2 pr 0
g TR, 21)ewc (1-+A_ rZA) Y
AL =2
c 2—-3k+KA_ 12 _ e =2 \yPr
hz(l/%AypyL,r) % Ypr 2;0“, (1 + l_rA)YA

eg*ri (1-x) yPr

—wW+u(,C RN
W[lW (VL,pI/LJ’) 21)ew(l+2/1_r) A

+yw+u( ,C _ e ra pr
WiW™(er yev.r) T (T (o)) Y A
+71(,C o V2egr
Wizr (WS ey, 7 Yy

- uw,c‘,,<2+(2,1,+/1;) )

<
Z,2"W[ pvry) T (11207 A

eg r2 (2 K) Ypr

oS o o O

In Tables I and II, we list the coefficients of the lepton-
number-conserving (AL = 0) and -violating (AL =2)
dim-3 and dim-4 operators, respectively. Notice that we
have expressed the matched WCs in both EFTs in terms of
the common set of parameters in order to facilitate
numerical comparison. The heavy masses in WCs of the
bEFT have been replaced by the chosen parameters that
make them look a little bit complicated. As can be seen
from Table I, all the coefficients of dim-3 operators in the
bEFT coincide with those in the UV. From these tables, the
deviations from the SM in the Higgs-gauge and pure-gauge
interactions are of order ¢2 (¢2) in the bEFT (bSMEFT).
This can be understood from the Z, symmetry introduced
in Sec. III. The expressions for the neutrino mass differ
between the bSMEFT and the bEFT. This is because in the
bSMEFT the neutrino mass term arises through the
Weinberg operator, whereas in the bEFT the neutrino mass
appears already before integrating out heavy fields through

TABLEIV. WCsforthe dim-6 operators in the bBEFTand bSMEFT.

dim-6 with AL =0

WC in
Notation Operator WC in bEFT bSMEFT
Oanpwz  (QMO@MWHWH  _sefnu29*
Ve 2+ (22 +A3)12)
Opowp  Wh(DWH)(D,WH) __een-2 0
13y (24+(2A_+45)r3)
Oppww  hh(D,D,W W eqiu-2p 0
02, (24(2A-+15)r3)
Oanyzz  (uh)(9,h)2'Z* 220 R 12 0
Ve (143-1%)
Opgze  hh(9,29(0,2")  _ €rii-a’ 0
203uc¢ w(l"'i—"i)
Oppzz  hhz'(0,0,2") _2Pn 0
v2ecd, (1+4_13)
O(ah)Zee i(@ h)Z”(EgeZ) _M 0
v2ycw(1+A_r%)
On(azyee ih(0,2")(eger) V29 (26-1) 0

vigew (1+4_r3)
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the mixing among scalar fields. Note that the W*, W?Z?, and
Z* interactions in the bSMEFT coincide with those in the
SM as can be seen in Table II. This is because the pure gauge
operators without derivatives are generated only through the
product of the D,H, so that the corrections to these
interactions start to arise only from the dim-8 operators.
In Table III we list the WCs of both lepton-number-
conserving and lepton-number-violating dim-5 operators in
the bEFT and bSMEFT. Similar comments to the above
quartic W, Z operators apply to the dim-5 pure bosonic
operators as well. Note that the bSSMEFT includes /3Z? but
not h3W? interactions, reflecting custodial symmetry
breaking by Opp. And finally in Table IV, we show the

\/E/MHO

0.322
W-W*— hh, A_=0.5

0.625 0.897

4.24

4.22¢

4.20F

o [pb]

4181 — UV

4.16¢ <+ bSMEFT

6.1 02 03 04 0506

Fa

\/E/MHO
0.307

W-W*> hh, A_=3

0.534 0.676

4.22
4.20F

418}

o [pb]

I —uv
414} --- bEFT
+ bSMEFT

0.1 0.2 03 04 0506

r'a
\/E/MHO
0.297
W-W*- hh, A_=5

0.484 0.583

4.20

4.18}
4.16} — UV
--- bEFT

- bSMEFT

o [pb]

0.1 02 03 04 0506

Fa

WCs of the dim-6 operators in the bEFT and the bSMEFT
that are relevant to the W-W* — hh, ZZ — hh, and
ete™ — hZ scattering processes, two of which will be
computed in the next section.

VI. NUMERICAL EVALUATION

To assess how well the bEFT and bSMEFT frameworks
reproduce the results of the UV theory, we calculate the
cross sections for two typical processes involving the
Higgs boson; one is the subprocess of Higgs pair produc-
tion via vector boson fusion at the LHC, and the other is
the Higgsstrahlung process at a future electron-positron

\/E/MHO
5 0.322 0.625 0.897
°°3 W-W+*- hh, A_=0.5  ---bEFT
x 4} < BSMEFT :
S T
)
=] k
b I
L T T . .
o
[<3)
L
0.1 0.2 03 04 0506
ra
\/E/MHO
. 0.307 0.534  0.676
5 W-W*> hh, A_=3 ---bEFT
x 2h. .. bSMEFT
N
> 0 =<l
=)
s .
~
£ -2r
[<a)
S
0.1 02 03 04 0506
ra
\/E/MHO
] 0.297 0.484 0.583
NS 0 W-W*— hh, A_=5
ol ) ST ---bEFT
| ", o bSMEFT
_—l
-
L 3t
=
=
£ ,
-5 . . . Ll
0.1 0.2 03 04 0506

ra

FIG. 1. Comparison of cross sections for W*W~ — hh as a function of r, or \/s/My, calculated in the three theories at the fixed
€ = 1072, The gray solid line on the left panels denotes the SM value.
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collider. To calculate the scattering amplitude squared,
we employ the Mathematica package FeynCalc [55,56].
The original free parameters in the scalar potential are mp,
A, Mp, Ng, and 4; (i=1, 2, 4, 5). After imposing
minimization conditions, our input parameters are chosen
as A, ra, €, Uey, 4_, and 4; (i = 1, 2, 5). We set the scalar
couplings 4, = 4, = 15 = | while varying the value of 4_.
We checked that within the parameter region we focus on,
the Higgs cubic, hWW, and hZZ couplings satisfy
the current LHC constraints, —0.4 <k; < 6.3 [57],
—0.06 < Aky £0.10, and -0.03 < Ax; <0.11 [58],
respectively. We assume the maximal value of v, ~
1 GeV that is allowed by the p parameter, which implies
€~ 1072, In this case, the doubly charged Higgs bosons
H** decay mainly into a pair of like-charge W* bosons,
and the lower bound on their mass is relatively relaxed,
my+= 2 400 GeV [59,60].

In Fig. 1, we show the cross section of W™-W* — hh in
each theory at a center-of-mass energy +/s =400 GeV

4.215
W-W*—= hh, A_=0.5
4210}
— UV
__ 4205} --- bEFT
© I ... pSMEFT e
& 4.200F DT
S SO HTTITIILA
4195} SO
4.190F
4.185 . .
1073 2x1073 5x107°
€
4.205
. _
42001 W-W*— hh, A_=3
4195}
o
£ 4.190F
5 --- bEFT
4185}
----- bSMEFT
4180}
4175 . .
1073 2x1073 5x107°
€
4.205
W-W*— hh, A_=5
4.200F
4195}
)
£ 4.190F
b ---bEFT
4185}
. bSMEFT
4.180F
4175 ‘ -
1078 2x1073 5x1073

€

with a fixed value of € = 10~2. We assume A_ = 0.5, 3, and
5 in the top, middle, and bottom panels, respectively. In the
left panels, the green solid, red dashed, and blue dotted
curves correspond to the results in the UV theory, bEFT,
and bSMEFT, while the gray solid line denotes the SM
value. In the right panels, we plot the relative deviations of
cross sections in the bEFT and the bSMEFT from that in the
UV. The upper horizontal axis in each plot gives the ratio of
the center of mass energy to the mass of the lightest new
scalar. As can be seen from the figure, the bEFT reproduces
very well the result of the UV theory in the whole range of
the parameters shown. In contrast, the bSMEFT result
deviates much more significantly from the UV result, and
the deviation flips sign with the increase of A_. As can be
seen from the figure, even when we take the limit of
ra — 0, or equivalently, M, — oo, the UV and EFT cross
sections still deviate from the SM value, indicating that the
new physics effect does not decouple. This can be under-
stood as follows: since we fix the ¢ to a finite value, the

4
" W_W+_)hh’ A_=0.5
— 3'
- --- bEFT
— 2 ... bSMEFT
|
e
20 I Wt S
| SETTORA L
g
Sl
o3 2x107 5x10°%
€
1
) W-W*— hh, A_=3
= Opm T
S Ofw
b e e
2 _1b ---bEFT
—
A S bSMEFT
> ~2f
=}
€ 4
:
£ 4
_5 ‘ |
10-° 2x107 5x10°
€
0.5
S W-W*— hh, A_=5
—
x OO T
= bEFT
R S bSMEFT
5
e -10
~
(=
5 1.5}
&
20 ‘ |
10—3 2x1073 5)‘1073

€

FIG. 2. Comparison of cross sections for W W~ — hh as a function of ¢ calculated in the three theories at the fixed r, = 0.4. The

gray solid line on the left panels denotes the SM value.
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triplet VEV remains nonzero and it induces the new physics
effect through A4 5 and Ag4 interactions in Eq. (2.3).

In Fig. 2 the same cross section is plotted as a function
of € at the fixed ry, = 0.4, using the same legends as in
Fig. 1. Note that the masses of the heavy scalars vary with
our input parameters. For instance, if we take the value of €
as e=1072, the masses of the heavy scalars are respectively,

(My,, My, My, My ) /GeV = (640,640,663, 685)

at

A_=0.5, (749, 749, 769, 788) at A_ = 3, and (826, 826,
844, 862) at A_ = 5. Again the bEFT result is precise at the
per mille level or better while the bSMEFT deviates
significantly from the UV theory for a slightly larger value
of €. As can be seen from the figure, when we take the limit
of € - 0 while fixing r, = 0.4, the UV and EFT cross

\/;/MHO
0.020 0.051 0.101 0.201 0.479
245.395——— , , all
24530901 € ¢ - hZ, A_=0.5
25385F Y
= 5385f oo
. 245.380f ...« bSMEFT
S 245 375 b
245370} \
245365 : : : :
001 002 005 010 020 0.0
a
\/E/MHO
0.020 0.051 0.100 0.192 0.384
245,395 , =
245,300} ¢ € 1% =3
_ 245385} — v
£, 245380/ - bEFT
S 45 375k bSMEFT
245.370j
245.365 : : : :
001 002 005 010 020 050
TN
\/E/MHO
0.020 0.050 0.099 0.185 0.338
245395 S :
245300} € ¢ 77 A-=5;
E 245380} ‘ - bEFT
© oaga7shec T bSMEFT
245.370\
245365 : ‘ ‘ :
001 002 005 010 020 0.50
ra
FIG. 3.

sections converge to the SM value. This reflects the
following fact: the limit € — O corresponds to the vanishing
VEV of the scalar triplet, so it is equivalent to the limit of
Ag — 0. In this limit, the scalar triplet interacts with the
Higgs doublet only in pairs in Eq. (2.3), so it does not affect
W-W* — hh at tree level. Figs. 3 and 4 show the
corresponding results for the process ete™ — Zh at
/s =250 GeV. The conclusion is the same as for the
W~W* — hh process, with the main difference being that
the bSMEFT result is constantly larger than the UV result.

The reason why the bEFT reproduces the results of the
UV theory better than the bSMEFT is due to the difference
in power counting between the two EFTs. We demonstrate
this using the process W= (p;)W*(p,) = h(p3)h(ps4) as an

\/E/MHO

0.020  0.051 0.101 0.201  0.479
= ete > hZ, A_=0.5
i
X 2p ---DbEFT
T e bSMEFT
> 1t
=)

S
~ L e
£ 0 et
53]
>
001 0.02 0.05 010 0.20 0.50
Fa
s My,
5 0020 0051 0.100 0192 0384
S ete > hZ, A1_=3
—
X 2r ---bEFT
T e bSMEFT
S
=)
S
S e
£ 0 —
=
L
001 0.02 0.05 0.10 0.20 0.50
r'a
s IMpy,

0.020 0.050 0.099 0.185  0.338
= ete™> hZ, A_=5 ]
—

X 2r ---bEFT

T e bSMEFT

=

==}

&) "

N S e

A —

m

L

001 0.02 0.05 0.10 0.20 0.50

Fa

Same as Fig. 1 but for the process ete™ — hZ.
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FIG. 4. Same as Fig. 2 but for the process ete™ — hZ.

example. As can be seen in Table 1V, the bEFT has dim-6
operators that contribute to W~W™ — hh, while the
bSMEFT does not. This is because in the bSMEFT,
effective operators with derivatives that give corrections
to W-W* — hh, such as ((D,H)"D,H))?, only appear at
the dim-8 level or higher. This makes the bSMEFT less
accurate in reproducing the UV results, as we show below.

In the UV theory, the contribution to W-W™ — hh is
given by

MW = MV 4+ MY+ M+ MU+ ME e (6.1)

The terms ME,VHO are the s-channel amplitudes mediated by
h, Hy, and the terms MIVIV‘Q o+ are the 7, u-channel ampli-
tudes mediated by W=, H*, respectively. The term MJY. . .
is from the contact interaction. In both EFTs, the contri-
butions mediated by H,, H* are incorporated into the
contact part. Note that M} . and Mg are different

from their counterparts in the SM since the AW? and h>W?
couplings deviate from the SM through the scalar mixing.

Below we will show that the UV amplitude (6.1) coincides
with the amplitude in the bEFT up to order € if we take
the limit of s, |¢|,|u| < M%, where s= (p; + p,)>
t=(pi—ps3)* and u= (p, —py)°.

First of all, since the #* and AW? couplings in the UV
theory coincide with those in the bEFT as we have
emphasized in Sec. V, the bEFT exactly reproduces the

contributions MZIVW*' Consider next the contribution asso-

ciated with M. In the UV theory, it is

2p3 = p1),(2ps = p2),
2

= —cim(*

n (2ps - pl)ﬂ(22P3 — pz)p> e(p1)e’(p2). (6.2)

H*

t—m

u—m

where ¢ (p;) is the polarization vector for the W boson with
momentum p;. In the bEFT, on the other hand, it is replaced
by the contact interactions O gy 2y2, Op2gwy2, and Oy
resulting in
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DEFT _ e2g*r (1 —2«)?
dim-6 Ugw(z + rzA/14)

+(2p4=Pp1),(2p3 = p2), )€ (p1)e" (p2)-

M [(2p3 —Pl)”(2P4—P2)D

(6.3)

Equation (6.2) coincides with Eq. (6.3) up to order € in the
limit of |7], |u| < méi by the relation,

s

(Coiw)? _ egra(l —2¢)? Ot
5 =— 5 + O(e).
my. Vew (2 + r3dg)

(6.4)

Lastly, we show how the bEFT reproduces M%‘g and
MU Their explicit forms are given by

1
B = ~C, Cowe ~— g T (6.5a)

0
MGhiact = Clyo- (6.5b)

In the bEFT, they are replaced by the contact interaction
h*W; W given in Table II,

624(1 —2k)(2 =Kk +KA_1}) .

MBEFT _9_2 1 —
1+A_rx

s =2 (66)
Itis easy to see that the sum of MF}" and My, coincides

. 2 . . . 2
with Eq. (6.6) up to order e in the limit of s < my by
applying the relation,

ngH CZVWZ
1\312 S+ O, = ML+ O(ef). (6.7
Hy

To summarize, the UV amplitude (6.1) coincides with the
amplitude in the bEFT up to order €? in the low-energy limit
of s, 1], |u] < MX.

In the bSMEFT, the heavy fields are integrated out
before the electroweak symmetry breaking. The drawback
with this is that the bBSMEFT does not properly take into
account the effects of the scalar mixing in the broken phase
unless we work to a higher order in power counting. For
example, the coupling C})),,, appearing in MEI‘Q is gen-
erated by the mixing between the charged components in
the SU(2), doublet H and triplet A. In the bEFT, the scalar
mixing is incorporated at the very start, so the contribution
of Eq. (6.3) arises from the dim-6 operators and reproduces
MZ‘Q in the low-energy limit. In contrast, there is no
contact interaction with derivatives in the bSMEFT up to
the dim-6 level that contributes to W-W™ — hh, as can be
seen in Table IV. Although the bSMEFT has an h>W?
operator as shown in Table II, this operator does not involve
derivatives and therefore is not enough to describe accu-
rately the momentum dependence of processes mediated by
H¥. As a matter of fact, the bSMEFT treats the H,, A, H,
and H** together as a single triplet field. This means it

makes not much sense to speak of their separate contri-
butions at the leading low-energy order. Now the reason
becomes clear why the bEFT reproduces the low-energy
result of the UV theory more accurately than the bSMEFT;
it comes from the difference in power counting. The bEFT
incorporates the effects of scalar mixing at low orders of the
perturbative expansion, while the bSMEFT cannot unless it
is expanded to higher orders. Therefore the bEFT can be
considered as a better organization of low-energy expan-
sion of the UV theory. On the other hand, although we have
not performed the matching of the type-II seesaw onto the
HEFT for comparison, this procedure is expected to be
more complicated due to the matrix representation of the
Goldstone bosons, as well as the intricate field redefinitions
and power counting involved. Nevertheless, we expect both
the bEFT and HEFT to exhibit similar convergence in
reproducing the model’s predictions.

Before closing this section, we briefly comment on
applying the bEFT at the loop level. Although the bEFT
is derived at the tree level in the unitary gauge, as
exemplified here by the type-II seesaw, it can be consis-
tently extended to the loop level and with other gauge
choices. In all cases, gauge invariance in the UV theory is
still maintained, albeit not in a manifest manner. In
principle, loop-level matching calculations can be per-
formed in the unitary gauge without introducing incon-
sistencies, but at the expense of poor UV behavior which
has to be handled with care. On the other hand, to make
gauge invariance more explicit and have better UV behav-
ior in loop calculations, one may choose a different gauge
that retains the would-be Goldstone bosons as relevant
degrees of freedom. In this approach, the bEFT explicitly
includes the Goldstone bosons associated with SM gauge
bosons, and consequently, the number of relevant EFT
operators tends to increase with the operator dimension.

VII. CONCLUSION

In this work we have introduced the broken phase EFT
(bEFT) whose symmetry is SU(3), x U(1),,, and degrees
of freedom are the SM particles in the broken phase. We
considered the matching of the type-II seesaw model onto
the bEFT at tree level up to dim-6 operators. To make
comparisons with the SMEFT, we rewrote the results of
matching the type-II seesaw model onto the SMEFT in a
basis after the symmetry breaking, named as bSMEFT. To
compare the two EFTs concretely, we evaluated the Higgs
pair production through vector-boson fusion and the single
Higgs production through the Higgsstrahlung process using
the type-II seesaw, bEFT, and bSMEFT. We found that the
bEFT generically reproduces the results of the type-II
seesaw model more accurately than the bSMEFT. The
difference arises from power counting, i.e., the organization
of perturbative expansion. In the bSMEFT, the heavy fields
are integrated out before electroweak symmetry breaking,
so that the effect of mixing between the scalar fields is not
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incorporated at the leading order. In the bEFT, on the other
hand, the heavy fields are integrated out after electroweak
symmetry breaking whence their mixing with the light
scalar has been taken into account. This is in accord with
the physical intuition that the SMEFT may not work well
when new heavy scalars participate in the electroweak
symmetry breaking or when new particles are not heavy
enough compared with the electroweak scale. Therefore,
we expect the bEFT to provide a more accurate EFT
description the SM is extended by singlet or triplet scalars,
as well as in the two-Higgs-doublet model. Furthermore,
the bEFT can provide a suitable framework for UV models
with extended gauge groups, such as the left-right sym-
metric model [7], the Pati-Salam model [61], and grand
unified theories. In these models, the SM fields intertwine
with new heavy fields in specific representations. One must
go into the broken phase, identify the SM particles and
heavy new particles, and integrate out the latter to obtain
the bEFT. We will apply the bEFT to these cases in our
future work.
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APPENDIX: MINIMIZATION
OF THE SCALAR POTENTIAL

We derive the minimization condition of the scalar
potential in Eq. (2.3) and the mass eigenstates of the scalar
fields after symmetry breaking. Substituting the VEVs of
the SU(2), doublet and triplet scalar fields denoted by (H)
and (A) into the scalar potential, we get

1 1 1 1
V((H), (A)) = EMZAUZA + glvj}, + gllvi + El_v%{vi
1 1
—§A6U%{UA —Em%ﬂ}%{. (A1)

Note that vy and v, satisfy the following relation,

Vew = \/ U + 203,

with v, = 246 GeV. The conditions for the scalar poten-
tial to take an extreme value at vy and v, are

(A2)

M), (1

— vy — Agva + A_v3 — m%)

de 2
=0, (A3a)
IV((H).(A)) 1 Agv} 1
T:UA —E UAH+1_U%_I+§AI/U2A+M2
=0. (A3b)

Solving the above, we get

1
m zz/lv%, — Agvp + A_13, (Ada)
2 1A6”%1 » 15
MA:E va —}._DH—EJ.]UA. (A4b)

We replace the original parameters m?, and Ag with the
two VEVs by using the above two relations. The mass
terms for the scalar fields are given by

1 h 1 X
_Emass =5 (h’ 50)M2 even( > +5 (){’ W)Mz 0 < >
2 CP 50 2 CPodd n

H+
+ (H_ ’ 6” )M%harged < )

S+
+m?  HH', (A5)
where the explicit forms of mass matrices are
Mo < yrs — 2 (2M3 + 4 v3) )
SN2 MR+ 4vy) MG 340+ Avy,
(A6a)
M _ 2M3 + AjvR + 24 0% < 403 —ZvHvA>
CPodd 21)%1 —21)H A U%—] ’
(A6D)
Mzh :2M2A+/11U2A+/14U%1 2U2A - 21)H'UA
Charged 21]%{ —\/EUHUA U%.]

(A6c)

By diagonalizing the above mass matrices, we obtain the
masses for the scalar fields as

1
mr.. = M3 + (A + As)vg + 3 (41 + A)vi. (ATa)
1 1 203
mt, = <Mg A+ Ellvi) (1 T —2A>, (ATb)
Vh
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| 42
mio = <M2A +A_v% —|—§/11112A> <1 —1—%), (A7c)
H
2 1 2 2
mh:E(A—kC— (A-C) +4B), (A7d)
2 1 2 2
mHozi(A+C+ (A=C) +4B), (A7e)

where A, B, and C are given by

A=y, (A8a)
2 1

B—_2-"a (M’g + —mi) (A8b)
Uy 2
2 2 3,

C:MA—l—/I_vH—l-E/hUA. (A8c)
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