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1 Introduction

Adding a second SU(2) doublet scalar [1] represents one of the simplest possible extensions
of the Standard Model (SM) of strong and electroweak (EW) interactions. Two-Higgs-
Doublet models (2HDMs) have been under extensive investigation for a long time (see for
example ref. [2] for an introduction and ref. [3] for a more recent review article). There
are several reasons for this interest. Firstly, these models have a rather small number
of free parameters, which makes phenomenological analyses quite predictive. Additional
motivation for 2HDMs is provided by axion models [4], where a global U(1) Peccei-Quinn
symmetry is introduced to eliminate a CP-violating term in the QCD Lagrangian [5]. Such
a symmetry is only possible in scenarios with at least two Higgs doublets. Furthermore,
the amount of CP violation obtained through the introduction of a second Higgs doublet
can be large enough to account for the baryon asymmetry of the universe [6]. 2HDMs can
also explain the anomalies observed in tauonic B decays [7-9]. Finally, strong motivation
for studying 2HDMs is provided by the Minimal Supersymmetric Standard Model (MSSM)
where supersymmetry enforces the introduction of a second Higgs doublet [10-12] due to
the holomorphicity of the superpotential.

According to present collider bounds, the additional Higgs bosons contained in these
models are still allowed to have masses around the EW scale [13, 14].1 Therefore, in an
effective field theory (EFT) approach, it is natural to consider the additional Higgs doublet
as a dynamical degree of freedom like the SM fields. In this article, we shall consider 2HDMs
as EFTs valid up to a high-energy scale A > My where additional dynamical degrees of
freedom enter. The MSSM with heavy SUSY partners but light Higgs doublets is one

LAn exception is the 2HDM of type II where the bound from b — sy forces the charged Higgs mass
(which only differs from the other Higgs masses by terms of order v?) to be larger than 400 GeV [15].



example of such a theory, but also the L, — L, model of refs. [16, 17| reduces to a 2HDM
if the Z" and the L, — L,-breaking singlet are heavy.

In general, any theory of new physics (NP) super-seeding the 2HDM at higher energies
must satisfy the following requirements (in close analogy to the SM case):

(i) Its gauge group contains the SM gauge group SU(3)cxSU(2) x U(1)y as a subgroup.

(@) It contains two Higgs doublets as dynamical degrees of freedom, either as fundamental
or composite fields.

(ii1) At low energies it reproduces the 2HDM, barring the existence of weakly coupled
light particles, like axions or sterile neutrinos (in which case the EFT should include
in addition these particles as dynamical degrees of freedom).

In this approach, heavier NP particles are integrated out and their effects are parame-
terized in terms of Wilson coefficients of higher-dimension operators suppressed by inverse
powers of A. In our 2HDM case we have

4 1 5 A6) , 1 6) (6 1
Lorpy = Lagpy + 3 2 CF ;)+MZC,§)Q,§)+O<A3>. (1.1)
k k

Here £g2 pa 18 the standard renormalizable 2HDM Lagrangian (to be specified in the next

section) which contains only dimension-two and dimension-four operators. Q,(j) generalize
the Weinberg operator [18] giving rise to neutrino masses and Q,(f) denote the dimension-
six operators. 0,25) and C’,(f) are their dimensionless Wilson coefficients. In this paper we
neglect the effects of operators of dimension seven and higher, which are suppressed by at
least three powers of A.

The EFT approach to parameterize NP effects through higher-dimension operators
built with SM fields (SM-EFT) has been used for a long time [19-22]. More recently, a
complete and minimal basis of dimension-six effective operators in the SM has been estab-
lished [23] and the SM-EFT has received a lot of interest concerning its phenomenological
applications (see for example [24-28]), mainly in the context of Higgs physics [29-37] but
also flavor physics [38-47]. The possibility to extract constraints on the Wilson coefficients
both from Higgs measurements at the LHC and from electroweak precision observables has
been exploited [48-55] and an effort is currently made to perform the SM-EFT analysis at
next-to-leading order in perturbation theory [56-67].

The purpose of this paper is to extend the SM-EFT approach to the case of two Higgs
doublets. 2HDMs are considered here as low-energy theories and using our framework
the effects of heavier NP particles can be clarified and studied in a systematic way. For
example, effective operators in 2HDMs have been recently considered to account for a
diphoton excess in LHC data [68, 69] with the outcome that an explanation requires to
extend the field content of pure 2HDMs [70-79].2

2Prior to the LHC diphoton excess, effective operators for two-photon processes in 2HDMs were already
discussed in ref. [80].



fermions scalars

field li »  CRp qu u%p d%p w{ , <ij
1 1 2 1 1
h h Y| — -1 - — —— —
ypercharge 5 5 3 3 5

Table 1. The matter content of the 2HDM. [ (e) is the lepton doublet (singlet), u and d the right-
handed up and down quark singlets and ¢ the quark doublet. Here, 7 = 1,2, « = 1,2,3, and p =
1,2, 3 stand for isospin, color and generation indices, respectively.

This article is organized as follows. In section 2 we will introduce our notation and con-
ventions. The complete list of operators up to dimension six before spontaneous EW sym-
metry breaking will be given in section 3. We will then discuss EW symmetry breaking and
the definition of the physical basis with diagonal mass matrices in section 4. In section 5 we
will conclude and point out an interesting phenomenological application of our formalism.

2 Notation and conventions

In this section we establish our notation and conventions following ref. [23] and ref. [3].
The renormalizable 2HDM Lagrangian before spontaneous EW symmetry breaking, reads

1 1
AW W — 2 By B

1 4 A4
—GAGA — ZW,

(4) _
£2HDM - 4 K
+(Duen)! (DFo1) + (Dyugp2) (D 02)

—V (1, 02) + i (1Dl + qlpg + ulpu + dIpd) + Ly ,
where 1 and @9 are the two Higgs doublets, A = 1...8 (I = 1...3) labels the SU(3)
(SU(2)) gauge bosons while By, is the hypercharge field strength tensor. Note that we

(2.1)

omitted the QCD 6-term here. The fermion fields and their charges and representations
are shown in table 1. For the sake of simplicity, chirality indices are suppressed in the
following. The conventions for covariant derivatives are fixed e.g. by

(Dpa)y; = (0 +igsTisGay +igSHW!L +ig'VyB,) ¢°F .

aj

(2.2)

with 74 = 124 and S = 17! denoting the SU(3) and SU(2) generators, and A\ (77) the
Gell-Mann (Pauli) matrices. It is useful to define the following Hermitian derivative terms:

T

<> <>
oliD, o = igoTDucp —i(Dyp)' ¢  and LpTiD;f 0= ingTIDugo —1 (Dunp)Jr lo. (2.3)

The gauge field strength tensors are given by
G, = 0,Gy — 0,Gyy — g 1P GG
Wi, = 0.W, —0,W, — g’ KWW
Bp,l/ = 6;LBV - al/B;m (24)

while )?uv = %GWPUXPU, with €p123 = +1, denotes the dual tensor (X = {GA, Wl B}).



We consider a CP-conserving scalar potential [3]
Al 2 X 2
Viere2) = mh ol +mby elor —mby (elez+ober ) + 5 (wler) + 32 (hes)
.I.

e of Ny ot on o As [ (1 )2 P )2 55
+A3 0101 Pyp2 + Al p2 phor + 5 [\P102 + (o1 (2.5)

with a Z symmetry? (softly broken by a dimension-two term) preventing the existence
of terms with odd powers of ¢; and ¢,. Here all parameters are assumed to be real.* In
order to study fluctuations around the VEVs that minimize the potential,® the two complex
scalar fields are parameterized as

( (ﬁ; ) 1,2 (2.6)
e (va'f'pa'|‘i77a)/\/§ T '

The Lagrangian for the mass terms of the CP-odd (n,), CP-even (p,) and charged (¢)
Higgses is

T T T
— +
@ _L1(m 2 M N s [ 91 1{p N
LMH_2< ) mﬁ( ) +< ] Mt " + B m, (2.7)
12 n2 ®y (oX p2 p2
with
n
m2=(v1v2A5 — miy) 1”1 o (2.8)
V2
v
)\11}% + m%2—2 V1V ()\3 + )\4 + )\5) — m%Z
my= S vy (2.9)
v1v2 (A3 + Ay + A5) — m3,y A2v3 + m%v—
2
n
V102
mge=| =" (A +Xs) —mi fl R (2.10)
V2

where we eliminated m?; and m3, by the minimization conditions. The charged and CP-
odd mass matrices have both one vanishing eigenvalue, which corresponds to the Goldstone
bosons giving masses to the W and the Z, and a non-zero eigenvalue named m%{i and 'm124,
respectively. Both matrices are diagonalized by the same angle 5 defined as

tan 8 = vy /vy . (2.11)

Another independent rotation angle, called «, enters the definition of the CP-even mass
eigenstates h and H, with eigenvalues mj, and mpg respectively:

h = pysina — pacosa,

H = —picosa — pesina (2.12)

3Note that assigning Peccei-Quinn charges to Higgs doublets and fermions has the same effect on the
potential and the Yukawa couplings as imposing a Z> symmetry.

4For an analysis of the conditions for a CP-conserving Higgs sector we refer to [81].

5Since no CP violation is involved, both v; and v2 can be taken to be real.



model ur | dr | er

Type I Y2 | P2 | P2
Type I1 Y2 | P1 | P1
Lepton — specific | @2 | w2 | 1

Flipped w2 | V1| P2

Table 2. Couplings of right-handed fermion singlets to Higgs doublets in 2HDMs with natural
flavor conservation. These couplings can be enforced by an appropriate assignment of Z5 (or
Peccei-Quinn) charges to the scalar doublets and right-handed fermions.

where usually the lighter one is identified with the SM Higgs, with mass my ~ 125 GeV.
Let us finally turn to the Yukawa part of the Lagrangian in eq. (2.1):

Ly = —Y{lpie — Yy lpse — YiiGord — Y5 Good — Y GP1u — Y3 GPou + h.e.  (2.13)

*

Here we suppressed fermion flavor indices and defined @/ = ejk(wk) , using the totally
antisymmetric € with €19 = +1. The Yukawa couplings Ylf o are understood to be 3 x 3
matrices in flavor space. If Ylf and YQf are simultaneously non-zero, in general flavor
changing neutral currents arise [82-84]. However, there are four 2HDMs with natural
flavor conservation (see table 2) where only one of these couplings is present. As for CP-
conservation in the potential, this can be achieved by an appropriate Z, charge assignment
to right-handed fermions. When we discuss the extension to dimension six, we will assume

that the terms are made Zs-invariant in the same way.

3 Gauge invariant operators

In this section we list the independent gauge invariant operators up to dimension six in
the 2HDM-EFT. They are defined before the EW symmetry breaking takes place, meaning
that they are given in the interaction basis, as the mass basis is not yet defined. After EW
symmetry breaking, the fermions acquire masses and also the Higgs mass matrices receive
additional contributions compared to the 2HDM with dimension-four operators only.

At dimension five the generalization of the Weinberg operator reads

W= (@)@, Q2 = (@i, C(il) (3.1)

where C' denotes the charge conjugation matrix.

The procedure we follow to obtain a complete set of independent operators at dimension
six is the same as the one applied and thoroughly described in ref. [23] for SM-EFT.
Obviously, the operators involving no Higgs doublets do not change compared to SM-EFT,
and for them we refer the reader to ref. [23]. Using classical equations of motion, neglecting
total derivatives, and imposing the constraint of vanishing total hypercharge, we derived a
set of independent operators, which we classify like in the case of the SM-EFT as follows:



(,06

QU = (plip)?
12 = (p]1)2(php2)

QL2 = (pl1)(phpa)?

Q%2 = (plipy)?
S22V = (plpa)(pheon) (elen)
S22 = (ol p2) (0ho1) (2 ep2)
01 = (ol p2)2(pln) + hc.
02122 = (ol g2)2(phpa) + hec

Table 3. Operators in the 2HDM-EFT containing six Higgs doublets.

e % operators with Higgs doublets only (table 3), which modify the Higgs potential.
We assumed that these operators respect the Zs symmetry present at dimension four.

e p*D?: operators with four Higgs doublets and two derivatives (table 4), which modify
the kinetic terms of the Higgs fields, the Higgs-gauge boson interactions and the W
and Z masses.

e U2pX: operators with two fermion fields, one field strength tensor and one Higgs
doublet (table 5), which give rise to dipole interactions after EW symmetry breaking.

e 2 X2 operators with two Higgs doublets and two field strength tensors (table 6).

o U2p2D: operators with two fermions fields, two Higgs doublets and one covariant
derivative (table 7), which contribute to the fermion-Z and fermion-W couplings
after EW symmetry breaking.

e V23 operators containing two fermion fields and three Higgs doublets (table 8),
which modify the relation between fermion masses and Higgs-fermion couplings.

As in the case of the dimension-four Lagrangian, we assume that the discrete Zs
symmetry for operators involving Higgs and fermion fields is restored by an appropriate
charge assignment to right-handed fermions. Concerning table 4, we stress that, as in
the case of one Higgs doublet, operators with derivatives acting on two conjugated or two
unconjugated fields are not independent.

4 Physical basis

In this section we discuss the modifications of the Higgs potential and the relation between
the Yukawa couplings and the fermion masses induced by the dimension-six contributions.



@' D?
O oD
2 = (i) D0(el 1) QL%“(”:[(DH%)TM [sai (D“sol)} QUL = [(le)%z} [sﬁi (D“wz)hhc
22 = (phep2) D) | QUL = [(D 2) wz] [wl (D“soQ)] QLY = [(Duwl)%] [905 (D“soz)]+h-6-
0P = (i) O(phen) | QLYY = [(D;L@l) wz] [@E (D”@m)} QU =1 2] [(Dmm)T (D“wz)]Jrh-&
B = (ple2)Dlplen) | QU = [(Duga) e | [l (DH02)]  QUSY =[rT ] [(Duea)! (D" 1) ] e

Table 4. Operators with four Higgs doublets and two derivatives.

U2pX
G w B
Qic = @ TAd) o1 G, | Qo = @0 d)T 1 Wi, | Qi = (@0 dr)o1 By
Qiq = (@o" TAdy) 2G| Qly = (@0 dr)T oW, | Q3p = (4,0"dy)p2 By
Quc = @0 T u)21Gy, | Qi = (@0 ur) T G1 W, | Qlp = (@0 ur) 31 B
Qi = (@0" Tu) 202Gy, | Qo = (@o" ur)T @2 Wi, | Qg = (@0 ur)@ 2By
in = (Zpauyer‘)71¢1w;{u QéB = (Zpa“”er)gple,
QEW = (ZPUWBT)TIS@W;{V gB = (Zpa“”er)gprW

Table 5. Operators containing two fermion fields, one Higgs doublet and a field strength tensor.

Here o =i [y*,~"]/2.
S02)(2
GG, WW, BB WB
e = (plo) XX | QL p = (ol 1o W], B
2 = (php) X X1 | QB = (@hrlon) W], B
Qs = (o) XXM | QUL = (plrlo) W], B
1 pv PWB 1
Q%% = (hoa) X X | Q%2 = (ol 02) Wi, B™

Table 6. Operators with two scalar fields and two field strength tensors. X denotes G4, W' or B.



V22D
(1) (3)

L = i(B1iD 1) @y dy)

2 i = {(BhiDu0) @y dy)
QW = (pliDuen) Gpyt) | QD = (oli Dliy)(priyiy)
QW? = (phiDupo) Grl) | QY2 = (9} Dlia) Tyrivb,)

L. = (¢liD o) (@ er)

2, = (hiDypa) (Epter)

O = (pliDuen)@na) | QD' = (oliDley) @, 1" ar)

02 = (hiDuen) @rrar) | QD2 = (whi Dls) @, v"a)

L = (@iD ) @)

2, = (phiDyups) Ty ur)

L = (@liD ) (dpydy)

2y = (£hiDypa) (dpydy)

Table 7. Operators in the 2HDM-EFT containing two fermions, two Higgs doublets and a covariant
derivative. The superscripts (3), (1) label fermion bilinears transforming as an SU(2) triplet or
singlet, respectively.

\1,2903
e d u
W= (erp)(le)) | QI = @dren)(plen) | QU = @ur 1) (ele1)
12 = (herp1)(9he) | Q2 = @dren)(phea) | QU2 = @ur1)(he2)
22 = (here2)(Phea) | QFF = @drpa) (Pha) | QUF = @urP2)(0hep2)
2 = (lperp2)(plin) | QAL = @drpa) (0] 1) | Q2L = (@,ura) (9] 01)

Table 8. Operators in the 2HDM-EFT containing two fermion fields and three Higgs doublets.

The operators affecting Higgs kinetic terms and Higgs potential (and thus the Higgs mass
matrices) are given in table 4 and table 3, respectively. The modified relations between
fermion masses and Higgs-fermion couplings stem from the operators in table 8. The kinetic
terms of the gauge boson fields receive contributions from the operators in table 6.



4.1 Kinetic terms, Higgs and gauge boson masses
The effect of the operators in table 4 on the kinetic terms of the Higgs fields amounts to

T 2A11 Al A2 AL
[O+6) _ 1(‘9/“01) b +22A2 A2 9N (%m)

Hyin 22
T | e
- AHD 12D
) ®
+ 1<au771> L+ %AQ 2A2 (@m) (4.1)
2\ 0ume Agp 14 AsﬁD Opme
2A2 2A2
A+
T pD
8u¢;_ i 2A2 ,u¢+
8;1, 3_ ASOD 1 #¢2
2A2
with
AEI == é(l)vf
A = —vuy (C’é(z) + C’é(l))
A2 — _ é@)v%
1)11 22(1
AL, = 0o+ P03 (4.2)
2)11 2
T = It +

Al = vy (COIPO + e 4 50 4 o)
A;D = V1V (012(21) + 012(12)> .

The kinetic terms are made canonical by the shifts

ASD + 4A151 A;QD + 4A152
— 1 S s — _ [
P1 P1 IA2 IA2 P2

. AZH +AAR AL HAAR
P2 P2 IA2 AAZ P1
AHD> AL,
m—m|(l-—2 2
A%\ AL,
N2 = 12 (1 - 4;(2 Xg m
AJr
¢—1i_ — (bi"' 4A2 ¢2
+

A
65— 6 — 2267



The operators with gauge and Higgs fields in table 6 lead to the shifts

Aww
Wi — Wy <1 + 1z > (4.4)
Azz
Zy — 2y, (1 + A2 )
AV Asz
Ay — Ay <1+ A2 >+Zu 22
A
A A GG
G, — G, (1 + A2 )
with
Aga =i Chg +v5 Clg
AWW = 101W+'UQC
Azz = ¢, (vf CiaW %Cga%/[/) ( CIB + 03 0323) + cusw (07 CIWB +v CchB)
AAZ = 2Cw8w [U% (Cll — Cll ) Uy (C<,0W - CAOB)] (82 — C ) ( C PWB +'U2 CLPWB)
AAA = S ( Clw + 20 ) (’U% Cile + U% C(ZQB) CuwSw (UchpWB + UQCQQWB)

where ¢, and s, denote cosine and sine of the weak mixing angle, respectively. These
relations, together with the @D operators, affect the W and Z masses as

1 4U2AZZ + le D+ U%AQQD + 2@102A12D
M3 = 4<g + 4 )<v2+ - 52 i d (4.5)
1 2U2AWW + U1U2A+D
M3 2| o2 £ 4.6
where v? = v? + v3.

The shift of the Higgs fields applied to the dimension-four potential and the ¢% oper-
ators modify the Higgs mass terms in the Lagrangian. Choosing again to eliminate m?,

and m3, via the minimization conditions, we obtained

T

T
@+ _ 1{m 2 o [T b1 2 2\ [ ¢F
Fot 2(772) (mn+Am")<n2>+<¢5> (e + ) (%T)

. (4.7)
+;<p1> (m2 + Am?) (pl)
P2 P2
with
Am = Amng?7 + Amisn
Am = Amep + Am@ 6p (4.8)

Am¢i = Ame¢i + Am¢6¢i

,10,



and

02
+ —1
Am? + = [()\4 + )\5) V1V — 2m? ] —b 20102 (4 9)
wD¢ 12 4A2 U2 . .
2?./1122
A2 B (’UlA}O — ’UQA ) m12 U% |:le910}3>\1 + 'UQA;% (/\3 + A4+ )\5)1|
( msDDp)n - 2A2,
) [—0?AL, + iy (A%, + ALL) | md,
(Amson) 12 4200
vy (—A%, = ALL) (g + M+ Xs) — (030 +13he) AL,
+ IA?
A ) B ('UQA}O — ’UlA > m12 — 1)2 |:7)2A¢D)\2 + ’UlA ()\3 + M+ )\5)}
( mchp) 22 2A 20,
. V102 <A2D+A ) U2A:02D
Am2 - m%Q—Ulvg)\g, U1U2A¢D —v Ach 9
o 2A2v1v9 V102 A22 L ALLY) 2 A2
pD T 7D ¢D 12 22
5 vvaALp - ’UIAS@D
as well as
—vg /v 1
Amls, =AA ( 21/ ! >
—Ul/Ug
2 + —’02/1}1 1
Am@%i =AH (4.10)
1 —1)1/’[)2
with
AHE — v1v2 (12121 10(1221)1 2 C/(1212)2 10(1221)2 2
= W ) + 5 ) U1 + » + 5 ) Uy
AA — v/1\1212 (Cgmnvf + 0(21212)203) (4.11)

2

Amfp%)u " (30111 n (0112 +20(1212)1 +C(1221)1> v%)
2
@

(
(Am 6p)12_ 011;;2 Kcnz +20(1212)1 JrC(1221)1> v? (Cm +2C(1212)2 +C(1221)2> }
(

Am,) =2 [(0122+20<1212> +CU2) 0 4 3020 (4.12)

Interestingly, the mass matrices for the CP-odd and the charged Higgs bosons are not
diagonalized anymore by the angle 8 as in the case of the dimension-four potential. For
this purpose, one needs two angles 3, and f4+, which do not satisfy tan 3, 4+ = v1/vs.

— 11 —



This relation holds at dimension four but is broken by the ¢ D operators. However, in the
presence of [0 and ¢ operators only, the CP-odd and the charged Higgs mass matrices
would still be diagonalized by /3 defined as tan 8 = v1/vy. Also the angle o diagonalizing
the CP-even mass matrix gets modified compared to the case of 2HDM without dimension-
six operators. However, this effect can be accounted for by an appropriate redefinition of
«, which is anyway a free parameter in the 2HDM.5 The eigenvalues of the mass matrices
also change, except those corresponding to the pseudo-Goldstone bosons, which are still
zero at O(1/A?), as we checked. Therefore, the effects on the eigenvalues can be absorbed
into the definitions of mj,, mg, mg+ and ma.

4.2 Yukawa sector

After EW symmetry breaking, the fermion mass matrices in the presence of the dimension-
six operators of table 8 are given by

p_uY! n va¥y L]
V2 V2 2V2A2

with f = e, d,u. Here m/, ij 5 as well as the coefficients of the dimension-six operators are

(vf 0}3101 + vwg 0}3,2 + v% C]%?f + v%vz Cﬁl) , (4.13)

in general arbitrary 3 x 3 matrices in flavor space. However, since the eigenvalues of m/ are
the physical fermion masses, by working in the basis where m/ is diagonal, the rotations
that map onto this basis get implicitly absorbed in the definitions of Yljj o and Cp.

Depending on which version of the four 2HDMs with natural flavor conservation we are
interested in (or which one is assumed to be the limiting case of the 2HDM of type III7),
one can choose to eliminate either Ylf or YQf from the Yukawa Lagrangian. Afterwards, it
is straightforward to calculate the couplings of ¢1+’2, M2 and pq2 to fermions.

Taking as an example the lepton Yukawa couplings and eliminating Y}°, we find

£(62:i<me— 2 ee)lPe +L661P e

1
+— (\@me — %ee> UPre¢|

v1
1 CHly? + C2lyve 1 voe®\ | -
+= €UPredy + [ t td + — <me — [Prepy
2 V2A2 vy 2V/2
C222 4 C 220109 ¢ -
+ £ £ + [Pre 4.14
( \/§A2 2\/5 REP2 ( )

with 211,,2 222,,2
C€<p (% + Cecp %)
A2

SNevertheless, one should keep in mind that in the limit of heavy Higgses A, H°, H*  a has to vanish

€€ = 2Y5 + (4.15)

as tan 8 — oo modulo corrections of order v?/m3;. When dimension-six operators are included, this is still
the case but additional (even smaller) corrections of order v?/A? are present.

"Due to stringent flavor constraints (see ref. [85] for a recent analysis), a 2HDM with generic Yukawa
couplings (i.e. of type III) should only slightly differ from one of the four 2HDMs with natural flavor
conservation.

— 12 —



and Pr denoting the right-handed projector. The outcome in the case that Y is eliminated
is obtained by simply interchanging 1 <+ 2. In order to express these couplings in terms of
the physical Higgs fields, the rotations by (redefined) a, 3, and B4+ have to be applied. The
analogous of eq. (4.14) for down-quarks has exactly the same structure. For up-type quarks
all terms involving a charged or CP-odd Higgs switch sign and ¢f2 get replaced by ¢ 5.

We can now point out an interesting effect arising in the 2HDM-EFT related to Higgs-
pair production [86-89]. In the SM-EFT there is only one operator giving rise to fermion-
fermion-Higgs-Higgs interactions and this is directly correlated to fermion-fermion-Higgs
couplings [60, 90]. Therefore, its effect in the four-particle interaction is limited due to the
constraints on the fermion-fermion-Higgs couplings. In our 2HDM-EFT three terms affect
the fermion-fermion-Higgs couplings while the part of the Lagrangian relevant for Higgs
pair production is

f(3C’}i,1v1p% + C}?fvlpg + C}?vgmpz + C’fci}vlplpg + Cﬁlvgpf + 30%%2@) I
(4.16)
By comparing with eq. (4.14), it is clear that a cancellation between C’JQC?OQ and C}?f could

1
2v/2A2

have quite different effects in fermion vertices with one or two Higgses. Therefore a sup-
pressed modification to fermion-fermion-Higgs couplings accompanied by a sizable effect in
pair production of SM-like Higgs bosons is possible in 2HDM-EFT.

5 Conclusions and outlook

In this article we extended the SM-EFT approach to NP to the case in which two Higgs
doublets are dynamical degrees of freedom (2HDM-EFT). In this framework the effects of
additional heavy particles (e.g. heavy SUSY partners in the MSSM) are parameterized in
terms of higher-dimension operators and their Wilson coefficients. Our analysis enables
systematic studies of the role played by additional degrees of freedom beyond the 2HDM
field content. We derived a complete set of independent gauge-invariant dimension-six
operators with two Higgs doublets of the same hypercharge under the assumption of a Zs
symmetry involving the Higgs field and the right-handed fermions. These operators modify
the Higgs potential and the relation between the fermion masses and Higgs-fermion-fermion
couplings. We performed the transition to the physical basis by re-diagonalizing the Higgs,
gauge boson and fermion kinetic terms and mass matrices. We showed that the CP-odd
and charged Higgs mass matrices are in general not diagonalized by one angle /3 (defined
by tan 3 = v1/ve) but rather by two different angles. Finally, we derived the expressions
for the Higgs-fermion-fermion couplings in the presence of dimension-six operators.

Even though a study of phenomenological applications of our framework is beyond the
scope of this article, we pointed out one interesting example illustrating the differences be-
tween 2HDM-EFT and SM-EFT. In the latter, there is only one dimension-six operator giv-
ing rise to fermion-fermion-Higgs-Higgs interactions and its effect on pair production of SM
Higgses is limited by constraints on Higgs-fermion-fermion couplings. In the 2HDM-EFT
instead, there are three operators entering Higgs-fermion-fermion couplings, whose contri-
butions can cancel each other. The same operators, as well as additional ones, also con-

,13,



tribute to the couplings of Higgs pairs to fermions but with different prefactors. Higgs pair

production is decoupled from single-Higgs-fermion interactions and could thus be sizable.
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