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Muon g -2 in a type-X 2HDM assisted by inert scalars: A test at the LHC
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A scenario augmenting the well-known type-X two-Higgs doublet model with an additional inert
doublet is proposed. The type-X two-Higgs doublet model is known to offer a solution to the muon g — 2
anomaly for a light pseudoscalar. We show that the proposed framework can accommodate a heavier
pseudoscalar on account of two-loop Barr-Zee contributions to muon g — 2 stemming from the inert
doublet. We subsequently explore an interesting 7+ 7™+ missing transverse energy signal that can be used to

probe the present scenario at the 14 TeV LHC.
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I. INTRODUCTION

One of the experimental findings that continues to
advocate dynamics beyond the Standard Model (SM) of
particle physics is the longstanding muon g — 2 anomaly. In
a nutshell, a discrepancy has been noted between the SM
prediction of the anomalous magnetic moment of the
muon [1-11] and its experimental measurements made
at BNL [12] and FNAL [13,14]. The combined excess
reported is

Aa, = af® — a$M = 251(59) x 10711 (1)

A minimal extension of the SM long known to resolve the
muon g — 2 anomaly is the type-X two-Higgs doublet model
(2HDM) [15,16]. The model comprises an additional
SU(2), scalar doublet over and above SM. This entails
an enlarged scalar sector, i.e., two CP-even neutral scalars 4,
H, a CP-0dd neutral scalar A and a charged scalar H*. A
governing Z, keeps the flavor changing neutral current at
bay by demanding that a particular fermion interacts with
only one of the two doublets. This leads to several variants
and one such is the type-X 2HDM [16]. One important
feature of the type-X is that quark Yukawa couplings
involving the additional scalars are suppressed while the
leptonic Yukawas are enhanced. It is the enhanced lep-
tonic couplings that potentially give rise to sizeable muon
g — 2 contributions at the one-loop and two-loop levels.
A resolution of the anomaly thus becomes possible for a
light pseudoscalar (M4 < 100 GeV) and high tang
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(tanf =z 20) [17-25]. As a perk, by virtue of the small
quark couplings, such a parameter region in the type-X
evades stringent constraints from flavor observables and
direct search from the colliders [26], especially the Large
Hadron Collider (LHC). However, recent LHC searches for
his = AA — 47,272u channels have disfavored a large
BR(ho5 — AA) [27]. This strongly constrains the M, <
62.5 GeV parameter region. Furthermore, the large tan f8
region also get restricted by lepton precision observables. A
partial list of collider probes of the type-X 2HDM is [28—34].

In this study, we seek to alleviate the aforementioned
shortcoming by extending the scalar sector of the type-X
2HDM so that additional two-loop Barr-Zee (BZ) contri-
butions are encountered. The simplest multiplets leading
to additional BZ diagrams are SU(2), singlets with ¥ # 0.
For instance, let us look more closely at the Y = 1 case that
is basically a singly charged scalar. This scalar can mix with
the like-charge states in the 2HDM through the scalar
potential and therefore can be searched at a collider via the
kT — ¢*v. Here, k' refers to the charged scalar and 2 = e,
u, . While this is enticing, the scope to directly look for the
scalar via the invariant mass handle is obviated owing to the
presence of the neutrino(s). As for an SU(2), -singlet Y > 2
scalar (that is, Q > 2), there would be no mixing of the
same with the 2HDM sector that features neutral and singly
charged scalars only. Such a case therefore will also not be
attractive from the collider perspective. Neutral scalars
offer the possibility of having opposite-sign lepton final
states at a collider. Thus, while we postulate the existence
of charged scalars to induce BZ diagrams, we also aim to
probe such a framework via decays of neutral scalars. And
the lowest multiplet that features both charged and neutral
scalars is (2, 1). We have therefore augmented the type-X

'Some studies addressing the same problem using additional
fermionic content over and above the type-X 2HDM are [35,36].
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2HDM with an additional scalar SU(2), doublet. An extra
7/, is imposed under which the new doublet is odd while
all other fields are even. This addition can be deemed
natural since the number of scalar doublets cannot be
limited by the electroweak p parameter or other funda-
mental constraints. While the Z, is allowed to be broken
by the scalar potential, the Z) is exact and therefore
disallows mixing between the third doublet with the first
two. The third doublet thus remains inert. We refer to this
scenario as (2 + 1)HDM and is therefore a generalization
of the popular inert doublet model (IDM) [37]. The
(24 1)HDM has generated some interest in the past.
Reference [38] studied in detail the constraints on this
scenario from perturbative unitarity and oblique correc-
tions. Reference [39] computed the strength of the
H*WTZ(y) vertex at one loop with a particular emphasis
of the contribution coming from the inert doublet. A more
recent study is [40] that computed various mono-object
signals that arise as predictions of the model.

In this work, we compute in detail the two-loop BZ
contributions to Aa, stemming from the inert doublet.
More precisely, we can expect sizeable contributions from
such loops owing to the possibility of large scalar trilinear
couplings involving the inert scalars. We fold in all relevant
theoretical and experimental constraints in the process
including dark matter direct detection. Our aim is to see if
the (2 4+ 1)HDM can expand the parameter region in the
M 4- tan f plane that is compliant with the muon g — 2 excess.

The (2 + 1)HDM also predicts an interesting collider
signal. The CP-even and CP-odd components of the inert
doublet can be pair produced at the LHC with following
which odd component can decay to the even component

|

and A. Since the A in this scenario can be potentially
heavier than one in the type-X 2HDM and still comply with
Aa,, a 7™ coming from A — z*7z~ will accordingly have a
higher transverse momentum in comparison to what is seen
in the case of the type-X 2ZHDM. Moreover, the final state
will also have a modified missing-transverse energy spec-
trum due to the presence of inert scalars. In all, such
kinematic features of this signal makes the (2 + 1)HDM
discernible from the type-X 2HDM. We have performed
detailed analyses of the signal and backgrounds in this
work using multivariate techniques and estimated the
observability at the 14 TeV LHC.

This study is segmented as follows. We introduce the
(24 1)HDM scenario in Sec. II and elaborate all the
constraints in Sec. III. The details of muon g — 2 calcu-
lation can be found in Sec. IV. The collider analysis is given
in Sec. V and we conclude in Sec. VI. Various important
formulas are relegated to the Appendix.

II. THEORETICAL FRAMEWORK

The 2HDM, which features two scalar doublets ¢, ¢, is
augmented by an additional scalar doublet 7 in this work. A
discrete symmetry Z) is introduced under which ¢;, —
¢, while # - —n. The most general scalar potential
consistent with the gauge and the Z/, symmetry then reads

V=V,+Vi+ Vi (2a)

with V2 = _m%l |¢1 |2 - m%2|¢2|2

+m} (s + He.) + 2, (2b)

SO A 4
VIR =S+ 2ol sl Pl + A4lgia + 2 [(41¢2)° + He

+ 26[(@] 1) (b ) + Hee] + 29 [(¢3h) (d]h) + Hecl, (20)

ﬂ/ K:
D12, !
ViR = St 3 Jubh i+ ol + 3 gin2 e |

+ [o1 PPy + oapimn’ py + o3pindpin + Hell. (2d)

In the above, V, combines all the dimension-two terms of the scalar potential. The dimension-four terms involving ¢, ¢,

alone are given by Vi‘ﬁ‘ 23 Finally, the term Vi‘ﬁ‘ 421} contains dimension-four terms involving all the three scalar doublets.
All parameters in the scalar potential are chosen real to avoid CP violation. Following electroweak symmetry breaking, the
scalar doublets are parametrized as

b nt
= <ﬁ<vi+hi+izi>>’ G=12., = (%(ﬂRJrim))’ ®)

where v , are the vacuum expectation values and tan f = Z—f The noninert particle spectrum in this case is identical with the

2HDM that consists of the neutral CP-even Higgses h, H, a CP-odd Higgs A, and a charged Higgs H™. The 2 x 2 mass
matrices brought into diagonal forms by the action of the mixing angles « and f. Of these, the scalar / is taken to be the
SM-like Higgs with mass 125 GeV. Further details on the 2HDM spectrum are skipped for brevity.
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TABLE I.  Various Yukawa scale factors for the lepton-specific
case.

h
& & &l oda g f &4 &
cosa cosa __sina  sina sina cosa

cotff —cotff tanp

sin f} sin f§ cos f} sin sin cos f

The inert scalars coming from # do not mix with the ones
from ¢; , on account of the Z),. The inert mass eigenstates
are then 7, ng, and 5; that have the following squared
masses:

1
m% =u?+ 5 {vi1cj + 83} + 010 spey, (4a)
2 2 1 2 21,2
m;, = H +§{(1/1 + w +K1)Cﬂ + (1/2 + wy —|—K'2)Sﬂ}l)

+ (01 + 0> + 03)1)2SﬁCﬂ, (4b)

1
ml =W+ 5{(1/1 + oy = Ky)cg + (1 + @y = ka)sj}v°
+ (01 + 03 — 03) V5. (4¢)
As for the Yukawa interactions, we take the type-X (or
lepton-specific) Lagrangian where the quarks get their

masses from ¢, while the all the leptons do from ¢;.
The Yukawa Lagrangian can be expressed as

—Ly=[y,01brur +y401¢rdr+y,0r$1 ] +He.  (5)

The Yukawa interactions in terms of the physical scalars
then becomes

m — - . -
Ly= 3" “L(ENTS +EHIS — igATrs])
f=ud’t
+ Q [muagvudH+ﬁPLd + mdfg VudHJrITtPRd
+ mffAH UyPr¢ + H.c.l. (6)

The various &, factors are tabulated in Table L

III. CONSTRAINTS

A. Theoretical constraints

The scalar potential remains perturbative if |4 < 4,
ly| < V4, where 1 and y, respectively, denote a quartic
and Yukawa coupling of the theory. Also, the scalar
potential remains bounded from below along various

directions in field space if the following conditions are
satisfied [40-42]:

24 >0, >0, A>0,
A3+\/11)«2>0, /13 +/14—|/15|+\//11j.2>0,
I/|+\/)41/1/>O, I/|+a)1—|K]|—|—\//11/1/>0,

12) + 12)/ > O, 12) + Wy — |K'2| “+ \/ /12/1’ > 0. (7)

These conditions are derived assuming that the various
directions in field space lie in planes spanned by two field
axes. A treatment involving more general directions are
computationally hefty to implement and are typically less
restrictive than the two-field conditions. We have therefore
neglected such possibilities in this work.

The framework is also constrained by invoking unitarity
of the S matrix. Electroweak equivalence theorem dictates
that the tree-level scatterings of longitudinal components of
the gauge bosons can be mapped into 2 — 2 tree-level
scatterings involving the scalars of the theory at high
energies [43]. Unitarity demands that the eigenvalues of
the matrices formed in the bases of various 2 — 2 scalar
scattering states must have magnitudes that are bounded
from above at 8z. A detailed analysis on unitarity in three-
Higgs doublet models was presented in [38]. In this study,
we have deduced the scattering matrices for the scalar
potential of Eq. (2), which determined the eigenvalues
numerically and demanded that their magnitudes do not
exceed the stipulated limit of 8z.

B. Higgs signal strengths
The signal strength for the 7 — X channel is defined as

opp—n BR(h — X)

_ 8
X =5 BR(h - X)) (®)

We adhere to a =/ —7 in this work (known as the
alignment limit in the context of 2HDMs) in which case the
couplings of the fermions and gauge bosons to 4 become
equal to the corresponding SM values. In this limit, the
predicted values for the Higgs signal strength in the
bb,tt 7=, W*W~, ZZ, gg channels become consistent with
the measurements at ATLAS and CMS. The only channel
that can still deviate in this limit is yy where the presence of
the additional charged scalars H*,5+ leads to new one-
loop contributions in the &7 — yy amplitude. One then has

Ah(]ﬁ*([f” m,zl
MiZ,, = Z 2m2 Ao am2. ) ©)
P* *

$r=H" g4+

The total amplitude and the decay width then become

Mh—»}/y Mh—»yy + Mh—>yy’ (10)
Gpa mh
Fh—»yy 128\/_ 3 | h—»y}/ ’ (11)
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where Gy is the Fermi constant. The pertinent loop
functions are listed here [44,45]:

1
Ag(x) = =5 (x = f(x)). (12a)
with  f(x) = arcsin®(y/x); x < 1
1 1+vV1i-x1t ]2
=7 ogﬁ—m ; x> 1.
(12b)

The charged scalars do not modify the production cross
section of & and the modification to the total width is tiny.
The signal strength in the yy channel is then

Hyy = Texp - (13)
Fh—)y;/

The latest 13 TeV results on the diphoton signal strength
from the LHC read p,, = 0.991014 (ATLAS [46]) and
Hyy = 1.180-/7 (CMS [47]). Upon using the standard
combination of signal strengths and uncertainties, we
obtain y,, = 1.06 + 0.1 and impose this constraint at 2c.

The branching ratio of Higgs to invisible states faces
upper limits from the LHC. The most recent constraint is
BR(h — invisible) < 18% [48]. We have implemented this
constraint in our analysis.

C. Oblique parameters

The NP corrections induced to the oblique parame-
ters [49] in this setup are can be split into a contribution
coming from the active doublet (AX,ypy) and one from the
inert doublet (AXIDM)

AX = AXoypm + AXpuM. (14)

where X =S, T, U. The most constraining for scalar
extensions of the SM is the T parameter. The relevant
expressions for @ = f# — 7 are given here [50]:

1
AT =———[F(m?, ,m?
2HDM 16ﬂs%VM%V[ (m., mi)
+ F(ny..m3) - Fn.m3)]. (150)
ATy = ;[F(ma )
16753, M3, R
+ F(my..my ) — F(my,.my)].  (15b)

In the above,

F(x,y) —¥—%ln(§> for x # y,

=0 forx=y. (16)
The most updated bound reads [11]
AT =0.07 £0.12. (17)

We have imposed the stated bound, which has been at 2¢ in
our analysis.

D. Dark matter

The presence of the inert doublet protected by a discrete
symmetry makes its neutral component (5 or ;) a
DM candidate. The PLANCK collaboration quotes the
following as the latest measured value of the DM relic
density [51]:

Qpianach? = 0.120 £ 0.001. (18)

The other important DM constraint comes from the search
of DM-nucleon scattering cross sections by different
terrestrial experiments such as XENON-1T [52,53] and
PANDA-X [54,55]. The nonobservation of such scatterings
has led to upper limits on the DM-nucleon cross section
with the most stringent bound for mpy; < 1 TeV coming
from XENON-1T.

The model is implemented to the publicly available tool
MicrOMEGAs [56] in order to compute the relic density and
the spin-independent direct detection (SI-DD) cross sec-
tion. The computed relic density is stipulated to be under-
abundant in this work as presence of other DM candidates
(not accounted for in this work) is assumed. Folding in a
10% experimental error in the measured central value, we
demand

Q% < 0.12+2 % 0.012 (19)

As for direct detection, we compute the SI-DD cross
section og; using microMEGAS. We subsequently determine
the effective cross section o8 = (ﬁ’ihz)(fsp This ratio
takes care of the fact that the present model accounts for
only a part of the observed relic abundance. We add that the
SI-DD scatterings in this scenario proceeds via t-channel
diagrams involving & and H.

IV. THE MUON g -2 AMPLITUDE AND ITS
NUMERICAL PREDICTION

We present an elaborate computation of Aa, in this
section. The electromagnetic interaction of a lepton is
given by
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i0"q,F>(q

Hp () = 202 () + 52 ),

(20)

with F,(g*) as some form factors. The lepton anomalous
magnetic dipole moment is then defined as

a, = F5(0). (21)

While giving the expressions for the various Aa, contri-
butions in the (2 + 1)HDM, we denote the loop order in the
superscript and the particle circulating in the loop in the
subscript. The one-loop amplitudes driven by H, A, H" in
the alignment limit are expressed below:

00 M2 M2 1 (2 —x
A%EL]) p) _ 2 (51-1) / ( ) ’
877.' M 0 Mf‘ 2
M%] - X + 1
(22a)
w M2 (M I s
Aa, (" = - < 2) (gA)Z/ e S—
8r2v? \M 0 (M—g‘)x —x+1
(22b)

aemMZN |th’2
32 s2vH (M3, — M3,) Jo

(21o0p)
Adufr -y =

M?  M? M?  M?
X |:g< 2t ) 2b 7x> _g< 2t ) 2b )
M2, M2, M3, M3,

Here, Né = 1(3) for leptons (quarks). Further, a.,, denotes the fine structure constant and Q, = 2/3, Q,, =

M2 [ M? 1 x*(1=x)
(1loop) __
(Mi;)x(l —X)—x
(22¢)

One notes that Aa”EHA)
grams are shown in Fig. 1.

The two-loop BZ contributions arise upon embedding
hyy,Hyy,Ayy, and HYW~y form factors that themselves
arise at one loop, in a one-loop amplitude. The resulting
topology is thus two loop. We first list out the Feynman
graphs that feature fermions in the one-loop form factors

in Fig. 2.

< 0. The corresponding dia-

A (2loop) emMﬂ Nf 2 ¢H H]_‘ MJZC 23
aﬂ{f‘HW} Z ) éf ‘fﬂ M2 ( a)

M2
(2loop) AeM f
Ady (i) —; P z” NLQ3E et FU ( A) (23b)

/1 dx[Q,x + Qp (1 = X)][E3&uMix(1 — x) + EaaMix(1 + x)]

ol (23¢)

—1/3. Next to

come are the two-loop amplitudes induced by the 2HDM scalars running in the loops as shown in Fig. 3. The corresponding

amplitudes for a = f —
2
(2loop) AemM, ) MH+
Aaﬂ{HﬂW},} — /; 8 3M2 fquﬁH H~ F <M§5 >9

2
Aa (21o0p) _ aemM
H{H.H*W~y} 6413 W(

7 are expressed below.

(24a)

1 M2 1\/[2+ M2
Mz)fﬂleH A dxx2(x—l)x[g(l,M—ZH,x>—Q<M%V,M§/,x>]. (24b)

H*

Finally, Fig. 4 depicts the contributions stemming from the inert scalars via the hyy, Hyy, and H™ W~y vertices.

2 M2
(2loop) aemM 2) nt
Aa/‘{n*.qﬁw} - Z 87 3M2 fﬂ o T M2 )
¢=h.H ¢
Ao M?
A (21oop) em

Ul W1} T 64352 (

Aa 2 loop aemM2
Hn H W1y T 6dnls w(

1
H A 2 MR
E - /dxx x—l{Q( . ,
M2, — M3) e L ( ) M. M2,

(25a)

M2, M2 M2, M2
) o ) e
MW MW

Hbtyn, XX (X — — T X | — —,—,x . C
— M) M2, MZ%,. M3, M3,
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FIG. 1. One-loop contributions to Aa, from (a) H, A, and (b) H +.

FIG. 2. Two-loop contributions to Aa, from the fermions

i
through (a) an effective ¢yy vertex and (b) an effective

HT™W~y vertex.

The functions ) (x), FW(x), F®)(x), and G(a, b, x) are
expressed in the Appendix. To test the relative magnitudes
of the different amplitudes, we compare their numerical
values for the reference parameter point tan f = 50, My =
M y+ = 150 GeV while varying M 4. We first plot the one-
loop contributions and the two-loop BZ contribution

A (21oop)
Ul f prr)
loop amplitude is negative with a sizeable magnitude. In

contrast, the two-loop amplitude Aa, (e Ay} is positive. And

in Fig. 5. One notes that the A-mediated one-

despite the additional loop suppression, it in fact dominates
M
M;
ment factor. One must remember that though the amplitude

enhance-

over the one-loop contribution owing to the

involving A and the t-quark implies multiplication by Z—z,
"

the same is proportional to cot? # due to the Yukawa scale
factors. Therefore, (A,7z) two-loop amplitude clearly

beats the one from (A, 7) by a factor tan* 8 %ﬁ ~ 650. An ~

O(107?) contribution to Aa, can therefore be induced for
high tan  and low M4 thereby paving way for a resolution
of the anomaly. We mention here that the contributions

(21oop) (21oop) (21oop)
Aa#{f’mwv}, Aa#{H+’¢m, and AaM{H’mWW}

pressed compared to Aa, (e Ay} in the parameter region
of interest. More details about the purely 2HDM contri-
bution can be found in [17-24].

The more important component of the present discussion
is obviously the contribution coming from the inert sector.
The trilinear couplings entering these amplitudes are
expressed in the Appendix. Let us examine the trilinear
coupling Ay,+,- more closely. For @ = f — 7, the dominant
behavior is Ay, ~6y(c;—s3) ~oy for tanf 2 20.
Therefore, Ag,+, ~O(1) can lead to large values of

21loo
Aa/‘inﬂ;)’/)}'
AH+yy, can also take sizeable values while 4;,+,- remains
suppressed for large tan 5. Of course, the enhanced Yukawa
scale factors of the u lepton with H, A, H* also play a role
here. We illustrate the strengths of the different g —2
amplitudes stemming from the inert scalars in Fig. 6 for

are sup-

A similar argument reveals that Ag+,-,, and
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// NOH* // \
/ \ / \ +
I : H | ) H
\ / \ /
v y v :
/ ~ <« 7 / ~ <« 7 +
hH \ Ht / hH w
/ /
/ /
/ /
/ /
u l¢ u u i U
(a) (b)

<

h,H

w+
Ht

(b)

FIG. 4. Two-loop contributions to Aa, from the inert scalars through (a) an effective ¢yy vertex and (b) an effective H* W~y vertex.

M,, =99 and 199 GeV. We further fix M, =M, +
1 GeV and let M, vary. The magnitudes of Az, ¢, A+, »
and Ag+,-,, are each chosen to be 2z while 4,+,- =1 is
taken. The rationale behind such a choice is that trilinear
couplings involving H, A, H" in one external leg and inert
scalars in the other two can attain the maximum strength of
27 while remaining allowed by perturbative unitarity.
Taking a common value for these couplings enables a
straightforward comparison of the relative magnitudes of
the corresponding g — 2 amplitudes. The largest contributor
is the diagram involving the Hyy effective vertex. In fact,
this amplitude alone adds ~1.25 x 10~ to the muon
magnetic moment when M,+ =100 GeV, as seen in
Fig. 6(a). An O(107'°) value is also generated for the
same M, by the diagrams involving the H" W~y effective
interaction for the shown range of M, . The inert sector thus
alone suffices to resolve muon ¢g—2 at 20 for

M, = 100 GeV. Figure 6(b) shows that the corresponding
g—2 amplitudes are though expectedly smaller for
M,- =200 GeV. In all, the two-loop amplitude driven
by the inert scalars is substantial and more importantly,
independent of M ,.

We propose a numerical scan to this end to validate the
model against the constraints. And this brings us to a
counting of the independent model parameters. In the
2HDM sector, m;; and m,, are eliminated by the tadpole
conditions: gTVl = gTVZ = 0. The couplings A,_5 can be
expressed in terms of the physical masses, mixing angles,
and Ag 7. In the inert sector, we define the parameters 4,
and 47, below in lines similar to the IDM.

AL, = v+ + ky,

1

(26a)

)VLZ =1l + (1)) + k2. (26b)

075012-7



NABARUN CHAKRABARTY

PHYS. REV. D 107, 075012 (2023)

0.25 T T

-0.25

/
I
i
i
/
/
/

1loop, H
1loop, A
1loop, H

-1.25H
{ tanf =50 ’
My = My = 150 GeV

-L.5 :
20 40 60 80 100

Ma (GeV)

(a)

3 T T T
tamp=50 | 2 loop - (H, 1)
25k Mu =My = 150 GeV —— 2 loop - (A, 1) i
: === 2loop - (H, t)
—— 2loop-(A,t)
2t
> L5k
X
<&
< 1+
0.5
0
_05 1 1 1
20 40 60 80 100

Ma (GeV)

(b)

FIG. 5. One-loop and two-loop fermion-mediated Barr-Zee contributions to Aa,. The color coding is explained in the legends.
1.5 T T T T . T
tanp = 50 tanp = 50
125 o6 i
MH = MH’ =150 GeV
My = M,, + 1 GeV = 100 GeV o5k - 2 loop, (h.)
1 . ——  2loop, (H,) My =My = 150 GeV
_____ & oo, (r® === 2loop, (Hm8) My =My, + 1 GeV =200 GeV
o ——  2loop, (H,n) o o4H T 2 loop, (H",m) |
(=] + [=1 4
= =-== 2loop, (H ,nr) -
X 0.75H - 2 loop, (H',n) e x
& <&
< < 03f -
0.5F 1 eI
02k T
e o1l 1
0 I 1 1 O 1 [ I
100 200 300 400 500 200 250 300 350 400 450 500

M, (GeV)

(a)

M, (GeV)

(b)

FIG. 6. Two-loop Barr-Zee amplitudes induced by the inert scalars. The left (right) panel corresponds to M, = 100 GeV (200 GeV).
The legends indicate the particles running in the loops. All trilinear couplings involving the inert scalars are chosen to be 2z for

illustration.

For insight, the np — nr — h and g — nr — H couplings are
linear combinations of 4, v and A;,v when 6y, 0,,063 = 0.

The parameters u, @5, ko, v, U5 can be traded off using the
relations

1 1
p=M: - Eﬂlezc%, - 51L202s§ — (61 + 03 + 03) V2555,
(27a)
M2 + M2 —2M?, + wv*c} — 20,0755
n 1 + 17 %p 2V 0pEp
W, = —2 I 1 e . (27b)

B M} =M — kel — 20507 s5c,

s
2 22 ’ (270)
v Sﬂ
141 :/ILI — W _kl’ (27d)
Uy = /IL2 — Wy — kz. (276)

With the alignment limit in place, the independent param-
eters in the (2+ 1)HDM are therefore {m,, My, M,,
MH+,MWR,Mm,Mn+,tanﬂ,lﬁ,/l%wl,K1,61,62,63,/1L1,/1L2}.
We adhere to the same choices for My, M -+, M,7+, M,7R asin

075012-8



MUON g -2 IN A TYPE-X 2HDM ASSISTED BY INERT ...

PHYS. REV. D 107, 075012 (2023)

the preceding discussion. Additionally, we take 1o = 4; =
Ar, = A, = 0.01. The choice of the 2HDM masses is
consistent with various exclusion constraints [26] from
the LHC on account of the suppressed couplings to quarks
in the type-X case. The rest of the parameters are varied as
follows:

0 <mp <1TeV, 20 GeV < M, <1 TeV,
M, +1GeV <M, <500 GeV,

10 < tan 8 < 100, |, 1| < 4,

loil. ool o3| < 2. (28)
The (minimum) 1 GeV mass-splitting #z has with ; and *
disallows W, Z-mediated inelastic direct detection scatter-
ings [57]. Such mass gaps are also consistent with the AT
constraint. The parameter points passing all the constraints
are plotted in the M 4- tan f plane in Figs. 7(a) and 8(a). The
most important finding to emerge is that the parameter space
compatible with the observed muon g — 2 excess appreci-
ably expands in the presence of an additional inert scalar
doublet. Figure 7(a) shows that an A as heavy as 800 GeV is
now allowed for tanf~35 for M, =100 GeV. This
enhancement is clearly attributed to the BZ contributions
induced by the inert scalars. Though the enhancement is less
in case of M,+ =200 GeV, an M, = 250 GeV still com-
plies with Aa,, for tan ff ~ 55 [see Fig. 8(b)].

Figures 7(b) and 8(b) display o&f versus tanp for
the same parameter points. The (2 -+ 1)HDM features

(co)annihilations mediated by the 2HDM scalars. For
instance, nzng — ff mediated by an s-channel H is an
important annihilation channel, where f denotes a SM
fermion. This is not encountered in the case where only one
active Higgs doublet is present. Since the M, — M, =
1 GeV in this work, 5z — ff and 5Ty~ — ff coanni-
hilations are also triggered mediated by s-channel H* and
H, respectively. And the most dominant fermionic co
(annihilations) are to 77 and zv; on account of the tan f-
enhanced Yukawa interactions. The corresponding co(anni-
hilation) cross sections are thus quite large thereby leading
to a small QA2 Consequently, & remains below the
stipulated bound for all the parameter points. This is
confirmed by Figs. 7(b) and 8(b). A more detailed
discussion of DM phenomenology in the (2 + 1)HDM
setup is beyond the scope of this study and can be taken up
as a future endeavor.

V. LHC SIGNATURES

We discuss in this section a prospective collider signature
of the (2 + 1)HDM framework at the 14 TeV LHC. For
M, < % a useful channel to look for the A in the pure
type-X is pp = h — AA - tro e vt~ [28,29].
The large h-production cross section through gluon fusion
leads to a healthy event rate. However, the primary focus of
this work is on a heavier A for which h — AA is
kinematically closed. Hence, the aforementioned channel
is not suited to our case. The channel pp — H — AA,
though kinematically open in principle, is also not

100 T T T T 107 T
—— 2HDM . —
(2+1)HDM XENON-1T limit
Ma = My/2 12
80 10
=
) 18} )
©
-18
40f 10
My = 150 GeV, M, = 100 GeV u My =150 GeV, M, =99 GeV
10°
20 L - L L
0 200 400 600 800 1000 20 40 60 80 100
Ma (GeV) tanp
(a) (b)

FIG. 7.

region to the left of the vertical line is tightly constrained by BR(7 — AA) measurements. (b) Prediction of o]

(a) Parameter space in the M 4- tan §8 plane compatible with the observed Aa,, at 26 for M,+ = M, + 1 GeV = 100GeV. The

f versus tan 8 for the

parameter points in the (2 + 1)HDM compatible with Aa,, at 26 for M,+ = M, 4 1 GeV = 100 GeV. The color coding is explained in

the legends.
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100 T T 10‘9 T T T
90l | XENON-1T limit
MA = Mh/2 10-12 [
80+
70+ 1 =2
Q
6ol <+ 2HDM 1 %
(2+1)HDM
50+ o
1 1~ - =
40+ .
My = 150 GeV, M,; = 200 GeV My = 150 GeV, M, = 199 GeV
30 L - 107 : - .
0 200 400 600 800 20 40 60 80 100
Ma (GeV) tanp
(a) (b)

FIG. 8.

region to the left of the vertical line is tightly constrained by BR(# — AA) measurements. (b) Prediction of o§

(a) Parameter space in the M 4- tan 8 plane compatible with the observed Aa,, at 26 for M,+ = M, + 1 GeV = 200GeV. The

<t versus tan f for the

parameter points in the (2 + 1)HDM compatible with Aa, at 26 for M,+ = M, + 1 GeV = 200 GeV. The color coding is explained in

the legends.

promising for a couple of reasons. First, this channel
mandates My > 2M4. Such a heavy H would diminish
the relevant BZ amplitudes accordingly. Secondly, the
pp — H production cross section is small owing to the
suppressed Yukawa couplings involved here. The selection
of LHC signals for the (2 + 1)HDM is guided by the two
expectations: (i) the most promising fermionic decay
channel is A — 'z~ on account of the enhanced
Yukawa coupling. Further, the 7 pair will be more boosted
in case of an heavier A. (ii) Involving the inert scalars in the
signals should ultimately lead to a modified £, spectrum
with respect to the SM which in turn could be a distinguish-
ing kinematical feature. In view of this, we propose to look
at the pp = npns = NrNrA — 77~ + Ep signal. We give
the details of the analysis below.

The ngn; pair is dominantly produced via an s-channel
exchange of Z. A small contribution also comes from A
exchange. Following an #; — nzA decay, the A sub-
sequently decays to a 77~ pair. The lightest inert scalar
ng registers as missing transverse momentum (£7). Thus, a
modified E; spectrum with respect to the SM can be a
potential handle to discern the signal from the background.
We also look for completely hadronic decays of the 7 pair,
thereby leading to a 2, + Fr signature. Instead of a
conventional cut-based analysis, we intend to analyse this
signal using the more advanced multivariate techniques. A
few benchmark points (BPs) are put forth in Table II. The
BPs satisfy all the applied constraints and predict the
requisite value of Aa,, as can be read from Table II. All
the three BPs are characterized by M, > M, + M. For
these BPs, appropriate values of the quartic couplings

ensure that n; — nrA is the leading decay mode. The
subleading one is in fact 1; = ngZ. When it comes to
the decay of A, it is observed that A — ZH, WEHT
can compete with A — ttz~ for the choice of
My = My+ =150 GeV. This is found true especially
for BP3. However, the A — 777~ branching fraction in
still O(10%) nonetheless.

The relevant interactions of the model have been
incorporated in FeynRules [58]. We next discuss the
possible background processes. The largest background
comes from pp — jj+ Fr (j denotes a light jet) when
both js are misidentified as z,s. As the jj+ F; cross
section is ~10° fb, even a small misidentification rate leads
to a large 27, + Er cross section. Another important
background is pp — 77t~ + [ that mainly comes from
pp — WHW~, ZZ production. Owing to the large pp — 17
cross section, the pp — ff — t77-bb + [ process can
also lead to a sizeable background when both the b jets are
missed. A small contribution also comes from pp —
W*Z — 777¢* + F; when one 7 is missed. The cross
sections of the signal BPs and the backgrounds are given in
Table III. We have used MG5aMC@NLO [59] to generate the
signal and background events at the leading order. The
CTEQ6L parton distribution function set and default
hadronization and factorization scales are used. The parton
level events are passed on to PYTHIA8 [60] for showering
and hadronization and subsequently to Delphes-3.4.1 [61]
for detector simulation. Specifically, we have throughout
used the default CMS detector simulation card that comes
with Delphes-3.4.1. For an integrated luminosity L, the
number in a signal or background sample of events is
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TABLEIL. BPs used to study the discovery prospects of an A in the (2 + 1)HDM (lepton specific). The values for
the rest of the masses are My = Mp+ = 150 GeV, M+ = M, + 1 GeV = 100 GeV.
BPI BP2 BP3
mi, 24.0 GeV 20.4 GeV 21.6 GeV
tan 38.71 53.83 47.98
M, 206.2 GeV 253.24 GeV 301.26 GeV
M, 346 GeV 397 GeV 450.5 GeV
ky —0.992743 —2.07345 —0.55292
o —2.94053 —0.125664 0.13823
o1 —5.00142 —5.70513 —6.09469
0y 5.7554 —0.263894 1.29434
03 4.05894 5.44124 5.90619
Aa, 1.48646 1.51138 1.64289
o 5.28 x 1078 cm? 3.81 x 10750 cm? 442 x 107% cm?
BR(17; = nzA) 0.844604 0.822958 0.748021
BR(A - 7777) 0.99 0.7983 0.341914
TABLE II.  Signal and background cross sections at the 14 TeV LHC.
Signal /Backgrounds Process Cross section (fb)
Signal
BP1 7.904
BP2 pp = ngM = NgngA = vt + Er 3.867
BP3 0.965
Backgrounds
pp = jji+Er 1.11 x 10°
pp =t + Fr 5.80 x 102
pp — tt — bbWTW~ = 777 bb + Fy 8.092 x 10 (next-to-next-to-leading order)
pp = WrZ - trott + Fy 4.31 x 10!

determined as L xo xe with o and €, respectively,
referring to the cross section and cut efficiency. The
signal significance is computed using the formula

S:\/2[(NS+NB)10g(M%BNB)—NS] [62], where Ng (Np)

denotes the number of signal (background) events.
Events are selected by demanding exactly two z;, and
zero b jets. Sizeable background fractions are eliminated at
this level itself since the background processes in this case
mostly lead to flavor-democratic leptons. In addition to this
demand, the following trigger-level cuts are also applied:

s> 10 GeV,
AR,y > 0.2,

.l <2.5,

AR, >02,  AR;>04. (29)

In the above, AR, = \/ A, + Ad2, and Ay, Adu,

are the differences between pseudorapidity and azimuthal
angles of mth and nth particles, respectively. In addition,
¢ =e, u. It is reminded that light jets come only from
showering for the signal and backgrounds for this analysis.
We denote the two leading z-tagged jets by j; and j, in the
decreasing order of their py. The following kinematic

variables of interest are identified: p/}‘, the transverse
momentum of the leading tau jet; £, the missing transverse
energy; M; invariant mass of the t,7;, pair; and

Mvis

1j2?

s transverse mass of the 7,7, pair. The normalized
distributions of these four variables are shown in
Figs. 9 and 10. A brief discussion on the kinematic features

is in order. The distribution of p‘? is shown in Fig. 9(a) for the

signal BPs and the backgrounds. The p7' spectrum is seen to
be harder in case of the signals than the backgrounds. In fact,
the heavier the pseudoscalar, the more boosted are the 7,7,

pair and hence, the harder is the p}* spectrum. One inspects
that the distribution peaks around ~100, 120, and 120 GeV
for BP1, BP2, and BP3, respectively. On the other hand,
the backgrounds have their peaks below 100 GeV. Next,
Figs. 9(b) and 10(a) show that the spectra of the invariant
mass and transverse mass of the 7,7, pairs share a corre-
lation. That is, the larger the M, the higher is the value
where these distributions peak. One must however note that
the peak of the M ;, distribution cannot coincide with M,
on account of the £ component in 7 decays.

We briefly discuss the sources of E; in the signal
and backgrounds. In case of the pp - WTW~,ZZ
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FIG. 9. The distributions of p]%‘ and M;,;, in panels (a) and (b),

respectively. The color coding is given in the legends.

backgrounds, for instance, neutrinos coming from W+ —
t*v and Z — v majorly decide the shape of the [
distribution. The pp — ff production leads to neutrinos
via the W* decays. A subleading effect for these back-
grounds also comes from the neutrinos emerging from z
decays. In case of the signals, however, the main source of
FEr is in fact the inert scalar 5z. The shape of the E
distribution for the signals thus depends on the transverse
momentum of 7. And the masses of #; and A are such for
the BPs that the distribution is harder than the backgrounds.
The background distributions all peak below 100 GeV as
opposed to the signals that peak at 2100 GeV, as seen in
Fig. 10(b).

We now turn to the multivariate analysis using decorre-
lated boosted decision tree (BDTD) algorithm as imple-
mented within the toolkit for multivariate data analysis
(TMVA) [63] framework. A brief overview of the method
is as follows. To classify an events as signal-like or
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FIG. 10. The distributions of M\iS . and Er in panels (a) and (b),
respectively. The color coding is given in the legends.

700 800

backgroundlike, decision trees are used as classifiers.
One discriminating kinematic variable with an optimized
cut value applied on it is associated with each node of the
decision tree, to make the best possible distinction between
the signal-like and backgroundlike events. The handle to do
this within TMVA is to tune the BDTD variable Ncuts. The
training of the decision trees starts from a zeroth node and
continues till a particular depth specified by the user is
reached. This particular depth is termed as MaxDepth.
Finally from the final nodes or the leaf nodes, an event
can be specified as signal or background according to their
purity. An event can be tagged as signal (background) when
p>05(p<0.)9).

The decision trees are considered weak classifiers as they
are prone to statistical fluctuations of the training sample.
To circumvent this problem, one can combine a set of weak
classifiers into a stronger one and create new decision trees
by modifying the weight of the events. This procedure is
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TABLE IV. Tuned BDT parameters for BP1, BP2, BP3.

BP NTREES MINNODESIZE MAXDEPTH NCUTS KS score for signal (background) BDT score
BP1 120 2.5 2 55 0.487 (0.035) 0.3521
BP2 150 3 2 40 0.439 (0.016) 0.4047
BP3 120 3 2 50 0.038 (0.105) 0.5336
referred toas bqostmg. Iq this analysis, we chgose adaptive PRDE N Db

boost with the input variables transforming in a decorre- A A A A

lated manner, since this is very useful for weak classifiers. ¢j11z‘T’ ¢j2¢‘T’ ¢J’1jz’ A’71'1jz’ lejz’

It is implemented as decorrelated adaboost in TMVA. M Jve pp. o s

To avoid over training of the signal and background Fr-Meir. 1% Mjjp- M-

samples, the result of the Kolmogorov-Smirnov test, i.e.,

Kolmogorov-Smirnov (KS) score is demanded to be always 1 the above, p’}ljz straightforwardly refers to the vector
>0.01 and stable. transverse momentum of the 7,7, system, i.e.,

Now the BDTD algorithm orders the kinematic variables
that are fed into the algorithm by their importance in
discriminating the signal from the background. The follow-
ing kinematic variables are proposed in this analysis:
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FIG. 12. The receiver’s operative characteristic curves for the
chosen benchmarks.

parameters are tabulated in Table IV. The signal and
background distributions along with their KS scores are
depicted in Fig. 11. The degree of background rejection for
each BP can be gauged from the receiver’s operative
characteristic curves as shown in Fig. 12. The efficiency
of background rejection is seen to improve sequentially
from BP1 to BP3. And this trend is only expected on
account of the progressively smaller overlap recorded
between the signal BPs and the background upon going
from BP1 to BP3, as also concurred by Fig. 11. The yields
at an integrated luminosity 3000 fb~! for the signal bench-
marks and the backgrounds after optimization through
BDTD analysis are given in Table V.

Table V shows that the jj+ F; background can
be hugely reduced and even eliminated through a multi-
variate analysis. The largest contribution comes from
tt77bb + Fy. However the corresponding number of
events reduces with the improvement of background
rejection as M4 increases. Figure 13 displays the variation
of the statistical significance with respect to the integrated
luminosity for the BPs. It is seen that a 5o discovery of a
pseudoscalar of mass ~200 GeV (BP1) is possible at
around 1500 fb~! integrated luminosity. BP1 is thus clearly
within the discovery reach of the high luminosity Large
Hadron Collider (HL-LHC). BP2 requires ~3200 fb~! for
the same indicating that the maximum M, that can be
discovered at 5o at the HL-LHC is somewhere between 200
and 250 GeV. And BP3 is beyond such a reach.

Therefore, the success of the present analysis lies in
predicting a 5o observability for M, = 200 GeV through a
7,7, + Er signal where the bulk of the missing transverse
energy comes from an invisible scalar. In hindsight, pp —
HA -ttt 7", ¢t ¢ ™ can also be promising in for
the scalar mass ranges of interest in this study. While such a

TABLE V. The signal and background yields at 3000 fb~! for
BPI1, BP2, and BP3 for the 7,7, + F7 channel as obtained from
the BDTD analysis.

BP1
Process Yield at 3000 fb~!
Background Jjji+Er 671
ot + Er 557
Tt bb + Fr 3276
et + 45
NEDPT 4548
NBDT 481
BP2
Process Yield at 3000 fb~!
Background jji+Er ~0
T+ Er 128
Tt bb + Fy 1266
et + Ep 12
NEDT 1405
NBPT 177
BP3
Process Yield at 3000 fb~!
Background jji+Er ~0
T+T_ + ET 21
wtebb + Ey 273
et + Ep 3
NBDT 297
NBDT 19
7 T
—— BPI ‘
— BP2
6t | — BP3
s 50 o
b=
&
@ o[
2 20
1+ A
o 10 100 1000 10*
Integrated luminosity (fb™)
FIG. 13. Variation of the statistical significance with the

integrated luminosity.
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signal warrants a separate investigation, it remains com-
pletely agnostic of the particle sector leading to the
requisite Aa, even for the heavier A. Therefore, this signal
was not analyzed in the present study and can be taken up
for further scrutiny in the near future.

VI. CONCLUSIONS

The type-X 2HDM is long known to accommodate the
observed excess in muon g — 2 for high tan # and low M ,.
However, nonobservation of 4 — AA at the LHC seriously
limits the parameter region. We have augmented the type-X
2HDM by an additional inert doublet in this work that is
endowed with an additional Z, symmetry. We have taken
into account all constraints that are mandated by such a
construct and thereafter compute the two-loop Barr-Zee
contributions from the inert scalars to Aa,. With these
additional contributions, we demonstrate that a pesudosca-
lar mass as large as M, ~ 850 GeV becomes compatible
with the observed Aa,. The otherwise constrained para-
meter region in the M,-tanf plane obtained in case of
the standalone 2HDM thus expands to include much
higher M ,.

We have probed the scenario at the 14 TeV LHC through
the signal pp — ngna — nrnrA — vt~ + Er. We have
considered a fully hadronic z pair. Since the 7 jets in this
case originate from the heavier A, certain kinematic features
such as p; of the leading 7z jet and the invariant and
transverse masses of the pair are different compared to the
SM and even the pure type-X 2HDM. In addition,
involvement of the inert scalar in the final state modifies
the F; spectrum too. We have exploited such a modified
kinematics through a multivariate analysis of the signal and
backgrounds using the BDTD algorithm. We subsequently
predict a 5o discovery for M4 2 200 GeV at the HL-LHC.
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APPENDIX

1. Trilinear couplings

At = (01Ca1p = V1SaCp + 12CaSp), (Ala)
Ayt = (C1Satp + V1CaCp + V2SaSp), (A1b)
Aanen; = 2(03¢25 + (=K1 + K2)Cpsp), (Alc)

Attyne = (02 + 03)cap + (=K1 + ko — @1 + @2)s5¢5),
(Ald)

Ay, = ((02 = 03)Cop + (k1 — Ky — @) + @3)s4¢p).
(Ale)

2. Two-loop functions

ey 2 [t 2x(1—x)—1 z
f()(z)_il dxz—x(l—x) 1n<x(1—x))’ (A2a)

FO() :%Aldxzf(;(:)x) 1n(x(lz_x)>, (A2¢)

ay b —x
In(= )

x(I—x)—z%—2"(1=x)"

G(z9, 20 ,x) = (A2d)
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