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The CMS and ATLAS Collaborations have recently reported their results searching for a light Higgs
boson with mass around 95 GeV, based on the full run 2 dataset. In the framework of the CP-violating
(CPV) u-from-v supersymmetric standard model (SSM), we discuss an ~2.9¢ (local) excess at 95 GeV in
the light Higgs boson search in the diphoton decay mode as reported by ATLAS and CMS, together with an
~20 excess (local) in the bb final state at LEP in the same mass range. By introducing CPV phases as well
as by mixing CP-even Higgs and CP-odd Higgs, a lighter Higgs boson in the p-from-v SSM can be
produced, which can account for the “diphoton excess.”

DOI: 10.1103/PhysRevD.109.056001

I. INTRODUCTION

In 2012, the 125 GeV Higgs boson was discovered by
the Large Hadron Collider (LHC) [1,2]; the measured mass
of the Higgs boson now is [3] m, = 125.25 £ 0.17 GeV.
The discovery of the Higgs boson marked a huge success
for the standard model (SM), but it did not stop the search
for new physics (NP) at the LHC, and one of them was the
search for lighter scalar particles.

Searches for a lighter Higgs have been performed at the
LEP [4-6], the Tevatron [7], and the LHC [8-16]. Inter-
estingly, the excesses observed by CMS and LEP occurred
at a similar mass range [17]. CMS has performed searches
for scalar diphoton resonances at 8§ and 13 TeV [16,17];
based on the 8 TeV data and the 13 TeV data, integrated
luminosity is 19.7 and 35.9 fb~!, respectively, which
showed a 2.8¢ local excess at 95.3 GeV [9,13,17]. Since
the excess was performed [9,13], it has received consid-
erable attention [18-28]. The excesses have been discussed
in several models, in a natural next-to-minimal super-
symmetric standard model (SSM) [29] and a general

"LIUchangxinZ@163.com
"fengtf@hbu.edu.cn
*hbzhang@hbu.edu.cn

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010,/2024,/109(5)/056001(17)

056001-1

next-to-minimal supersymmetric standard model [18].
In Refs. [30,31], the authors have discussed the excesses
in a CP-conserving u-from-v SSM. In the two-Higgs
doublet model with an additional real singlet, the excesses
have also been discussed in Refs. [32—34]. In this work, we
find a suitable parameter spaces which can explain the
95 GeV excess.

As one of the extensions of the SM, the u-from-v
supersymmetric standard model [35-42] can solve the u
problem [43] of the minimal supersymmetric standard
model (MSSM) [44-48], through introducing three singlet
right-handed neutrino superfields 2§ (i =1, 2, 3). The
neutrino superfields lead the mixing of the neutral compo-
nents of the Higgs doublets with the right-handed sneu-
trinos, that is different from the Higgs sector of the
MSSM. The mixing can change the Higgs couplings and
influence the decay processes of the Higgs bosons. In
addition, we also introduce CP violation, and we also get
a lighter Higgs at ~95 GeV with a suitable parameter
space.

The paper is organized as follows. In Sec. II, we
introduce the CP-violating (CPV) p-from-v SSM briefly,
about the superpotential and the CPV phases. In Sec. III, we
study the excess at 95 GeV in the CPV p-from-v SSM. In
Secs. IV and V, we show the numerical analysis and the
conclusion, respectively.

II. THE MODEL

The superpotential of the u-from-v SSM contains
Yukawa couplings for neutrinos, two additional types of

Published by the American Physical Society
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terms involving the Higgs doublet superfields A, and H,
and the right-handed neutrino superfields ¢ [35]:

2h Adnac ~a Ap A A utba
W = €ab(Yu[/-Hu f’u; + Yd;j ZQZ d; + Yg[jHZLi ej

f7b farc i, ~cfya fyb
+eabeUHuLil/j—eabxlied’hz/i aH;

where [:\IZ; = (H;,HB), ﬁg = (I:IO,I:I;), QIT = (ﬁivai)a
and LT = (#;, ;) (the index T denotes the transposition)
represent the MSSM-like doublet Higgs superfields and i,
Zif, and é¢ are the singlet up-type quark, down-type quark,
and charged lepton superfields, respectively. In addition,
Y, d.eu> 4, and k are dimensionless matrices, a vector, and a
totally symmetric tensor, respectively. a, b = 1, 2 are SU(2)
indices with antisymmetric tensor €1, = 1, and i, j, k =1,
2, 3 are generation indices. The CP is violated by the
parameter 4;, and the CP-violating phase is ¢,..

In the superpotential, if the scalar potential is such that
nonzero vacuum expectative values (VEVs) of the scalar
components (7)) of the singlet neutrino superfields 2
are induced, the effective bilinear terms eabeiﬁﬁif and

|

_ _ .2 paxpa 2 ~ck~c 2 Jex e 2 JaxJa 2 sckze 2 ax pya 2 ax gya 2 ~cxrc
Lo = le_jQ,» o + mﬂfjui i + mg,c_-_di d; +mi,-,Li LS+ méfjei e+ my Hi Hg + my HHY + mﬂfjui e
ij

eapuHAHY are generated, with &, = Y, (75) and p=2;(%5),
once the electroweak symmetry is broken. The last term in
Eq. (1) generates the effective Majorana masses for neutrinos
at the electroweak scale. Therefore, the u-from-v SSM can
generate three tiny neutrino masses at the tree level through
TeV-scale seesaw mechanism [35,49-55].

It is worth explaining why the TeV-scale seesaw was
chosen. Through a seesaw on the scale of the grand unified
theory, one can get Yukawa couplings of the order of one for
neutrinos. But we know that the Yukawa coupling of the
electron is on the order of 107, and the Yukawa couplings of
neutrinos can also be around on the order of 107° instead
of one. In the TeV-scale seesaw, this is sufficient to
reproduce the neutrino mass, if the Yukawa coupling of
the neutrino is of the same order as the Yukawa coupling of
the electron [35]. Here, it is important to note that the VEVs
of the left-handed sneutrinos v,, are generally small. We

know that the Dirac masses for the neutrinos mp, =Y, v, <

~

10~* GeV in the TeV-scale seesaw. So we can get an estimate
of the VEVs of the left-handed sneutrinos, v, < mp <

10~* GeV, which means that v, < v4,v, [35,36].
The general soft supersymmetry-breaking terms of the
u-from-v SSM are given by

J

+ eab[(AuYu)ing O fus + (Ade%;,HZQ?El? + (AeYe)inZZ?Ef +H.c|

+ | €an(ALY,) HILIDS — €4y (Ase%:2) D5 HGHY, +

1 ~ -~ - o~
- 5 (M3ﬂ3ﬂ3 + Mzﬂ,zﬂz + Mlj’llll + HC)

Here, the first two lines contain mass squared terms of
squarks, sleptons, and Higgses. The next two lines consist
of the trilinear scalar couplings. In the last line, M, M,,
and M, denote Majorana masses corresponding to SU(3),
SU(2), and U(1) gauginos ;13, ;12, and ;11, respectively. In
addition to the terms from Ly, the tree-level scalar
potential receives the usual D- and F-term contributions
[36,37].

Once the electroweak symmetry is spontaneously bro-
ken, the neutral scalars develop in general the VEVs. The
CP can violated by the VEVs of the scalar fields:

i¢17 c
<Ei> = Uy, <ch> =e v, (3)

One can define the neutral scalars as

1 o Sl bR
(Ak); D55 + H.c.]

'¢U C ~C Re ] ~C Im
e ((y') A +vw>’ )
V2 ‘
and
tanf = S RN &,
\/ vzzi + vl/ivl/i vd
v =\/vs + 0]+ 0,0, &\ 0]+ 02 (5)

In supersymmetric extensions of the SM, the R parity
of a particle is defined as R = (—1)L38+25 [44-48]. R
parity is violated if either the baryon number (B) or lepton
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number (L) is not conserved, where S denotes the spin of
concerned component field. The last two terms in Eq. (1)
explicitly violate lepton number and R parity. For example,
if one assigns L =1 to the right-handed neutrino super-

fields, then the last term 1 3Kl PPy in Eq. (2) violates the

lepton number by three units contrary to the ;L ;& jéy term of
the R parity violating MSSM which shows the AL =1
effect. R-parity breaking implies that the lightest super-
symmetric particle is no longer stable.

A. The p-from-v SSM Higgs potential

The neutral scalar potential of the tree level can be
written as

Vo=V w+Vp+ Ve (6)
with
Vor = mp HYHY + my; HYHY" + mzzi/_a,.a; + m%lgj
- ((Aﬁeim)iﬂngHg* ;(AKK)U,(U 7505 + Hee. )
(7)

HOHY)?, (8)

G2
VD — g (~ ok +HOHO*

Ve = AA HYHY HOHY
+ e e_i‘/”fﬂ-/l’fe_i{/)i

w e l(/)zf _l(/)p
+ Kiijljme e

l¢” “‘C* c*(HOHO* + HOHO*>

e B DTG

_ (e_i%./‘/{;Kiij?l/ngHg* +H.c.), ©)

where G? = ¢% + g3. The tree-level neutral scalar potential
include the usual soft terms and D- and F-term contribu-
tions. In this work, we take all parameters in the potential
area real.

By using the effective potential methods [56-72], one
can get the one-loop effective potential:

2

1 mz 3
1 _ 4 f_2
V= 327;2{ %’ me}. (log 0 2>
4 mj% 3

f=tbz
Here, Q is the renormalization scale, N, = N, = 3, and
N,=1. f=1t, b, = denote the third fermions, and f =
fr= 51,2 =7,, are the corresponding supersymmetric
partners.
Considering the one-loop effective potential, the Higgs
potential can be written as

V=Vv0iVvh (11)

we can calculate the minimization conditions of the
potential and the Higgs masses in this work.

B. Higgs masses and CPV phases

In the p-from-v SSM, the left- and right-handed sneu-
trino VEVs lead to the mixing of the neutral components of
the Higgs doublets with the left- and right-handed sneu-
trinos producing an 8 x 8 CP-even neutral scalar mass
matrix, which can be seen in Refs. [36,37,41,73]. The
mixing gives a rich phenomenology in the Higgs sector of
the p-from-v SSM [36-40,73-76].

Here, we note that the Higgs doublets and right-handed
sneutrinos are basically decoupled from the left-handed
sneutrinos [73], so we did not consider the left-handed
sneutrinos in the CP-even and CP-odd scalar parts.

The CP-even sector mix with the CP-odd sector, the
10 x 10 mixing matrix, is defined by

2 2
M,%:( Ms MSP) (12)
(M3p)* M3

with M3 denoting the CP-even neutral scalars, M3 is the
CP-odd neutral scalars, and M%P represents the mass
submatrix for the mixing of CP-even neutral scalars and
CP-odd neutral scalars.

The mass squared matrix M3 can be diagonalized as

ZyM3Zl = m3; (13)

with CPV in the CP-even and CP-odd scalar sector the
matrix Zy can be complex.

We consider the radiative corrections in mass submatrix
M?%; the radiative corrections from the third fermions
(f =t, b, 7) and their superpartners include the two-loop
leading-log effects [77-79]. The CP-even neutral scalar is
given as

5 M%—l Mlz\/lix
MS - (MZ . )2 M2 . (14)
Mix 17

In detail, the mass submatrix M7 is defined by
" — <M%(,hd +4Ay M, + A12) (15)
H - .
M%dhu + A]z M%uhu + A22
The dominating contributions of radiative corrections

Ay, Ay, and Ay, comes from the fermions (¢, b) and their
superpartners

A = Ajy + Ay,
App = Af, +AD,
Ay = Ay + A (16)

056001-3



LIU, ZHOU, ZHENG, MA, FENG, and ZHANG

PHYS. REV. D 109, 056001 (2024)

We did not consider the terms containing coupling ¥, and v, , because these terms are very small. The radiative

corrections from the top quark is given by [74,80-85]

1

S . : i,
3Gpm? (Re(e“ﬁle"/)f‘r e, e_l¢1’d em Yi )Atﬂ - |ﬂ|2 COtﬁ)z

c

11

T 222 sin?

2 2

2 2
“m g(m;l,m;z), (17)

[ i

L . ; ihy .
3Gpm}  |u|? cot f— Re(e:eiai eio ™o e VA,

Al =
2 2\/272 sin? B

2 _ 2
my — m;

o g, .
Re (e e'a e e™Pae "I ) A cot

ma
4
X <ln—2 —+

i

. o2 02 ). (18)

j— m}z

. . i iho,c 2
. 3Gpm} m%] m;zz 2|A,|? — Re(e1eita eitn ¢~ 0v e JAucosp. Mp
2= 21/ 27%sin2p In ma + m2 — m? lnnT2
d 7 i i
ih, i iq —ig, i¢ 2 02
i (2|A,)? — Re(e®ieita eitu e Prae " ) A,y cot )2 o(m? ,m2) + 1 1
(m%1 - m%z)2 nwURs 62 mt
3em? 1 mim:  2|A, — pucotpl? A, — pcot f)>
% < e2m2, —32ﬂ'as> |:1I'l t|4lz_|_ | t ,MCO :B‘ <1_( 13 luzcozﬂ) >:|} (19)
4sy,my, 2 m; my, m;, 1 Zm;1 m;,
[
with at ~96 GeV. The production of a Higgs boson via
Higgstrahlung is associated with the Higgs decaying to
glm2,m3) =2 — m? + m3 nm%_ (20) bottom quarks. Normalized to the SM expectation, the
’ 2 2

—1;
mp—m; m;

to save space, the mass matrix and the radiative corrections
are given in the Appendix.

In the radiative corrections, the trilinear coupling
A, = |A,|e* can be complex. These seven independent
phase have been defined as

¢ﬁ’ ¢A, ’ ¢uu ’ ¢ud s ¢D,,’g . (21)

III. EXCESS AT 95 GeV

The process measured at LEP reported a 2.3¢ local
excess in the bb final state searches, with the scalar mass
|

O'NP(Z* g Zl’ll>

signal strength is defined as

w _ oleTe”—Zhy — Zbb)

= —=0.117+£0.057. 22
HLEP oM(ete™ — Zh, — Zbb) (22)

The value for u/%, can be found in [29,86] with the
method introduced in [87]. h; is the Higgs which has mass
range around ~96 GeV, and h, is the 125 GeV Higgs
boson in the following. In the framework of the y-from-v
SSM, we use u%5 to describe the signal strength; the
expression for u}%, can be approximated as [30]

BrNP(hy — bb)

ubh, =
NP 6SM(z5 = Zhy)
NP
- SM
~ ’C ‘2 X Fhl—’bb rtOt
~ vy SM _ 7 NP
hy—bb tot

|Ch,vv|2 X |Ch|d21|2

“BrM(n, S bb)

|Ch1d21|2(BrSM + BriM

hy—bb

) + [Ciyua|* (Bri)

hy—>1T

TEST (23)

hi—>gg hy—>cc
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One can find the SM branching ratios Br*M in Ref. [3],
and I' is the decay widths. The couplings are normalized to
the SM prediction of a Higgs boson of the same mass. C,
is the coupling of /2; and gauge boson, and Cy, ,; and C, 45
are the couplings of /| and up- and down-type quarks. The
normalized couplings are given as

7y _ 7
hidd = o5 B hiit = in B
Chyvy = Zijcos fp+ ZZ sin f. (24)

In 2019, the CMS searches for the Higgs boson decaying
in the diphoton channel showed a local excess of ~3¢
around ~96 GeV [11]; the previous results is that [11,88]

CMS _ o(g9 = hy = vy)

—0.640.2.
Hrr = oM (gg = hy = 17)

(25)

(g9 = hy)

Recently, ATLAS reported their new results at 95.4 GeV
based on the full run 2 dataset [15], the “diphoton excess”
with a signal strength of

pATLAS — 0,18 4 0.1. (26)

Meanwhile, the corresponding CMS result for the diphoton
excess is given by [12]

UCMS — o™ (pp = ¢ = 17)
7 eM(pp = Hsy = 77)

=033, (27)

Neglecting possible correlations, one can get a combined
signal strength of [13]

€Xp ATLAS+CMS _ 0 24+O.09
— YET-0.08"

/"}’7 = ﬂy}' (28)

In this work, the approximation of the diphoton rate of
the i; can written as [29,30]

B”NP(h1 = 77)

vy
/,{ =
N oM (gg — hy) T BrMi(hy — )
NP
~ |Ch _|2 x hi—=yy Ftsol}/I
e, R
~ ‘Chlm't|2 X |Ch1yy|2 (29)
|Ch1d(71|2(BrZIIVLbB + Bri{w—)‘ﬁ') + |Chlu12‘2(Br2{VI—>gg + Brz?/ici‘)
|
The effective coupling Cj, ., can be written as [30] We take v,c = v,c = v,c, and we have defined
1y 1 2 3
|53 ChiAi2(7,) + ChvvAs (zw)[?
Com = 1| 3A12(7) +A11(rw)\2 (30) Kijp = K80 (AK) i = Ak A = 4,
3 t
(Al/?’)i = Aliv Ye,-j = Ye,-aij’ (AeYe)ij = AeYe,aijv
m2 ﬂ’lz
with 7, = TZ% <landz, = ﬁ < 1. The form factors A; Y, =Y,0; (AY,);; = a,6;, m’%f; = mgfé,-j,
and A, are given by [89] mZQ,-j = mQQi‘Sij’ méfj = m%{i(é,-j, méﬁ, = méipéij’
Al/z(x) - 2('x + (x - 1) a‘rCSinz \/';)x_z? X S 1? (31) m%ij - m%5”7 mé:} - m(%céij7 Uye = Uye, (34)
A;(x) = —(2x? +3x+3(2x — 1)arcsin?/x)x2,  x<1. .
where i, j =1, 2, 3.
(32)

By using Egs. (23) and (29), we calculate the two signal
strengths.

IV. NUMERICAL RESULTS

In this section, we will discuss the couplings and signal
strength of 96 GeV Higgs in CPV p-from-v SSM. The free
parameters in our analysis will be

A tanp, k. A, An A. A, e (33)

A. Mass and coupling

In Fig. 1(a), we can see that, when &, is near 96 GeV, h,
is closer to 125 GeV with the increase of tan . Although
both %, and h, can conform to the experimental mass range
in our parameter space, if we assume a theory uncertainty
of up to 3 GeV [30], the parameter range will be larger. One
can clear see that [C,,yy| is much larger than |C), yy| in
Fig. 1(b); the LHC measurements of the SM-like Higgs
bosons couplings to fermions and massive gauge bosons
are still not very precise [30,90]. If in the future some
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‘‘‘‘‘ tanf=4.2
---- tanf=4.3
tanf=4.5
95 100 105
(a) mp/GeV

0.851
E” 0.84r A1 tanf=4.2
Sl 083l ,:_:""' ---- tanfB=4.3
3 tanf=4.5
082"
0.28 0.é9 0.530 O.él 0.52
(b) 1Cph,wvl

FIG. 1. Values for m,, versus m;, in (a) and the normalized couplings |Chzvv‘ versus |C hIVV‘ in (b). The input parameters are in

Table 1.

collider can measure these couplings to the percent level,
then we can choose a more reasonable parameter space.

In Fig. 2, left column, we can see that m, is very
sensitive to v,c. As v,c becomes larger, m;, will rapidly
become smaller; on the contrary, mp, will slowly become
larger. In order for m, to be around 95.4 GeV, the value of
v, will not have a wide range. Similar to v,c, my, is also
very sensitive to k, and with the increase of 4, a larger «
value can be taken to keep my near 95.4 GeV. On the
contrary, « has little effect on m,,; especially when
A = 0.085 or 0.087, my, will be very stable.

In Fig. 3, we have showed the component of /; and 4,;
for hy, CP-odd H, component and CP-even right-handed
sneutrinos component are the main components, and with
the increase of A, CP-odd H,; component will become

smaller, while the CP-even right-handed sneutrino com-
ponent will become larger. While for 4,, CP-even H,, is the
main component, as 4 increases, the CP-even H,, compo-
nent will increase, the CP-even H,; component will
gradually decrease, and the CP-odd H,; component will
gradually increase.

Then, in Fig. 4, we analyze the correlation between the
Higgs masses and the CPV phases. For the first row, we
take 4 = 0.09, tanf = 6, and x = 0.315, for the second
row, 4 = 0.095, tan f = 4.5, and k = 0.315, for the third
row, 4 = 0.098, tan f = 4.3, and « = 0.32, and for the last
row, 4 = 0.085, tan # = 3, and « = 0.04. Other parameters
remain the same as in Table I. We should remark that there
are many CPV phase values that can be constrained by the
Higgs masses in Fig. 7(a), and here we select only one of

------ A=0.083 ---- A=0.085 A=0.087

100 1 —

98 . el - ---1
T 96 S S o -
e Q nasp e ]
SR S o
g £

0 124 ]

90 L L L S > L 3 L L L L L L L

860 880 900 920 940 960 980 1000 860 880 900 920 940 960 980 1000
(@)  1,/GeV (b) v, /GeV

100 £~ ' ' ' ' 126.0 ,

95 F o TS ] 1255 }
> - \\\ >
O] . So L
g 90 L S NN 1 Q 1250 fm===mme e ___]
< ~ AN <
s S s g

85| RN N ] 1245 |

80 ‘ ‘ ‘ -
0.040 0.042 0.044 0.046 0.048 0.050

(c) «

24.0 : : : :
0.040 0.042 0.044 0.046 0.048 0.050
@ «

FIG. 2. Values for my, versus the parameters v, in (a) and « in (¢) and values for m,,, versus the parameters v,¢ in (b) and « in (d). We

take tan # = 5 and other parameters in Table 1.
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----- - (CP-even Hy)-comp. =--- (CP-even H,)-comp.

——— (CP-even ¥°)-comp. ——— (CP-odd Hy)-comp.

— — — (CP-o0dd H,)-comp. — —

(CP-o0dd ¥°)-comp.

0S5 ~—~———oum 1 b eeemmmmm
——————————— 0.6f IS ]
0.4} 1 05F 3
o 0.3} { o 04t ]
=% AT
N N 0.3F ]
— 0.2¢ - e
0.2¢ e T
0.1 e 01 T
0.0b mm e o e e o ] 0.0k -
0.080 0.082 0.084 0.086 0.088 0.090 0. 080 0. 082 0. 084 0. 086 0. 088 0.090
(@ A b)) A
FIG. 3. The component of /&, (a) and &, (b). The input parameters are in Table I, and we take tan§ = 4.31.
" " " " " 127
“’0'/\
sof 126} ]
E 60k ] E 125/—\
£ 40} 1 £ 124f ]
20f ] 1231
0 X ' . . . 122 . : .
-08 -07 -06 -05 -04 -03 —0.2 <10 -0.8 -0.6 -0.4 -0.2
(@ oun (b du/m
110 . . 127 . .
100f
90t 126}
> >
5} 80F <]
Q 9 125f ]
£ 0 S
60¢ 124} 1
50F
40 : : : : 123 : : : :
0.5 0.6 0.7 0.8 0.9 1.0 0.5 0.6 0.7 0.8 0.9 1.0
© ¢u/n (d  ¢y/7
110 . . . 128 . . .
100} L7t
90f
E ok E 126f ]
g 70r £ 125} ]
60F
. 124 ]
40 : : : 123 : : :
~1.0 -0.8 -0.6 -0.4 -0.2 ~1.0 -0.8 -0.6 —0.4 -0.2
€ ¢y, ® ¢y /m
100 . . . . . . 130 . . . . . .
98} 128} ]
% 96//—\- % 126f 1
Q Q
g 94f £ 124} 1
92f 122} ]
90 - - - - - - 120 : : : : : :
0.83 0.84 085 0.86 087 0.88 089 0.90 0.83 0.84 085 0.86 087 088 089 0.90
(8) ¢u./m [GYRAWE

FIG. 4. The correlation of /; and the CPV phases in (a) (c) (e) (g); the gray area represents the experimental error of 3 GeV. .

The

correlation of 4, and the CPV phases in (b) (d) (f) (h); the gray area is the theory uncertainty of 1 GeV.
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TABLE 1. Input parameters to fit the LEP and the CMS
excesses. All dimensionful parameters are given in GeV.

A, A A, Ve K A,
920 [0.08;0.09] 1660 1000 0.042 =370
Ah ¢/I/7[ ¢A,/” d)vl,/ﬂ: ¢7711/ﬂ ¢)vu, /ﬂ
700 —0.020 —0.200 0.380 —0.095 -1

them. The signal strengths and the Higgs masses do not
increase or decrease all the time but oscillate like a sine
function. In Fig. 4, the first row, when ¢, grows from 4 to 5,
the mass range of the diphoton excess can fit the exper-
imental constraints, and the SM-like Higgs mass can be
kept around 125 GeV.

Similar to the first row in Fig. 4, the second and third
rows show the variation of s, and h, with the phases ¢,,
and ¢,,. m;, is very sensitive to ¢, and ¢, . When ¢, is
0.77 —z, h; can be kept within the experimental error
of 3 GeV. When ¢, continues to increase or decrease,
my,  will drop very quickly. Similarly, when ¢, is
[-0.757,—0.457], m;, can conform to the experimental
error. For SM-like Higgs, ¢,, and ¢,, can provide a wide
range to keep m,,, near 125 GeV. Different from other CPV
phases, it is difficult to determine the value of ¢,., and only
a narrow range allows h; and h, to be simultaneously
constrained by their respective experiments.

B. Signal strengths

First, in Figs. 5(a) and 5(b), we can see the correlation of
the signal strengths u&%,, yip, and v,c; with the increase of
the value of v,¢, the values of u&%, and p}7,, will increase. And
if we set v,c = 1000, the value of u&%, of tan # = 3.5 will be
larger than that of tan# = 3, because we conclude from
Fig. 1 that the Higgs masses and couplings will increase with
the increase of tanf. In the second row in Fig. 5, as the
growth of «, the value of u%’, will slowly increase, while the
value of 4/, will slowly decrease. However, either tan § = 3
ortan # = 3.5 ensures that u5, and y/%/ » are both within their
respective 1o experimental error.

The effect of CPV phases is also very obvious. Here, we
take ¢4 as an example, we take ¢, from —x to z. In the
first row in Fig. 6, we can see that the minimum value of 4,
appears to be around 96.2 GeV and varies periodically with
¢4,- The maximum value of h; does not exceed 1 GeV
larger than the minimum value. Meanwhile, the highest
point of A, is at 125.3 GeV, with a maximum value 1.5 GeV
larger than the minimum value.

The impact of ¢, on the normalized couplings is
relatively small. In the second row in Fig. 6, we can see
that the peak of |C), yy/| is close to 0.313, and the highest
point of |C), yy| is slightly less than 0.856. This implies
that, if the ““95.4 excess” is a new particle, then its coupling
with gauge bosons should be much smaller than the
coupling of the SM-like Higgs with gauge bosons.

----- - tanp=3 ---- tanB=3.3 tanB=3.5

0.13 0.30
0.12 f 0.28 |
0.11 0.26

5 0.10 | 22 024 ¢

=< 0.09 ¢ X 022¢f
0.08 | 0.20 |
0.07 £ 0.18 [
0.06 - . . 0.16 - - .

900 950 1000 1050 1100 900 950 1000 1050 1100
(@ v,/GeV (®)  v/GeV

0.13 ' ' 0.30 ,
0.12 028 F
0.11¢F 0.26 |

& 0.10 f 3 024t

3 0.09F = 022}
0.08 L 0.20 f
0.07 0.18 f
0.06 - - - 0.16 - - -

0.040 0.042 0.044 0.046 0.048 0.040 0.042 0.044 0.046 0.048
(© « @ «

FIG.5. The left column shows that the signal strength u%, varies with v, (a) and x (c); the right column shows that the signal strength
Ui, varies with v,c (b) and « (d). We take 4 = 0.09 and other parameters as in Table 1.
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0.304}
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-0.5 0.0 0.5 1.0
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FIG. 6. The Higgs masses vary with the phase ¢4, in (a)-(b); the correlation of couplings and the phase ¢4, in (c)-(d); and (e)-(f) are the
correlation of signal strengths and the phase ¢, . Here, we take tan # = 4.5, 1 = 0.086, and ¢4, = [—=. z], and other parameters are the

same as in Table 1.

127

1264 JI),(}--: £ N, 5 :Q 7.;;*\.: '

B Q‘rw,ﬁ{ S G

% >£i~r*
< 125 o
=
g
124
123 ‘ ‘ ‘ ‘ ‘
940 945 950 955 960 965  97.0

(a) my/GeV

0.06 0.07 0.08 0.09 0.10 0.11 0.12
(b) 1

FIG. 7. The left plot (a) shows the mass range of /; and h,; for &,, we take 1 GeV theory uncertainty, for z;, CMS gives a mass of
around 95.4 GeV, and we take 3 GeV experimental error. Correlation of these two signal strengths in (b); the gray area is the lo

experimental error. The values of parameters are in Table II.

In the last row in Fig. 6, we found that ¢A/ also has a
slight effect on the two signal strengths; ul/, is always
slightly bigger than the central value of pZk, but does not
exceed 1o experimental error. At the same time, pk’, is

lower than the central value of ye,’(’p, but it also does not

exceed 1o experimental error.
Let us remark that, in the random scan plots, we must
first ensure that the mass of /&, can conform to the
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TABLE II. The parameter space of the random scan plot. All dimensionful parameters are given in GeV.

A tan K [ A, A, A,
[0.087;0.090] [2.4;4.5] [0.040;0.045] [950;1050] [915;920] [1600;1700] [-375;=370]
Ay /7 a7 ¢, /7 ¢,,/7 Go,c /7 M,
[695;710] [-0.024; —0.022] [-0.4;-0.1] [0.382;0.385] [—0.095; —0.090] [-1;-0.9] 800

experimental constraints, because the mass determination
for SM-like Higgs is already very accurate. In Fig. 7(a), we
chose 1 GeV theory uncertainty for the SM-like Higgs. For
hy, we can choose the theory uncertainty up to 3 GeV,
because CMS shows only that there is a 2.80 excess at
95.3 GeV [9,13,17], which is not exactly observed. In
Fig. 7(b), the (i p, u¥%) plane, we can clearly see that, with
the parameter space of Table II, most points can explain the
diphoton excess and the bb excess.

V. CONCLUSION

In this paper, we introduced CPV in the u-from-v SSM,
which leads to CP-even Higgs sector mixed with CP-odd
Higgs sector. We also analyzed an excess in the diphoton
decay mode at ~95 GeV as reported by ATLAS and CMS,
together with a ~2¢ excess at LEP in the same mass range.
The mixing and CPV are used to produce the lightest Higgs
boson mass around 95 GeV, and the next-to-lightest Higgs
boson mass around 125 GeV is the so-called SM-like
Higgs. The lightest Higgs boson can explain an excess of yy
events at ~96 GeV as reported by CMS.

In the numerical part, we find a suitable parameter space,
based on which we show the properties of the lightest and
next-to-lightest Higgs boson. We found it very easy get

both ukh, and pilp to reach the central values of their
respective experiments at the same time. We also analyze
the influence of relevant parameters and CPV phases on the
signal strengths or Higgs masses and improve the signal
strengths as much as possible while ensuring that the SM-
like Higgs meets the experimental constraints and the
diphoton excess is around 95 GeV.
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APPENDIX: MASS MATRICES

The CP-even neutral scalars have the composition
ST = (hy, hy, (75)R¢), and one can write the mass matrix
M3 as

2 2 2 2 2
M ng hah, M hy(B6)Re M hy(B5)Re hy(B5)Re
2 2 2 2 2
whe Man, My gore My g M o
> 2 2 2 2 2
MS = M(5T>Rehd M(i}f)keh M(f}i)ke(ﬂf)ke M(ﬂﬁ‘)Re(ﬂg)Re M(ﬂ;)k&(ﬂg)ke ) (Al)
2 2 2 2 2
M(ﬂ;)Reh M(i'/tz‘)keh M(Dr)ke(ﬂr)ke M(ﬂ;)Re(ﬂg)Re M(ﬂ;)k&(ﬂg)ke
2 2 2 2 2
Miggyen, Migpen, Migpempe Migpegpre Migpeinye
2 _ G o Re(eibioibueitue ™) (A2 Re(e-ihr e ity e s ¢ 2 An. (A2
hyhy —7”4"‘ e(eie™ e e i )(A, )iqu tan f + Re(e™"Pe™Pme'Pue tie kKijk)nyl)pj tanf+ Ay, (A2)
G? . . : ihy . . ; iy o o
%/h _ _7%”“ _ Re(e’(p‘e_"/”’" esz,de’ YV (AA) 0, + 2Mi‘21}d1}u _ Re(e‘"ﬁle"‘/l’l’u e’d”del ¥ e j/lzkijk)uyquc_
d"u i 1 J
+ Ay, (A3)
) G? ) iy ids i ithy iy it it idhy ihy, .
My, =5 vyt Re(e'Pre™Pue'Prae i )(Alxl)iv,,? cotf + Re(e e Pue'Prae ie f/lkkijk)ub;v,,j; cotff+ Ay, (A4)

2
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R R
M? . =—Re(eie=itn eite " )(A;A),v, + 2445040, — 2Re(e~ 2 e ibu eitue e AEKijk ) Uy Dye —|— Aoty (A5)
o J

o L iy, i
M? oRe = —Re(e?1e™iPu elrae )(A;A) g+ 245 0,0,c = 2Re(e~ 2 eiu e Ve AeKiji ) Vaye + Aroti)s (A6)
i J J

l¢u ¢ l¢n ¢ l{/)n ( Ud’[]

M%D?)Re(ﬂ‘f)ke = (Awk);Re(e "te e Moy + Apaiyor)) + Re(e Wie=i l¢“‘€ ) (A); v (A7)
M%f’f)Re( ] |/1 | (Ud tv ) + A(2+l)(2+]) (AS)

The radiative corrections from the top quark and bottom quark and their corresponding supersymmetric partners, the
corrections in the mass matrix, can be expressed as

Ay = A, + AL, (A9)
iy
t 3Gpm 0 V(4] + A 2;) cotp — Re(eP e eiue” e VA, Ay
A1(2+i) = zﬁﬂzsinzﬂ{ 2 2

m;l - I’ﬂ,-['2

. . i iy
|ul? cot p — Re(e?eita eituue™ e 1) A
% m2 — m? t g(m%’ mi) ’ (AIO)
Iy I

WPy ¢

3Gym} {%vp;vduiﬁiﬂﬂj) cotp — Re(eeineibue e )A,zivd}

2 _ 2
m; —mg

t —

Al =
240 2 2asin?p

2 . . . s i, c
ms A,|2 — Re(ei®ieita pith, o= iPoy e cot
X {ln—;‘—i— A (ere i ez e )Apcotf g(m?, mtz)} (Al1)
ms m; —m; o

; ; : i '¢u c
. 3GFm? ( ‘Ud(/% /1* + /1* ) cotf} — Re( i1 pita, o1, o~ 1uy el Yi )Atﬂivd)z ) )
AQH)QH) - 21/27%sin2p { (m;l - m%z)2 g(m71 ’ m?z)}’ (Al12)
7 i 7 ‘¢U c
 _ 3Gemh [ ML | A —Re(eehe e Ayutang 1
5 /272cos? n 2 _ 2 n—s-
n°cosf mj my —m; my
o gy,
(|Ap> —Re(eiPrePue™Pae " )Aputan p)>
+ SRR glmz .m? )¢, (A13)
(mi:. - ml;z) 17 b
; i ; i, ¢
22\ 2n%cos?p m%l - m%z
m2 o iy,
b, |Ab|2 Re(eieitue™ e ") Ay tan
x {m 7 — g(mz ,m? ) o, (A14)
B mi’l - me 1 2
s i 7 ¢U (
b 3GFm‘l§ (|/’l|2 tanﬂ B Re(e”/’/le”ﬁuu e—l(ﬁ,, )Ab,u) 2 2
Ap = 22 2 22 g(mz .m3 ) ¢ (A15)
2v/27%cos’ (ml-j1 - mEz) b
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. . . iy .
3GFm;1) {% qu vy, (ﬂ“llj + //{fllj) tanﬁ - Re(ellﬁz el¢vu e_l¢(;d el v )Abﬂivu}

Al =
124 2\ /2n2cos?B mél - mlg72
2 o i,
mi A2 — Re(eieitue e ") App tan
% {ln 1271 + | 17| ( 5 5 ) b:u ﬂg(mgl’ méz)},
m;. mi —m;
4 2 l(/) l¢ —i¢. i¢nbc
AD _ 3Gpmy, |p|* tan § — Re(e'P2e'Pre™Prae Vi )Apu (2 2 )
202+i) P 2 2 gimg g
2272 cos p my = my 1 )

X
m: — m?

o ; i, .
50,00, (425 + 2 2;) tan f — Re(e'P e e e )A,,,l,.vu}
by by

o i, . 2
3Gym <%vy;vuuiz§H;%,-)tanﬂ—Re<e’¢A’el¢rr-ue-’¢we’ >Abz,»w)

b _ 2 2
Adiioen = arcos (m2 —m2 g(m .m3 ).

by

In the same way, the CP-odd neutral scalars mass matrix is that

Moor Mo Mo Moggm Mo
Mioy  Mio, Ml M owm Mo
My = | Migyng, Migmg,  Migpmym  Migymigyn Migeymeym |
Mg, Misgym,  Misgymaryn Misgymagyn Mseym gy
Misgpma, Migpma, Misgpmagym Miogpmgmm  Miggymym

M3, = Re(e e et o )(A;2)0,c tan 3 + Re(e~"%ie™ eitis e ¢ AiKijk )0y vy tan ff 4 A,
M2, = —Re(eiiemitu, eid)v,,gi(/)““f )(AzA)i0, + Re(e e etlue o e i[p%; AeKijic vy Vye + Agzs
M2, =Re(e e Puetm ¢ )(A;4)0,: cot 3 + Re(e~Pie=u et e ei{/)"”; /ll*ckijk)vpfu,,j_ cotff + Aqy,
M,Z;d(,;l;)lm _ Re(ei‘ble_i‘ﬁt'u vy e’¢"~§' )(AM),»UM + 2Re(e_"¢xe—"¢uu ei¢1'dgi¢"”§' eifﬁzm;’ l]tKijk)quvf 4 A6(7+i)a
M i(af)‘"‘ = —Re(ee"Puelue ot )(A;2);04 — 2Re(e™Pie P M mk’q AeKiji)vavus + Do,
M(zﬂf)lm(f’f)["‘ = Re(eie~ e ¢ )(AA); U:Z" — (Ak) iije(eid)””f e Yoy

i

; ; i ilﬁng i¢vhc
+4Re(e e Pue e e I AR ) Vavy + Ay

M%ﬂ?)lm(ﬂ;)[m - |ﬁ/i|2(1}£ =+ ’Ué) + A(7+i)(7+i)’

. X . . i, c
t 3G pm’ (—Im(e"ﬁ" e e v el i )At/")2 ( 2 2 )
_ ms ,ms ),
6 = 5 V2 sin? B (mtz1 — m%z)Z g\my . mz,
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, 3Gpm}  Im(eieiu et e e ") A cot f—Im(eieiPa et e ) A —
67 — \/’ 2 i 2 2 2 2 2 g(mfl’miz)’
2V/27” sin” m; —myg m; —myg
o gy,
. 3Gpm? (Im(ez@et(m, e Prip )A,,u COtﬂ)2 ( ., )
= : g(m . m?),
NG sin® 8 (l’n%l - mlzz)2 h'h
o gy g
, _ 3Gpm}  —Im(eieaeitu e e V) A uIm(e:eia et e e ) A Aoy (2 2
6(7+i) — . 2 2 2 2 70 M, )
) 2\/2722 sin? m: —m3 m? —m? 70 M,
o g, g,
, 3Gpm?  Im(eieine®ue e ) A pucotf—Im(eieueibue™ue ") A\, (2 m2)
N — z,mz ),
" 2y 0n? sin? p i, =, g, =, nr
o iy
s 3Gemt (bt b pnR
(T+i)(7+)) 2\/57[2 sinzﬁ (m%] _ m%Z)Z 10", )
H . 7 id)ll C
) 3GFmi (_Im(ez(/)zel(/)vu 6_"/)"!16 v )Ab,u tanﬂ)2 ( 5 5 )
= g ms; ,m;z ),
o= 33 cor'p = b
o ; iy
g7 _ 3Gpmy —(Im(e'2 e e e i YApu)? tan B (m2 ,m?
227% cos? B (Wt%l - m1232)2 b by
g,
p __ 3Gpmi  (Im(ehetbue e MOAWY oo
77 = 5 My )
2v/27% cos? (ml%71 - m1232>2 by* b,
. . ; i(:bu ¢
b o 3Gpm?7 —(Im(€l¢4e’4)1:u€_l¢"'de Yi )Ah)z’bttanﬂﬂ.i’l}u ( 2 mg)
67+ 0\ /272 cos’ f3 (m%l - mi)z b’ by
. ; i, .
w_3Geml (e A Py
SR, Fry 7 = b

nb _ 3Gem  (Im(eieitue e )AL, ) g(m? .m2 ).
T+)THD) ™ 9\ /242 cos? B (mél _ m%z 2 b "h,
The mix mass submatrix M3,
2 2 2 2 2
hdo-d hzlo'u Mhd(i;i)lm Mhd(ﬂé)lm Mhd(f/g)IIn
2 2 2 2 2
haos oy Mg My em Mo
> 2 2 2 2 2
MSP —_— M(ai)kead M(ﬂ?)ReO'M M<i)i)Re(iJi)Im M(ﬂ/{)Re(ﬂg)Im M(l;ﬁ‘)Re(i}g)lm
2 2 2 2 2
M(ﬂ;)kead M(f/g)Re% M(ﬂ;)Ré(ﬂ({)Im M(ﬂg)R&(ﬂg)Im M(l;g)Re(Dg)lm
2 2 2 2 2
M(ﬂg)kead M(ﬂg)Reo_u M(ﬂg)Ré(ﬂ”Im M(ﬂg)Re(f/;)Im M(Dg)Re(Dg)lm
2 =A
hgoq — 16>
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2
M, 6, = D17, (A41)
%lugd = Ay, (A42)
%ua = Ay, (A43)
o i i
(e = ~Im(e e ePrae ) (AA) 0w + Ay (A44)
- : i i¢uc
M%lu(i?)lm = _Im<el¢Ae—l¢ru e’¢1'd€ i )(A/Vl)ivd + A2(7+i)7 (A45)
. . ; iy .
M(Z%)Rc(y = _Im(el@le_l(/)vu el(/’z)de Y )(A/ll)ivu + A(2+i)67 (A46)
g,
M%ﬂ?)keau = Im(el¢l e_l¢t'u e“ﬁt‘de vi )(A,M)ivd + A(2+i)7’ (A47)
s i i iy, i iy,
M, ey = 2m(e et eue™ ™t ogm, = (A Re(e ™ ™5 ™ Yoy 4 Ay, (A48)
2 _
M(Df)ke(ﬁj)lm - A(2+[>(7+[)7 (A49)
4 2 ity piths, githn, p=ithrg ot it g, ity g=ibuy ot
. 3Gpm;  |ul]*cotp —Re(e' P e e Ve ae i )A u—Im(e' P e Ve Pue ae ) A
16 — \/— D) 2 2 2 B g(mylvmiz),
2+/2n” sin” mg — mg m; —m3
(A50)
4 2 ibs ida ity iy, P i ida ity =iy, P
. 3Gpm; |u]*cotp —Re(e' P e e e ae i )A ulm(eVrehe! Ve Pae ) Autanp
17 = /272 sin? ) 2 _ 2 g(m;l,miz),
227" sin” m; 7 m; :
(A51)
L . ; i, .
P 3Grmi  —Im(eiPiebaeibue e ") A
0 2V2n%sin?p m; —m?
) i,
mx A 2_Re i 1¢A, l¢vu l¢1’,1 Yi A cot
X {ln_;l | t| (e e j ez e ) Hu ﬁg(m;z , m% , (ASZ)
ms ms: — m: oh
2 51 [5)
3G om? iy b by —ithy P
. rmy  Im(e'?ie'PuePrue™Prae i) Apcot
7 2V2n%sin? m: —mz
2 . . . _: i, .
m: o |A,|* = Re(e:eueitue e ") A cot
X {lnm—g'—k ! o — L g(mz mz) o, (A53)
t 1 5]
4 2 ibsiba ity iy, P
, _ 3Gpm{  |u|*cotp —Re(e'Pie'PaePue™ e i )Ap
17+) 2\ /272 sin? B m;2, - m722
S gy .
—Im(eieiaeibue™ e " )A, A,
X o — = g(m%l,mi), (A54)
1 7
1 2
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