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The observed mass 125 GeV of the Higgs boson at the LHC requires
the large stop mass scale M; ~ Mgysy 2, 1 TeV. The allowed region of stop
parameters is investigated in MSSM of 3-loop accuracy. There is a sum rule
between the MSSM Higgs -, bb-production cross section ratios to the SM
Higgs boson. Radiative natural SUSY (RNS), satisfying the weak-scale
naturalness in MSSM, predicts the small Higgsio mass less than 500 GeV.
Correspondingly, the yy(bb) cross section ratio is reduced (enhanced) in
RNS.
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1. Introduction

The discovery of the Higgs boson by the LHC has strong impacts on the
particle physics. In the minimal supersymmetric standard model (MSSM),
My, < My is predicted in the tree-level, and thus, its large mass, M} =~
125 GeV, requires a large quantum correction, which is explained by large
stop masses mj;, , in the loop. They give the lower limit of the SUSY breaking
scale Msusy (= ,/mz,my,) 2, 1 TeV [1]. Applying the naturalness condition
in the unified scale predicts the stop mass scale less than 700 GeV [2]. How-
ever, this possibility is almost excluded from experiment, since CMS sug-
gests no light stop [3] with the mass m; < 0.65 TeV. Recent analyses from
ATLAS and CMS, in the context of the minimal supergravity (mSUGRA or
CMSSM) model [4], require myz 2 1.4 TeV for mg ~ mg and mg 2 1 TeV
for mg < mg. The SUSY breaking scale is considered plausibly to be more
than ~ 1 TeV.

* Work in collaboration with V. Barger, P. Huang, W.-Y. Keung.
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Applying naturalness only at the electroweak scale permits the stop mass
scale above 1 TeV. A small fine-tuning less than 10% level in reproducing
M}% and M% requires

lu] < 300 GeV, mg=1~4TeV,
m; = 1~2TeV, mg, =2~5 TeV, (1)

1

where we have considered a SUSY-GUT type model with the non-universal
Higgs mass to reproduce the electroweak symmetry breaking radiatively by
RGE from GUT scale down to the weak scale. This model is called radiative
natural SUSY (RNS) [5-7]. The small Higgsino mass || is expected directly
from naturalness, while the 1st-, 2nd-generation squarks and sleptons have
masses ~ 1-8 or 20-30 TeV. There is no SUSY CP problem because of
these large masses and only a tiny non-standard contribution to the (g —2),
anomaly are expected. These spectra are consistent with the present data
of b — s, Bs — pTp~. RNS is a promising candidate beyond the SM.

We will investigate the allowed region of stop parameters from M) ~
125 GeV in RNS of the three loop accuracy in the next section.

2. SUSY Higgs boson mass

We analyze mass of the SUSY Higgs boson in the 3-loop accuracy by
using the H3m package [8]. The input parameters are selected from a natural
SUSY benchmark line (NS3): (m;, g, mg, ) = (812.5,1623.2) GeV which
corresponds to Mgsysy = 1212.9 GeV. It is obtained by varying the third
generation scalar mass myg |7] at the unification scale. The A; dependence of
H3m points are shown by solid circles in Fig. 1 (left). They are implemented
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Fig.1. (left) A;(Msysy) dependence of M}, in 3-loop calculation by H3m (solid

circles). The solid line implements the H3m results by using the 2LL formula. Based
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on this result, the dashed lines are obtained with different My (=
0.6,0.8,1.0,1.4 TeV. M = 125.5 =1 GeV is shown by gray/blue band. (right)
Mgsusy dependence of Mj, in natural SUSY points in Ref. [7]. See Ref. [9] for
details.
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by using the 2-loop leading log (2LL) formula in the effective field theory
(EFT) approach. The dashed lines correspond to different Mgygy values,
0.6, 0.8, 1.0, 1.4 TeV, see Ref. [9] for details. The peak value of M}, gradually
increases with In Mgsusy. The Higgs mass constraint M, > 124.5 GeV
requires a SUSY breaking scale Mgsygy = 0.6 TeV.

The Mgysy dependence in the radiative natural SUSY [7] is shown in
Fig. 1 (right). The points indicate the In Mgygy dependence, and in order
to explain My > 124.5 GeV, it is indeed plausible that Mgsygy = 1 TeV.

3. Couplings of Higgs boson

3.1. Ratios of the SUSY Higgs couplings to those of the SM Higgs

The SUSY Higgs mechanism is based on the two Higgs doublet model of
type II with the H, doublet coupled to up-type quarks and the H; doublet
coupled to down-type quarks. After spontaneous symmetry breaking, the
physical Higgs states are two CP-even neutral Higgs h, H, one CP-odd neu-
tral pseudo-scalar A and the charged Higgs H*. We focus on the CP-even
neutral Higgs boson h and H, which are related to the flavor eigenstates H?
and Hg by
\}/% = coH? — s,HY, \1;15 = 5o HC + co HY, (2)
where H37d is the shorthand for the real part of Hgd - <H87d>. We use the
notation s, = sina, ¢, = cosa, and t, = tana. tanf = v, /vy is defined
in terms of the Higgs vacuum expectation values. Our interest is in large
tan 3, tan 8 2 20, and in the decoupling regime with large my4 for which
a~f—7T.

The r2atios of the h and H couplings to those of the SM Higgs hgum,

denoted as ryp (= Gy, 11 pp/Ingypp)» € given by [10]

h h h C h —S
Tvv = $8-a> T = Tee = i ) Trr = Cﬁa )
o= TPy = 1+ =
bb cg 1+ 4, talp ’
H H H_S H _C
Tvv = C-a> T = Tee = i ) Trr = i ’
H Ca Ab ta
Ty, = — |[1— 1——1]. 3
e [ 1+Ab< tﬁ)] ®)

Here, we include the 1-loop contribution A, to the bb coupling, which is
negligibly small for the small y value in RNS.
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The gg, vy coupling ratios ng,w for ¢ = h, H, A relative to hgy are [11]

779 h 179
o vl + Ik, o iy oy — alirl — 150, (@)
99 ¢ ’ g 77 ¢ ¢ ’
Itt Ibb IIWW - §Itt - §Ibb

where I{fVW’ 1t.pp TEPTEsent the triangle-loop contributions to the amplitudes
normalized to the M — 0 limit [12-14].
XX — h — PP cross section ratios |11] relative to hgy are given by

h h |2
op = opp OXX—PP "xx"pp
P = = = y
OSM  OXX—shgy—PP Rh
Th 2 2 2 2
tot h h
Rh = FT;’M:OW‘T% rh |75 0.25 ‘rW) +0.09 ‘ng‘ ,
tot

()

where R" is the ratio of the h total width to that of kg, Fﬁg;{ =4.14 MeV

[15] for M}, = 125.5 GeV. The coefficients in RHS of R" are the SM Higgs
branching fractions. Here, we have assumed no appreciable decays to dark
matter.

3.2. Sum rule of cross-section ratios

In the large m 4 region close to the decoupling limit, o takes a value

a=0pf——=+4¢€ (6)

r{}vzl, ’T‘Z’Cczl—l-ﬁ/tg, r]Tszl—etg, T‘bb_l—

through first order in €. The 7‘{}760 are close to unity because those deviations
from SM are tg suppressed. Thus,

o~ b o~ (8)

since the bottom triangle loop function I} is negligible in Eq. (4). Only

Té’b, rP_ can deviate sizably from unity for large m4 and large tan 3. Follow-

ing Eq. (5), the op = opp/osm of the other channels are commonly reduced
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(enhanced) in correspondence with rf} > 1 (rf, < 1). We predict the cross
sections relative to their individual SM expectations

1

_— 9
0.6 (r)? + 0.4 )

and
0.40, 4 0.605 =1, (10)

where the SM bb branching fraction is approximated as 60%. Equation (10)
holds independently of the production process. Enhanced o implies reduced
op, as well as enhanced oy and oz. Or, reduced o, implies enhanced oy, as
well as reduced oy and oz.

8.8. Flavor-tuning of mixing angle o

Note that rl};b -» = 1 in the exact decoupling limit m — oo for which
e =0. Flavor—tuﬁing of € to be small but non-zero is necessary to obtain a
significant variation of 7% from unity. Positive (negative) € gives bb-reduction
(enhancement) from Eq. (7).

The mixing angle « is obtained by diagonalizing the squared-mass matrix
of the neutral Higgs in the u, d basis. Their elements at tree-level are

(ME)™ = Mpsh+mich; Mych+mishs — (M7 +mi) spes (11)

for ij = 11;22; 12, respectively, which gives € < 0 in all region of m 4. Thus,
in order to get bb-reduction, it is necessary to cancel (M%) by higher
order terms AMZ-QJ-.

In 2LL approximation, the Aij are given by [16, 17]

M2 = (M2)" + AM?, (12)
3m? arx
2 _ o ST [ LAY
MMy = By [t (1= Gst) +asme (1 251) (1 - 2Ggt) |
_M%S,%’ (1 - F3) )
AMZ, = —Fy T Q )2
9 = — %167‘_21}28% Kl —2 gt> (z¢f1) } )
3mi arx
2 _ i _ Tt 9
(13)
where Fy = 1/(1+125¢) with [ = 3,3, 9 and Gy = — iy (12 — 3270 with

l_15 9

= 3, 5. The Fj are due to the wave function (WF) renormalization of the
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H, field and the index [ is related to numbers of H! fields in the effective
potential of the two Higgs doublet model. F3¢* ~ Fo¢3 ~ F3£2 ~ 1, where
4 2

¢ is defined by H, (M) = Hy,(m)E, where £ = F;l. We get
4
2MZ + AM? — AM3, — AM?, tan 3

= _ . 14
‘ mitanﬁ (14)

In order to get vy enhancement, o, > 1 (¢ > 0), flavor-tuning (FT), a
cancellation of (M%) by the loop-level AM?%, contribution is required.
This is possible for rather large values of fi and tan 3 [10, 18].

Here, ay, x¢, i have scale Q = Mgusy, while the tan § = v, /vy is defined
at the weak scale @) = m; ~ 163.5 GeV. The relation cot § = cot (m;) =
cot B(My) €1 will be used in the following calculation.

Numerically ag = ag(my) = 0.109 giving —327was = —10.9, while h; =
me /v = 0.939 is small. G5 o = 0.0274,0.0442 and t = log(1-1V TeV) = 3.62;

22

thus, Gist = 0.099 and 2G ot = 0.320, and F3 = 0.892.
2 2
In large m 4 limit, the M, ﬁ is expressed by

3m 4 2 1‘?
M} = My + Foryts |t (1-Gagt) + (1-2Ggt) (2f - 75
~ M2 [sg (1 — Fy) — 2633 (1 - F%)} : (15)

where the Higgs WF renormalization factor £ is retained in the denom-

inator of F3. This Fj factor is usually expanded to the numerator in

2LL approximation and correspondingly G1s and Gg are replaced by G 8
2

4
M? = M3c3, + ot 3mi (1 — Gst) + (1 - 2Gst)(af — T5)] — M3s ggj;gt HOW-
ever, numerically Eq. (15) s1gn1ﬁcantly increases M}, at large Msysy. Equa-
tion (15) gives increasing M}, as Mgygy increases up to ~ 7 TeV, while the
usual formula with the expansion approximated for Fj3 gives decreasing M},
when Mgysy > 1.3 TeV and is not applicable at large Mgysy.
In Eq. (15) we require mjy, > 124 GeV. This implies

195(5 xtmin) < ‘$t| < 286(5 xtmax)a (16)

where we should note that the positive z; branch is favored by the SUSY
renormalization group prediction [9)].

Correspondingly, the ;1 dependence of 0., o, and o, are given respec-
tively by the two curves in Fig. 2, where we take tan 8 = 20.
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Fig. 2. [t dependence of 0., = 0. /0ogm (upper panel), o, = 05/0sm (middle panel),
and o, = opp/0sm (lower panel) for mg = 500 GeV: Their allowed values are
between the solid/red curve (corresponding to |z:| = Ttmax) and the dashed/blue
curve (corresponding to |z¢| = Z¢min). Left (Right) panels show negative (positive)
x¢ region. Deviations from unity are enlarged for a large negative fi, but there the
perturbative calculation is unreliable due to a large quantum correction.
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8.4. Natural SUSY predictions

The allowed region in RNS is shown by a narrow range between two
vertical lines in each panel of Fig. 2, where |u| < 500 GeV. The RNS always
predicts the bb-enhancement and ~+ reduction [10].

TABLE I

Natural SUSY predictions of o, 0, and o, for my = 0.5,1 TeV.

ma O.’Y gy Or
500 GeV | 0.82~0.91 | 1.06 ~ 1.12 | 1.04 ~ 1.08
1 TeV 0.95~098 | 1.01 ~1.03 | 1.01 ~ 1.02

4. Concluding remarks

The mass 125 GeV of the Higgs boson is consistent with the SUSY break-
ing scale Mgysy > 0.6 TeV due to the three loop analysis of the SUSY Higgs
boson. It is consistent with the stop masses anticipated in RNS. The Higgs
couplings to the SM particles are predicted in RNS. The MSSM Higgs v~
cross section ratio to the SM Higgs satisfies the sum rule together with the
bb cross section ratio. The flavor-tuning of the neutral Higgs mixing angle o
needed to reproduce 77 enhancement requires a large pu ~TeV and large
tan 8. For small |u| < 0.5 TeV in RNS, the yvy-suppression relative to the
SM is always predicted. Thus, the precision of LHC measurements of the
vy, W+ W, Z % Z and bb signals of the 125 GeV Higgs boson can test MSSM
and RNS models.

Finally, I remark that the relatively small wino and bino masses are also
expected in RNS. The wino pair production signal W;EZ4 — (W*Z12) +
(WinF ) occurs at substantial rates and the detection of the same-sign
diboson signal is a promising method to check the RNS [19] at the LHC.

I wish to express my special thanks to Prof. J. Gluza and the other
members of the Organizing Committee. This work is supported by grant-
in-aid KAKENHI 25400272.
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