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Abstract

The minimal supersymmetric standard model leads to precise predictions of the properties of
the light Higgs boson degrees of freedom that depend on only a few relevant supersymmetry
breaking parameters. In particular, there is an upper bound on the mass of the lightest neutral
Higgs boson, which for a supersymmetric spectrum of the order of a TeV is barely above the one
of the Higgs resonance recently observed at the LHC. This bound can be raised by considering
a heavier supersymmetric spectrum, relaxing the tension between theory and experiment. In a
previous article, we studied the predictions for the lightest CP-even Higgs mass for large values
of the scalar-top and heavy Higgs boson masses. In this article we perform a similar analysis,
considering also the case of a CP-odd Higgs boson mass m 4 of the order of the weak scale. We
perform the calculation using effective theory techniques, considering a two-Higgs doublet model
and a Standard Model-like theory and resumming the large logarithmic corrections that appear
at scales above and below m 4, respectively. We calculate the mass and couplings of the lightest

CP-even Higgs boson and compare our results with the ones obtained by other methods.



I. INTRODUCTION

Since the discovery of the Higgs boson at the LHC in 2012 [1, 2], both the ATLAS and
CMS experiments have made increasingly precise measurements of its mass M), mainly in
the h — ZZ,~7v decay channels. Using ~ 5 fb~! of data at \/s = 7 TeV and ~ 20 fb~! of
data at /s = 8 TeV, the ATLAS and CMS experiments have measured [3, 4]

ATLAS: M, = 125.36 4 0.37 £ 0.18 GeV, (1)
CMS: M;, = 125.02 7538 012 GeV, (2)

where the quoted uncertainties are statistical and systematic, respectively. The result from a
recent combination of the measurements from ATLAS and CMS is M), = 125.094+0.21+0.11
GeV [5].

Low-energy supersymmetry (SUSY) is a highly predictive framework that can accomodate
the observed Higgs mass and Standard Model (SM)-like properties in a variety of models [6].
These models contain at least an extra Higgs doublet and the observed Higgs boson is usually
identified with the lightest CP-even state h, with properties that deviate from the SM one
depending on the mixing with the other neutral scalar states in the theory. In the minimal
supersymmetric extension of the Standard Model (MSSM), the Higgs sector reduces at tree-
level to a type II two Higgs doublet model (THDM), with the mass of the lightest CP-even
Higgs boson bounded to be smaller than the neutral gauge boson mass M.

This tree-level result, however, is modified by SUSY-breaking effects, receiving large
radiative corrections from heavy top-squarks (stops). In the case of heavy supersymmetric
particles and non-standard Higgs bosons, the Higgs boson mass may be determined as a
function of the stop masses and their mixings, depending only weakly on other SUSY-
breaking parameters. Models with heavy supersymmetric particles are motivated by the
absence of any significant deviations of flavor or precision measurement observables with
respect to the SM predictions. Hence, a precise computation of the Higgs mass as a function
of the stop mass parameters is of significant interest.

There has been much activity in the computation of the Higgs mass in the MSSM in the
past. The Higgs mass has been calculated by performing fixed-order perturbative calcula-
tions in the MSSM, as well as in effective theory analyses, in which the dominant logarithmic

dependence has been resummed by renormalization group (RG) methods. For supersym-
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metric particle masses of the order of the weak scale, an accurate prediction of the Higgs
mass may be obtained by computing the radiative effects diagrammatically up to a fixed
order in perturbation theory [7—12]. Alternatively, the dominant radiative corrections at a
given order in perturbation theory may be obtained from effective potential methods, using
derivatives of the effective potential V' (Hy, Hs), for values of the Higgs field equal to their
vacuum expectation values (Hy) = vy, (Hy) = vy [13-16]. These fixed order calculations
have been now carried out up to partial three-loop order [17-20].

On the other hand, for heavy supersymmetric particles, the effective field theory approach
may be implemented by integrating out MSSM particles, considering the induced thresholds
to the relevant couplings and running them down to the electroweak scale, evaluating the
effective potential approximation of the Higgs mass, and, after approprate corrections, the
pole mass [21-25]. Tt is clear that for low values of the supersymmetric particle masses, where
the logarithmic corrections are similar in size to the non-logarithmic ones, the fixed-order
calculations are expected to lead to the most accurate values. For very heavy supersymmetric
particles, the logarithmic corrections become very large, the fixed-order perturbation theory
breaks down, and the RG approach leads to an appropriate resummation of the leading
logarithmic corrections. In this case, the effective field theory methods may lead to a more
accurate determination of the Higgs mass.

In a previous work [26], we used EFT calculations to compute the mass of the lightest
CP-even Higgs boson in the MSSM, in the case of heavy stops and non-standard Higgs
bosons. A similar approach was also taken recently in Refs. [27, 28]. We studied the cases of
light and heavy charginos and neutralinos, which can lead to relevant radiative corrections
to the lightest CP-even Higgs mass. Furthermore, we provided an analytical approximation
for the relevant three- and four-loop corrections to the Higgs mass that revealed a large
cancellation between the dominant and subdominant leading-log contributions, leading to a
large difference between our computations and the previous partial three-loop calculations
discussed above.

In this article, we perform a similar study for the case of a small CP-odd Higgs mass,
characterizing a light non-standard Higgs boson spectrum. In this case, the theory below
the stop mass scale is a THDM, with the possibility of additional charginos and neutralinos,
depending on the choice of the gaugino and Higgsino mass parameters; see Fig. 1. This

approach was first detailed in Ref. [29]. The presence of two CP-even Higgs bosons at low
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FIG. 1. Examples of hierarchies of scales examined in Ref. [26] (left), and in this paper (middle,
right).

energies leads to mixing effects in the CP-even Higgs sector that affect the predicted lightest
CP-even Higgs boson mass and couplings, and therefore modify the Higgs physics at high
energy colliders.

This article is organized as follows: in section II we describe the properties of the low
energy effective theory, the THDM. In section III we describe the constraints on this generic
framework when we assume the presence of a softly broken supersymmetric theory. In
section IV we study the numerical predictions for the Higgs boson masses and mixing angles.
In section VI we describe the approach to the alignment limit and the comparison with the

values predicted in the hMSSM approach. We reserve Section VII for our conclusions.

II. TWO-HIGGS DOUBLET MODEL

The most general scalar potential with two complex SU(2),, doublet Higgs fields &y, @,
each carrying hypercharge Y = 1, is [29]

A A
V = m20i®; + m2®id, — (m?,®®, + he) + ?1@;@1)2 + 72(@;%)2

+ Aa(@[01)(Dh Do) + Ay (®] ) (0101) (3)

A
+ {75@{@2)2 + | Xe(@] 1) + M(@Q%)} D] D, + h.c.} .

We assume CP-conservation and for simplicity, will take the coefficients m?,, A5, \g, and

A7 to be real. At the minimum of the scalar potential, the Higgs fields acquire vacuum
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expectation values

@i):\ﬁ N (4)

and we can parameterize them by writing

n
B, — P; | (5)

\/LQ(Ui + ¢ +iaf)

where ¢; is complex and ¢?, a? are real. We choose the v; to be real and non-negative, with

)

v =4/0? + v3 ~ 246 GeV, ts = tan 8 = vy /vy . (6)

After electroweak symmetry breaking (EWSB), five physical Higgs bosons remain in the

the usual relations

spectrum: two CP-even, charged H*, two CP-even, neutral h, H, and one CP-odd, neutral

A. Minimizing the scalar potential, we can eliminate m? m3, and we have the following

expressions for the squared masses of A and H*:

1

m?% =m2, — §v2(2A5 + Xt + Artg) (7)
1

qui = mi + 51}2()\5 — )\4) . (8)

The squared mass matrix for the CP-even, neutral Higgs bosons in the {®,, ®,} basis is

M3, M3, s5  —spC o f
B 8Cs 1 Ji2

e = (M M) ) , o)
M7, M3, —S8Cg  Cg Jiz fa2

where sg = sin8,c3 = cos 3. Throughout this paper, we will employ similar shorthand

sp = sinf, cy = cost,ty = tan 0 for a generic angle §. The f;; are

fll = )\10% + 2)\60585 + /\58% s (10)
fi2 = ()\3 + )\4)6585 + )\66/% + /\78% , (11)
fo2 = )\25% + 2X\7cp55 + )\50% . (12)

Diagonalizing this matrix, the masses of the physical CP-even, neutral Higgs bosons are

given by

m, = l(TrMZ + /(TeM2)? — 4 det M2) - 1(M%l FM2, (5m2> ,
S 2 (13)

sm? =/ (M2, — M2,)? + 4(M2,)?
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where the mixing angle « for the neutral CP-even states is

o = \/5m2 + M, — M3, 5 — VoM,
* 20m? T om(emE + M3, — M3,

(14)

H Co Sa P,

h —S4 Co b, 7
and the mixing angle is defined in the range —7/2 < o < 0.
We can also rotate to the Higgs basis {Hy, Ha} [30],

H1 - g Sp (I)l (15)

H2 —Sg C (I)g 7

where only one of the scalars receives a vev, (H;) = v/+/2. In the Higgs basis, the CP-even

mass matrix takes a similar form,

0 O
M%_I :mi +’U2 g11 gi12 7 (16)
0 1 912 g22
where
g1 = )\102 + )\23% +2(A3+ M\ + )\5)5?30% + 4)\60:;;35 + 4)\73205 , (17)
gi2 = CﬁSﬁ(}\gS% — )\IC% -+ ()\3 + )\4 -+ )\5)C25> -+ 3()\7 — )\6)8%0% + )\66213 — )\78% , (18)
g2 = (A1 + )\2)6%8% —2(M\3+ )\4)5%0[23 + )\5(sé -+ c‘é) + (A7 — X¢)S25C25 , (19)

and it follows that in this basis the mixing angle is § — «, namely

H [ ¢-a —Sp-a H,

—~

20)
h S—a  CB—a H2

When the mixing cg_, is small, this basis is convenient since the lightest CP-even Higgs
tree-level couplings are identified with the SM Higgs ones. More generally, the Lagrangian
describing the coupling of the Higgs bosons to the top and bottom quarks at scales below

Mg may be parametrized in the following way
L= (hb + (5hb> ER(I)T*QIL + €ij (ht + 5ht) ERQqu)% + AthRQzL(I)ZZ* + GZ]Ahtt_RQZLq){ + h.c. (21)

From here it follows that the bottom and quark running masses are given by

hyv Ohy — Ahytg

- 14+ =2 22

mp \/565 ( + Ry + hy ’ ( )
ht'l) (Sht Aht

= — 14+ —=4+—1. 23
” ﬂsﬁ(+ht+htt6) (23)




with the relevant couplings evaluated at the weak scale. Observe that while the corrections
to the bottom coupling are loop-suppressed, they are enhanced at moderate or large values
of tg and therefore they may take values of order one in this regime. On the contrary, the
corrections to the top coupling are suppressed by both loop and ¢z factors and therefore
tend to be small.

At tree level, the MSSM Yukawa couplings are related to the SM Yukawa couplings by
Yy = ht8ﬁ7 Yp = hbcﬂ7 Yr = hf‘rcﬁ . (24)

From Egs. (22-23), it follows that these couplings are modified at one-loop order at Mg in
the following forms [31, 32],

Yi 1

hy == —>— 25

¢ 8,31+5t+At ( )
() 1

[ — 2%

b 061+5b+Ab ( )
Yr 1

[ — 97
Cﬁl—l-d,-—l—AT ( )

where &; = 6h;/h; are the terms without factors of tg, and A, = (Ahst, ") /b [Ay =
(Ahyty)/hp, Ay = (Ah, ty)/h;] are tg suppressed [enhanced] terms:

0 8 2
Et = _gg?%mgAt I(mfl y My, mé) - hgluz I(m51 5 m52, pl) - 5912/M1At1(m517 mg,, Ml) 5 (28)
tsA, 8

K = gggmgl’b ](m7?17mt~27mg) + hZZ)II"LAb ‘[<ml~717ml~727u)

1
- gSMzu{ (I, Mo 1) + 531 (i, Moy )| + 5 |1 (mey Mo, ) + 52 (i, Mo, 1) }

1 2 1
+ —Q%Mlﬂ{—f(mt],mzz, Ml) + 5 [Cfl(mﬁ? Ml?l/“) + S?I(Tflgz, Ml?M)

3 3
2[5t Mg+ HHme, M) (20)
O _ 8 5 2 2 L,
E - _§g3m§Ab I(mf)l?mBQ? mf]) - ht:u I(mfla m,g2,,u) + §gYM1Ab I(m51>m527 Ml) ) (3())
JAV) 8
Ii_tg = gggmgﬂ ](m517 mg,, mg) + h’f:U’At I(mfl y My s /J“)

1
- gzMzu{ |1, Ma, ) + 531 (g, Ma, )| + 5 [T, Mo 1) + 531 (s, Mo, o) }
1, 1 11, 9
— g9y M gf(m517m527 M) + 5 [be(m1317 My, p1) + syl (mg,, Mh,u)]
 [strtm, g0+ om0} (31)
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5

- = g?/MlAT[(mﬁa My, Ml) ) (32)
K

AT 2 1 2 2

Iitﬁ = _QQMQM [(mﬂﬂ M27 M) + 5 |:CT[(m7~'17 M27 ,u) + Sr[(mf'zv M27 N):|

1
- Q%Mlﬂ{f(mﬁamﬁ, Ml) - 5 |:C72'I(m7~'17 Mla M) + S'Qr[(mﬁa Mh ,U)]

+ [872_](771.7-1, Mhﬂ) + CEI<m‘7’27 M17 M)} } : (33)

In the above expressions, £ = (1/167?) is a loop factor, A, (Ay,) are the trilinear couplings
of the stops to the Higgs field &5 (®,), mf are the sfermion eigenstate masses, M; 5 are the
hypercharge and weak gaugino masses, mg is the gluino mass and g is the Higgsino mass
parameter. The parameters s;, sy, s, (¢4, ¢, ¢;) are the sines (cosines) of the stop, sbottom,
and stau mixing angles, and the function I(a, b, ¢) is defined as
a*v? log(a®/b?) + b?c*log(b?/c?) + ac? log(c? /a?)
(a2 — b2)(b® — @) (a® — ) :
We will assume that the masses mz; = m; = m; = Mg (such that s% =

A = 1/2 with X = t,b,7). We will consider the two scenarios My = M; = u = Mg

I(a,b,c) =

(34)

= Mz

(3

= my,
and My = M; = p = 200 GeV. With these choices, the above expressions contain the
dominant contributions to the threshold corrections, which also include all terms necessary
for consistency with our threshold corrections to the quartic couplings. [27]

Strictly speaking, below Mg, the couplings Ah,;, and h,p + dh,, evolve in slightly differ-
ent ways. However, since the dominant contribution from QCD in the RG evolution of the
couplings is the same, and the couplings Ah,; are already loop-suppressed, we shall approx-
imate the ratios A;; as constants below Mg and concentrate only on the RG evolution of
the top and bottom-quark couplings to the fields H, and Hy, respectively. We expect this
approximation to have a negligible impact on the Higgs boson masses.

Using the above expressions, one can easily prove that the couplings of the light phys-

ical Higgs boson h to top and bottom quarks and vector gauge bosons are given by (see,

e.g. Ref. [33])
_ | Co—a\ Ay lg Ca—qa SM
Ihat = (Sﬁ‘o‘ + tg ) 1+6; + A, < 53 Intt -

[ A ts Cou 35
9hbb = (Sﬁ—a — CB—q tﬁ) + ’ < R )] 9;8121/;[, (35)

1+5b+Ab S%

SM
9wV = Sg—a Gnvv s



where gpM, g3 and gp,, denote the SM couplings of top quarks, bottom quarks and weak
gauge bosons to the Higgs. One observes that in the regime of moderate or large values of
tg and small values of cg_,, the bottom coupling can get sizable departures from the SM
value, while the top and vector gauge boson couplings tend to be close to their SM values.

Similarly, for the heavy Higgs boson H, one obtains

(50 Ay tg Sp—a SM
e — C —a 9
9Htt < 5 + cs ) + L4106, + A, ( 5% Ihit

i Ay tg Sp—a M (36)
= _at —a) — )
9Hbb (85-a tg+ Co-a) 140, 1A, ( 3% hbb

_ SM
gaHVV = Co—a Gpvv -

Hence, one observes that for small values of cs_, the coupling gmy, of the heavy CP-even
Higgs to bottom quarks is affected by loop corrections and can become sizable at large values
of t3. The top-quark coupling to the heavy Higgs instead remains suppressed by either loop
or tg factors.

For completeness, we stress that there is a close connection between the coupling of the
heavy CP-even Higgs and of the CP-odd Higgs to top and bottom quarks. These CP-odd

Higgs boson couplings are given by

_ l _ ts Ay SM
Jas ts (140 +A)s3 | 7 .
_ tﬁ Ay SM
= |ts —
g Abb B (1 Yo, + Ab)S% Inbb

III. THE MSSM HIGGS SECTOR

The MSSM Higgs potential for the two Higgs doublets Hp, Hy with respective hyper-
charges Y = —1,1 is

1 1
Vi = g(gg +gv)(|Hp|* — |Hu|*)? + §9§|HEHU|2 + |ul(|Hp|? + |Hu?)

+m?2 |Hp|? +m3,|Hy|* +m3,(Hp - Hy +h.c.), (38)

where Hp - Hy = e, H4HY. These originate from the D-terms in the superpotential and

the soft supersymmetry-breaking terms. To recover the form of the THDM potential in Eq.
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(3), let m? = m3, + |ul|* for k € {1,2} and m?, = By, with the following relations between
the fields,
@1 = —iUQHB, (DQ = HU . (39)

The terms in Eq. (38) become
|HLHy |2 — | @42 |®,)* — (910,)(010,), Hp - Hy — —®1d, (40)

and we have the following tree-level relations for the quartic couplings:

1

A=Ay = 1(93 +932/) ) (41)
1
s = 1(95 = 97, (42)
1
)\4 = __gg ) (43>
2
>\5:)‘6:)\7207 (44)

where the notation for the above couplings is shorthand for AMSSM (/).
The one-loop threshold corrections to Ax(Mg) in the MSSM from box and triangle dia-
grams are tabulated in, e.g. Ref. [29]:

AWV, = —ghffﬁ + 6rhiA2 (1 . f—;) + th4A2( f—;)

Ll Z gy [an2 — 33 A — n2 22 (45)
AL N, = 6rht A2 <1 - f—j) - ghgpﬁ 6h§% i

_ Z gy [an2 22— nz — 022 (46)
AN = S22 [3h1(3 — A7)+ 3hi(3 — A}) + hi(3 — A2)|

+ Shih: 3(A, + Ay)? = (72 = A4, - 6] (47)

’;92 . 9 (307 — ) + 3R3(AF — ) + h2(A2 - )] (48)

AR A = T [301(3 — &) + 313 — AD) + h(3 - A2)]

- thhQ [3(2#&) (32 — A,A)2 — }

+ g% [3h2(A2 %)+ 3h2(A2Z — p2) + h2(A2 — pﬂ)} , (49)
AR =% e [3h4A2 +3hEAZ 4 pr A2 (50)
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AV g = [3ht P22, 1 3hiAL(A2 — 6) + h1A (A2 — 6)] (51)

i

6

AWV, = gu [3h4At(A 6) + 3hi2A, + hij QAT] , (52)

where A; = A;/Mg, i = p/Msg, the Yukawas h;; . are given in Eqgs. (25—33), and all
parameters are in the MS scheme.’

In addition, there are self-energy corrections to the Higgs bosons which, after redefinition

of the Higgs fields, give rise to 1-loop corrections to the quartic couplings,

2 2 -
AN = —SBTI [z 1 32 2 4 2 22 (53)
2 2 -
A, = —%—92 SO (302 22 + 3120 + hiﬂ?} , (54)
Ay, = B9V 3h A2 4 3h2(A2 + W2 (A2 + i 55
(1) 92 2 2 2 2042 | ~2
Ay’ Ay = e 3h2(A? + (%) + 3h2(A? + %) + h2 (A% + p2) |, (56)
AN = AP = ADN, = 0. (57)

We extend these corrections with additional two-loop h}g3 terms, which can be extracted
from the corrections to A in the my ~ Mg case, [26]
4.2
A9 ) = 16K>h}s5g3 { 2X, + 3X3 — EX“} (58)
and these are matched to the quartic couplings in Eq. (17) by picking out the terms pro-
portional to (c3, 53, ¢3s3, ¢35, s3c3) for (A1, Mg, Asas = As + Ay + A5, X6, A7), respectively,

AGIDN, = —Zahigit, (59)
AL Ny = 1682R1g2 ( — 94, + %/Tf’ - %Ef) , (60)
AP\ = 4r2Rd §Atﬂ2<1 _ %fl) , (61)
INGEDVE %fﬁ hfgg/ﬁ( -1+ Et) ; (62)
Ath‘g3 A7 = 4H2htg3u< — A2+ %1@) . (63)

4 2 ~ ~
Note that there is an asymmetry Aiﬁt 95) \ when X; — —X; however, this is subdominant to
the asymmetric contribution from the h; threshold in Eq. (28), which leads to log-enhanced

corrections to the quartic couplings at the two-loop level.

1 We have not included the small threshold corrections to the quartic couplings from electroweakinos, which

involve only gy, g2, A. They are listed in Ref. [34], and we estimate they lower mj, by about 0.5 GeV.
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IV. RG EVOLUTION AND DIAGONALIZING THE HIGGS MASS MATRIX

From the low energy effective theory point of view, the tree-level values of the quartic
couplings, as well as the threshold corrections enumerated above, should be defined with the
gauge and Yukawa couplings at the stop mass scale. More precisely, these values define the
boundary conditions for the RG evolution of the quartic couplings as well as the Yukawa

couplings from the scale Mg down to the scale of the CP-odd Higgs boson m 4.

It is clear that if the scale m 4 is of the order of the weak scale, the CP-even mass matrix
elements, Eq. (9), may be computed by evolving all quartic couplings down to the weak
scale. The CP-even Higgs masses may then calculated by diagonalizing the mass matrix at
the weak scale and adding the proper corrections converting the running masses at the weak

scale to the pole masses.

On the other hand, if the CP-odd Higgs boson mass is much larger than the weak scale,
decoupling of the heavy Higgs bosons should be achieved, and the mixing between the non-
standard and standard CP-even Higgs boson, ¢,_g, should go to zero as 1/m?. Therefore,
for a heavy supersymmetric spectrum, the effective theory is just the SM below the scale m 4.
The lightest CP-even Higgs mass computed in this case should reduce to the one previously

computed in Ref. [26].

Both limits may be appropriately recovered by evolving the quartic couplings up to the
scale m4 and computing the matrix elements at that scale in the Higgs basis. At scales
below m 4 we simply evolve the (1,1) matrix element by the full two-loop SM RG evolution
of the quartic coupling up to the weak scale. On the other hand, the corrections of the
off-diagonal elements coming from the evolution from m 4 to the weak scale become relevant
only for large values of my, for which c,_g becomes small and therefore irrelevant from the
phenomenological point of view. Consequently, we consider the evolution of this matrix
element from m 4 to the weak scale by resumming the dominant top-induced corrections at
the one-loop level. For similar reasons, for large values of m 4, the radiative corrections to
the (2,2) matrix element coming from the running between m,4 and the weak scale, which
depend logarithmically on the CP-odd Higgs mass, become small compared with the tree-
level value, which depend quadratically on this mass. For low values of m4 < 500 GeV and
tg > 4, we have checked that our results for the Higgs boson masses (mixing angles) differ

by less than 0.5 GeV (1%) from the ones that would be obtained by evolving all quartic
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Observable Value

SU(3). MS gauge coupling (5 flavours) a,(Mz) = 0.1184 4 0.0007

Fermi constant from muon decay V = (V2Gr)~Y? = 246.21971 4 0.00006 GeV
Top quark pole mass M; =173.34 £ 0.76 £ 0.3 GeV

W boson pole mass My = 80.384 £ 0.014 GeV

7 boson pole mass Mz =91.1876 + 0.0021 GeV

Higgs pole mass My =125.09 +£0.21 £ 0.11 GeV

TABLE I. SM observables, collected in Table 2 of [36].

couplings until the weak scale. For larger values of m4 and lower values of ¢g, however,
the effects of decoupling of the heavy Higgs bosons become relevant and for m4 > 1 TeV,
the lightest CP-even Higgs boson mass can become significantly different from the one that
would be obtained without decoupling the heavy Higgs bosons.

As a starting point for the evolution of the quartic couplings, one specifies the SM values
of the gauge couplings and Yukawa couplings at some scale. We work in the third-generation
approximation, so six couplings gs, 9o, 91, Y¢, Yp, Y- are relevant. We use the low energy pa-
rameters g;, y; at the scale of the top-quark pole mass M;, which are extracted from the SM
observables in Table I, and have values given in Table II.2 These couplings, along with an
initial value® [36, 38-47] of A\ ~ 0.25, are evolved to the intermediate scale m4 using three-
loop SM RG equations for gs, g2, g1, ¥y, A and two-loop SM RG equations for y,y,. There
are additional loop contributions to g1, g2, y¢, A from electroweakinos if pu, My, My < m 4. [48]
Due to its weak couplings, we have only included the dominant one-loop log-enhanced con-
tributions from RG running using tree-level gauge couplings of the electroweakinos to the
Higgs bosons.

Above the scale m4, the effective theory is the THDM, and two-loop type II THDM RG
equations are employed in the running between m 4 and Mg. These are listed in Appendix A,
and can also be found in Ref. [49]. As above, we have included one-loop contributions to
the running of g1, g2, hy, A\x from electroweakinos if my < p, My, My < Mg. We note that

for perturbative consistency of the RG running, three-loop RG equations should be used;

2 Unlike in Refs. [26, 28], we use the NNLO value of y;(M;) instead of the NNLO+N*LO QCD value because

we use three-loop SM RG equations below m 4, but only two-loop THDM RG equations above m 4.

3 We have checked that the final values for M do not have a strong dependence on the initial condition

for A\(M,) if it is chosen to correspond to a value of my (M;) = Av? ~ 100-150 GeV.
13



however, these are not known for the THDM. Also, inclusion of the three-loop order RG
equations in the SM running has a small effect, and we expect the same holds for the THDM.
To determine the approximate values of the MSSM gauge and Yukawa couplings at the high
scale Mg, we run the couplings up to Mg setting A, =0 (k= 1,...,7) in the running; this
has sub-percent level effects on the running of the Yukawas and the gauge couplings. At
Mg, we calculate the threshold corrections to the Yukawas according to Egs. (25—33), and
use these results in the expressions for the MSSM values of the )\, in Egs. (41-57, 59—63).*
With these values of A\x(Ms), we use the full type I THDM RG equations in the running
back down to m,. The matrix elements of M? in Egs. (16, 17—19) are computed, and the
value of gi; is used as the boundary value for A\(m,) for the SM RG running from my4 to
M,;. M3 is then diagonalized at M, and the running masses m37, m% and the mixing angle
[ — « are computed.

The running mass my, is converted to the pole mass M}, using the SM one-loop formula

as in Ref. [26], in which SM MS running couplings are used,

2

[2—\/§ long]

9
M7P = N(My)v* (M) + ﬁ{3yf(4mt2 — m3) Bo(My, My, my) — 5)‘7”%,

VT, 4 2 2 Ly s miy,
- — [392 —4Ag; +4X ]Bo(mw, my, mp) + =gav [g /\(log 1)]

4 2 Q?

o2 (64)
Y [3(93 +9v)° = 4N(g5 +gy) + 4)\2] Bo(mz, mz, mp)

1 2
+Z(g§+g§)v2[(g§+g§)—A<1Og@—1)]} :

Q2:M2
where By is the one-loop Passarino-Veltman integral
! 1 —2)m? 4+ axm3 — z(1 —x2)m3
Bo(ml’mQ,m3) = _/ log [( ) 1 Q; ( ) 3] (65)
0

We have checked that this gives similar results as the two-loop conversion using parameter
values in the OS scheme, as in Ref. [36]. We have not included contributions from light elec-
troweakinos in the conversion formula, but we expect these contributions to be subdominant
to those from the SM. For low values of my4 and tg and large values of Mg, the top Yukawa
y; can deviate sizably from the coupling of the physical Higgs to the top, gn: in Eq. (35);
however, we checked that the shift in M, when substituting gny for y; in Eq. (64) is less

4 We use tg(my) as an input, and run v; and vy to Mg using two-loop RG equations for the anomalous

dimensions. When calculating the MSSM values at Mg, we use tg(Mg) = va(Mg)/v1(Ms).
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gi gi(My) Yj y; (M)

g3 1.1666 n 0.94018

9 0.64779 n 0.0156
gy =/3/501 0.35830 yr 0.0100

TABLE II. Values of SM parameters at Q = M; computed in the MS scheme. g2, gy, and y; are
computed at NNLO, and the SU(5) normalization relates g; to the SM hypercharge coupling gy .
The value of g3 is obtained using 3-loop QCD matching to the SM. We have used the two-loop,
5-flavour MS RG equations in the broken phase from [37] to run my, m, from their initial values

my(mp) = 4.18 GeV, M, = 1.777 GeV [50]. For more details, see [36].

than 0.5 GeV. Similarly, in the scenarios we investigated, we expect the difference between
the running mass and the pole mass of the heavy Higgs to be small due to its larger mass
and its reduced coupling of the heavy Higgs to the top quark in Eq. (36).

It is instructive to consider the dominant one-loop contributions to the CP-even Higgs
matrix elements in the Higgs basis. This was discussed in detail in Ref. [33] (for the CP-

violating case see Ref. [35]), in which it was shown that

3v?siht M2 . X2
2 2 2 Bt S 2
gt =mzts g lm (m) o ( )| (66)
3visthi [ (MZ\ XX, +Y) XY,
2 _ 2 Bt S t\At t he g
g12vV" = —Sa8 {mzcm - —1677'2 |:1n (—m?) + 9 - 12 :| ) (67)

where )A(t = X;/Ms, Xy = Ay — p/ts is the stop mixing parameter associated with the
coupling of the SM-like Higgs to the stops, 3775 =Y;/Mg and Y; = A; + utg.
From the above, the mixing angle cg_, may be computed,
_ 2
€ = 2 2912U 2 2y (68)
\/(mH —my)(mg — gnv?)

For values of mpy larger than the weak scale, one can show that [33]

—1 3mAX,(Y, — X;) X2
t g 2 _ 2 Cnkel’ — 69
B CB m%[ _ mi mh mZCQ/B + 47T2U2 6 ) ( )

and therefore, all dominant radiative corrections to the mixing angle, which come from the
renormalization of the quartic coupling Ay at scales above m 4, may be absorbed into the
definition of the Higgs mass m;. The remaining terms are proportional to /l)?t tan 3, vanish

for maximal mixing thz = 6, and cannot be absorbed into a redefinition of m,.
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A. The hMSSM scenario

The fact that the dominant corrections to the lightest CP-even Higgs mass and the mixing
parameter have a common origin motivated the authors of Ref. [51] to define the “hMSSM
scenario”, in which one assumes that for a given value of ¢t3 and m 4 the proper Higgs boson
mass may be obtained by choosing appropriate stop masses and mixings. As discussed
above, the dominant radiative corrections to the Higgs boson mass and the CP-even Higgs
mixing may be absorbed into the definition of the Higgs boson mass my. More precisely, in
the hMSSM scenario, only radiative corrections to the quartic coupling Ay are considered,
namely \; = —Xgg5 = M3 /v, Ay = M7 /v*> 4+ AM3,/(v?s3) and A\s = A7 = 0. One can easily

show that, in order to achieve the proper Higgs pole mass M, the radiative corrections must

be given by
Ay, = MR A )~ G, (70)
Mzcs +miysy — My
The heavy CP-even Higgs mass is given by
i (M3 + MZ% — M,f)(M%c% + M%s%) — Mf,M%cgﬁ | 71)

M%c% + Mﬁs% — M?

Once these expressions are considered, the CP-even Higgs mixing angle is given by

(M% + mi)058/3
o = — arctan . 72
(M%c% + mis% — M? (72)

It is straightforward to show that, for values of m,4 larger than the weak scale, the mixing
angle in this approximation agrees with the one presented in Eq. (69), in which the last term
inside the bracket is neglected.

From Eq. (69), one can then identify the main difference between our approach and the
hMSSM approximation. For low values of ji, the main difference is associated with the
radiative corrections to the quartic couplings A; and Ag45. For moderate values of #g, the
main logarithmic corrections to these couplings are governed by weak couplings, and hence
are small compared to the dominant corrections absorbed into my,.

On the other hand, for sizable values of ji and moderate values of g, the last term
in Eq. (69) may become relevant and therefore we expect the hMSSM scenario to fail to
accurately describe the Higgs phenomenology in this case. The difference will be maximal

for sizable values of i and X, away from the maximal mixing value. Beyond the difference
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associated with the u-induced radiative corrections, the hMSSM works under the assumption
that one can always choose the supersymmetry breaking parameters so that the proper Higgs
mass is obtained. As we shall show, this is not always possible: for low values of m 4 and
ts, there are regions of parameter space for which obtaining the right Higgs mass would
demand pushing the supersymmetric particle masses close or above the Planck scale, where
the effective low energy supersymmetry description is no longer valid.

We can also examine the Hhh coupling. We define the Feynman rule for the vertex as

igpnn- This is given by [30, 52

Grnn = —31}3[30%{ — )\653675[;1 + SapCap [()\1 — A345)Sap + t3 </\6(20a5 + Sap) — M(2545 + ca5)>
+ Caﬁt%(_)\Q + )\345)} + )\70351535’} — A345VCa—3 5
(73)

where s,3 = (—s4/cs) and c,3 = ¢o/s, both of which tend to 1 in the alignment limit.
The above expressions can be compared to the expression given in the hMSSM approxi-
mation [51],

M}
9rnn = === 252058+ — C2aCh+a + 3

c
Mg sp °
which can be recovered from Eq. (73) when the radiative corrections to Ay alone are con-
sidered. Hence, as with the mixing angle «, we expect the hMSSM to provide a better

approximation to the correct results provided [ is small.

V. NUMERICAL RESULTS

The results of our analysis are presented in Figs. 2, 3, 4 and 5. In Fig. 2 we present
contour plots of the lightest CP-even Higgs mass for my4 = 200 GeV in the Mgtz plane
for small values of stop mixing parameter, X’t = 0, and for values close to maximal mixing,
)?t = /6. In addition, we compare values of M), obtained for ;1 = Mg, for which the chargino
and neutralino contributions to the Higgs mass decouple below the scale Mg, with the ones
for low values of y = 200 GeV, for which the corrections to the Higgs mass induced by
RG-evolution effects of charginos and neutralinos become relevant. We see that in order to
obtain the proper value of the Higgs mass at low values of t3 ~ 2, low values of ;1 of the

order of the weak scale and large values of Mg of the order of the GUT scale are necessary.
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FIG. 2. Contour plots for Mp, in the plane tg, Mg with my = 200 GeV, My = My = p, Ay = A, =
A;. The outer black, dot-dashed lines are contours of My = 122,128 GeV as labelled. The blue,
dashed lines correspond to Mj, = 124,126 GeV, and the central black, solid line to M}, = 125 GeV.
Plots in the top [bottom] row have X; = 0 [v/6], and plots in the left [right] column have y = Mg
[200 GeV].

We also note that for t5 < 1.5, values of M), = 122 GeV may not be obtained even if the

supersymmetric spectrum is pushed to the GUT scale.

The values of the Higgs mass at m4 = 200 GeV are heavily susceptible to Higgs mixing
effects. In contrast, we show in Fig. 3 contour plots of the lightest CP-even Higgs mass for

m4 = 300 GeV and similar supersymmetry breaking parameters as in Fig. 2. The qualitative

18



My, my=300 GeV, u=Ms, X,=0 M,,, my=300 GeV, u=200 GeV, X,=0

10

tanf

)

Log;o[Ms/GeV] Log;o[Ms/GeV]
My, my=300 GeV, u=Ms, X,=245 My, my=300 GeV, u=200 GeV, X,=245

10

tanf
tanf

)

4 6 8 10 12 14 16 4 6 8 10 12 14
Log,o[Ms/GeV] Log,o[Ms/GeV]

FIG. 3. As in Fig. 2, with m4 = 300 GeV.

behavior is the same as in the previous case, but the proper Higgs mass is achieved at lower
values of Mg. In particular, for low values of 11, values of tg3 = 1 no longer demand sparticles

above the GUT scale, a result that is independent of the stop mixing parameter.

It is relevant to show the previous results for values of Mg of order of the TeV scale, as
expected if supersymmetry is related to the mechanism of electroweak symmetry breaking.
The results are presented in Figs. 4 and 5, in which the values of Mg are restricted to vary
between 1 TeV and 30 TeV. For my = 200 GeV, it is clear that M; = 125 GeV cannot
be achieved with values of t3 < 4; similarly, requiring values of Mg of the order of 1 TeV

demands large ¢z and values of X, close to the maximal mixing values. As expected, the
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FIG. 4. As in Fig. 2, but with Mg restricted to the 1-30 TeV range and modified ranges in g

Shading has been added between the contours for visual clarity.

values of ¢35 necessary to achieve the proper Higgs mass increase for lower values of my4 and

large values of i, due to mixing and chargino and neutralino effects, respectively.

In Fig. 6, we plot M), as a function of )/ft to show the effect of mixing in the Higgs mass

matrix at different values of my, t3, fixing u = 200 GeV. The different curves correspond to

choice of Mg between 1 and 10 TeV. At low t3 = 5, the effect of mixing for m4 = 200 GeV
is pronounced; the value of Mj, with m4 = 200 GeV is between 2-3 GeV lower than with
my = 500 GeV, which approximates the decoupling limit. For higher values of 5 = 20, the

difference between the respective curves for the two values of m 4 falls to less than 0.5 GeV.
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FIG. 5. As in Fig. 3, but with Mg restricted to the 1-30 TeV range and modified ranges in .

Shading has been added between the contours for visual clarity.

The logarithmic dependence of M, on Mg is evident in these plots: increasing Mg from 1 to
5 TeV increases M), by approximately 12 GeV, while doubling Mg from 5 to 10 TeV yields
a more modest 3—4 GeV change. We also note that the maximum M), achieved for Mg =1
TeV is M, ~ 126.1 GeV in the lower right panel. Within uncertainties, this agrees with

results previously found in the my = Mg case in Ref. [26].

In Fig. 7, we have plotted M}, in the high-scale SUSY scenario, with large ¢g = 20. For
Mg = 2 TeV, the dashed blue curve, we obtain M, = 126.5 GeV. Also, in contrast to
the bottom-right panel of Fig. 6, M; = 125 GeV is no longer achieved for Mg = 1 TeV
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m4=200 GeV, tanB=5, u=200 GeV m4=500 GeV, tanB=5, u=200 GeV
130f" ' ' ' ' "] 130F ' ' ' '

M, [GeV]
M, [GeV]

-3 2 -1 0 1 2 3

M, [GeV]
M, [GeV]

Ms=1TeV ----- Ms=2 TeV

Ms=1TeV ----- Ms=2 TeV
-------- Ms=5TeV ------ Ms=10 TeV caeees Ms=5TeV -—-—-— Ms=10 TeV

FIG. 6. My, vs. X, for m4 = [200,500] GeV in the [left, right] columns, tg = (2,20) in the (top,
bottom) rows, A, = A, = Mg, and u = My = Ms = 200 GeV. The four curves are for Mg values of
1,2,5,10 TeV from bottom to top. The vertical grey dashed line indicates the value at the one-loop
maximal mixing value )275 = /6. The horizontal light grey box is the 1o band M), = 125.09 + 0.24
GeV.

at maximal mixing without light electroweakinos. We can compare with the recent results
produced by the SUSYHD code of Ref. [28]. Our values are < 1 GeV higher than the central
result of Ref. [28]. Part of this discrepancy is attributed to the use of the lower value of
Y (My): if we instead use the NNLO + N*LO QCD value y, x31.0 qep(Me) = 0.93690, M, is
lowered by 0.5 GeV. The remaining small difference may be explained by the more complete

calculation of thresholds in the my4 ~ Mg case of Refs. [26, 28].

VI. COMPARISON TO PREVIOUS RESULTS

In this section, we compare our results with the results obtained in the hMSSM scenario

as well in the FEYNHIGGS version 2.10.2, in which relevant logarithmic effects to the SM
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FIG. 7. As in Fig. 6, with my = Mg,tg = 20, Ay = A = Mg, and u = My = My = Mg.

quartic couplings are resummed in order to increase the accuracy of the results at large

values of Mg. [53, 54]

In Fig. 8, we present the comparison of our results with the hMSSM approximation for
sizable values of i = 2 and values of X, =—15and X, = 2.8, away from maximal mixing,
for which the hMSSM results are expected to show a worse approximation to the correct
results than for low values of y at moderate or large values of t3. The results of our compu-
tation for the mixing angle o and the heavy CP-even Higgs mass are presented in the left
and right panels with red dotted lines, while the blue lines represent the relative and abso-
lute differences of these quantities with the ones computed in the hMSSM approximation.
We present our results for Mg = 5 TeV, for which the correct values of the Higgs mass,
represented by black solid, dashed and dotted lines, may only be obtained for moderate to
large values of ¢g in this region of parameters. Differences in « of the order of 10%-20% are
obtained for moderate values of ¢3 and values of the heavy CP-even Higgs bosons of the order
of the weak scale. Since the mixing angle controls the coupling of the lightest CP-even Higgs
boson to fermions and gauge bosons, relevant modifications of the Higgs phenomenology are
expected in ths region of parameters. Similarly, the heavy CP-even Higgs boson mass may

be affected by values of a few to 10 GeV in this region of parameters.

In Fig. 9, we present in the upper panels similar results but for )?t = 2.8 and large values
of Mg = 100 TeV for which lower values of 3 ~ 4 are required to obtain the correct Higgs
masses. We see that in this case, in the relevant region of parameters, the agreement is

improved compared to the large 5 case, with differences in a of the order of a few percent
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FIG. 8. Difference between hMSSM and effective THDM calculations of o and My in the plane
tg,my for Mg =5 TeV, X’t = [2.8, —1.5] [top, bottom|, u = My = My = 2Mg, and A, = A; = A;.
From the bottom to the top of each plot, the light grey lines (dot-dashed, dashed, and solid)
correspond to M, = (122,124,125,126,128) GeV. Red, dashed lines in the plots in the left [right]
column are contours of a [Mp] computed using the effective THDM. Solid and dashed blue lines
in the plots in the left [right] column are contours of (o — anmssm)/|e| [Muy — Mg nvssu, in GeV;

dashed lines indicate values halfway between adjacent solid lines.

and differences in my of the order of a few GeV. In the lower panels, we present results for
lower values of i and Mg = 10 TeV, for which values of {5 ~ 5 lead to the proper Higgs

boson masses. We see that due to the smaller values of i and ¢g, the differences with the
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FIG. 9. As in Fig. 8, with Mg = 100 TeV, X; = 2.8, i = 2 [top] and Mg =10 TeV, X, =2, =1
TeV [bottom].

hMSSM reduce to values of at most 1% 2% in this case.

A “low-tanf-high” scenario, in the region of 1 < t5 < 10, 150 GeV < my S 500 GeV,
has been presented by the LHC Cross Section Working Group [55] with values for a subset
of the MSSM parameters necessary to achieve M, = 122-128 GeV in FEYNHIGGS. In this
scenario, a simplified, heavy MSSM spectrum above the scale Mg is assumed; other MSSM
parameters are chosen as Ay = 2 TeV (f = b,7,¢,s,p,u,d,e), My = Mg, My = 2 TeV,
u = 1.5TeV, and My = M; - gtan2 Ow ~ 950 GeV fixed by the GUT relation. M$® and

XOS the values of the stop masses and mixing parameters in the on-shell scheme used in
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FeEYyNHIGGS, are then chosen to achieve M), in the desired range.

We have used one-loop conversion formulae [15, 26] to change M 2%, X2% in the OS scheme
to Mg, X, in the MS scheme, which are the parameters used in our calculation. The maxi-
mum M$S value specified is 100 TeV, which is used for points with low m < 200-250 GeV
and t3 < 1-3. Maximal mixing is chosen for points in the region t3 < 2. In FEYNHIGGS, this
corresponds to the choice X2 = 2M$5; in the MS scheme, the output value of X; should
be close to the maximal mixing value yt,max; for which M, as a function of X, achieves its
maximum (e.g., in Fig. 6, X, max lies close to the one-loop value YZ z;ax = V6 Mg). For a
selection of these points, we performed a similar scan and found that the output values of
X, yield M}, (X;) values within 0.5 GeV of the maximal mixing values.

Our results in this scenario are shown in Fig. 10. The top-left panel shows that across the
range of parameter space using the tabulated values of Mg and X;, M} < 123 GeV using the
effective THDM calculation. In the top-right panel, the discrepancy between our calculated
value of M}, and that of FEYNHIGGS is clearly exhibited: for much of the parameter space
above tg ~ 6.5, our calculation of M is about 2 GeV lower. Between tg ~ 4-5 (t5 ~ 2-4),
this disagreement worsens to 3-5 (5-10) GeV. This can also be seen in the lower-right panel
of Fig. 2, where for m4 = 200 GeV and lower values of u = My = My = 200 GeV, M) = 122
GeV is not achieved for Mg = 100 TeV until ¢5 ~ 3. The effective THDM calculation yields
a higher value of the Higgs mixing angle o compared with FEYNHIGGS, but the two are
in agreement at the level of 5% except for a region mu < 300 GeV and g < 6. Below
tg ~ 3 and my ~ 225 GeV, the fractional difference reaches 10%-12%. The values of the
heavy Higgs mass my are only significantly discrepant, more than 5 GeV, for low 5 < 2.5,
although for t5 < 1.5, ma < 250 GeV, our calculation of my is more than 10 GeV lower.

We can estimate how much of the differences in Fig. 10 are due to the use of a different
boundary value for the top Yukawa y,(M,), for which FEYNHIGGS uses the 1-loop SM MS

m, running value.®

In Fig. 11, we reproduce the results in Fig. 10, except that we use
yrNLo (M) = 0.95113 as the boundary value for the RG running. In the top-right panel, M,
in the region above tg ~ 5.5 (4.5) now agrees to within 1 (2) GeV; however, discrepancies
larger than 5 (10) GeV still exists for t5 < 3 (2). Likewise, there are modest reductions in

the differences in o and my across the parameter space. The remaining differences between

5 For consistency at two-loop order, only the one-loop terms involving gs,y; are employed in FEYNHIGGS

to obtain y; pu nrLo (M) = 0.962.
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FIG. 10. Top row: density plots for M} calculated using the effective THDM [left] and the
difference between the left plot and the calculation of M} using FEYNHIGGS, for the low-tan 5-
high scenario [right]. From top to bottom, the (dotted, dashed, solid, dot-dashed) black curves
correspond to differences of —(2,3,5,10) GeV, respectively. Bottom row: The difference in mpy
[left] and fractional difference in « [right] calculated using the effective THDM and FEYNHIGGS.
In the left plot, from the upper right to the lower left, the (dashed, dotted, dotted, dashed, solid,
dot-dashed, dot-dashed) black curves correspond to differences of (2,1, —1, -2, —5, —10, —15) GeV,
respectively. In the right plot, from top to bottom, the (dotted, dashed, solid, dot-dashed) black

curves correspond to differences of (1,2,5,10)%.

the FEYNHIGGS results and our results could be explained by the different resummation

method implemented in FEYNHIGGS in which the THDM effects are ignored.

We turn now to the comparison with the hMSSM in this scenario, shown in Fig. 12. We
use Egs. (71-72), inserting the value of M), obtained from the effective THDM calculation.
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FIG. 11. Asin Fig. 10, except using the boundary value y; n,0(M;) = 0.95113 for the RG evolution.
In the top right plot, from top to bottom, the (dotted, dotted, dashed, solid, dot-dashed) black

curves correspond here to differences of —(1,2,3,5,10) GeV, respectively.

The fractional difference in a between our calculation and the hMSSM is less than 4%
between the two calculations. Likewise, there is minimal deviation in my, except in the
small corner of parameter space at tg ~ 1, ma S 200 GeV, where the disagreement reaches
the 5% level. As was discussed in Sec. IV A, sizable values of y are needed for the hMSSM
approximation to break down; however, throughout the parameter space of the low-tan/-
high scenario, < Mg. Finally, we note that if instead the value of M) from FEYNHIGGS
is used in the hMSSM equations, we see a similar level of disagreement between the hMSSM

and our calculation as in Fig. 10.

We can also test the formulae for the gy, coupling, Eqs. (73-74), in the low-tan 5-high

scenario. In Fig. 13, we show the results of our calculation and the fractional difference
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FIG. 12. Density plots for the difference in my [left] and the fractional difference in « [right] cal-
culated using the effective THDM and the hMSSM approximation, for the low-tan -high scenario.
In the left plot, from the upper right to the lower left, the (dashed, dotted, dotted, dashed, solid,
dot-dashed) black curves correspond to differences of (2,1, —1,—2, -5, —10) GeV, respectively. In
the right plot, from the upper right to the lower left, the (dotted, dashed, solid, dot-dashed) black

curves correspond to differences of (0,1, 2, 3)%, respectively.

with the hMSSM using the effective THDM value of M),. Fractional deviations of less than
6%—7% are observed. As above, differences between our calculation and the hMSSM when

the FEYNHIGGS value of M, is used reach 30% at low tan 8 and larger values of m .

The dominant SM uncertainties come from the inputs y;, as at M;. The uncertainty from
a(M,;) is subdominant as it enters at two-loop order for M; in both the RG running of
Y, A; and in the threshold contributions. The uncertainty from y; has two sources: one
from the experimental measurement of the top quark pole mass M;, and the other from the
conversion of M, to the MS top Yukawa y(My;). An estimate of the uncertainty from the
value of M; can be found in the m4 ~ Mg case in [26], where it was shown that using the 1o
high and low values of M, shift M; by about 1 GeV. As previously discussed, the use of the
NLO, NNLO, or NNLO+N3LO QCD values of y;(M;) can shift M, by 1-2 GeV. There are
also uncertainties from varying the renormalization scale O in the effective potential, from
subleading 2-loop threshold corrections to Ag, and from higher-dimensional operators, but
we expect these contributions are subdominant to those from the SM. For a more detailed

discussion of uncertainties, see Ref. [28].
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FIG. 13. Contour plots of Agpn = ggnn/v computed in the THDM [left] and the fractional
difference between Ay, computed in the THDM and the hMSSM [right].

VII. CONCLUSION

In this article, we have computed the mass and couplings of the lightest CP-even Higgs
boson in the MSSM, considering large values of the masses of the scalar quarks, and inter-
mediate values of the CP-odd Higgs mass. We performed these calculations using effective
theory techniques and resumming the large logs appearing above and below the CP-odd
Higgs mass scale. We worked in the Higgs basis and showed that provided the threshold
corrections to the off-diagonal CP-even Higgs mass matrix element are small, all relevant
radiative corrections may be effectively absorbed into the definition of the lightest CP-even
Higgs mass. This situation occurs for moderate or small values of the Higgsino mass pa-
rameter £ and/or of the trilinear stop mass parameter A;, and the resulting CP-even Higgs
boson masses are well approximated by the hMSSM scenario. On the other hand, for sizable
values of ;1 and A;, the alignment condition may be realized, in which case our results differ
significantly from those in the hMSSM method.

The Higgs masses computed in our work tend to be lower than the results obtained by
FEYNHIGGS, which implements a different resummation method, and may differ by a few
GeV or more. The difference may be traced to our use of an effective THDM theory at
scales above my4 and also a higher-order computation of the relation between the running

and the on-shell top-quark mass.
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Our calculation of M), leads to lower bounds on ¢g for low values of my4 in order to
achieve Mj, = 125 GeV: for my = 200 GeV, we find t5 2 3.4 (2.0) for u = Mg (200 GeV).
These bounds are due to the appearance of large mixing effects that push the lightest CP-
even Higgs mass down and cannot be overcome by the positive contributions to M) from
both the stop threshold corrections (even with stops as heavy as Mgyr) and from radiative
corrections from light charginos and neutralinos. We also note that for values of tg ~ 1, a

Landau pole of the top-quark Yukawa coupling may be induced at low values of m 4.

Finally, we would like to stress that our work has been restricted to the computation
of the neutral Higgs masses in the MSSM, without taking into account any experimental
constraints beyond the measured value of the Higgs mass. While constraints from precision
measurements, new physics searches, Higgs, dark matter, and flavour physics will lead to
relevant bounds on the values of the free parameters of the theory, in this article we have
focused on the Higgs mass computation for arbitrary values of those parameters. Our results
should be complemented with a careful analysis of the experimental constraints and can also
be used to determine in a more precise way the bounds on the free parameters of the model

coming from those constraints. We reserve this analysis for a future publication.
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Appendix A: Two-loop RGE’s in the Type II THDM

The p-functions for a coupling are

5o(1) = %9 =3 wra() (A1)

where t = log Q with @ the renormalization scale, kK = 1/(4)? is the loop factor, and Bg”)
is the n-th loop [S-function for g. We have extracted these equations from the program
SARAH, version 4.2. [61] Below, we list the two-loop RG equations for the type II THDM
in the third generation approximation. N, is the number of fermion generations and 6x
is the Heaviside function for the mass X. These equations were also listed in Ref. [49],
with which we find minor differences; we use different conventions for three parameters

AL = 201, \s = 20, g2 = 5¢’2/3, where ¢/, A1, A appear in Ref. [49].

1. Gauge Couplings

Hypercharge coupling g; in the SU(5) normalization, with g = 2g¢7:

4 2
9B = + SN+ g%@u, (A2)
44 18 104 17 1 3
R 3+ 5gz+ 259%—1—0ht2—§h5—§h3- (A3)

Weak gauge coupling ¢»:

_ 4
923 92 — 7—|—3N +3|:9 +29M2] , (A4>
_ 6 3 3 1
9, By = 1293 + 85 + 591 §hf - 5’%5 - §h3. (A5)
Strong gauge coupling gs:
_ 4
9" 53) =—11+2N,, (A6)
D — 2602 + Dg + 12 — 202 — 212 (A7)
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2. Yukawa Couplings

Top Yukawa hy:

B 9 17 3 1
hitB) = —8g2 — 193 2091 += h2 + = h2 3 [93 + 5939%]%, (A)

B 19 21 9 1267
hi 'Y = —108g1 +9g2¢3 + ——g2g% — S gh — —g2g> + — g1
15 1 20 600 7

16 3 1
+g2|36h2 + h2| + =g [75h2 + 11hb] + g [1179h2 41hg]
3] T 16 240 (A9)
5 5, 3
ShEhE — Zhi = ShERE — Ghida + 213 [ — st )\4]
3 3., 3., 0
+§A§+>\§+>\3A4+Ai+§>\§+§/\§+§X$.

Bottom Yukawa hy:

— 12h} —

9 1 1 9
hy By, = =865 — 795 — 79 + hi + Shi R, (A10)

49 , , 21 , 27 4, 1134
2409391 492 209291 600

16 3 1
+ g {Ehf v 36h§] + = [11h§ 4 T5h2 + 10h2} S [53h2 T11hj — 45007

hy B = —108g4 + 9g3ga +

5 5 9 9
— §hf — §ht2h§ — 12k} — Zhihi — Zhﬁ — 2RI A3 + 27 Ay — 6hE A

3 3 9 3
+§/\§+>\§+A3A4+Ai+§A§+§/\§+§A$.

(A11)
Tau Yukawa h,:

. 9, 9 5
hitBy) = =5 — (07 + 3k + 5hT (A12)

) 21 , 27 1449

bt By = 20g5h; — 13 + 55001+ 55

15 1
+ 3093|607 + 1182) + —f [50h§ + 537h|

(A13)

9 27 , 27
— hihy = Tohi = TohEh? — 3k - 6h2A,
3

3 3 9
+§/\§+>\§+>\3A4+Ai+§)\§+§)\§+§X§.
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3. Anomalous Dimensions

Down-type

Higgs v, = dlogwv, /dt:

9 1 3 1
MO (gg + —g%) —3hy —h7 =3 <959M2 + gngMl)%

4 3

N

J/

5 435, 9 1341 15
’Y§ ) = 593 - %959% - ng — 20g3h; — ggg
9 27 9 3
_|_ —_

4

2

hZh; 4+ ~—hp + ~ht — §A§ — 22— A3y — A — §A§ — =

4 47

3
ts [mﬁ F o + Aaas (N6 + Aﬂ}

Up-type Higgs v, = dlogwvy/dt:

0]

4 )

(1)
\X

[3h§ + hﬂ - gg

3

9
2

Mg —

2 [hi + 3hz]

9 1 3 1
7 =2 (93 + —gf) —3hi =3 (939M2 + 59%%) O

N

J/

-~

1
ox

(2)_4354_222_13414_ 2 2 4_52
= 39 92 809192 300 gy — hi |20g5 + 3 9o
27 9 3 3

+ th - thhf — 5)@ — A2 = Ay — A — 5

3
- 5%1 A6 + AeA7 + Azas (A6 + A7)
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8

_)\g_

17 2}

3
2

SN — 5)\3
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9

(A14)

(A15)
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4. Quartic Couplings

)\11

4
+ 1207 + 2( A3 + M) + 275 + 202 + 2408 — 4\

6 9
— [5939% + ggggngﬁMl + 2—59119%] 0, — 4>\17£,1>)<

3 3 ,\?
By =< [293 + (93 + 59%) ] — 12hy — 4h;

(A18)

291 . 303 1719 3537
B = Z=g8 9297 — =591 — ¢

8 %7 a0 200 1000
~ 21208 + 402 170 = 20(20 1 )| + o g3a? [3682 + 4482 + 39, + 200, ]
9 4 2 2
+ 509 [QOhb — 100h2 + 217)\; + 20 (2)\3 + )\4)]
3
— 169347 [4h — 5A| + 53 52 (38 + h2) +4(9N + 4] + 4dshs + A] + 1833

1
54 [h,% (16h§ n 25)\1> + 3h3( —16h2 + 25)\1)

+ 12(9A§ FANZ AN A 202 — A2 18)@)}
~ 1212 [2A§ 2 h A2+ A2+ 6A§] + 3h2K2 [4h§ - 3)\1]
— 32| — 20RF + REA, + 2402 + 24A§] — B2 [ —20ht 4 h2A, 4 2402 + 24A§}
— 21393 + 1043 + 10AgA, + 633 + TAZ + 15022 — 32|

— 40 402+ 62ghe + SAghy + 10A2 + 3302 + 18X6)r + 9A$}

— 40 [3A2 + 1102 + 3502 + 14MAr + 7A$] — A [37A§ +10A6)7 + 5/\3}
(A19)
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)\2:

3 2
By = {292 + (g% + gg%) ] ~12p¢
F 1202 4 2)2 4 200 + M) + 2X2 + 2402 — 4hoys (A20)

6 9
[5929M2 + 59291 200,00, + 259%41] 0, — 4&75,13(

(0 201 ¢ 303 ,, 1719 , 3537
By, = 5 %2~ 20 %291~ 50 %29 T 10009

3

— Zo8 1207 + 170 — 202X + M) | + 5039} |84h7 + 3902 + 20

3
207
~ 5559 [76]12 — 217\ — 20 (2)\3 + A4)}

16622 [4h§ - 5)\2} + ggg [15h§A2 + 4(9A§ AN £ A F A2 18A$)]
1
h2(32h2 — 85X ) + 12( 902 + 402 + Ag)y + 202 — A2 + 182 ]
ML [ (3 852>+ (9 L el 5+87> (A21)
+ 312 [208 — K22y — 2422 — 24A$] + 3h2K2 [4h§ - 3)\2]
- (12h§ + 4h3) [2A§ + 25 h A2+ A2+ 6A§}
— 205 [3923 + 1003 + 10Ag Ay + 633 + TAZ — 32 + 1592
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)\3I

3 3 .,\?
1
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A3z 92 409291 2009291 1000
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