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How well do we need to measure the Higgs boson mass and self-coupling?
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Much of the discussion regarding future measurements of the Higgs boson mass and self-coupling is
focused on how well various collider options can do. In this article we ask a physics-based question of how
well do we need colliders to measure these quantities to have an impact on discovery of new physics or an
impact in how we understand the role of the Higgs boson in nature. We address the question within the
framework of the Standard Model and various beyond the Standard Model scenarios, including super-
symmetry and theories of composite Higgs bosons. We conclude that the LHC’s stated ability to measure
the Higgs boson to better than 150 MeV will be as good as we will ever need to know the Higgs boson
mass in the foreseeable future. On the other hand, we estimate that the self-coupling will likely need to be
measured to better than 20% to see a deviation from the Standard Model expectation. This is a challenging

target for future collider and upgrade scenarios.
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I. INTRODUCTION

The ATLAS and CMS experiments have recently
announced the discovery of a boson consistent with the
Higgs boson having a mass around 126 GeV [1]. The
defining property of the Higgs field is that it acquires a
vacuum expectation value and thus leads to electroweak
symmetry breaking (EWSB). In the Standard Model (SM),
for instance, the Higgs potential

V =mg_ |Psml” + AsulPsml* (1

has a minimum at v # 0. Here, and in the rest of this paper,
Dg)\, is the SM Higgs doublet. One way to directly check
that the discovered boson is indeed a component of the
Higgs field responsible for electroweak symmetry is to
check the relationship

mj, = 2Asmv’, (2)

which is obtained by minimizing the above potential and
finding the physical Higgs boson (/) mass at the minimum.
Here v = 246 GeV. The above relationship can be experi-
mentally verified by independently measuring the left- and
right-hand sides. Whereas the Higgs mass on the left-hand
side can be measured by resonant Higgs boson production,
the self-coupling on the right-hand side can be measured
by its contribution to the double Higgs production process
[2]: gg — h* — hh.

The relationship in Eq. (2) is of course true only in the
SM. In theories beyond the SM (BSM) there can be devia-
tions of the self-coupling from its SM value m? /(2v?). This
can happen, for instance, because of the existence of more
than one scalar (as in the case of theories with mixed-in
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singlets and supersymmetric models) or because of the
presence of effective higher-dimension operators in the
Higgs potential (as in composite Higgs models and theories
with first-order electroweak phase transition). How accu-
rately do we need to measure the left- and right-hand sides
of Eq. (2)? We use the same criterion that was used in
Ref. [3] to answer this question. The self-coupling needs to
be measured at least to an accuracy equal to the maximum
allowed deviation in its value [relative to the SM expecta-
tion ~m3/(2v?)] in different BSM theories, assuming no
other EWSB states are accessible at the LHC. This is
because if other EWSB states are observed we will already
know that the Higgs sector is exotic, whereas if no such
states are seen the measurement of the Higgs coupling
deviations would be the primary evidence that the Higgs
sector is nonstandard. We will call this maximum allowed
deviation the physics target for the Higgs self-coupling
measurement precision. In computing this maximum pos-
sible deviation in a given BSM theory, we will also ensure
that all existing direct and indirect constraints are obeyed.

Regarding the Higgs boson mass, there is a separate
reason why we might want to accurately measure it. In
some theories the precise value of the Higgs mass tells us
something about UV physics. For instance, it is well known
that with a Higgs mass less than ~125 GeV the SM cannot
be correct up to arbitrarily high scales because the self-
coupling becomes negative below the Planck scale due to
renormalization-group running. This would mean that
our Universe is in a metastable vacuum. Thus the accuracy
of determination of the scale where the self-coupling

n the case of the minimal supersymmetric Standard Model,
we also discuss the deviations depending on the mass of the
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becomes negative, the so-called triviality scale, would
depend in part on the Higgs boson mass measurement
precision. Another such example is supersymmetry where
the Higgs boson mass is related to the scale of super-
partners. In the first section we will discuss how accurately
the Higgs mass needs to be measured to determine the
relevant UV physics in these scenarios. In the subsequent
sections we compute the Higgs self-coupling measurement
precision needed according to the criterion explained in the
previous paragraph in theories with mixed-in singlets,
composite Higgs models, theories with first-order electro-
weak phase transition, the minimal supersymmetric
Standard Model (MSSM) and finally the next to minimal
supersymmetric Standard Model (NMSSM). Our conclu-
sion summarizes the results.

II. HOW WELL DO WE NEED TO MEASURE
THE HIGGS BOSON MASS?

Measuring the mass of any newly discovered elementary
particle is an important scientific endeavor. The ability to test
the SM and to test ideas of physics beyond the SM requires us
to know them. The ATLAS and CMS detectors are equipped
well to find the precise value of the Higgs boson mass. For a
Higgs boson that has a mass within a few GeV of 126 GeV,
one expects through the H — y7y channel to determine its
mass to within 0.1%, implying Am;, < 150 MeV.

The conjecture we make here is that there is no conceiv-
able need to measure the Higgs boson mass better than what
the LHC can already do. A proof of that statement is not
possible, but we will do the next best thing and show
circumstances where it is important to know the Higgs
boson mass, and ask if in these circumstances knowing the
Higgs boson mass better than 150 MeV would be helpful. In
each case the answer is no, but let us follow the details.

In the first illustration, we consider the question of the
fate of the Universe [6]. At leading order the Higgs boson
self-coupling is related to its mass by m7 = 2Agyv*. The
effective potential that leads to spontaneous symmetry
breaking, and therefore our current vacuum state with
vacuum expectation value v = 246 GeV, depends on this
coupling as

V(h) = Ll‘i(Q) A 3)
where the additional terms are small for large field values of 4.
In a renormalization-group-improved potential the coupling
Agm depends on the scale Q. If Agy(Q) < 0, then the Higgs
vacuum can be destabilized by the ‘“turning over” of the
potential, and the Universe can tunnel to a new catastrophic
ground state sometime in the future. The renormalization-
group equation for Agy; at leading order is [7]

%See, for example, Fig. 10.37 of CMS technical design report
(TDR) [4] for 30 fb~! of integrated luminosity at /s = 14 TeV.
See also Figs. 19-45 of the ATLAS TDR [5].
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where g’ and g are the gauge couplings of U(1)y and SU(2),,
respectively, and y, is the top quark Yukawa coupling.
The QCD gauge coupling, g, with a, = g2/(4), comes
into the renormalization-group flow at two loops and also
from the one-loop feedback in the top Yukawa coupling flow.

When the Higgs mass is small (Agy << 1) the —6y? term
dominates and tends to push Agy; to negative values at higher
0O, whereas when the Higgs mass is large (Agy = 1) the
24)%,, term dominates and tends to increase the value of
Agm With scale, keeping the vacuum stable. There is an
interface between Agy(Q) going negative versus going posi-
tive before Q = Mp,, and that value determines the critical
Higgs mass on this interface. The equation for the critical
Higgs mass needed for stability is [8]

m, — 173.2 GeV)
> 129.4 GeV + 1.4 Gev(Tr— /2= DY
" © ¢ < 0.7 GeV

a,(M,) — 0.1184
0.0007

- 0.5 GeV( ) * 1 GeV, @)

where 1 GeV is the theoretical uncertainty, which arises
mainly due to the uncertainty in the low-energy matching
scale for the Higgs quartic, Agy. Given that the Higgs mass
is probably between 125 and 126 GeV, and given the errors
expressed in the above equation, it is not totally clear if we
are in an unstable or stable vacuum. What is clear is that
measuring the Higgs boson mass with accuracy better than
the 150 MeV target that LHC can achieve would be of no
help. From direct top quark uncertainties alone, we would
have to know the top quark mass m, to much better than
100 MeV, which will not happen given the inherent QCD
uncertainties in top quark measurements. At the LHC the
best one can hope for is 6m, ~ 1 GeV [9], and even in the
cleaner e* e linear collider environment the best one can
hope for is 6m, ~ 100 MeV [10]—a measurement that is a
generation away and still not good enough for these pur-
poses.” Thus, a better measurement of the Higgs mass is
of no value for addressing the vacuum stability of the
Universe question.

The Higgs boson mass computation in supersymmetry is
another example where a precise determination of the
Higgs boson mass can be helpful to test and constrain a
theory. One can define the Higgs boson mass calculation in
the MSSM exactly [12] using the definition

30ne could also hope for direct measurement of y, in tfh
production at LHC and an e*e™ linear collider, but this deter-
mination accuracy would be well below (see [11]) the extractions
directly from the top mass measurement assuming the SM.
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4 2
3Grpmj In A_ 5)
\/_ 2m t

where tan 3 is the ratio of vacuum expectation values of
the two Higgs doublets of supersymmetry, G is the Fermi
constant with v = (2'/4\/G7)~! = 246 GeV, and A} =
mj m;, is the leading-order radiative correction with my,
(m;,) being the lighter (heavier) top squark mass. The
above expression is subject to threshold corrections, the
most important one of these being the correction due to top
squark mixing (see, e.g., [13]):

3Gpmi X? (1_ X? )
2272 M3 12M2)

where X, =A, — u/tan B is the top squark mixing
parameter and M3 = m, m,, is the geometric mean of
the top squark masses. In the language of Eq. (5) this is
equivalent to

AZ = m; m;, + m? exp[ X7 (1 X; )] @)
S - 7 7. - .
e 2M? 12M3

There are many unknowns in this equation at the moment,
but if supersymmetry is discovered and the particle content
is measured precisely then a test can be made of the
consistency of the prediction for the lightest Higgs boson
mass and the measured value.

To demonstrate how unimportant a more precise mea-
surement of the Higgs mass is to test supersymmetry, let us
suppose that tan 8 is large and known exactly, such that
cos2B = 11is a good estimate. Let us then suppose that m,
can be measured to within 100 MeV, which as we have
described above will not be possible in the current genera-
tion but might be possible in ¢ threshold scans at a future
linear collider. Let us further suppose that Ag can be
measured to within 0.5%. Even at 1o uncertainty this is
an extraordinarily optimistic assumption, since Ay, taking
higher-order corrections into account, is a complicated
combination of many different superpartner mass and su-
persymmetry mixing angles. We use 0.5% because that
could be the 1o statistical (only) error of rlght -handed
squark mass measurements in e*e” — Grqr — qIXX
[14]. The difference between the Higgs mass value when
both m, and Ay are at their central values to both being 1o
lower than their central values, under these optimistic
assumptions, is 6m;, = 149 MeV, and for 20 shifts in m,
and Ay the value is 6m;, = 297 MeV. This is right near
and above the uncertainty in the Higgs mass measurement
already anticipated at the LHC, and thus we can conclude
that there is no need to measure the Higgs mass to better
accuracy for this test within supersymmetry.

Finally, measurement of the Higgs boson self-coupling
is a physics measurement goal in next generation experi-
ments. One reason to perform this measurement is to
determine if this coupling that governs double Higgs pro-
duction matches the prediction that one can make for it in

2 2
m3 = m%cos 23 +

dmi = (6)
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the SM which depends directly on the mass of the
Higgs boson. Within the SM, the relative uncertainty on
the prediction of Agy compared to the uncertainty in the
Higgs mass is 8 Agy/Agy = 1.6%(8m;, /1 GeV), with the
coefficient subject to small higher-order corrections. There
is no known measurement of the relative Higgs boson
self-coupling at the LHC, its upgrades or any et e~ collider
discussed that could even come close to approaching the
subpercent value needed to test self-consistency with the
Higgs boson mass measurement of 150 MeV anticipated at
the LHC. The best estimates for the LHC upgrades are that
8 Agn/ Agy might be measured to within +30% and —20%
1o accuracy with over 3000 fb~! of integrated luminosity
at 14 TeV center of mass energy [15].

In a subsequent section we will ask a logically separate
and more general question of how well do we need to
measure Agy; for it to be interesting and valuable. The
narrow conclusion just above is only that an anticipated
measurement of Agy; in principle can be compared to the
Higgs boson mass measurement as one test of the SM, but
given the poor quality of determination of the self-coupling
further improvements of the mass measurement would not
be helpful.

The three examples provided here illustrate our general
conjecture that the inherent uncertainties in experimental
measurements of observables and higher-order computa-
tions of theory imply that there is no obvious physics
justification for pursuing a Higgs boson mass measurement
better than what the LHC can provide.

III. HOW WELL DO WE NEED TO MEASURE
THE HIGGS BOSON SELF-COUPLING?

In this section we will find the maximal self-coupling
deviation from its SM value in different BSM theories.
Before delving into the BSM scenarios let us first gain our
bearings by expanding out the SM Higgs potential to show
the relationships between the Higgs boson mass, vacuum
expectation value, and self-coupling. The tree-level BSM
scenarios will decouple to the SM results when the BSM
decoupling parameters, like supersymmetry (SUSY) break-
ing mass or compositeness scale, go to infinity.

The SM Higgs potential is

V=m} |Psul* + AsmlPsul®, (8)

which has a minimum at nonzero value of the field when

m2, < 0. In this case one finds
SM

2 )

m
<<1>;rM<I>SM) = v—, where v? = — ¥y )

At the minimum the Higgs doublet can be expanded about
its vacuum expectation value:

Gi
q)SM:(h v o)» (10)
%+1G
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where G are the Goldstone bosons eaten by the W=, Z°
gauge bosons and 4 is the physical propagating Higgs
boson.

The interaction Lagrangian of the Higgs boson, when
expanded about the minimum, is

AL = _”ﬁzhz _ 8hhh - ghhhhh4

2 3! 4! ’ (D
where
m%l = 2/\SMU2, (12)
3m?
&hih = 0Agmv = Th (13)
3m?
i = 0Agm = U—zh (14)

In the subsequent sections we will use the normalization
convention of Eq. (11) to define what is meant by the three-
point (gy,;,) Higgs self-interaction coupling. The Feynman
rules for the three-point Higgs interaction is

2
hhh: — g, = —31‘%. (15)
Now we discuss the deviations of the Ak couplings from the
above value in three different BSM models. It should be
noted that the hhh coupling in the Standard Model, g3),.
as well as in the BSM models, g2 is affected by higher-
order corrections with a m# contribution being the leading
one-loop term [see Eq. (A9)]. Although this contribution
leads to a sizable correction of the triple Higgs coupling, it
affects both the numerator and denominator of gBsM/gsM
leading to an overall correction to the ratio that is small.
Thus we have neglected this effect for computation of
the relative triple Higgs coupling deviation: gB3M/g3M — 1,
For the deviations in the MSSM, we have explicitly checked
that the m? contribution does not change our results signifi-
cantly (see the Appendix).

We should keep in mind that the processes by which the
hhh coupling is measured [16] at pp and e e~ colliders,
gg — hh and VV — hh, can have additional contributions
beyond the deviations in the hhh vertex. For example, a
heavier Higgs mixing with the lighter Higgs boson can
generate an Hhh coupling which can contribute to gg —
H* — hh. Or new physics can contribute to the effective
gluon-gluon-A-h four-point interaction [17]. Furthermore,
as with the Hhh example, additional dynamics in electro-
weak symmetry breaking can produce non-SM local ver-
tices in the effective theory tthh, WYW™hh, and ZZhh that
contribute to the 2k production cross section. All of these
potential extra contributions are not considered, or are
taken to be subdominant, in the discussion below. We are
interested only in what deviations different theories put on
hhh and leave the details of how one measures it, and
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how it may need to be separated from other dynamics, to
another study.

A. Mixed-in singlets

Let us consider a theory with an extra singlet where the
singlet mixes with the SM Higgs through a renormalizable
operator like |®gy|?|®y|? [18,19]. The Lagrangian for our
model is

Liiggs = | Dy Psml* + 1D, @yl — mg_ [Pyl
— md, |Dyl2 = AlDsyl* — pldyl’
— 1| Psy[*| Dy .
The physical component fields are written as

1 0 1 /
Do _7§<¢SM + v)’ AR

where v(=~246 GeV) and v’ are vacuum expectation
values around which the ®g; and ®, are expanded.
After diagonalizing the mass matrix, we rotate from the
gauge eigenstates ¢qy, ¢y to mass eigenstates i, H:

gy = cos b,h + sin6,H, 17)

¢y = —sinf,h + cos 6,H. (18)

The mixing angle 6, and the mass eigenvalues are given by

nvv'

(—Av2 + pv?) + J(A? — pv?)? + nzvzv’zy

tan 0, =

my = (Av? + pv?) = \/()\v2 — pv)? + p*vv2

Using the above equations we can express A, p and 7 in
terms of m?, m%, 6, v and v':

c2m? + stm? m%, — m?
A = Sh'h WMH _ H h
- 2 ’ N = CpSh / ’
2v Vv
2.2 2,2 1
_ Cpmy tospmy, 19)

ZUIZ ’

where ¢;, = cos 0, and s;, = sin 0. The above Lagrangian
gives the h* interaction
I - P S R N D AT 3
Acyv — pspv > cpspv’ + 2ChSh‘U h°. (20)
Using Eq. (19) we can now rewrite the Lagrangian terms
for the cubic Higgs interaction as

3m? v
8hih = Th<02 -5 7) (21)

Recall that the SM value for the Higgs cubic coupling is
3m32 /v.

The maximum deviation of the tri-Higgs boson coupling
from its SM value occurs for the maximum allowed s?
value. This can be found from Fig. 1. The region below the
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FIG. 1 (color online). The area below the dashed line in the
sﬁ — my plane is allowed by electroweak precision tests
(EWPT) at the 90% C.L. in the presence of a mixed-in singlet.
The area above, and to the left, of the solid line is the area where
the heavy mixed-in singlet Higgs boson is detectable with
100 fb~! data at the 14 TeV LHC. The maximum allowed s
value that can evade detection is thus given by the intersection of
the two lines and is si =0.12.

dashed curve is the region allowed by electroweak preci-
sion tests and the region above the solid curve is the region
where H is detectable with 100 fb~! data. For details about
how these curves were made see Ref. [3]. Clearly the
maximum allowed value of s%l given that H is not detect-
able is

(S%)max = 12%. (22)

This tells us that the maximum fractional deviation of the
coupling with respect to the SM value Eq. (21) is

(@ —1) = s} = —18% — 4%~ (23)
v v

Although v’ is not known, the second term above is small
compared to the first one ( ~ s3) and can be safely ignored.
This gives
t. t
Mgy
&

= —18%. (24)

This sets the target for the Higgs boson self-coupling mea-
surement in the context of the mixed-in singlet scenario.

B. Higher-dimensional operators and composite models

We want to consider the effect of higher-dimensional
operators on Higgs physics. Such theories are low-energy
effective theories of a more fundamental theory. The quin-
tessential example of this is the prospect of a composite
Higgs boson. That will be our primary focus in this section,
with some reference later to another theory of dimension-
six operators that gives rise to a possible first-order phase
transition for electroweak symmetry breaking.

Let us consider composite Higgs models where the
Higgs is a pseudo-Nambu-Goldstone boson and thus its
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mass is much lighter than the strong scale. Explicit models
realizing this are little Higgs models [20] and holographic
composite Higgs models [21]. An effective field theory for
such a strongly interacting light Higgs (SILH) has been
developed in Ref. [22]. The SILH Lagrangian contains
higher-dimensional operators involving SM fields that
supplement the SM Lagrangian. It is characterized by
two independent parameters: the mass of the new reso-
nances m, and their coupling g,. The “pion” decay
constant f is given by

my = &yl (25)

where g, = 4.

Here we do not list all the operators in the SILH
Lagrangian but only those relevant to us, i.e. those that
affect the triple Higgs coupling:

C
Lonn = 2—}12 a“(q);rM(DSM)aM((D;qu)SM)
+ 2 (@, Dy’

The coefficients of the above operators have been esti-
mated using naive dimensional analysis [22,23] such that
the couplings ¢y and cg are expected to be O(1) numbers.
Electroweak precision constraint from the measurement of
the § parameter4 requires at 90% C.L. (see [22,24])

m, = 2.6 TeV. (26)
Precision constraints also require at 90% C.L. [3]
cyé = 0.15, 27

where & = v?/f>.

Let us now review how to obtain the triple Higgs
coupling expression in the presence of these additional
operators. The Higgs potential is modified by the operator
with coupling ¢ as follows:

V(H) = M2(¢§M‘DSM) + )\(‘ID;\/ICDSM)2
Cﬁ)l
7

We can eliminate u? using the minimization condition:

+ 02 (@ Dow)’.

3
wr = —av?— Zcé)tfvz (28)
and then find the mass of the Higgs boson at the minima:
m2 = 2 0% + 3cgAEV2, (29)
where we have used Eq. (28).
“Note that the constraint from the T parameter is more severe

but this is avoided by imposing custodial symmetry in specific
composite Higgs models.
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Now let us write down the cubic Higgs terms from the
SM and the operators above:

5
(—A - Ecﬁ)xf)h%. (30)
Substituting A from Eq. (29) results in
2
— 2 (1 + coé)uld. 31)
2v

Finally we must consider the effect of the operator propor-
tional to cy which leads to the following derivative cou-

plings:

cHé‘: h)2

—(1+—) 9, ho*h. 32
2 ( v # (32)

These terms can be eliminated by the following redefini-

tion of the Higgs field [22]:

CHf h hZ )
h—h——hl1+—-—+-—) 33
2 ( v 302 (33)
Note that the above redefinition shifts m;, but not the Higgs
vacuum expectation value. Thus we recover the expression
for the triple Higgs coupling, gu,/3!, correct up to order
¢, already presented in Ref. [22]:

2

3
- %(1 + cof — Ech)h3. (34)

In the above equation ¢ — 0 is the SM limit. Using the
constraint in Eq. (27) we can thus derive the self-coupling
target

Aghnn _ %o

3
_(CHé:)max - _(CHf)max = 015& —0.23.
8hhh  CH 2 cy

(35)

In the past in a different context with a different theo-
retical motivation, the operator (‘Dqu)sm)S has been
studied. With such an operator one can achieve a first-order
electroweak phase transition [25] that may be relevant for
the problem of baryogenesis. It was shown that one needs

< 550 Gev (36)

Jes
to ensure that the expansion of the Universe does not
disallow percolation of bubbles of metastable vacuum.
This corresponds to cgé < 0.2. This would mean that the
maximum coupling deviation allowed in such a scenario
would be

Aginn _
8hhh

Equations (35) and (37) set a target of ~20% needed for
measuring the Higgs boson self-coupling interaction in
these higher-dimensional operator theories, including
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composite Higgs models and models with Higgs potentials
that allow first-order electroweak phase transitions.

C. Minimal supersymmetric Standard Model

The MSSM exhibits an extended Higgs sector with
two Higgs boson doublets, H; and H,, which couple to
down- and up-type quarks, respectively. The two neutral,
CP-even components of the Higgs boson doublets H9, H
mix and form the mass eigenstates H and h. For our
discussion, we will assume that the lighter CP-even
Higgs boson h is the SM-like one. In addition to the
Higgs sector extension with respect to the SM, the
MSSM is comprised of superpartners to the particles of
the two Higgs doublet model which might be discovered
at the LHC depending on the scenario realized in nature.
For the investigation of the Higgs sector, the top squarks,
superpartners of the top quarks, are most relevant.

In the following, we will discuss the maximal possible
deviation of the MSSM triple Higgs coupling with respect
to the SM one if no other Higgs boson will be discovered at
the LHC. We model the LHC discovery potential accord-
ing to Fig. 1.21 of [14] inspired from Chap. 19 in [5]. To
take into account the possible discovery of superpartners at
the LHC we will discuss the maximal deviations, noting its
dependence of the mass of the most relevant superpartners,
the top squarks.

At tree level the tri-Higgs boson coupling is

tree 3m% i
g, = — = cos (2a) sin (a + B) (38)

with v = (214 /Gr)~! = 246 GeV and Gy being the
Fermi constant. The angle « describes the transformation
from the Higgs boson interaction eigenstates to the mass
eigenstates. The Z boson mass is denoted by m, and the
angle B is defined as the ratio of the Higgs vacuum
expectation values, tan 8 = v, /v,. In the decoupling limit
of my — oo one finds that « = B8 — /2 and mj =
m%cos 22 3. Substituting this into Eq. (38) gives gy —
3m% /v, matching the SM result as expected.

At tree level, the mass of the lighter CP-even Higgs
boson has an upper theoretical bound at m; however, large
radiative corrections shift the mass to higher values. In
order to compare the triple Higgs coupling in the MSSM
and the SM, it is important to apply the same approxima-
tions in both cases—which includes calculating the Higgs
mass and the triple Higgs coupling to the same order. It is
clear that we have to take into account higher-order effects.
However, we cannot make use of all the higher-order
corrections known for the computation of the mass of the
lightest MSSM Higgs boson when the analogous correc-
tions for the triple Higgs coupling are not known.

In Ref. [26] renormalization-group-improved correc-
tions to the effective potential are presented, taking into
account dominant one- and two-loop contributions. For our
investigation, using this effective potential and deriving the
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Higgs mass and the triple coupling from there has the
advantage of automatically applying the same approxima-
tion for the Higgs mass and the triple Higgs coupling. Also,
the two-loop contributions have a sizable effect on the
coupling deviations. See also the discussion in the
Appendix with results of various other more limiting
approximations.

The effective potential, used in Ref. [26], is defined
according to the conventions of Ref. [27] as

A A
Veff=71|Hd|4+72|Hu|4+/\3|Hd|2|HM|2+/\4|H;rHMI2
As\ ot 2 > 2yt
+ TlHdHul +(A6|Hd| +)l7|Hu| )HdHu+C.C. ,

where the coefficients A;,i = 1, ..., 7 contain also the loop
corrections. Explicit expressions for the coefficients A; can
be found in the Appendix. With H; and H, developing a
vacuum expectation value, the effective potential can be
expanded about these vacuum expectation values, and the
triple Higgs vertices in terms of interaction eigenstates can
be derived:

EHOHOH) = 3v[ A, cos B + Agsin 8], (39)

8HOHOHY = v[3Agcos B+ (A3 + Ay + As5)sin B8],  (40)
8HomHy = v[3A;sin B8+ (A3 + Ay + As)cos B,  (41)

grorore = 3v[A;sin B+ A5 cos B]. (42)

The transformation into mass eigenstates can be done with
the help of the effective mixing angle «, obtained by
diagonalizing the Higgs mass matrix while including the
corresponding higher-order corrections. This leads to

= —sin3agpyogo + 3sin?a cos ag oo
8hhh EHOHOH) 8HOHOH)
— 3cos’asinagyopop + cos agupy.  (43)

In the decoupling limit, the above potential gives a
Higgs mass

m; =v2[A;cos* B+ Aysin? B +2(A3 + Ay + A5)
X sin”Bcos? B + 4sin Bcos B(Agcos? B+ A;sin?B)],
(44)

and the triple Higgs coupling reduces to the correct SM
value.

The coefficients A; given in Ref. [26] comprise the
dominant one-loop (O(y,) contributions, stemming from
the large top Yukawa coupling y,, as well as one-loop
corrections of order O(m%Z/v*y?), O(y?y?), O(y}) and
O(m%/v*y7), where the latter ones are proportional to
the bottom Yukawa coupling y,. The dominant two-loop
contributions are of the order O(y?}a,) and O(y°). They are
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included into the A; as well as two-loop terms proportional
to y; of order @(y;,a ), O(y), O(y{y;) and O(y;y7).

For the investigation of the deviation of the triple Higgs
coupling from the SM one we performed a scan over
several parameters: tan 8 from 2 to 45 and the CP-odd
Higgs boson mass m, from 200 to 800 GeV, which are the
free parameters in the Higgs sector at tree level, the diago-
nal soft breaking parameters of the top squark mass
matrices M Lo, = My, from 100 GeV to 3 TeV, the Higgs
superfield mlxmg parameter w between =1 TeV and the
top squark mixing parameter X, = A, — w/ tan 8 between
*150 GeV - ny,y , Where n,, is the nearest bigger integer
to oM Lo, /(150 GeV) (A, being the top soft breaking
trilinear coupling).

The top Yukawa coupling is determined as y, =
V2, /(vsin B) with the running top quark mass 7, =

m,/[1+ 4a,/(3m7)], m, =173.2 GeV. The bottom
Yukawa coupling is
V2w,
= , 45
b vecosB 1+ A, 45)

where [28]

20
A, = 3—7T‘mg,u tan BI(mg , mg; , mg)

2
y
T;_ZAML tan BI(m;z,, m;,, w).

The function I is defined as

3log= 5 +mim?log:-

)(m3 my)

m mzlog ;—i-mz

— N|w &)

I(my, my, ms) = — (2 — ) —
| —ma)lm;

The running bottom quark mass is chosen as m;, =
2.9 GeV, the gluino mass as m; = 1 TeV and the diagonal
right-handed soft-SUSY-breaking parameter in the
sbottom-mass matrix as M; = 1.2 TeV. The resulting
sbottom masses are denoted as m;; and my, .

The deviations of the triple Higgs coupling, Agy,,/gon)
with Agjun = &nmn — &50r, are shown in Fig. 2 versus my
and tan B in the left and the right plot, respectively. The
deviations are calculated taking into account all the cor-
rections given in Ref. [26]. The parameter points either
fulfill the mass constraint 122 GeV = m;, = 129 GeV ora
relaxed mass constraint. In the case of the relaxed mass
constraint the Higgs boson mass is calculated neglecting
the terms O(m%/v?y?). If the resulting Higgs mass fulfills
the constraint 122 GeV = m;, = 129 GeV, the parameter
point is kept (the deviations however are calculated with
the full expressions). The terms of O(m2/v?y?) lead to a
Higgs boson mass reduction. This means that parameter
points for which only the relaxed mass constraint is ful-
filled actually correspond to a Higgs boson mass below
122 GeV within the used approximation. Points with a
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The triple Higgs coupling deviations in the MSSM as a function of m, in the renormalization-group-improved

leading-log approximation, with y, defined via the running top quark mass. The red (plus) region corresponds to points in the
tan B — my plane lying in the several Higgs boson discovery region, while all the other points lie in the single Higgs boson discovery
region. The light blue (square), yellow (circle) and green (cross) points correspond to mass values of the lighter top squark of
my, < 1.0 TeV, the 1.0 TeV = m; <2.5 TeV and m; = 2.5 TeV, respectively. The plot on the right is the same but versus tan g.

relaxed mass constraint are especially those with small
tan 8 and in particular all points with tan 8 = 5. We
know that other approximations including two-loop order
terms lead to Higgs boson mass values within the interval
122 GeV = m;, = 129 GeV for tan 8 =5 and we ob-
served that the dev1at10ns are of similar size independent
on whether the O(m?%/v*y?) terms are taken into account
or not [compare with Fig. 4 (right) in the Appendix].
Therefore we include also the points with a relaxed mass
constraint.

In Fig. 2 the red points (plus) indicate that for this
parameter point several Higgs bosons are expected to be
discovered at the LHC while all the other points corre-
spond to the single Higgs boson discovery region. The
colors light blue (square), yellow (circle) and green (cross)
indicate the mass of the lighter top squark as below 1 TeV,
between 1 TeV and 2.5 TeV and above 2.5 TeV,
respectively.

The largest deviations are found for m, = 200 GeV and
tan 8 = 5 and amount to roughly —15%, with slightly
larger deviations for the light top squark mass in the
interval 1.0 TeV = m; <2.5 TeV than for the light top
squark heavier than 2.5 TeV. Taking only points which
fulfill the Higgs mass constraint 122 GeV = m;, =
129 GeV within the applied approximation leads to a
maximal deviation of —3% to —4% for m, = 240 GeV,
tan 8 = 7 and the lighter top squark mass in the interval
1.0 TeV = m; < 2.5 TeV; for the light top squark being
heavier than 2.5 TeV the maximal deviations in this case
are about —2% for m, = 280 GeV and tan 8 = 8.

Including the y, terms does not have a substantial
impact on the allowed deviations. In Fig. 2 only points
with a Ap contribution from top squarks and bottoms
(see [29]) smaller than 0.001 are included [30]—however
this constraint does not change the result qualitatively given
that direct constraints are generally more constraining for
superpartners than precision electroweak constraints.

In summary, we have pointed out that the answer to the
question of how large deviations of the triple Higgs cou-
pling can be in the MSSM is quite sensitive to the applied
approximation (see also the Appendix). For large m,, the
decoupling effect leads to small deviations, below ~ —2%,
while for m, = 200 GeV and small tan 8 the deviations
can be as high as order O(—15%). This sets the target for
the self-coupling measurement in the MSSM context.

D. Next to minimal supersymmetric Standard Model

We now consider triple Higgs coupling deviations in the
NMSSM [31]. In this section we will assume that the
CP-even singlet in the NMSSM is very heavy and thus
undetectable at the LHC. If the singlet soft mass myg is
made very large (while other soft parameters are not
changed), the NMSSM Higgs sector reduces to a MSSM-
like two Higgs doublet model and a decoupled singlet.” If
m, and tan B are taken as input parameters, effectively this
limit amounts to taking an additional term in the scalar
potential:

AV = AZ(HY)*(HD)?, (46)
where HY and HY are the neutral components of the up- and
down-type Higgs doublets, respectively. This leads to a
contribution to the triple Higgs vertex®

This can be checked for instance by looking at the scalar and
pseudoscalar mass matrices given in Ref. [31], where the most
general superpotential has been considered, and taking the limit
Mg — 00,

%One can derive triple Higgs vertex including singlet-doublet
mixing effects, in a similar way, by using the effective potential
given in Ref. [32], which includes corrections due to singlet-
doublet mixing. For our investigation, this would require a more
detailed study of the discovery potential of the singletlike Higgs
boson at the LHC in order to find the target in this model. This,
however, goes beyond the scope of this paper.
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FIG. 3 (color online). The triple Higgs coupling target in the
NMSSM with Mg = 500 GeV as a function of m, for various
values of tan 8 where the singlet coupling remains perturbative
below 10 TeV.

3
Agnmn = —71}/\?9 sin2a cos (a + B), 47)

in addition to the MSSM tree-level contribution. Once
again in the decoupling limit we have m, — o and @ —
B — 7 so that g, again reduces to its SM value 3m3 [v
where, for the NMSSM in the decoupling limit, we have

1
m; = mcos?2B + §A§v2sin B+A, 48

where A, is the loop contribution due to the top squarks
discussed in detail in the last subsection.

In Fig. 3 we show the Higgs self-coupling deviation as a
function of my for tan 8 = 2, 5 and 7.5. We have assumed
Mg = 500 GeV and X, = 0 for the top squark loop con-
tribution.” The self-coupling deviation increases with tan 8
because the value of Ag required to raise the Higgs mass to
126 GeV increases [this can be understood from the
sin 228 factor in Eq. (48)]. For tan 8 = 2 we find Ay <
0.7, which satisfies the condition for perturbativity up to
the grand unification scale [33] (Mgyr ~ 2 X 10'® GeV),
whereas for tan 8 = 7.5 we find Ay = 2, the upper value
(Ag = 2) leading to a divergence in Ag at ~10 TeV [34].
For tan 8 > 7.5 we find that the condition for perturbativity
up to 10 TeV, Ay < 2, is not satisfied. Thus the maximum
possible deviation, if we require perturbativity up to
10 TeV, is about —25% for tan 8 = 7.5, m, = 500 GeV.

Now we come to the question, would the heavier Higgs
remain undetected by the LHC for this point tan 8 = 7.5,
my = 500 GeV? In the case of the MSSM this point lies
outside the LHC reach of heavy supersymmetric Higgs
searches (see Fig. 1.21 of Ref. [14]). In the NMSSM the
coupling of the heavier Higgs bosons to down-type quarks
and vector bosons is the same up to the percent level while
the coupling to up-type quarks is reduced with respect to

"For higher top squark masses, lower values of Ag would have
to be chosen for the same Higgs boson mass and hence the model
would be more MSSM-like.

PHYSICAL REVIEW D 88, 055024 (2013)

TABLE I. Summary of the physics-based targets for the triple
Higgs boson coupling. The target is based on scenarios where no
other exotic electroweak symmetry breaking state (e.g., new
Higgs bosons or ““p particle”) is found at the LHC except
one: the ~126 GeV SM-like Higgs boson. Percentages quoted
are approximate maximal deviations for each model based on the
discussion in the text. For the Agy;,;,/gi values of supersym-
metry, superscript a refers to the case of high tan 8 > 10 and no
superpartners are found at the LHC, and superscript b refers to
all other cases, with the maximum value of —15% reached for
the special case of tan 8 = 5. In the last row, the best estimates
for the 1o accuracy of the measurement of the triple Higgs
coupling at the LHC with 3 ab™! integrated luminosity is given.
It is assumed here that no additional dynamics or operators
contribute to non-SM shifts in pp — hh except the self-
coupling.

Model Aginn/ &
Mixed-in singlet —18%
Composite Higgs Tens of %
Minimal supersymmetry —2%" — 15%"
NMSSM —25%

LHC 3 ab™! [15] [—20%, +30%]

the MSSM. This means that we expect similar (in processes
controlled by heavy Higgs boson couplings to down-type
fermions like bb — H — 77) or smaller cross sections (if
the process involves, for instance, gluon fusion where cou-
pling to the top would be suppressed relative to the MSSM).
Thus we would expect that if a point like tan 8 = 7.5,
my = 500 GeV is beyond LHC reach for the MSSM the
same would hold for the NMSSM too, given our construc-
tion. Thus tan 8 = 7.5, m, = 500 GeV indeed represents a
point where the self-coupling deviation from SM is maxi-
mal, and the heavy Higgs bosons are beyond the LHC reach.
The self-coupling deviation for this point, —25%, is thus the
target in the case of the NMSSM.

IV. CONCLUSIONS

To summarize, we have found that the 150 MeV uncer-
tainty on the Higgs boson mass that ATLAS and CMS are
scheduled to achieve is likely to be better than we will ever
need to know it in the foreseeable future. Better determi-
nations yield no obvious advantage in testing any proposed
question about nature that we can formulate today.

On the other hand, we have shown that in beyond the SM
scenarios there can be significant gains in our understand-
ing of nature—including discovering and discerning new
physics—if the self-coupling measurement can be per-
formed much more accurately than LHC projections af-
ford. Generally speaking, measurements need to determine
the Higgs self-coupling to better than 20% in order to have
the chance to see effects of new physics in this important
channel, if no other dynamics associated with electroweak
symmetry breaking are seen. Our results for different BSM
theories are summarized in Table I. This is a challenging
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target for future LHC upgrades and proposed e e~ linear
collider options of the future.

APPENDIX

The result for the tri-Higgs coupling presented in
Sec. IIIC turns out to be sensitive to the choice of
higher-order terms included in the computation. It is con-
ceivable that adding more terms self-consistently to the tri-
Higgs coupling and mass, and recomputing would also
yield a change of similar size. For this reason we have
included this Appendix to show the changes in the size of
the tri-Higgs coupling for various approximations that exist
in the literature.

We start our discussion taking into account radiative
corrections to the Higgs triple coupling of the order of
m¢. In the literature, two approximations can be found: one
including all m?} contributions [35-37] and the other one
based on a renormalization-group-improved leading-log
approximation [26]. In the latter approach also two-loop
leading-log terms are provided which are taken into
account in Sec. III C.

In the leading-log approach we evaluate the coefficients
A; with i =1,...,7 of the effective potential Eq. (38),
given in Ref. [26] as (showing here explicitly only the
tree-level part and the m} one-loop contributions)

L S VR
! v: 3272 MgUSY

My Wi M AL (A
Ay =S5+ ——|log— 5 1 3 \
v T Mgusy  Mgysy 12M5ysy

(A2)

: (AD)
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FIG. 4 (color online).
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with ¢y = my,/m; being the cosine of the weak mixing
angle and my, the W mass. The parameter M3y is defined
as the average of the top squark masses squared: M3 gy =
(mtg1 + ngz) /2. The top soft breaking trilinear coupling is
denoted as A, and the top Yukawa coupling as y,.

In Fig. 4 the relative deviations of the triple Higgs
coupling,

Aguin/ &3, Agunn = Snnn — S (A8)

are shown versus m, with the MSSM coupling, g;,,, as
given in Eq. (43). The parameter scan is performed as
described in Sec. IIIC. Only points with a Higgs boson
mass of 122 GeV = m;, = 129 GeV, evaluated in the par-
ticular approximations, are taken into account.

0 1 w =
HHTTL L
I'I.n"
|
| ]

-0.02
-0.0afj It}
-0.06
-0.08t|)

-0.1
0.12
-0.14
-0.161

-0.18 . . , . A
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'mA/GeV

Agrin/ 95N

The triple Higgs coupling deviations in the MSSM as a function of m, at O(y?) in the renormalization-group-

improved leading-log approximation, with y, defined via the on-shell top quark mass, y, = \/—Z_mt /(vsin B) with m, = 173.2 GeV (left
plot) and including additionally O(y?a,) and O(y%) terms, with y, defined via the running mass y, = v/2im,/(v sin B) (right plot). The
red points (plus) correspond to parameter points for which several Higgs bosons can be discovered at the LHC. All other points belong
to the single Higgs boson discovery region and are colored according to the mass value of the lighter top squark m;, : light blue (square)
for my < 1.0 TeV, yellow (circle) for 1.0 = m; <2.5 TeV, and green ( X ) for m; = 2.5 TeV. In contrast to Fig. 2 in both plots, the
contributions of the order of O(m%/v*y?), O(y?y?), O(y}), O(m%/v*y?), O(y}ey), OG5), O(yty?) and O(y}y?) are neglected and the
mass constraint of 122 GeV = m;, = 129 GeV has been strictly applied.
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In the left plot of Fig. 4 the deviations are calculated
taking only into account the one-loop m{ terms; see
Egs. (A1)-(A7). The top Yukawa coupling is chosen as
y; = +2m,/(vsin B) with the top quark mass m, =
173.2 GeV. The red region ( +) corresponds to parameter
points in the m, — tan B8 plane with a several Higgs boson
discovery potential at the LHC according to Fig. 1.21 of
Ref. [14]. All other points belong to the region where only
a single Higgs boson can be discovered. The largest devia-
tions can be found for low m, and can be larger than 30%
in this approximation. The color coding of the single Higgs
boson discovery region is the following: light blue (H) for
the mass of the lighter top squark m;, below 1 TeV, yellow
(@) for m;, between 1.0 and 2.5 TeV, and green (X) for m;,
larger than 2.5 TeV. Within this leading-log approximation
the largest deviations occur only for rather light top squark
masses, and only for large m, do we find points corre-
sponding to top squark masses larger than 2.5 TeV. This is
mainly due to the fact that the one-loop corrections to the
Higgs mass are very large and for large top squark masses
the light Higgs boson becomes too heavy with mass values
above 129 GeV. The two-loop corrections to the Higgs
boson mass decrease the mass so that it is to be expected
that at two-loop order for a wider range of deviations large
top squark masses can be found.

Applying y, = +/2in,/(vsin B) with the running top
quark mass m, = m,/[1+ 4a,/(37)], as used in
Ref. [26], instead of the top Yukawa coupling expressed
by the top quark pole mass, leads to a rescaling of the one-
loop contributions by m#/m}. As m, < m, this decreases
the one-loop contributions to the triple Higgs coupling as
well as to the Higgs mass. As a result the size of the
coupling deviations is reduced, for m, = 200 GeV from
roughly 0.35 to 0.25, while the regions where large top
squark masses can be found are enlarged.

Using the exact m} approximation for g, as given in
Refs. [35-37] gives a similar picture to the one shown in
the left plot of Fig. 4 if the same approximation is used
in the SM. The complete m} contributions include a
constant term which is also present in the SM:

PHYSICAL REVIEW D 88, 055024 (2013)

su _3( z_ﬁ(;Fm4>

8nnn = —\ My - t

(A9)

and which has to be taken into account to ensure a proper
decoupling [36,38] (m,, is also understood to be calculated
in the complete m? approximation, of course). We find
slight positive deviations, below 1% (using the top quark
pole mass), in the complete m?# approximation which are
not present in the renormalization-group-improved result,
which is a rather small effect. However, going to larger X,
values, larger than the ones chosen in the scan, we find
rather big deviations and the approximations seem to not
work properly anymore.

In Fig. 4 (right), two-loop contributions to the effective
potential of the order O(y#a;) and O(y®) have been taken
into account [the contributions of the order of O(m%/v?y?),
OG7y}), OG}), O(m3/v?y;), O(yyay), OGS), O(yty;)
and O(y}y?) are neglected in contrast to the results pre-
sented in Fig. 2]. The mass constraint of 122 GeV = m;, =
129 GeV has been strictly applied (in contrast to Fig. 2).
The top Yukawa coupling again is evaluated with the run-
ning top quark mass. The color coding is the same as before.
In Fig. 4 the deviations of the couplings are shown in
dependence on my,. A further decrease of the deviations
and an increase of the region with very large top squark
masses can be observed. Top squark mass values larger than
2.5 TeV cover almost the complete single Higgs boson
discovery region.

These results can be compared with the results shown in
Sec. I C and Fig. 2. Taking into account the complete set
of corrections given in Ref. [26] particularly reduces the
Higgs mass and, therefore, keeping strictly the mass con-
straint of 122 GeV = m;, = 129 GeV leads to a sizable
reduction of the possible deviations as no parameter points
are found for tan 8 = 5 and hence no points for m, =
200 GeV in the single Higgs boson discovery region, for
which before we found the largest deviations. Relaxing
however the mass constraint leads to a similar size of the
deviations (see Sec. III C and Fig. 2).
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