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With the upgrade of the LHC, the couplings of the observed Higgs particle to fermions and gauge bosons
will be measured with a much higher experimental accuracy than current measurements, but will still
be limited by an order 10% theoretical uncertainty. In this paper, we re-emphasize the fact that the ratio
of Higgs signal rates into two photons and four leptons, D, =o(pp - H— yy)/o(pp > H— ZZ* —
4¢%) can be made free of these ambiguities. Its measurement would be limited only by the statistical and

systematic errors, which can in principle be reduced to the percent level at a high-luminosity LHC. This
decay ratio would then provide a powerful probe of new physics effects in addition to high precision
electroweak observables or the muon g — 2. As an example, we show that the Higgs couplings to top
quarks and vector bosons can be constrained at the percent level and that new Higgs or supersymmetric
particles that contribute to the Hy y loop can be probed up to masses in the multi-TeV range and possibly
larger than those accessible directly.

© 2016 Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The newly begun LHC run will allow for a more thorough prob-
ing of the electroweak symmetry breaking (EWSB) scale and search
for physics beyond the Standard Model (SM). Most beyond the SM
scenarios that address the so-called hierarchy problem such as su-
persymmetry, extra space-time dimensions, or composite models,
predict the existence of new particles with masses at the TeV scale
or below [1]. The search for these new particles can of course be
done by directly producing them and with the increase in cen-
ter of mass energy by almost a factor of two, the LHC will indeed
probe higher mass scales than currently. The search could also be
done indirectly by performing more precise measurements of the
observed Higgs boson couplings, as they are sensitive to the virtual
effects of the new particles. These precision measurements will be
allowed by the large increase in statistics that will be due not only
to the upgrade in energy [2,3] but also by the expected upgrade
of the integrated luminosity. This will be particularly the case at
a high-luminosity LHC (HL-LHC) in which one expects to collect
a few ab~! data [4], some two orders of magnitude more Higgs
events than collected so far.

The indirect search for new physics effects will be particularly
efficient in two very clean channels, the H - yy and H > ZZ* —
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4¢ (with £ =e, u) decay modes. In fact, already at the previous run
with /s = 7-8 TeV and ~ 25 fb~! data, the signal strengths for
these two channels have been measured with an accuracy at the
level of 15% if only the statistical and systematic errors are taken
into account [5-7]. At a HL-LHC, one expects that the statistical er-
ror, which is presently of O(10%), will drop by more than an order
of magnitude. The systematic errors could also be significantly re-
duced. Hence, an experimental accuracy at the percent level could
in principle be achieved for these two channels at a HL-LHC. Un-
fortunately, this precision will be spoiled by the large theoretical
uncertainties that affect the two channels, which are expected to
be O(10)% [2,3].

It has been advocated in many instances, in particular in
Refs. [8,9], that the theoretical uncertainties can be eliminated by
performing ratios of signal rates when considering the same Higgs
production mode (choosing exactly the same kinematical configu-
ration) but different final state decay channels. This is particularly
the case for the ratio Dy, =o(pp - H — yy)/o(pp — H —
ZZ* — 4¢%) which will simply be given by the partial decay width
into the very clean H — yy and H — 4¢* modes that have neg-
ligible theoretical uncertainty. In fact, even some systematic errors
such as the one due to the luminosity measurement, will cancel
out in the ratio. Hence, only some experimental (mainly statisti-
cal) uncertainties will be left implying that the decay ratio D,
could be measured at the percent level at a HL-LHC, as also in-
dicated in Ref. [4]. This opens up an interesting possibility as this

0370-2693/© 2016 Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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Table 1
The inclusive signal strengths in the two search channels H — yy and ZZ as mea-
sured by ATLAS [5] and CMS [6] with the statistical and systematic (theoretical and
experimental) errors indicated. The theoretical uncertainty alone is shown in paren-
theses.

Channel ATLAS CMS
+0.23 +0.16 (40.12 +0.21 +0.16  (+0.09
Hyy 117 Zg33 Zoa1 Colos) 1.14 591 2910 Colos)
+0.35 +0.19 +0.18 +0.26 +0.13
Hzz 1.46 937 Zoaz Coar) 0.93 7533 Zo9

accuracy will be comparable to the expected size of effects from
TeV scale new particles that could alter Higgs couplings and, in
particular, the Hy y loop induced vertex [10,11]. This would make
D,, a comparable probe of new physics as some high-precision
electroweak observables such as the W boson mass My or the
electroweak mixing angle sin® 6y, as well as the muon anomalous
magnetic moment (g —2),, [12].

We emphasize in this note that a 1% measurement of Dy,
would allow to probe new physics scales above a TeV, in some
cases higher than those accessible in direct searches for new parti-
cles. To illustrate this point, we examine various specific cases in-
cluding the Minimal Supersymmetric Standard Model (MSSM) [10,
11], anomalous effective Higgs couplings to SM particles, and com-
posite Higgs models. Before exploring these possibilities, we first
discuss the signal strengths in the H — yy, ZZ* search channels
and their ratio Dy, as well as the present and expected precision
at the LHC.

2. The yy and 4¢* signal strengths and D,,,, decay ratio

Among the Higgs signal strengths in the various search chan-
nels at the LHC, defined as

uxx =0(pp - H— XX)/o(pp - H — XX)|sm. (1)

two have been precisely measured by the ATLAS and CMS Collab-
orations: iy, and uzz, corresponding to the very clean H — yy
and H — ZZ* — 4¢* (with £ = e, i) final states. The latest re-
sults quoted by the two experiments [5,6] with the ~25 fb~! data
collected at /s =7 + 8 TeV are shown in Table 1, including the
statistical (first) and the systematic (second) errors. The latter in-
volve systematic experimental errors, including ~ 2.5% error due to
the luminosity measurement, as well as the theoretical uncertainty
due to scale variation (to account for missing higher orders) and
the errors in the parametrization of the parton distribution func-
tions (PDFs) and the measurement of the strong coupling constant
(as). These errors are all then combined in quadrature (instead
of linearly as advocated in [2,3]). The impact of the theoretical
uncertainties alone as assumed by ATLAS and CMS is shown in
parentheses.

As can be seen in Table 1, the largest source of uncertainty at
present is of statistical nature and amounts to ~ 20% for w,, and
~ 30% for wzz. This error will be drastically reduced at the next
LHC run as the Higgs data sample in these channels will be sig-
nificantly increased. In the main Higgs production process gg — H
which generates more than 85% of the total Higgs cross section
even before kinematical cuts are applied, the cross section will
increase by a factor ~ 2.5 when moving from a center of mass
energy of 8 TeV to 14 TeV. Assuming 3000 fb~! at a HL-LHC, one
would have 300 times more events than what has been collected
so far. This sample will allow the reduction of the statistical er-
rors quoted in Table 1 by a factor ~ 20, leading to an expected
precision of O(1-2%) for uy, and wzz. The systematic uncer-
tainties listed above are dominated by the theoretical ones as the
experimental errors are rather small in these two cleanly measured
channels.

Assuming small statistical and experimental systematic uncer-
tainties, one would be left only with the theoretical uncertain-
ties which are mainly due to the unknown higher QCD orders
(introducing a dependence on energy scale), the PDFs, and the
determination of «. These represent the bulk of the systematic
uncertainty quoted in Table 1 and which the ATLAS and CMS Col-
laborations assume to be of order £10%. In fact, at the time the
measurement was made, this uncertainty was larger as the scale
and PDF + o uncertainties in gg — H were both about +7.5%
for a My = 125 GeV Higgs at /s =8 TeV (they stay at the same
level at /s = 14 TeV). According to Refs. [2,3], as they are of the-
oretical nature, these two uncertainties should not be treated as
Gaussian and should be added linearly. The total theoretical uncer-
tainty should then be ~ +15% and hence larger than in Table 1.
Very recently, however, the QCD corrections have been derived at
N3LO [13]. While these new corrections increase the cross section
only slightly, they reduce the scale dependence to less than 3%,
making the total theory uncertainty indeed closer to ~ 10%.

Nevertheless, there is a third source of uncertainties that has
not been considered so far, the one due to the use of an effective
field theory (EFT) approach to calculate some corrections beyond
next-to-leading order in the gg — H mode. For example, the EFT
approach cannot be used for the subleading b-quark loop contri-
bution that gives a ~ 10% contribution when it interferes with the
t-loop and which is currently known only to NLO accuracy [14].
Depending on how conservative one is, this uncertainty is expected
to be in the range 4% [2] to 7% [3], bringing us back to the ~ 15%
total uncertainty quoted above.!

Furthermore, uncertainties in Higgs decay branching ratios,
which are O(5%) for both the H — yy and ZZ* decays [16],
should be taken into account. In fact, this uncertainty is solely
due to the QCD ambiguities that affect the H — bb partial width
(mainly the parametric uncertainties due to the inputs b-quark
mass and «s coupling), that represents ~ 60% of the total width
of a 125 GeV Higgs boson. The uncertainties in the partial de-
cay widths in all the non-hadronic decay channels such as H —
yv,ZZ are in turn completely negligible. Hence, even if the the-
oretical knowledge of the various components that make the ),
and wzz signal strengths improve by the time of a HL-LHC, the
theoretical uncertainties will stay of order 10%, thus limiting the
power to probe TeV scale physics.

Of course all these problems disappear at once if we consider
the ratio of the H — yy and H — ZZ* signal strengths for a given
production channel,

p.. _owp—>H—yy) olpp—H) xBRH=yy)
YW~ o(pp— H—2Z*)  o(pp — H) x BR(H — ZZ*)

2

I'(H c

_ =y S 2)
F(H—>2z% &

If the same kinematical configuration for the Higgs production
mechanism is adopted for both H — yy and H — ZZ*, then the
fiducial production cross section cancels in the ratio. One is then
left not only with the ratio of the branching ratios but with the
ratio of the partial Higgs decay widths, as the total Higgs width can-
cels out in the ratio. The two partial widths are affected by very
small theoretical uncertainties, presently below 1% [16]. In fact, to
first approximation and up to some kinematical factors and small
radiative corrections that are known with sufficient precision (in

T Note that the theoretical uncertainties in the vector boson fusion (VBF) channel
are much smaller for the inclusive cross section, < 5% [2]. However, the rate is
an order of magnitude smaller than for gluon fusion even before the VBF cuts are
applied, increasing the statistical error to O(5%). In addition, it was recently shown
that the uncertainties are larger for the cross section with the VBF cuts [15].
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Fig. 1. Contours of Dy, + ADy,, in the [cy,c] (left) and [c;/cv.C;/cy] (right) planes assuming Dy, =1 and AD,, = 1% (black), 2% (red), 3% (blue). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

particular when My will be more precisely measured), Dy, will
be simply given by the ratio of the squared “reduced” Higgs cou-
pling to photons and massive gauge bosons,’ Dyy o c)z,/c%, where
CX = ZHXX/8hxx-

Another interesting aspect of this ratio is that systematic un-
certainties common to both channels, such as the one due to
the luminosity, will also cancel out leaving only the statistical
errors. Combining Apy,, and Auzz in quadrature gives a sta-
tistical uncertainty of AD,, ~ 2% at the HL-LHC. In fact, the
recently released ATLAS 4+ CMS combined analysis of the Higgs
properties gives a statistical (equivalent to total) uncertainty of
ACR?J?:]b.DVV = f%gé [7] which would then lead to an expected accu-

racy of ACH"L'I}_?_'[CDW ~ ﬂgf Such a high level of accuracy in Higgs

physics, ~ £1%, was envisaged only in the case of observables to
be measured in the “cleaner” environment of future ete~ collid-
ers.

With this level of expected precision, the ratio Dy, may pro-
vide a high precision electroweak observable at the LHC. And be-
cause it involves the loop induced H — yy channel in which
many charged particles could contribute, the decay ratio would al-
low us to probe more deeply the TeV scale as will be discussed
with some examples below.

3. Probing effective couplings and a composite Higgs

The ratio Dy, measures the magnitude of the Hyy loop ver-
tex normalized to the HVV coupling. In the SM, the former is
generated by contributions from the W boson and the heavy top
quark (neglecting smaller contributions such as from the b-quark)
which interfere destructively. In beyond the SM scenarios, any par-
ticle that is electrically charged and couples to the Higgs boson
will contribute to the Hyy loop. However, contrary to SM parti-
cles which leave their imprint in the loop even if they are very
heavy (as their coupling to the Higgs is proportional to the mass),
heavy new physics (NP) particles will generically decouple from

2 Here, we assume cy = cz as is the case in the SM and most of its extensions. In
fact, the ratio cy /cz measures the breaking of custodial symmetry and is related to
the p parameter, p = M3, /(cos? 0w M%) = ¢, /% which is very close to unity [12].
One can combine the results for H — ZZ and H — W W to increase the statistical
accuracy if the systematics in the latter mode could also be made very small.

3 In the past, the possibility to turn linear e*e~ machines into high-energy yy
colliders was considered with the motivation that it would allow for a measurement
of the Hyy coupling at the few percent level [11].

the Hy y vertex as M%/Mﬁp. Nevertheless, if their coupling to the
Higgs is O(aw), contributions of order 1% could be achieved for
masses Mnp = 1 TeV.

The new physics contributions to Dy, can enter either via devi-
ations in the W and top couplings to the Higgs or through ‘contact’
Higgs-photon interactions generated via higher dimensional opera-
tors once heavy particles have been integrated out or in composite
Higgs scenarios. The relevant terms in the effective Lagrangian can
be written as (v =246 GeV),

H - i
L= 7<CV(2M‘2/V WEW M+ M3Z,2) — mek (e + iy )t
Cyy puv Cyy =
+ LLFRFy + L) 3)

where we have allowed for both CP even (cx) and CP odd (Cx)
couplings and assumed custodial symmetry to set c; =cw = Cy.
At tree level in the SM we have cy =c¢;=1and ¢y, =C =Cyy =0
while at one-loop a contribution ¢y, =~ —0.008 is generated.

The loop W, t loop contributions and the effective Hy y inter-
action enter into Dy, as

Dyy =yy/thzz = |1.28 = 0.28 (cc/cv) + (cyy /o)
+0.43 @ /cv) + Cyy /o) (4)

where the numerical values correspond to the W and top loop
functions [10,11] for My = 125 GeV. As is clear, D, is only sen-
sitive to the ratios of couplings cx/cy,Cx/cy and not the absolute
magnitude of the couplings. Note also that Dy, cannot lift degen-
eracies such as when cx — —cx and is not directly sensitive to CP
violation which requires interference between the CP even and CP
odd couplings.* Below we examine new physics possibilities which
can enter into D,, via W and top couplings or effective Hyy
couplings.

Focusing first on deviations which enter through the top and W
couplings, we take ¢y, =Cy, =0 and study how well the cy and
c¢, C¢ couplings can be constrained with Dy,,,. We show in Fig. 1
contours of Dy, = AD,, in the [cy,c] (left) and [c¢/cv,Ce/cv]
(right) planes assuming D,, =1 and ADy, = 1%,2% and 3%. In
the [cy,c] plane, focusing on the region around the SM point

4 To be sensitive to such effects requires combination with other channels or the
study of differential distributions as in H — 4¢, 2¢y or H — yy where the photons
convert in the detector; see Refs. [18].
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Fig. 2. Left: As in Fig. 1, but in the [cy,,C))] plane. Right: Same as left except now in the [|gnp|, Mnp] plane where we have rescaled the effective coupling as ¢y, —
(ot/4m)(gNP V/MNp)Z. We also show contours of ADy, =1% and 10% for the CP odd coupling (dashed lines), similarly rescaled as ¢,, — («/47)(gnp v/MNp)2 (see text).

¢t = cy =1 which is preferred by present data [12], one sees
that D, constrains ¢; and cy to lie in a narrow band. Assum-
ing cy =1, Dy, could constrain the CP-even top coupling at the
level of ¢; ~ 1-2% for AD,, ~ 1%. Clearly for the [c;/cv,C¢/cv]
plane, Dy, alone is not enough to lift the degeneracy which exists
when ¢; — —¢; even for cy = 1. However, if one assumes that the
CP-odd coupling ¢; ~ 0 (as suggested by measurements of electric
dipole moments for instance [19]), then D,, would constrain the
CP-even coupling ratio ¢¢/cy to ~ 2% for AD,, ~ 1%.

Next, we examine the case where new physics enters only
through the Hyy effective couplings while the W and top cou-
plings have SM-like values cy = c; = 1. On the left hand side of
Fig. 2, we display contours of D, +AD,, in the [c),Cyy] plane
again assuming Dy, =1 and AD,, = 1%,2%, 3%. Here also, Dy,
alone cannot lift all degeneracies but for ¢, 0 [19], one can po-
tentially obtain percent level constraints on the ratio ¢y /cy.

The effective couplings ¢y, Cyy, are implicitly associated to
some new physics scale Myp and scale as VZ/MIZ\IP, which sup-
presses the dimension-6 operators in the unbroken SU(2)p x U(1)y
invariant phase from which they arise. To visualize which scales
can be probed, we perform the rescaling ¢y, — (a/47)(gnpVv/
Mnp)? where gnp and Mpyp are some generic new physics cou-
pling and scales respectively. We again plot contours of D, (right
in Fig. 2), but now in the [|gnp|, Mnp] plane. We see for example
that AD,,, ~ 1% would potentially allow us to probe scales as high
as 1.2 TeV for strongly coupled theories. We also show similar con-
tours for the CP odd coupling which has similarly been rescaled as
Cyy — (o /4m)(Enpv/Mnp)?. Since it does not interfere with the
dominant W-loop contribution, the sensitivity is less strong and
even for O(4m) couplings, only scales < 200 GeV can be probed
at which point the EFT approximation begins to break down.

Finally, let us briefly discuss contributions to D,, in two
generic composite Higgs scenarios. The first case is when the Higgs
boson arises as a pseudo-Goldstone boson of a spontaneously bro-
ken approximate global symmetry in a strongly interacting sec-
tor [20]. In this class of models, the HVV couplings are given by
cy = +/T—& where £ = v2/f% with f the compositeness scale or
the decay constant of the pseudo-Goldstone Higgs boson. The cou-
plings to fermions depend not only on the scale f, but also on
the representations of the SM fermions under the global symme-
try group of the strongly interacting sector for which there are
many possibilities [21]. For the minimal case based on the SO(5)
global symmetry broken to SO(4) the fermion couplings take the
form [21],

ce/ev =[1— 1A +mE]/((1=§)), Ct=cyy =Cyy =0, (5)

where n is a positive integer dictated by the fermion representa-
tion. In Fig. 3 (left), we display Dy, as a function of the com-
positeness scale f for n=0,1,2. One first notes that D, is not
sensitive to the n = 0 scenario since in this case the dependence
on & drops out. For the cases of n =1 and n = 2, we see that with
a 1% measurement of D,,, compositeness scales of 2-3 TeV can
potentially be probed.

As a second scenario, we consider the case of a dilaton where
the Higgs state arises as a pseudo-Goldstone boson of sponta-
neously broken scale invariance [22]. The dilaton again couples to
gauge bosons and fermions but it also has a direct coupling to
photons which is generated by the trace anomaly. Since all these
couplings depend on £ in the same way, o /£, the ratio of widths
D,y is not directly sensitive to the composite scale f. The cou-
pling ratios entering Dy, are explicitly given by [22],

Ct/CV = (1 + yt)v
cyy/ev =a/(4m) x (bR" —by),
6t :Eyy =0, (6)

where y; is the anomalous dimensions which measures the ex-
plicit breaking due to the mixing in the ultraviolet (UV) be-
tween the elementary and composite states associated with the
top quark. The B function coefficients, b2\ and bEM, parameter-
ize the explicit breaking of scale invariance in the ultraviolet and
the infrared (IR) due to the contribution of composite fields to the
running of the photon gauge coupling [22].

In the right-hand side of Fig. 3, we show contours of D, +
ADy, in the [a/4mw (bl(lEM) — b{f\l,w)), ¥:] plane assuming again
D,y =1 and the usual AD,, precision of 1%, 2% and 3%. One
can see that for b](}EM) - bl(JE\l,VD ~ 0, as in the SM [22], ¥ can be
constrained at the 1-2% level for AD,,,, = 1%. As we approach this
level of precision it will start to become possible to exclude nega-
tive values of y; for any bl(EM) — bEJEVM). There is also a degenerate
second region at y; ~ 7 which is not displayed.

4. Probing the heavy new particles of the MSSM

We now examine one-loop contributions to the Higgs decay to
photons from new heavy charged particles in the MSSM. As is well
known, the MSSM possesses a two Higgs doublet structure that
leads to a physical spectrum with five Higgs states: two CP-even
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h and H (with h being the observed one), a CP-odd A and two
charged states H* [10,11]. Two parameters are needed to describe
this sector: M4 and tan 8, the ratio of vacuum expectation values
of the two Higgs fields. This is true not only at tree-level but also
when higher order corrections are included, provided that the con-
straint My = 125 GeV is used as in the hMSSM approach discussed
in Ref. [23]. The couplings of h to fermions and gauge bosons,
when normalized to the SM Higgs couplings are simply given by

cy =sin(B — ), ¢ =cosa/sinp, ¢, =—sinw/cosp, (7)

with o the mixing angle in the CP-even Higgs sector which, in
the hMSSM, is simply given in terms of M4, tan 8, and My. When
M4 > My, one is in the decoupling regime in which o ~ g — %
and h has SM-like couplings, ¢; = cp = cy = 1. In this decoupled

regime, which is also implied by the experimental data [12], the

heavier charged Higgs states have mass Mpy+ = 1/M% + MZW while
H and A have comparable masses and couplings.

We first consider MSSM contributions to the hyy loop induced
vertex® [24] in the limit where all superpartners are very heavy. In
this case two effects are at play. First, the charged H?* state will
contribute to the hyy amplitude, Mpy+ ——th+H MW/M
A second contribution also occurs at low Mpy+ values as one is
outside the decoupling regime and the reduced Higgs couplings
cw and c; are not SM-like, eq. (7).

The simultaneous impact of these two contributions is illus-
trated in the [My+,tan B8] plane in Fig. 4 (left). As can be seen,
a 1% measurement of D,,, probes only H* masses of O(200 GeV),
especially at high tan . This is due to the fact that the decoupling
limit cy =c¢; =1 is already reached for such a H* mass and the
fact that the hHTH~ coupling is small in the MSSM. Indeed, at
tree-level, it is given by (62W =1—sin oy ~ 3/4),

Shi+H+ =Sin(B — ) +cos2Bsin(B +a)/(2ct)

MaZM2 1 cos?2B/(2¢%)), (8)

5 In the limit where the loop particle is much heavier than the h state, the con-
tributions to the h — yy vertex up to coupling and charge factors, are A; = —7 for
spin-1 states and Ay = -',-‘3—l for spin—% fermions; the contribution of a spin-0 par-
ticle in the same configuration would be Ag = —5 [10 11]. Note that while spin-1
and spin-0 states contribute like 1/M?, spin—% fermlons contribute as 1/M (modulo
couplings).

D,, (Dilaton)

0.20

0.15

0.10

Yt

-04 02 00 02 o4
f(b!&”’—b‘uﬁv”’)
JT

blue), n =1 (orange) and n =2 (green) in minimal composite Higgs scenarios. Right: Contours of D,, + AD,, in the
124 124
b(EM)) yt] plane with D), =1 and ADW = 1% (black), 2% (red), 3% (blue). (For interpretation of the references to color in this figure legend, the reader is

which approaches ~ 1/3 for tang > 1. The Dy, sensitivity to
the H* states is only slightly improved for values of tang ~ 1
when the coupling becomes of order unity. In contrast, in a gen-
eral two-Higgs doublet model (2HDM) [25], the coupling gny+H-
is essentially a free parameter and can be larger, leading to more
significant contributions to Dy, [10,25]. This is illustrated in the
right-hand side of Fig. 4 where the H* contribution is displayed
in the [My=, ghy+y-] plane for a 2HDM in the “alignment” limit
sin(8 — o) = 1 which leads to cy = c¢; = 1. In this case H*
masses close to the TeV scale can be probed for gny+y- =5
if ADy, =~ 1%. Note that in triplet Higgs models where doubly
charged H** states are present, the contributions to D, can be
even larger [26]. In this case, values as large as Mpy++ ~ 2.5 TeV
can be probed for gyy++y-- ~ 5 if an accuracy of AD,, ~ 1% is
achieved.

Turning to the effects of the superpartners, we assume for sim-
plicity that we are in the decoupling regime M4 > Mz with h
having SM-like couplings, and focus on the direct contributions to
the hyy loop. As the superpartner couplings to the h state are not
proportional to their masses, the loop contributions are damped
by powers of Mnp. Three contributions can be important in the
MSSM (besides that from H* discussed earlier) [24]: those from
the charginos [27], the tau slepton [28], and the stop squark, see
e.g. [29]. We discuss each of them in the phenomenological MSSM
[30] in which all soft SUSY-breaking parameters are free but with
the constraint that they are not CP or flavor violating. The program
HDECAY [31] has been used for the numerical analysis.

i) Light charginos: the chargino system is described by the
gaugino and higgsino mass parameters M, and @ and by tanp.
If My > ||, the lightest chargino X1i is a pure higgsino while
the heavier one X1i a pure gaugino; for M < |u| the situation is
reversed. In the limit M; = |u| > My, the two spm—— chargino
states Xi are equal mixtures of higgsinos and gauginos and are
degenerate in mass so that their total contribution to the hyy ver-
tex effectively scales like o« M3 /m + and is therefore small. The

chargino contribution to Dy, is shown in the left-hand side of
Fig. 5 in the [m & my ] plane for fixed tan 8 =1 (the sensitivity

is lower for hlgher values of tan 8). One sees that for ADy), ~ 1%,

masses of order My ~ 0.5 TeV and My ~ 1 TeV can be probed.

ii) Stau sleptons (the COl’ltI‘lbuthI‘l of first/second generation
sleptons is negligible [24]): the stau system can be described with
three parameters, the soft SUSY-breaking mass parameters mz and
Mz, and the mixing parameter X; = A; — wtang. In the de-

Please cite this article in press as: A. Djouadi et al., Into the multi-TeV scale with a Higgs golden ratio, Phys. Lett. B (2016), http://dx.doi.org/10.1016/j.physletb.2016.04.014

66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130



0 N O A W N =

O O o o0 g o g e oo o oD DD D DD DDA DAOWWWOWWWWWWNNNDNDNDNDMDNDNDNDNDND =S 2 22 d S S
a & WON = O © 0N O o & WOWN - O © 0N O O B WON = O © 0N B O - O © 0 NO O A WNM -+ O O© 0N O G & WNM = O ©

JID:PLB AID:31879 /SCO Doctopic: Phenomenology

[M5Gv1.3; v1.175; Prn:11/04/2016; 14:20] P6 (1-8)

6 A. Djouadi et al. / Physics Letters B eee (eeee) soe—oee
AD,,
60
50 005  -0.02 -0.01
40
Q T
o>
20
10

‘\
N,
e
——

100 150 200 250
My [GeV]

100 200 300 400 500 600 700 800
My [GeV]

Fig. 4. Left: Contributions of the MSSM Higgs sector to Dy, in the [My=+,tan 8] plane when all superparticles are heavy. Right: H+ contributions to Dy, in 2HDMs with
arbitrary hH*H™~ coupling in the [My=, gny+y-1 plane in the “alignment” limit sin(8 —«) = 1.

0.300

0.100

0.050

0.040

0.030

0.020

0.010

200 4 tan3=1 |
p 0.005

400 600 800 1000
mXIL [GGV}

200

Fig. 5. Contours for the contributions of the charginos (left) and stau leptons (right) to
assumed while for staus, we set tan 8 =60, X; <0 and assume mz, =mgz,.

coupling limit and assuming mjz = mz,, the Higgs—stau coupling
reads gpzz = —4 C0S2B + 1"\},—% + ";R/lxg
ative, the coupling simplifies to gpzz o« m;X; and is important
only for large X;, making the splitting between the two staus
also very large. This allows for one of them to be rather light
rendering maximal the impact of the 7; loop in the hyy vertex,
which interferes constructively with the W loop. When the mix-
ing parameter is not negative enough, the Higgs-stau coupling is
then positive and its contribution interferes destructively with the
dominant one coming from the W boson. Nevertheless, as the con-
tribution of a spin-0 particle is small and damped by ghff/mzf, the
staus decouple quickly from the amplitude. This is exemplified in
Fig. 5 (right) where the contribution to Dy, assuming m;z =mgz,
is displayed in the plane [m3,mz]. We see that staus of a few
hundred GeV could still contribute by more than 1% to D,,. One
should note that staus are almost undetectable at the LHC in direct
searches [28].

iii) Stop loops: they provide the largest contribution to the
h — yy vertex. The stop sector, similarly to the stau sector, can be
parameterized by the three inputs m; ,m;, and X; = A; — p/tan g
(the SUSY scale is defined as Ms = \/W and should be of or-
der 1 TeV for a mixing X;/Ms ~ 2 in order to allow for an h boson
mass of My =125 GeV [32]). If the mixing parameter is large, the

. When X; is large and neg-

m; [TeV]

60 80 100 120 140 160 180 200
m;, [GeV]

Dy in the planes formed by the masses of two states. For charginos tang =1 is

two stop masses will split and f; will be much lighter than f, with
large coupling to the h state, Bniyiy, X Me X

The contributions to Dy, are shown in Fig. 6 in the plane
[mg,,mg,] for the value tanpg =10 while X2 is fixed by the re-
quirement that My = 125 GeV when only the stop dominant con-
tributions to the radiative corrections in the MSSM Higgs sector are
considered [11]. In this case the shift of the Higgs mass is given by

t/t

AM;1i00p ~ 3M¢ /@ ?v?)[log(M3 /m?) + X{ /M3

- X2/(12Md)], 9)

which gives at maximum two solutions for X[Z. For a precision of
ADy, ~ 1% one could probe stop mass values up to mg, ~ 0.5 TeV
and m;, ~ 3 TeV for very large mass splitting between the two
stops and [mg,,mg, ] ~[1.5,2] TeV for smaller mass splitting, when
considering only the optimistic maximal solution for th. These
stop mass values are significantly higher than those which can be
probed in direct stop pair production at the LHC, especially if the
LSP neutralino is rather heavy [4].

5. Conclusions

In this letter, we have re-emphasized the fact that the decay ra-
tio Dy, of Higgs signal rates into two photons and four charged
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Fig. 6. Contours for the stop contributions to Dy, in the [mg ,mz,] plane for the maximal possible values of the mixing X;. The plot on the left corresponds to a large mass
splitting between the two stops and the one on the right corresponds to a moderate mass splitting.

leptons is free of theoretical uncertainties which limit the preci-
sion in other Higgs observables, but which cancel in the ratio. The
measurement of Dy, would be then limited simply by the statisti-
cal and systematic errors, which can in principle be reduced to the
level of one percent at a high-luminosity LHC. This allows us to
use this Higgs decay ratio as a probe of new physics effects which
is complementary to direct searches at the LHC and also other high
precision electroweak observables.

We have discussed various examples, including anomalous
Higgs couplings to top quarks and vector bosons which can be
constrained at the percent level, as well as composite Higgs mod-
els where we find that compositeness scales as high as 2-3 TeV
can be probed. We have also shown that new Higgs or supersym-
metric particles contributing to the Hyy loop can be probed up
to masses of several TeV as is the case of top squarks for instance.
These scales are comparable and in some cases even higher than
those accessible directly at the LHC, making this golden ratio a
powerful tool to probe the multi-TeV scale.
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