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1 Introduction

With the discovery [1, 2] last year of a new resonance, whose properties so far show no
deviations from those of the long sought-after Higgs boson, a new era started in the under-
standing of the Standard Model (SM) of particle physics. In the absence of any evidence
for any other new degree of freedom at the weak scale, a mass gap is likely to separate
the SM particles from the dynamics generating and stabilizing the Higgs potential. Our
ignorance about the new physics sector can thus be conveniently parametrized in terms of
a set of higher dimensional operators built out of SM fields obeying the SM symmetries.
For a single family of fermions, there are 59 independent ways to deform the SM [3, 4]. Of
particular interest are the 30 deformation directions affecting Higgs physics [5-7]. Actually,
20 of them were already constrained at the per-mil/per cent level before the Higgs discovery
itself, thanks to electroweak measurements involving massive gauge bosons and bounds on
quark and lepton dipole moments. The Higgs data collected by ATLAS and CMS (as well
as by the Tevatron experiments) start putting interesting bounds on the remaining 8 C' P-
even and 2 C'P-odd directions [7, 8]. In this regard, a Higgs mass around 125 GeV offers
remarkable opportunities to probe these directions, since it opens numerous decay channels
with a rate accessible with the current integrated luminosity delivered by the LHC.



Among these operators, four are particularly important, since they control the main

production mechanism of the Higgs, namely gluon fusion. These are'
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added to the SM as
Lo = Lspt + (¢,0y + hec) + cuOp + ¢,04 + 40, . (1.2)

From this Lagrangian we can extract the terms relevant to Higgs production in gluon

fusion,?

s h h
— K,t — tth + ng G“ G 4+ mt—t%th + /ig—fG“ Gonv 4 Lqcp , (1.3)

where at linear order in the coefficients multiplying the operators in eq. (1.2) we find

ke =1 —Re(cy) — %{ , Kg = Cg, Ry = Im(cy), Rg = ¢Cq. (1.4)
The first two terms in eq. (1.3) are invariant under C'P, whereas the third and fourth
terms violate C'P. We will be mainly interested in C'P-conserving effects, therefore we set
ki = kg = 0 in the following. We will however return briefly to the CP-odd case later
(notice that since there is no interference between the C'P-even and -odd amplitudes for
pp — h+jet, the two cases can be discussed separately). The coefficient ; corrects the top
Yukawa coupling, which controls the top loop contribution to gg — h production, whereas
the coefficient xy gives a direct contribution to this process. Unfortunately, the lightness
of the Higgs boson plays a malicious role and makes it impossible to disentangle short-
and long-distance contribution to the gluon fusion total rate. This limitation is embodied
in the Higgs low energy theorem [10, 11] that ensures that the inclusive production cross

section is proportional to (k; + 4)? . In fact, from eq. (1.3) we readily obtain

Tincl (Kt, Kq) < T Ky m,% ) 9
———2" ~ (K + K 1—— ~ (Kt + Kq)7, 1.5
oM (e + 1)’ 15 kg + kg 4m2 (e + g) (15)

where in the second equality we neglected corrections that will remain untouchable at the
LHC [12]. The only hope then to have a direct access to the top Yukawa coupling is
through the pp — tth process, which is notoriously difficult due to its high threshold, its
small rate and its complicated final state with copious decay products. Exploratory studies
concluded that the sensitivity in the measurement of the top Yukawa coupling through the

1GZU denotes the QCD gauge-field strength and G = (1/2)e"P? Gy, its dual. as is the QCD coupling
strength. H is the SM Higgs doublet and H = ioo H*, v is the SM Higgs vacuum expectation value related
to the Fermi constant by v = (vV2Gr)~Y/2 ~ 246 GeV, y; is the SM top Yukawa coupling, and finally Q.
and tg are the SU(2), quark doublet and charge-2/3 quark singlet of the third generation.

2See ref. [9] for a study of the effects of Higgs-gluons interactions of dimension 7 in k4 jet and h + 2 jets
observables.



tth process will be limited to about 10% within the LHC high-luminosity program [13, 14]
and Higgs factories like a 500-GeV ILC or a 80/100-km TLEP will be needed to bring this
sensitivity down to a few per-cent level [15, 16].

In this paper we propose an alternative way to break the degeneracy between the two
coefficients x; and k4 and thus to provide direct information on the top Yukawa coupling.
Our idea relies on the use of extra radiation in the gg — h process that will allow us
to explore the structure of the top loop. When the extra radiation carries away a large
amount of energy and boosts the Higgs boson, the process effectively probes the ultraviolet
structure of the top loop. Notice that the extra radiation cannot be in the form of a photon,
as the amplitude for gg — h + v vanishes due to Furry’s theorem. One is therefore led to
consider the production of h in association with a jet.?

Resolving the degeneracy between the two contributions to gluon-fusion Higgs pro-
duction is not a mere academic exercise. There exist some new physics scenarios whose
identification is endangered by the limitation of the LHC to separately measure k; and
kg. The prime examples are composite Higgs models: the top sector is enlarged and en-
compasses extra heavy vector-like fermions that mix with the SM top quark. These top
partners have a double effect to simultaneously shift the top Yuakwa coupling and to also
give rise to a contact interaction between the gluons and the Higgs boson. As it was first
noticed in ref. [19] and later explored in refs. [20-23], these two effects precisely annihilate
in the gg — h process in minimal (and most popular) models. Another cancellation can
occur in natural supersymmetric (SUSY) scenarios, when a large mixing between the stops
conspires to nullify the total stop contribution to gg — h. Even though this is a particular
region in the SUSY parameter space, an accumulation of experimental hints might point
to such a situation and some experimental ingenuity will be required to directly see the
low-lying stops [24]. Thus new physics might well be present in the data already collected
at the LHC, while the measurements performed up to now remain blind to it. We advocate
that the pp — h + jet channel can be competitive or at least complementary with the more
studied pp — tth channel to unveil hidden new physics. For previous studies addressing
the use of the Higgs transverse momentum distribution as a handle on New Physics, see
for example refs. [25-27].

This paper is organized as follows. In section 2 we present our analysis of the pp —
h + jet process, by adopting an effective theory approach to describe the effects of heavy
new physics. In order to obtain an estimate of the LHC potential to disentangle the
current degeneracy in the plane of effective couplings, we focus on the promising channel
where the Higgs boson decays to two collimated tau leptons. Section 3 studies the ability
of the boosted Higgs regime to probe the spectrum of top partners in composite Higgs
models, whereas section 4 looks at the h + jet process as a way to probe light stops in
supersymmetric extensions of the SM. Finally, section 5 collects our conclusions. We also
include an appendix, where formulae for the pp — h + jet amplitudes mediated by CP-
violating couplings are reported.

3The process gg — hZ is also interesting, despite being subleading with respect to the tree-level contri-
bution from q§ — hZ . See refs. [17, 18] for very recent studies.
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Figure 1. Example Feynman diagrams for pp — h + jet in the SM and with the contact term.

2 Analysis of pp — h + jet

At the parton level, three subprocesses contribute to the pp — h + jet cross section: these
are gg,qg,qq — h + jet.* The expressions of the SM matrix elements for gg — hg and
qq — hg, mediated by quark loops, were first calculated at LO in QCD in ref. [28] and
shortly after with a different notation in ref. [29], which we used for our calculations. The
matrix element for the qg — hq process is obtained from the one of ¢G — hg by crossing.
Some of the Feynman diagrams contributing to pp — h + jet are shown in figure 1. When
the Lagrangian in eq. (1.3) is considered, the top contribution to the amplitudes is simply
given by the SM one rescaled by the modified coupling x;.° On the other hand, the
contribution of heavy top partners in the loop is described by the effective interaction
parameterized by k4, which generates Feynman diagrams such as the lower-right one in
figure 1. Roughly speaking, this description is reliable as long as the mass of the heavy
states is larger than the transverse momentum cut applied, see section 3 for a more precise
assessment. The corresponding matrix element is obtained from the SM one by sending to
infinity the mass of the quark running in the loop. Thus the matrix element squared for
each partonic subprocess can be written as

|./\/l|2 X |k MR (M) + Kg MU\/|2 ) (2.1)

where Mg denotes the amplitude mediated by top loops, and Myy the amplitude medi-
ated by the effective point-like interaction. It follows that the hadronic cross section for
pp — h + jet can be written as a quadratic polynomial in x; and k4. Given a transverse

momentum cut pp'™ and summing over all partonic subprocesses, we can write

g, min(/‘ft K )
D ' g
TO'SiM = (/it + /fg)Q + 5 K¢ /i?g + € Kg (22)
p¥ln

4For brevity, we denote the sum gg + gg by qg.

5In the SM, the effect of including the bottom quark contribution in addition to the dominant one due
to the top is only of a few percent, if the cut on the transverse momentum is larger than 50 GeV [27, 30, 31].
Since we are interested in larger Higgs transverse momenta, we consistently neglect the bottom in our
calculation.



Vs [TeV] | pi™ [GeV] | ol [fb] | 6 € | 99.a9 %] | 7-10°] & é

100 | 2180 | 0.0031 | 0.031 67,31 | 2.6 | 0.033 | 0.031

150 837 | 0.070 | 0.13 66,32 |  1.7]0.094 | 0.3

200 351 | 020 | 0.30 65,34 | 028 | 022 0.30

250 157 | 0.39 | 0.56 63,36 | 020 | 041 | 0.6

300 749 | 061 0.89 61,38 | 1.0 | 064 | 0.89

350 37.7| 08| 1.3 58,41 | 22| 091 | 1.3

400 199 11| 17 56,43 | 34| 12| 17

14 450 109 14| 23 54,45 | 46| 15| 23
500 6.24 | 17| 29 52,47 | 56| 18| 29

550 3.68| 20| 36 50,49 | 65| 22| 36

600 222 | 23| 44 48,51 73| 25| 44

650 138 | 26| 52 46,53 | 79| 29| 52

700 | 0871 30| 6.2 45,54 | 84| 32| 62

750 | 0562 33| 7.2 43,56 | 88| 36| 7.2

800 | 0368| 37| 84 42,57 91| 39| 84

100 500 964 | 18| 3.1 72,28 50| 19| 31
2000 1.01 14| 78 56,43 | 70| 15| T8

Table 1. Summary table of the cross sections for pp — h + jet at proton-proton colliders with
Vs = 14TeV and /s = 100 TeV. The third, fourth and fifth column show, for the given cut on
pr > p=in, the parameters of the semi-numerical formula in eq. (2.2). The sixth column shows the
fraction of the SM cross section coming from the partonic subprocesses gg and ¢qg (the contribution
of the ¢q channel is always smaller than 2%). The last three columns show the values of the
parameters of the semi-numerical formula for the C'P-odd cross sections, eq. (2.3).

where o is the cross section for pp — h+jet and the numerical coefficients {0 , €} depend on
p?in. Their values are listed in table 1 for an LHC center of mass energy of /s = 14 TeV
and various choices of p%‘in. In the calculation, we set the factorization and renormalization

scales to the Higgs transverse mass, figact = firen = mr(h) = q/m% + p%, where my, is the

mass of the Higgs and p% = t@/5 its transverse momentum squared. The calculation of the
strong coupling constant and the convolution with the PDFs was done using the MSTW
2008 LO PDFs [32]. The values of the scalar integrals were obtained from LoopTools-
2.8 [33]. We have compared our results for the SM cross sections with MCFM-6.6 [34] and
with HIGLU [35], finding exact agreement. In table 1 we also show the values of {J, ¢} for
a 100 TeV proton-proton collider, for two choices of p%ﬁn, to illustrate the possibilities of
such a machine. However, since the efficiencies achievable at the very-high-energy collider
are not known yet, we do not consider these values further in our analysis. We note that
the gg and gg initial states contribute to the total cross section roughly at the same level,
with the relative contribution of ¢g increasing at higher pr. The ¢q initial state contributes
to the total cross section at the level of 1 + 2%.

It is interesting to consider also the possibility that the gluon fusion process receives
contribution from C'P-violating new physics. Considering the operators parameterized by



k¢ and Ry in eq. (1.3), we can write the cross section for pp — h + jet in a form similar to

eq. (2.2)
W:Z (kﬁ@)%%%é&@ﬁékﬁ] (2.3)
pp™
where the numerical coefficients {7, 5 ,€} depend on p%nn. Their values are listed in table 1,
for the same parameter choices we made in the C' P-conserving case, and were calculated
by using the analytical results for the pp — h + jet cross section mediated by C P-violating
couplings, reported in the appendix. Notice that the overall factor of 9/4 appearing in
eq. (2.3) is chosen in accordance with the expression of the inclusive cross section, which
reads oinel (K, fig) /oo =~ 9(Fy + Fog)?/4 .
It has been shown [36] that the effective operators hGY,,G** and thwé“’“’, when
added in turn and with the same normalization to the QCD Lagrangian, lead to identical
amplitudes squared for the processes gg, qg,qq — h + jet. This implies that the identity

€ = € holds for any value of p?in, as can be seen in table 1.

2.1 Breaking the degeneracy

We now aim at giving an estimate of the potential of the boosted Higgs measurement to
resolve the ambiguity in the plane of the couplings (ki, ky). While a full analysis would
ideally combine several decay modes of the Higgs, a first estimate can be obtained by looking
at one channel only. Because, as shown in table 1, in order to break the degeneracy we need
to consider very large Higgs transverse momenta and therefore small rates, it is natural to
consider first the decay channels with the largest branching ratios, namely h — bb, WW, 77.
Here we focus on the last mode, and we will comment briefly on other possibilities at the
end of this section. For a Higgs transverse momentum larger than 500 GeV, the typical
< 0.5. As a consequence,

~

angular separation between the two taus is AR ~ 2my/pr
when at least one of the taus decays hadronically, the standard tau-tagging techniques
will fail, due to the non-isolation of the hadronic tau candidate(s). However, such ‘ditau-
jets’ can be tagged by adapting the usual tau-tagging algorithm, as suggested in ref. [37],
whose efficiencies for signal identification are assumed here.% Including the Higgs and tau
branching ratios, we obtain the following estimate of the total efficiency

€tot = BR(h — 77) X Z BR(r7 = i)¢ | =2 x 1072 (2.4)

L=T¢Te¢, TeTh, ThTh

where we assumed the SM value for BR(h — 77) [38].
To break the degeneracy in the (¢, £g) plane that plagues inclusive Higgs production,
we need to combine the measurements of both the inclusive and boosted rates. On the one

SReference [37] applied ditau-tagging to the case of a Z’ decaying to Zh. We make use of the efficiencies
reported in their table I for a 2 TeV Z’, which gives a Higgs pr roughly similar to the case we are considering.
We assume efficiencies that include in addition to the ditau-jet tagging also the reconstruction of the Higgs
mass peak, as it seems unavoidable that an experimental analysis would need to exploit that information.



[= phren = fiac | O150Gev [ID] | Kisocev | d6s0cev [fb] | Kesocev R
mr /2 1.2-103 1.16 2.0 1.14 | 1.66-1073
mr 0.83- 103 1.41 1.4 1.44 1.69-1073
2my 0.60 - 103 1.64 0.96 1.70 1.66-1073

Table 2. Scale dependence of the SM (k¢ = 1, kg = 0) LO cross sections, K-factors and the
resulting values of the ratio R, defined in eq. (2.6).

hand, we take the inclusive Higgs production cross section normalized to its SM value

Oincl(Kt, K
Mincl(ﬁ:b K’g) = = (Sl\/[’ 9)
Tincl

~ (kg + Fig)? (2.5)

We assume the large-luminosity LHC scenario with 3ab™! of data at 14 TeV, and therefore
we assign to the measurement of pinc a 10% systematic uncertainty and negligible statistical
uncertainty. On the other hand, in order to reduce the theory uncertainty, we consider as
boosted observable the ratio

Rk, kg) = 650 GeV (Kt Fig) K50 Gev
T o150 Gev (Kt g) K150 Gev

(2.6)

where Kp[Tn-m are the QCD K-factors for the SM, computed using MCFM-6.6 (process 204).
The transverse momentum cuts of 650 GeV and 150 GeV were chosen by means of a rough
optimization. The ratio R is stable under scale variations, as can be seen from table 2. We
remark that presently no exact NLO computation of the SM Higgs pr spectrum is available.
The known NLO results, implemented in MCFM-6.6, assume the heavy top approximation
and cannot therefore be used for our study, where the full dependence on the top mass
is crucial. Nevertheless, multiplying the exact LO cross section times the SM K-factor
computed in the m; — oo limit, as in eq. (2.6), is the best approximation available at the
present time. From this discussion it is clear that an exact NLO computation of the SM
Higgs pr spectrum would be very welcome, and we hope that the QCD community will fill
this gap in the near future.”

We assign a 10% systematic uncertainty on each of the cross sections that appear
in eq. (2.6), and in addition we consider statistical uncertainties on the number of signal
events Nymin = ap,;in(ﬁ;t, Kg) K pmin €tot [ L£dt, where [ Ldt =3ab™! is the integrated LHC
luminosity. We do not consider any backgrounds in our exploratory study. The two
observables /iy and R are combined via a simple 2,

2 Mincl("ita Hg) — M?nd) (R(Kt, /*ig) —R >
Kty Kg) = + |\ — , 2.7
X ( ! g) < 5Nincl R ( )
where 5 R
Hincl -1 1
0lrlC - 5SYS ’ RO = \/N150Gev + N650 Gev T 2552ys7 (2-8)
Mincl

A first step in this direction has been made in ref. [39]. For recent progress in the predictions for h+jet,
see also refs. [40, 41].



with dsys = 0.1. The potential of the boosted Higgs measurement to break the degeneracy
along the k; + k4, = constant direction is shown in figures 2(a)-(d). We consider three
different assumptions on the observed inclusive signal strength, u?ncl =0.8,1,1.2, and on
the actual value of the hft coupling, k! = 0.8,1,1.2. The actual value of kg is then fixed
by k) = \/ 1 — K1, and R? = R(kf, J). In figures 2(a)-(c) we show the 95% CL contours
obtained from the x? in eq. (2.7), assuming an integrated luminosity of 3ab~! at the 14 TeV
LHC. The blue, red and black contours correspond to &9 = 0.8,1,1.2, respectively. The
error band obtained considering only inclusive production is shown as well, shaded in gray.
It can be clearly seen that including the boosted Higgs measurement allows one to break
the degeneracy: for example, assuming a standard inclusive rate (i.e. ) ;| =1, figure 2(b))
but a hitt coupling deviating by +20% from the standard value (black and blue curves,
respectively), the SM point can be excluded at approximately 95% CL. Figure 2(d) shows
instead the sensitivity of our results to a variation of the factorization and renormalization
scales. The SM is assumed as input (m? =1 and /ﬁ}(g) = 0) and the scale g = fiyen = [ifact 1S
set to mp/2, mp and 2mp. Because we employ the ratio of cross sections R, the preferred
region in the plane of couplings depends only mildly on the scale choice.

2.2 Limitations and possible improvements

Firstly, we should make it clear that the above is only a rough first estimate of the resolving
power of the boosted Higgs regime, based purely on signal rates and without considering any
backgrounds. Furthermore, the assumption of a 10% systematic uncertainty on the boosted
Higgs cross sections is likely to be optimistic. Secondly, while in this paper we focused on
h — 77, we wish to mention briefly other a priori interesting choices for the Higgs decay
mode. The dominant channel h — bb seems challenging due to the overwhelming QCD
backgrounds. At very large pr the b-quarks are collimated, leading in practice to a dijet-like
topology; this could provide an interesting application for jet substructure techniques. On
the other hand, the decay h — WW should provide an attractive alternative to h — 77.
These issues certainly warrant a more detailed study.

3 Resolving the top partner spectrum in composite Higgs models

The degeneracy between the couplings x; and k4 assumes a peculiar form in composite
Higgs models. It turns out that in the most popular realizations of the Higgs as a composite
pseudo-Nambu-Goldstone (pNGB) boson, the combination ¢+ 4 is insensitive to the ‘top
partners’ (the fermionic resonances that are expected to accompany the top) [19-23], as a
consequence of an exact cancellation among their contribution to x; and to k,4. It follows
that no indirect information on the resonances can be extracted from the inclusive Higgs
rates. To review how this result arises in the well-known ‘Minimal Composite Higgs Model
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Figure 2. Figures (a)-(c) show the 95% CL contours obtained from the x? in eq. (2.7) for different
choices of the actual parameters 7 and &), or equivalently of pf, ; and R?. The colors blue, red and
black correspond to 9 = 0.8, 1.0 and 1.2, respectively, or equivalently to the indicated values of
RY = R(KY, / ,u?ncl —kY). The gray band is obtained by considering only the inclusive measurement.
The SM point is indicated by the black star. Figure (d) shows the variation of the 95% CL contours
for different choices of the renormalization and factorization scale p. For all plots we assumed an
integrated luminosity of [ £dt =3ab™ " and /s = 14 TeV.

(MCHM)’, based on the coset SO(5)/SO(4), we first note that®

Kt +HKg =0 <8 log det ./\/lt(h)> , (3.1)

8This formula holds in the natural operator basis for a non-linear g-model, see for example ref. [20] for

a detailed discussion. The cancellation of the effects of top partners is physical and therefore independent
of the basis.



where M, (h) is the mass matrix in the top sector. The partial compositeness structure and
the pNGB nature of the Higgs imply [23] that the determinant factorizes as det M(h) =
mY(h) x det M, , where m? denotes the top mass,” whereas M, is the mass matrix of top
partners. We are assuming to be in the field basis where non-derivative interactions of
the Goldstone bosons appear only in the linear mixing terms, see eq. (3.2) later for an
example. Therefore the matrix M, does not depend on h, and its determinant drops out of
eq. (3.1). In addition, by means of a spurion argument [21] it can be shown that in models
where only one SO(4) invariant Iy r(h/f) can be built out of the embeddings of ¢;, and tg,
one has m?(h) o I r(h/f), with f denoting the decay constant of the non-linear sigma
model. Thus eq. (3.1) yields simply &t + kg = fy(§ = v?/f?), where f, is some function
satisfying fy({ — 0) = 1. Interestingly, the most viable (and popular) realizations of the
MCHM feature only one left-right invariant: for example, the choices 57 + 5z, 107, +10g
and 147, + 1p all lead to I g = sin(2h/f) and therefore to k¢ + £y = (1 —2£)/\/1—=¢€.
Furthermore, the insensitivity of the low-energy hgg coupling to the resonances holds also
in several Little Higgs models [20].*°

3.1 A simple explicit model

With the twofold goal of making a simple, concrete example of the above argument and
of quantifying the expected size of k4 in realistic composite Higgs models, we consider a
‘two-site’ version of the MCHMj [42], where one complete SO(5) multiplet of composite
fermions is introduced: the fermion Lagrangian reads

Ly =iqPqr + itpPtr + 0Py — mapyps — miy s — (\gQrU g + A\t . UQR + hoc.),

(3.2)
where ¢ = (14, 1/J1)T is a complete 5 of composite fermions, which decomposes as 5 ~ 41
under SO(4), and Qp, r are the embeddings into incomplete 5s of g7, and tp, respectively.
The matrix U contains the Goldstone bosons, and the associated decay constant is labeled
by f. In this setup, the Higgs potential arising from top loops is partially calculable, having
the form V ~ asin?®(h/f) + Bsin*(h/f), where « is logarithmically divergent whereas f is
finite. It follows that the divergence in @ can be absorbed by adding a suitable counterterm
and fixing the value of the Higgs VEV v as renormalization condition, while the Higgs mass
can still be predicted [43]. In order to have a qualitative picture, we set £ = 0.1 and scan
the parameter space of the model requiring m; = 150 GeV (corresponding roughly to the
running top mass at scale ~ TeV) and 110GeV < my < 140 GeV. Figure 3 shows the
distribution of the couplings x; and k4 versus the mass of the lightest top partner, as
obtained from the numerical scan. It is immediate to see ‘by eye’ that, as predicted by the
argument summarized above, the sum x; + K4 is the same for all points, being given by
(1 —-2¢)/y/1—¢&. Assuming for example a large tp compositeness, k4 has the expression

9More precisely, m? is the expression of the top mass when corrections to the wavefunctions of ¢z, g due
to the mixing with top partners are ignored [23].

10Exceptions to this result exist. In particular, the insensitivity to the resonance masses does not hold
in versions of the MCHM where multiple left-right invariants appear, such as MCHM 4, where ¢1, and tr
are embedded into the 14-dimensional representation of SO(5).
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MCHM;s, ¢ =0.1, 110 GeV < my;, < 140 GeV
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Figure 3. Distribution of the couplings x; and x4 versus the mass of the lightest top partner, as
obtained from the numerical scan in the two-site MCHMs.

(see ref. [22] for the complete formula)

2 2
mp—my

Kg = 5 sin2 OR (171,2> + O(Sin2 HL) 5 (33)
4

where sinf, p = Agu/y /m?1 1+ )‘g,u measures the degree of compositeness of 7, r. Com-

bining the full analytical expression of x4 [22] with the approximate formula for the Higgs

N.m?2 mpmz m2
2 c My T T _ 2 2
my ~ ————=5log (m s =/miq1+ A ) 3.4
h = 72 12 m% —m2 m% T 41 ou) (3.4)

we find that ‘large’ values of kg, |kg| > £, are possible only in the presence of a very light

mass [43]

resonance, Miightest << 1 TeV. This is confirmed by the numerical scan: the points yielding
|kg| > & have a resonance lighter than 500 GeV.

Combining the above discussion with the results of section 2, and in particular with
figure 2, it is clear that boosted Higgs production can reveal the presence of light top
partners, which would remain otherwise ‘hidden’ in the measurement of the inclusive rate.!!
Thus the large-pr Higgs production can usefully complement the information coming from
direct searches for the fermionic resonances.

3.2 Validity of the effective theory approach

In our analysis of the MCHMj5 we have assumed the validity of the Effective Field Theory
(EFT) description of new physics states, and computed the coefficient x, by integrating out
the top partners. However, given a transverse momentum cut pp > p?in, we naively expect
the EFT to break down if there is at least one resonance with mass M < pIHJi“. Since we
defined the very boosted region by p?in = 650 GeV, we expect the EFT to be inaccurate for

the spectra which feature a top partner with M < 650 GeV. This is quantified in figure 4,

"See ref. [44] for a recent study of pp — h + jet within the context of composite Higgs models.
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Figure 4. Ratio of the boosted Higgs cross section computed within the effective theory to the
exact cross section computed retaining the complete form factors, versus the mass of the lightest
top partner, for a sample set of points in the parameter space of MCHMj5. A transverse momentum
cut pr > 650 GeV is applied. The left panel shows the total cross section pp — h + jet, whereas
the right panel shows the three partonic channels gg, qg, qq@ — h + jet individually.

where we compare the boosted cross section computed in the EFT approximation to the
full result obtained by keeping the complete loop form factors. We find that the EFT is
accurate within 10% for top partners as light as 500 GeV. We also show a comparison
of the EFT and exact cross sections for each partonic initial state, namely for gg, qg and
qq. For the gg channel the EFT is accurate within a few percent, whereas for gqg the
approximation works within 20% for resonances above 500 GeV. Recalling from table 1
that for pr > 650GeV the gg and gg channels each make up about 50% of the total
cross section, this yields the already mentioned 10% overall accuracy. By contrast, the
breakdown of the EFT in the ¢g channel is striking, as already noticed in ref. [39]. This
effect is however numerically small, since the ¢ channel only contributes about 1 <+ 2% of

the total cross section.

4 Resolving the stop spectrum/mixing in supersymmetric models

In supersymmetric models the gg — h rate is sensitive to loop contributions of stops and
sbottoms, affecting both the inclusive [45-49] and the boosted cross section [50-53]. In
the following we focus on the Minimal Supersymmetric SM (MSSM) and assume that ad-
ditional D- or F-term contributions help lift the Higgs mass into the phenomenologically
allowed range. We further assume that the associated beyond-the-MSSM degrees of free-
dom do not significantly change the properties of the lightest C' P-even Higgs. Besides the
supersymmetric partners of the SM diagrams of figure 1, new topologies sensitive to the
stop trilinear term A; can contribute to the cross section, see figure 5. The inclusive signal
strength is given by [54]

I'(gg — h)

_ 2
T(gg — h)sm (LA 4.1)
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9 h 9

Figure 5. Example Feynman diagrams for pp — h + jet involving supersymmetric particles. In
addition, there are diagrams like those in figure 1, but with the quarks in the loops replaced by
squarks.

with
2 (1 1 Ay —p/t 2
Anm( Ly L A p/tanpl (4.2)
4 m# m= m2 m2
t1 to t1 o

We work in the limit where the pseudoscalar Higgs decouples, see e.g. refs. [24, 55], and we
have ignored small D-term contributions. As in composite Higgs models, we encounter a
flat direction: for large enough A;, the stop contribution to the inclusive rate can be made
to vanish. In figure 6 we show this cancellation as a function of the stop masses and of
A;. This condition requires large A; and one might worry about vacuum stability, see for
instance ref. [56]. A large A; leads to a large trilinear scalar coupling oc hA;tt%,. If all
three fields aquire vacuum expectation values, the potential can have a deep charge- and
color-breaking minimum, separated only by a relatively low potential barrier from the usual
electroweak vacuum. A rough but conservative estimate of the vacuum stability condition
is given by [57, 58]

A2+ 32 <a- (mgl + mtg) , (4.3)

with a =~ 3. This vacuum stability condition is shown in figure 6, colored in grey. We
further identify the regions of parameter space which are excluded because the soft masses
Mg, , My, are not real (orange).

Direct limits from ATLAS and CMS significantly constrain the allowed parameter
space. An exhaustive re-analysis of the spectra and decays of all possible light and mixed
stops is, however, beyond the scope of our paper. While current experimental searches
exclude a significant part of the stop parameter space, these limits soften considerably for
larger LSP masses, close to kinematic degeneracies and in the presence of more complicated
decay chains, or in the absence of the traditional missing Ep signatures (see e.g. refs. [59—
62]). In particular, light stops with mz —mg, ~ my are still compatible with data [63-74].
It is therefore interesting to ask whether we can be sensitive to light and mixed stops
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Figure 6. We show the relative deviation of the gg — h amplitude from the SM value due to
the stop contribution, A; = 0,40.1 (solid and dashed lines, respectively). In addition we plot the
parameter space excluded because the soft masses are not real (orange) and an estimate of the
vacuum stability constraint (grey).

independently of the assumptions on their decays and even if their contribution cancels in
the inclusive rate.

We calculated the relevant Feynman diagrams involving the stops using FeynArts-
3.7 [75, 76] and FormCalc-8.0 [33]. We made use of the MSTW 2008 LO PDF's [32] and of

LHAPDF-5.8.9 [77]. The factorization and renormalization scales were set to the minimum

transverse mass determined by the cut on pr, p = 1/m}2Z + p%liﬂ. In figure 7 we show the
dependence of the boosted cross-section on the minimum pr of the Higgs. We plot three
benchmark points which would lead to a vanishing contribution to the inclusive cross-
section (Pp, P3, P3) and one point (P;) which shares the same stop masses with (Ps) but
has a vanishing A;. The latter is included to illustrate that the A;-independent terms are
mostly responsible for the departure from the point-like approximation. We find that the pr
dependence resolves the cancellation of the supersymmetric contribution to the inclusive
rate. Naturally, since we are showing the case where the leading effect is completely
canceled, the overall size of the contribution will be small. In the less extreme case of a
partial cancellation the high-py measurement could be important to retain sensitivity to
the stop contribution.

In conclusion, we find that a precision measurement of the high-py Higgs cross-section
can break the degeneracy present in the inclusive rate and render a ‘stealth’ stop contri-

bution visible.

5 Conclusions and outlook

Gluon fusion is the dominant Higgs production mechanism at the LHC. The current mea-
surements cannot resolve the infrared contribution to the amplitude generated by the top
loop from the ultraviolet contribution due to possible new physics, such as the top part-
ners needed to render the Higgs naturally light. The ‘traditional’ approach to break this
degeneracy is provided by the pp — tth process, where a direct measurement of the htt
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Point | m; [GeV] | mg, [GeV] | Ay [GeV] Ay
P 171 440 490 | 0.0026
P 192 1224 1220 | 0.013
Ps 226 484 532 | 0.015
Py 226 484 0 0.18

Table 3. The benchmark points shown in figure 7. We set tan 8 = 10, M40 = 500 GeV, My =
1000 GeV, = 200 GeV and all trilinear couplings to a common value A;. The remaining sfermion
masses were set to 1 TeV and the mass of the lightest C' P-even Higgs was set to 125 GeV.
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Figure 7. Cross section for boosted Higgs in the MSSM, normalized to the SM value, as a function
of the transverse momentum cut p?in. The different lines correspond to the stop masses and values
of A; given in table 3.

coupling can be performed. The objective experimental difficulty of this channel, however,
makes it worthwhile to investigate alternatives.

In this paper we considered the production of a boosted Higgs in association with a
high-pr jet, where the extra radiation allows one to probe the structure of the top loop and
thus to disentangle the IR and UV contributions to the amplitude. The potential of the
LHC to resolve the degeneracy was estimated, by using an effective approach to parame-
terize the new physics. We focused on the decay h — 77 and performed an exploratory
analysis based only on signal rates.

Subsequently, we discussed the application of our results to two main candidates for
a solution to the hierarchy problem, namely partial compositeness at the TeV scale and
natural SUSY. In the former case, the degeneracy between the IR and UV amplitudes for
gg — h takes the form of a peculiar insensitivity of the inclusive cross section, o(pp —
h + X)), to the presence of light fermionic resonances. In the case of supersymmetry, a
large A;-term can conspire to make the inclusive rate of SM size even in the presence of
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light stops. We illustrated how, in both scenarios, the boosted Higgs regime can probe the
spectrum of top partners (either fermionic or scalar), and thus complement the information
coming from direct LHC searches for the resonances.

As a concluding remark, we emphasize that our estimate of the resolving power of
the boosted Higgs regime is based only on signal rates, without the inclusion of any back-
grounds. As such, it should be regarded as a first, preliminary attempt. More detailed
studies are needed in order to reliably compare the reach of the boosted Higgs channel
with the expected sensitivity of pp — tth and thus to determine the ultimate accuracy
attainable by the LHC in the measurement of the coupling of the Higgs to the top quark.

Note added. While this work was nearing completion,'?

an independent study ap-
peared [81] which has also estimated the sensitivity on the htt coupling determination
using the boosted pp — h + jet channel, and defined a variable similar to our observable

‘R to measure the boosted signal.

Acknowledgments

We thank R. Contino, M. Grazzini, A. Juste, F. Maltoni, A. Pomarol, G. Salam, P. Uwer
and L. Vacavant for insightful discussions. We are grateful to M. Spira for correspondence
about HIGLU. This research has been partly supported by the European Commission
under the ERC Advanced Grant 226371 MassTeV and the contract PITN-GA-2009-237920
UNILHC. C.G. is supported by the Spanish Ministry MICINN under contract FPA2010-
17747. E.S. was supported in part by the US Department of Energy under grant DE-FG02-
91ER40674 and by the European Commission under the ERC Advanced Grant 267985
DaMeSyFla. M.S. is supported by the Joachim Herz Stiftung. The work of A.W. was
supported in part by the German Science Foundation (DFG) under the Collaborative
Research Center (SFB) 676.

A Amplitudes for pp — h + jet with C P-violating couplings

In this appendix we collect the analytical expressions of the amplitudes contributing to
pp — h + jet for C' P-violating Higgs couplings. We consider first the one-loop amplitudes
mediated by the coupling &; in eq. (1.3).

The gg — hg amplitude can be expressed in terms of helicity amplitudes My, x, A,
where the \; denote the helicities of the incoming (i = 1,2) and outgoing (i = 3) gluons.
Out of the eight possible helicity combinations only four are independent and related to the
remaining four amplitudes through My, , x;, = M_), ), —»;. The amplitudes are given

12For early reports on our results, see the talks by MS at the Spring Conference of the German Physical
Society (DPG), Dresden, March 2013; by CG at EPS 2013, Stockholm, July 2013; and by AW at SUSY
2013, Trieste, August 2013 [78-80].
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Mot (s,t,u) = N Fi(s,t,u), (A1)
Mt _(s,t,u) = N Fi(s,u,t), (A.2)
M_ ;i _(s,t,u) = N Fy(s, t,u), (A.3)
M_ 44 (s, t,u) = N Fs(s,t,u), (A4)

where the form factors F; are defined as

Fi(s,t,u) = Si G (s,t) — G(s,u) + G(t,u)] | (A.5)
m2
Fy(s, t,u) = —\/ﬁ [G(s,t) + G(s,u) + G(t,u)] , (A.6)

Fy(s,tu) = o/ % [G(s,t) + G(s,u) — G(t,u)] , (A7)

G(x,y) = zy Do(z,y) + 2z Co(y) + 2y Co(z) , (A.8)

with Cy(x) = CO(O,x,m,QL, m?,m?,m?) and Dy(z,y) = Do(0,0, O,m,%, x, Yy, m2,m2,ms, m?),
where the scalar integrals are given in the conventions of ref. [33]. The common factor N/

reads
= V3o mie o Py (A.9)
a VT ’ '
The unaveraged cross section is then given by
> IMlgg = hg)P = D Mgl (A.10)

pol. A1 A2 A3

Similarly, the squared matrix element for ¢§ — hg can be expressed in helicity amplitudes
/\/lf’\(i Ao 25 Where Ajp now denote the polarization of the incoming quark and anti-quark,
respectively, and A3 the helicity of the outgoing gluon. The four non-zero combinations are
related via

M?L-}-(&@“) = _M%QR_(Satu) = _M](I{qL—(S7uat) = M%(YRJ,-(&UJ) (A'll)

and given by

2v2
V3s

The unaveraged squared matrix element for the unpolarized cross section is then given by

MU, (st u) = NtCy(s). (A.12)

24+ u
S

2 qq 2 16 2 2 2
> Mgt = 30 [MIT, (s tw)| = FN Cols)?.  (A13)

pol. A1 A2 A3

13We define s = (p1 +p2)%, t = (p1 — p3)? and u = (p1 — pa)?, where p; 2 are the momenta of the ingoing
gluons, p3 is the momentum of the outgoing gluon and ps the momentum of the Higgs. Conservation of
momentum is expressed as p1 + p2 = ps + pa .
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Finally, the matrix elements squared for the processes qg — gh and gg — ¢h are obtained
via the permutations

Z\ngstu Z\quuts)] ) Z’ngStu Z]qutsu\ )

pol. pol. pol. pol.
(A.14)

respectively.

For a large mass of the fermion running in the loops, m? > s, —t, —u, m,%, we can
expand the scalar functions Cp(z) and Dy(z,y) in powers of 1/m?. Keeping only the
leading terms we have

1
2m

Co(ﬂ?) — —

, Dy(z,y) — (A.15)

6m;
In this limit the amplitudes Mg 4 simplify greatly: they are independent of m;, and
equal to the tree-level amplitudes computed using the effective coupling proportional to &,
in eq. (1.3) (the equality holds for &; = K4). The amplitudes squared and summed over
polarizations take the simple form

39572 st +tt +ut + md gSR? 12 +u?

2 2

Z (Magl™ = 87?11); stu * Z (Magl” = 16;4;2 s (A.16)
pol. pol.
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