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Abstract

We present results on the determination of the observable ratio R = BR(HT —
7tv™)/BR(H* — tb) of charged Higgs boson decay rates as a discriminant quantity
between Supersymmetric and non-Supersymmetric models. Simulation of measure-
ments of this quantity through the analysis of the charged Higgs production process
gb — tbH™ and relative backgrounds in the two above decay channels has been per-
formed in the context of ATLAS. A ~ 12 — 14% accuracy on R can be achieved for
tan B = 50, mg+ = 300 — 500 GeV and after an integrated luminosity of 300fb~*.
With this precision measurement, the Large Hadron Collider (LHC) can easily dis-
criminate between models for the two above scenarios, so long as tan 3 > 20.

In this note we investigate the production of charged Higgs bosons in association with
top quarks at the LHC, from the experimental and theoretical point of view, by studying
hadronic (H+ — tb) and leptonic (H* — 7%v) decay signatures. The interest of this
investigation is many-fold.

e The discovery of a charged Higgs boson will point immediately to the existence of
some extension of the Standard Model (SM).

e The associated production of a charged Higgs boson with a top quark (pp — H Tt
X) [1,2] is only relevant at large values of tanf!, a regime where Higgs boson ob-
servables receive large Supersymmetric (SUSY) radiative corrections.

e While SUSY radiative effects might be difficult to discern in the production cross-
sections separately, they will appear neatly in the following relation between the two
mentioned channels:

olpp — Ht+ X — vt + X) )

olpp — HHi+ X —tht + X)
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Tt is in principle also relevant at very low values of tanf (say, S 1). In practise, this tanf regime is

excluded in the Minimal Supersymmetric Standard Model (MSSM) from the negative neutral Higgs search
at LEP [3]. Hence, hereafter, we will refrain from investigating the low tan 3 case.
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e In fact, in the ratio of (1), the dependence on the production mode (and on its
large sources of uncertainty deriving from parton luminosity, unknown QCD radiative
corrections, scale choices, etc.) cancels out:

R BR(H* —»ttv) T(H" —71v)
" BR(H+—th)  T(H+—th)

(2)

From these remarks it is clear that the quantity R is extremely interesting both experi-
mentally and theoretically in investigating the nature of Electro-Weak Symmetry Breaking
(EWSB).

In the MSSM, Higgs boson couplings to down-type fermions receive large quantum
corrections, enhanced by tanfB. These corrections have been resummed to all orders in
perturbation theory with the help of the effective Lagrangian formalism for the tbH*
vertex [4,5]. The b-quark Yukawa coupling, Ay, is related to the corresponding running
mass at tree level by hy = my/v;. Once radiative corrections are taken into account, due
to the breaking of SUSY, this relation is modified to m; = hyv; (1 + Amy). [4, 5], where
v; is the Vacuum Expectation Value (VEV) of the Higgs doublet H; and Am, is a non-
decoupling quantity that encodes the leading higher order effects. Similarly to the b-quark
case, the relation between m., and the 7-lepton Yukawa coupling, h,, is also modified by
quantum corrections, Am.. We adopt in our analysis the effective Lagrangian approach
by relating the fermion mass to the Yukawa coupling via a generic Am, (f = b, 7),
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in which the resummation of all possible tan3 enhanced corrections of the type (o, tans)™
is included [4,5]. The leading part of the (potentially) non-decoupling contributions pro-
portional to soft-SUSY-breaking trilinear scalar couplings (Af) can be absorbed in the
definition of the effective Yukawa coupling at low energies and only subleading effects sur-
vive [5]. Therefore, the expression (3) contains all (potentially) large leading radiative
effects. The SUSY-QCD contributions to Am, are proportional to the Higgsino mass pa-
rameter Am, ~ p, while the leading SUSY-EW contributions behave like Amy, ~ pA; [6].
Thus, they can either enhance or screen each other, depending on the sign of A;. It is
precisely these effects that will allow us to distinguish between different Higgs mechanisms
of EWSB. For example, the analysis of these corrections in the ratio of neutral Higgs boson
decay rates, R = BR(H — bb)/BR(H — 7777), revealed large deviations from the SM
values for several MSSM parameter combinations [6]. Extensive theoretical analyses of
one-loop corrections to both neutral and charged Higgs boson decays have been performed
in [6-17]. We now explore the one-loop MSSM contributions to the ratio of the Branching
- Ratios (BRs) of a charged Higgs boson H= in (2), which at leading order (and neglecting
kinematical factors) is given by R = hZ/3h? in the large tan( limit. The SUSY corrections
to the H*th vertex entering the decay processes t — H*b and H+ — tb have been anal-
ysed in [7-10], where it was shown that they change significantly the Tevatron limits on



mpg+ [10]. They were further explored in the production process pp(pp) — H~tb at LHC
and Tevatron in [11-13,18], where they were shown to shift significantly the prospects for
discovery of a charged Higgs boson at both colliders.

Here, we have performed a detailed phenomenological analysis for the LHC of charged
Higgs boson signatures, by using the subprocess gb — H*f. The QCD corrections to
this channel are known to next-to-leading (NLO) [19]. However, we have normalised our
production cross-section to the LO result, for consistency with the tree-level treatment of
the backgrounds. In our simulation, we have let the top quarks decay through the SM-like
channel ¢ — W*b. In the hadronic decay channel of the charged Higgs boson (H+ — tb) we
require one of the two W’s emerging from the decay chain H*¢ — (tb)f — (W*b)b(bW ™)
to decay leptonically, to provide an efficient trigger, while the other W is forced to decay
hadronically, since this mode provides the largest rate and in order to avoid excessive
missing energy. The 7-lepton in the HT — 77v decay mode is searched for through
hadronic one- and multi-prong channels. In summary, the experimental signatures of the
two production channels under investigation are (I = e, u):

pp(gh) — HYE— ()t — v (45D) (4)
. pp(gb) — HYE— (th)E — (jj[lv]b) b (Iw[j5]b) - (5)

(In the numerical analysis we always combine the signals in (4) and (5) with their charged-
conjugated modes.)

The Monte Carlo (MC) simulation has been performed using PYTHIA (v6.217) [20] for
the signal and most of the background processes. (We have cross-checked the signal cross-
section with [19].) We have used HDECAY [21] for the Higgs boson decay rates. One of the
background processes (the single-top one: see below) has been generated with TopRex [22]
with a custom interface to PYTHIA. We have used ATLFAST [23] for the detector simulation.
(Further details of the detector can be found in [24,25].) We have adopted the CTEQS5L [26]
parton distribution functions in their default PYTHIA v6.217 setup and we have used running
quark masses derived from the pole values m{®® = 175 GeV and mP*® = 4.62 GeV. The
TAUOLA [27-29] package was interfaced to the PYTHIA event generator for treatment of the
T-lepton polarisation.

The leptonic decay channel of the charged Higgs boson provides the best probe for the
detection of such a state at the LHC. In fact, it turns out that despite the small branching
ratio BR(H* — 7v), the 7-lepton affords an efficient trigger to observe this channel. The
production rates o x BR(H* — 7tv) x BR(W — jj) are shown in Tab. 1. The main
background processes in this channel are: top-pair production with one of the W’s decaying
into 7v (g9 — # — jj bTvb) and Wt associated production (gb — W+ — r+ui).

We have used the following trigger conditions: hadronic 7-jet (p% > 30 GeV); a b-tagged
jet (p% > 30GeV) and at least two light jets (p} > 30 GeV). We apply afterwards a b-jet
veto to reject the ¢ QCD background. As there is no isolated lepton (electron or muon) in
the final state, the observation of this channel requires a multi-jet trigger with a r-trigger.
After reconstructing the jet-jet invariant mass m;; and retaining the candidates consistent
with the W-boson mass, |mw —mj;| < 25 GeV, the jet four-momenta are rescaled and the
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Figure 1: Transverse mass my distribution for signal and total background taking into
account the polarisation of the 7-lepton, for an integrated luminosity of 30fb~!. A final
cut my > 200 GeV was used for the calculations of the signal-to-background ratios and
for the signal significances.

associated top quark is reconstructed by minimising x? = (m;;, — mu)®. Subsequently, a
sufficiently high threshold on the py of the 7-jet is required, pT. > 100 GeV. The background
events satisfying this cut need a large boost from the W-boson. This results in a small
azimuthal opening angle A¢ between the 7-jet and the missing transverse momentum, po..
For background suppression we then have the cut A¢(pr, pT) > 1. Besides, the missing
transverse momentum is harder for the signal than for the background while the differences
between their distributions in azimuthal angle and missing transverse momentum increase
with increasing mpy+. These effects are well cumulated in the transverse mass, mr =
\/2p%pr [1 — cos(A@)], which provides good discrimination between the signal and the
backgrounds, as shown in Fig. 1. (Further details of this kind of studies are available in [24,
25].) The discussed set of cuts reduces the total background by six orders of magnitude
while the signal is only suppressed by two orders. The production rates and total detection
efficiency (including detector acceptance, b- and T-identification, pileup and the effect of
cuts) are also shown in Tab. 1 for an integrated luminosity of 300 fb='. We can see that
the signal rates are large enough to indeed consider H+ — 7v a golden channel for the H*
discovery at large tan 3.

The production rates o x BR(H* — tb) x BR(W*W~ — jjlv) are shown in Tab. 2.
The decay mode H* — tb has large QCD backgrounds at hadron colliders that come




mg+ = 350 | my+ = 500 it Wt
o X BR 99.91b 30.71b 79.1pb 16.3pb
Events 29958 9219 2.3 x 10% | 4.89 x 10°
Events after cuts 174 96 17 3
Efficiency 0.6% 1% 8x107% | 6x107°
S/B 7.9 4.4
S/vVB 37.1 20.5
Poisson 23.1 14.6

Table 1: The signal and background cross-sections, the number of events before cuts, the
number of events after all cuts, the total efficiency, the signal-to-background ratios (S/B),
and the signal significances (Gaussian and Poisson) for the detection of the charged Higgs
in the Tv channel at the LHC, for 300 fb~! integrated luminosity and tan8 = 50.

from ttg production with & — WbWb — Ivbjjb. However, the possibility of efficient b-
tagging has considerably improved the situation [30-32]. We search for an isolated lepton
(p% > 20 GeV, pk. > 8 GeV), three b-tagged jets (ph > 30 GeV) and at least two non b-jets
(p?_} > 30GeV). We retain the jet-jet combinations whose invariant masses are consistent
with the W-boson mass, [mw — m;;| < 25 GeV, then we use the W-boson mass constraint
to find the longitudinal component of the neutrino momentum in W+ — [y, by assuming
that the missing transverse momentum belongs only to the neutrino. Subsequently, the two
top quarks entering the H+Et — (¢b)f — (j7[lv]b) b (Iv[j§]b) decay chain are reconstructed,
retaining the pairing whose invariant masses my,, and m;;, minimise x? = (m; — myp)* +
(m¢ —myz)®. The remaining b-jet can be paired with either top quark to give two charged
Higgs candidates, one of which leads to a combinatorial background. The expected rates
for signal and background (after the mentioned decays) are shown in Tab. 2. (This analysis
is presented extensively in [24,25].)

At this point, we have two charged Higgs candidates: t1b3 or tobs. Assuming that
the charged Higgs is discovered through the H* — 7v channel and its mass determined
from the 7v transverse mass distribution [24,25], the correct charged Higgs candidate in
the tb channel can be selected by using the measured my+ as a constraint. This is done
by selecting the candidate whose invariant mass is closest to the measured charged Higgs
mass: X2 = (mgp — mg=)?. The signal distribution for the reconstructed invariant mass
my, for a charged Higgs boson weighing 350 GeV, with tan f = 50 and after integrated
luminosity of 30fb~!, is shown in Fig. 2. We can see that for the H+ — ¢b decay some
irreducible combinatorial noise still appears even when the mg+ constraint is included.
In addition, for the background, - we have found that the mpg+ constraint reshapes the
distributions in gg — #X in such a way that no improvement in the signal-to-background
ratio and signal significance is further observed. Finally, recall that the knowledge of the
shape and the normalisation of the reshaped background would be necessary for the signal
extraction. For these reasons, we did not use the my+ constraint for the results shown in
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Figure 2: The signal and the background distributions for the reconstructed invariant mass
map of mp= = 350 GeV, tan # = 50 and an integrated luminosity of 30fb~!. Assuming that
the charged Higgs is discovered in the H* — 7v channel, one can use my+ as a constraint
to reduce the combinatorial background: this is shown on the right plots.

this work. The subtraction of the background can tlien be done by fitting the side bands
and extrapolating in the signal region which will be known from the mg+ determination
in the H* — 7v channel: however, this would be possible only for Higgs masses above
300 GeV — see Fig. 2. The signal and background results are summarised in Tab. 2 at an
integrated luminosity of 300 fb~! for different values of my+ and tan B = 50. It is shown
that it is difficult to observe HT signals in this channel above ~ 400 GeV, even with the
mp+ constraint. For masses above mg+ ~ 400 GeV the signal significance can be enhanced
by using the kinematics of the three-body production process gg — H*tb [11-13,30-32].
We assume a theoretical uncertainty of 5% on the branching ratios, BRs. Previous AT-
LAS studies have shown the residual gg — % shape and normalisation can be determined
to 5% [24,25]. The scale uncertainties on jet and lepton energies are expected to be of
the order 1% and 0.1% respectively [24,25]. As explained above, for mg+ > 300 GeV, the
side band procedure can be used the subtract the residual background under the H* — tb
signal: we assume also a 5% uncertainty in the background subtraction method. Thus,
the statistical uncertainties can be estimated as 4/1/S. The uncertainty in the ratio R are
dominated by the reduced knowledge of the background shape and rate in the Ht — tb
channel. The cumulative results for the two channels are summarised in Tab. 3 at an inte-
grated luminosity of 300 fo—!. Here, the final result for the ratio R is obtained by correcting
the visible production rates after cuts for the total detection efficiency in Tabs. 1 and 2 and
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mg+ = 350 | my+ = 500 ttq
o x BR 248 41D 88 1h 85 pb
Events 74510 26389 2.55 x 107
Events after cuts 2100 784 59688
Efficiency 2.8% 3% 0.2%
S/B 0.035 0.013
S/VB 8.6 3.2

Table 2: The signal and background cross-sections, the number of events before cuts,
the number of events after all cuts, total efficiency, S/B, and the signal significances for
the detection of the charged Higgs in the tb channel at the LHC, for 300 fb~! integrated
luminosity and tanf = 50.

Signals 7v/tb 174 / 2100 = 0.08 | 96 / 784 = 0.12
Signals (corrected) Tv/th 0.18 0.16
Systematics unc. ~ 0.09 ~ 0.09
Total unc. 12% 14%
Theory 0.18 0.16

Table 3: Experimental determination of the ratio (1) for 300fb~! and tanf = 50. Shown
are: the signal after cuts, the signal after correcting for efficiencies and branching ratios,
the systematic uncertainty, the total combined uncertainty, and the theoretical prediction
(without SUSY corrections).

by the decay BRs of the W-bosons. The simulation shows that the above mentioned ratio
can be measured with an accuracy of ~ 12— 14% for tan 8 = 50, for mg+ = 300 — 500 GeV
and at an integrated luminosity of 300 fb—t.

We turn now to the impact of the SUSY radiative corrections. Their role is twofold.
Firstly, by changing the value of the Yukawa coupling they change the value of the ob-
servable R. Secondly, they can change the value of the production cross-section o(pp —
H*T+ X), hence shifting significantly (by as much as 100 GeV) the range of charged Higgs
masses accessible at the LHC [11-13].

To explore the second consequence, we rely on the fact that the bulk of the SUSY
corrections to the production cross-section is given by the Yukawa coupling redefinition
in (3) [11-13,19]. By neglecting the kinematic effects, taking the large tanf limit and
assuming that the dominant decay channel of the charged Higgs boson is H™ — tb (large
mass limit), we can estimate the corrected production rates. For simplicity, we show only
the contributions to Amy, since they are the dominant ones:

0%(gb — H*?)
(14 Amy)?

o (gh — HHE — t5) = 0%%(gh— HYE) x BRO™(H* — tb) =



10 T T T T 0.5

no SUSY

Production rates SUSY factor Y
SPS4 my+=350 GeV 04 | —--p0A<0
Y ——- u<0A>0 -7
aemm —-— w0A>0 P

03

0.2

e <O A0
——- 150 APDO 01
" o(W)io () SPS4  m, =350 GeV Bt SR
—— o(tby/o"(th) , : -~
BR(H —>7 V)/BR(H ~>tb)
o1 - . , 0 . ; , .
10 20 30 0 50 60 10 20 30 40 50 60

tanf tanB
(a) (b)

Figure 3: a) Production rates enhancement/suppression factors for the 7 and the ¢b chan-
nels; b) the SUSY correction to the rate (2). Plots as a function of tang for mpy= = 350 GeV
and a SUSY spectrum as in SPS4, but for different choices of the signs of x4 and A;. Shown
is also the experimental determination for each scenario.

] ] _ DHY— 7"
Ucorr(gb — HYf — 7‘+I/i> = Ucorr(gb - H+E) X I‘c(orr([—_]::: 21';/5))
o%(gb — H*?) T(HT - ')

(6)

(1+Amy)* ~ TO(H* = ) X ramyr

This very simple exercise shows that the production rate in the 7-channel is fairly inde-
pendent of the SUSY radiative corrections and therefore the tree-level analysis performed
above can (to a very good approximation) be used for our original purposes. Actually,
once we take into account kinematical effects, the 7-channel will receive small (negative)
corrections in the low charged Higgs mass range. However, in this range, BR(H+ — 77v)
is quite large and one should not fear to loose the signal. Quite the opposite, the hadronic
tb production channel receives large radiative corrections. These corrections can be ei-
ther positive (enhancing the signal, and therefore the significance in Tab. 2) or negative
(reducing it, possibly below observable levels)®. In Fig. 3a, we show the discussed en-
hancement /suppression factors as a function of tang for my+ = 350 GeV and a SUSY
mass spectrum defined as SPS4 of the Snowmass Points and Slopes in [33], but choos-
ing different scenarios for the sign of u and A;3. (It is worth noting that the production
rate for the tb-channel can be enhanced by a factor larger than 3 in some SUSY scenar-
ios, which would enhance significantly the corresponding signal thus overcoming the low
signal-to-background ratio of this channel.) '

We now turn our attention to the observable under analysis. Fig. 3b shows the predic-

2 Alternative analyses may permit the signal to be seen even in this unfavourable case [11-13].
3The SPS4 spectrum is affected by moderate SUSY radiative corrections.



tion for the ratio R as a function of tang for the SPS4 scenario with a charged Higgs mass
of my+ = 350 GeV. The value of R only depends on my+ through kinematical factors and
the dependence is weak for mg+ 2 300 GeV. In this figure, we also show the experimental
determination carried out as before and repeated for each SUSY setup. From Fig. 3b it is
clear that radiative SUSY effects are visible at the LHC at a large significance. In partic-
ular, the u < 0 scenarios can easily be discriminated, while the 1+ > 0 ones will be more
difficult to establish, due to the lower signal rate of the hadronic channel. This feature then
also allows for a measurement of the sign of the u parameter. In contrast, since radiative
corrections are independent of the overall SUSY scale, the observable R cannot provide us
with an estimation of the typical mass of SUSY particles. Nonetheless, the information
obtained in other production channels (e.g., neutral Higgs bosons or SUSY particles direct
production) can be used to perform precision tests of the MSSM.

. — olpp—H 4 X—rtvitX) _ BRHY—rty7)
To summarise, we have used the observable R = = —mre—r5" = “grmr—m)

to discriminate between SUSY and non-SUSY Higgs models. This quantity is a theoreti-
cally clean observable. The experimental uncertainties that appear in this ratio have been
analysed in details through detailed phenomenological simulations. In the MSSM, R is af-
fected by quantum contributions that do not decouple even in the heavy SUSY mass limit.
We have quantitatively shown that an LHC measurement of R can give clear evidence for
or against the SUSY nature of charged Higgs bosons.
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