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1. Introduction

The ongoing experiments at the Large Hadron Collider (LH&E)imits for new physics at the
TeV scale in an unprecedented way. Amongst the most prognégindidates for new physics are
supersymmetric (SUSY) theories. Within this class of tlrenrscenarios with a scalar téaueing
the lightest ordinary SUSY particle (LOSP) are often coaséd. In R-parity-conserving scenarios
the lightest SUSY particle (LSP) is then usually assumecetexiremely weakly interacting,.g,

a gravitino or an axino. Such scenarios offer spectaculan@menological signatures at colliders:
long-lived charged massive particles (CHAMPS). Furthe@emthey can be associated with in-
triguing early Universe cosmologgf. [2] and references therein. For example, an overly abundant
charged relic can spoil the successful predictions of BB&sURing strong bounds can be evaded
in parameter regions where the stau annihilates efficiemtly via a heavy Higgs resonance or due
to large stau—higgs couplings [3, 4]. In scenarios with broR-parity, ther' can also be the LSP
that decays promptly (or delayed in scenarios with parthkeén R-parity) into Standard Model
(SM) particles.

In this work we present theoretical predictions for dirgdt; production at the LHC within the
minimal SUSY extension of the Standard Model (MSSM) indejeem of a possible longevity of
the stau. We include Drell-Yan processes as webl-gsark annhilation and gluon fusion. Special
attention is given to mixing effects due to large Yukawa dimgs. After evaluating numerical
results in the phenomenological MSSM to investigate pés&hhancement effects, we interpret
our results in the CMSSM assuming a long-lived This proceeding is mainly based on Ref. [1]
where also more references can be found. One new aspect hdgamot been discussed in [1] is
the interpretation of recent experimental exclusion knsiét by the CMS experiment at the LHC.

2. Direct production of stau pairsat theLHC

Within the MSSM, stau pairs can be produced directly at th€|.H
pp— G}, (2.1)

wheref; j denotes any of the two stau mass eigenstates. Due to offithaglements in the stau
mass matrix large mixing between gauge eigenst@iesgr) can occur for the mass eigenstates
(T1, T2) and may not be neglected for third generation sleptons. mhisig can become large and
is proportional to the SUSY parametgrstanf andA;. Here we concentrate on the direct produc-
tion of the lighterf, T; pairs, particularly in parameter regions with large mixifgoduction rates
of T, T, and similarlyT; T; can be obtained in close analogy.

At the LHC the leading contribution to dire€ T; production up to orde’(a2a?) are given
by the following channels:

e (g induced Drell-Yan type processes @ta?), see figure 1(a), and corresponding NLO
(SUSY)QCD corrections af(a2a?).

e bb annihilation, mediated by the neutral gauge bosgn<Z] and by the neutral CP-even
Higgs bosonst?, H% at&’(a?) (however suppressed by the low bottom-quark PDFs), shown
in figure 1 (b).



Direct stau production at the LHC Jonas M. Lindert

(a) (b)

Figure 1. Feynman diagrams for stau pair production (a) via the Dfeti-process and (b) viab annihila-
tion. Hereq=u,d,c,s.

Figure 2: Feynman diagrams for the gluon fusion contribution to staw production. The quarkg and
squarkgy; i = 1,2, running in the loops can be of any flavor.

e gluon-gluon fusion at orde¢’(a2a?), mediated by a quark or squark loop, as shown in
figure 2.

The Drell-Yan production cross section at leading orderedels only on the stau masg;,
and the stau mixing anglé:. The parametric dependence of the NLO corrections on theYSUS
parameters in general is small. Although suppressed bythdbttom-quark density inside pro-
tons thebb channel can be enhanced by on-shell Higgs propagators atfet iyottom-Higgs and
the stau-Higgs couplings in certain regions of the SUSY ipatar space. In the basis of mass
eigenstates, the stau-Higgs coupling is proportionalri@sand thus becomes important for large
mixing in the stau sector. Both the stau-Higgs and the bettggs couplings are proportional
to u and the respective trilinear couplidg . In order to study possible enhancement effects in
direct T, T; production due to large stau—Higgs couplings, parametgome with relatively large
tanf are to be considered. Here radiative corrections tbiihe/bbH® vertex can be important and
drive down the cross section compared to the tree-leveltrasading tar3-enhanced corrections
can be resummed to all orders in pertubation theory by usiraparopriate effective bottom-quark
massmgff, and effectivdot_)ho/bt_)Ho couplings. Here we adopt this approach, as explained inl deta
in appendix B of [1]. Finally, even though gluon-induced tdutions are formally of higher or-
ders,0(aZa?), they can give sizeable contributions at frgmachine LHC at high center-of-mass
energies where thgg luminosity is significantly higher than thgg luminosity. As thebb channel,
the gluon-gluon channel depends strongly on the paramieténs stau-Higgs sector.

We use the programBeynArts 3.6 andFormCal ¢ 7. 0 with LoopTool s 2.6 to
generate and calculate the amplitudes corresponding tBeajieman diagrams of figures 1 and 2.
The Higgs boson masses and the width are computed witlfFreynHi ggs 2. 7. 4. The QCD
and SUSY-QCD corrections at NLO for the Drell-Yan channdtwiated in [5] we evaluate with
Pr ospi no 2 and scale our cross sections with the resulfnfactors. Furthermore, we use a re-
summed effectivébh® /bbHP vertex for the gluon fusion ariab contributions, as explained above.
Since we do not include (expected to be positive) higheeto@CD and SUSY-QCD corrections to
the Higgs-mediated channels, our analysis gives a corgsanestimate of the enhancement effects
from thebb-annhilation and gluon fusion production channels.
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Atthe LHC, the gluon-fusion anbb-annhilation processes with archannel Higgs boson can
become resonant in regions of the SUSY parameter space @hwe Higgs boso® is heavier
than the two produced staus. In parameter regions mjifh> 2mz we therefore include the total
decay width of theé4? boson,I'Y, in the propagator,

1 1

— _ )
pz_mzHO pz—m,aonHOrHO

3. Numerical results

The cross section for direct stau production depends maimiy;,, myo, tanf, and on6; (or
equivalently onu andA;). Let us now investigate the dependence on these parameters

As a starting point, we choosefgaLOSP scenario with moderate squark masses and a large
stau—Higgs coupling, fixed by the following soft-breakireygameters at the low scale:

Mi=M,=Mz=12TeV, A =A,=A; =600 GeV

3.1
rn(i)i = rTUi = mlji =1 TeV7 m|:1/2 - mEl/z = 500 (.?Je\/7 ( )
If not otherwise stated, we choose,
0 =45,  m; =200 GeV,
(3.2

tang = 30, u =500 GeV, ma = 400 GeV,

as inputs for the third-generation sleptons and the Higgeose

From these input parameters, we calculate the physical M&#&Imeters using tree-level re-
lations for sfermions, neutralinos, and charginos. Playsiasses are then passe®@tmspi no 2
to calculate the Drell-Yan K—factors at NLO in QCD and SUSEIQ The NLO corrections to the
Drell-Yan channel typically amount to 2040 % in the considered parameter space.

In figure 3 we show the direct production cross sectionffepairs at the LHC withy/S =
14 TeV as a function of (a), (b) 6%, () myo, and (d) tarB. In figures 3 (b) and (d), we move to
mz, = 190 GeV where stau production is possible via an on-stigliThe dashed (red) lines show
the Drell-Yan (DY) cross section at NLO, whereas the soliddplines include the additionsb
andggcontributions. The Drell-Yan cross section dependsgrand6; only. It decreases strongly
for increasingT; masses and varies roughly by a factor slightly larger tharitl2 &, as shown in
figure 3 (b), being largest f@; ~ 0, i.e., an almost left-handet.

The impact of thebBandgg channels depends strongly on the mass hierarchy betiyeserd
HO, as can clearly be seen in Figures 3 (a) and (cynJé > 2m;,, these additional channels can
change the direct production cross section by more than e of magnitude with respect to the
Drell-Yan result. At the thresholdyo = 2mz,, the bb and gg contributions drop steeply and are
only marginally important fomyo < 2mg, .

Figures 3 (b) and (d) illustrate the dependence of the tatttroduction cross section on the
parameter$; and tarf that govern the stau-Higgs-coupling strength. The addilicontributions
from thebl:_)andgg channels are tiny in cases of very small mixig,— 0, 71, but become most
important for maximal mixingi.e., at6; ~ /4. For very large taf§, additional contributions push
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Figure 3: Cross section of direct; production at the LHC with/S= 14 TeV as a function of (ay,,
(b) 6z, (c) myo, and (d) tarB. No kinematical cuts are applied. SUSY input parametersvandn (3.1) and
(3.2). Note that heren,o =~ mu (decoupling limit).

up the total direct production cross section by up to two rdé magnitude and are still sizeable
for small tang.

Let us now turn to a scenario where tH8 is very heavy and thus almost decouplag, =
1 TeV. We again investigate the dependence of the total @estion onf; and tar3, shown in
figure 4, where we focus on enhancief;-h® couplings. In figure 4 (a) we chooge= 800 GeV
and tar = 50 to increase this coupling. All other parameters are fixammling to (3.1) and
(3.2). Again, contributions from additionab andggchannels can be sizeable and the enhancement
amounts to a factor of two or three when considering veryel@egues of tag and maximal mixing
6; ~ 11/4. However, here dominant contributions come mainly frofrsbiell h° diagrams together
with large couplings. Thus, the relative importance betwte gg channel and théb channel
can be different compared to on-shelif production, as the two Higgses couple differently to the
squark loops. We want to note that, despite the large caysliall considered parameter points
are in agreement with bounds from the potential occurrefh¢eotor and) charge breaking (CCB)
minima [6].
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Figure 4: Cross section of diredt production at the LHC with/S= 14 TeV as a function of (a§; and
(b) tanB. No kinematical cuts are applied. SUSY input parametersvaengn (3.1) and (3.2) if not stated
otherwise. Note that herg,o ~ ma = 1 TeV (decoupling limit).
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Figure 5: Direct T; production cross section at LHC7, LHC14 and Tevatron. Caispa of Drell-Yan

(dashed lines) and full (solid lines) cross section,

inMgd)Bandgg channels.

We summarize the potential impact of the and gg channels again in figure 5, where the
Drell-Yan contribution (dashed lines) and the full crosst®as (solid lines) are shown fdy, 7;

production at the LHC for/S= 14 TeV (top,
going down from 14 TeV to 7 TeV, the cross

red) and fok/S= 7 TeV (bottom, blue). When
section decreasagphtyp about a factor of 5. The

relative contribution of th@Bandgg channels however can be similarly important. Thus, for both

V/S=7TeV and 14 TeV (and als¢'S= 8 TeV),
a precise cross section prediction.

thebt_>andgg channels should not be neglected in
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Figure 6: Colored contours in the CMSShy-my > plane with tar8 = 55, Ag = 2mp, andp > 0 of the
total direct?; T; production cross section (in femtobarn) after cuts at th€with V/S=7 TeV. The white
region in the lower left is excluded because of a tachyonécspm, impossible EWSB, an;, < 82 GeV.

In the upper white area the lightest neutral'p?@)is the LOSP. The lower hatched area is in tension with
CCB constraints. The solid black lines indicate the masseflighter Higgs bosoh®. The dashed black
lines are contours of constafit masses, the white lines refer to the heavier Higgs bétbrThe hatched
area at smalf; masses is excluded by recent CMS searches.

4. Direct production of long-lived staus within the CM SSM

Now we turn to the CMSSM as a benchmark model. We considemghe, », plane of the
CMSSM with Ag = 2my, tanf3 = 55, andu > 0. Here one often finds & LOSP. Moreover,
this parameter choice is cosmologically motivated by thesjimlity of a long-lived?;, due to an
extremely weakly interacting dark matter candidate suctih@sxino or gravitino and by excep-
tionally small stau yields [4]. In this plane, tBnis large and the; prefers to be right-handed
(6; > m/4,; this is generic in the CMSSM due to the different runninghef left-handed and right-
handed soft masses), and ’dEaandgg channels can give large contributions to the stau productio
cross section. In the following, our cross section prediddiinclude the Drell-Yan channels with
NLO K-factors, thebb annihilation and thegg fusion contributions. Additionally we apply the
following experimental cuts used by collider experimeptdiscriminate from SM backgrounds in
their CHAMP searches:

p' >40GeV. 0.4<pB<09, In| < 2.4, (4.1)

wherep" denotes the transverse momentyéthe velocity, andj the pseudorapidity of the pro-
duced CHAMP. These cuts reduce the cross section by about 30%
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The resulting cross section is shown in figure 6. It dependalynan mz, andmyo and varies
over several orders of magnitude in the given parametereraAythe LHC with\/S= 7 TeV, it
reaches 19fb for my < 700 GeV,my, < 500 GeV and drops to 16 fb for, e.g, mp ~ my ), ~
2 TeV.

In a recent analyses [7] using an integrated luminosityof 4.7fb 1, the CMS experiment
excludes long-lived staus with

mz, < 232 GeV. (4.2)

A thereby excluded parameter region of the considered CM$8Xe is indicated in figure 6.
Comparing with figure 12 of [1], this new limit seems to disfav the cosmologically appealing
possibility of exceptionally small stau yields in this CM8$lane (and also in the CMSSM in
general). The limit (4.2) set by the CMS collaboration isdzhen the assumption of directly pro-
ducedT; T; pairs via the Drell-Yan channel at NLO and should thus beidensd as fairly model
independent. Determination of the exact discovery readfoarthe exclusion limits including the
additionaleandgg channels should be performed in context of a detailed stutlyding detector
effects.

5. Conclusions

We have studied the direct hadronic production of a pair afist; 7; within the MSSM. In
addition to the well-known Drell-Yan process, we considepeoduction processes initiated by
bb annihilation and gluon fusion, with all third-generatiorixing effects taken into account. In
parameter regions with non-negligible mixing these cbntions can enhance the direct production
cross section significantly and should always be includde:s€ predictions are independent of the
stau lifetime and applicable iﬁf LSP scenarios with thé, being the next-to-LSP as well as in
settings in which the; is long-lived.

Within the CMSSM and assuming tlig being long-lived on the scale of colliders, we have
provided cross section predictions for direct stau prddact the LHC withy/S= 7 TeV. Recent
exclusion limits from the experiments at the LHC are intetpd in this framework. From this, at
least within the CMSSM, the possibility of exceptionallyaistau yields seems to be disfavoured.
The currenty/S= 8 TeV run of the LHC will fully probe the viability of such yids within the
CMSSM.

Once a deviation from SM backgrounds is observed, the paessnef the underlying theory
have to be determined. In our detailed analysis [1] we offeious ideas how, here, direct stau pro-
duction can be of utter importance. Measuring the enhancede tobb annihilation and gluon
fusion together with kinematic distributions can even offee possibility to test early Universe
implications in the laboratory.

References

[1] J. M. Lindert, F. D. Steffen and M. K. Trenkel, JHERO0S8, 151 (2011) [arXiv:1106.4005 [hep-ph]].
[2] F. D. Steffen, Eur. Phys. J. 89, 557 (2009) [arXiv:0811.3347 [hep-ph]].



Direct stau production at the LHC Jonas M. Lindert

[3] M. Ratz, K. Schmidt-Hoberg, and M. W. Winklek Note on the primordial abundance of stau
NLSPsJCAPO0810 (2008) 026, &r Xi v: 0808. 0829].

[4] J. Pradler and F. D. Steffefthermal relic abundances of long-lived stabsicl.PhysB809 (2009)
318-346, &r Xi v: 0808. 2462].

[5] W. Beenakker, M. Klasen, M. Kramer, T. Plehn, M. Spe&,al, The Production of charginos /
neutralinos and sleptons at hadron collidePhys.Rev.LetB3 (1999) 3780-3783,
[hep- ph/ 9906298].

[6] J. Hisano and S. Sugiyam@harge-breaking constraints on left-right mixing of sglPhys.Lett.
B696 (2011) 92-96,4r Xi v: 1011. 0260].

[7] CMS Collaboration, “Search for Heavy Stable ChargediBlas in pp collisions at 7 TeV,”
CMS-EXO-11-022.



