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Charged Higgs boson production in bottom-gluon fusion
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We compute the complete next-to-leading order SUSY-QCD corrections for the associated production of a
charged Higgs boson with a top quark via bottom-gluon fusion. We investigate the applicability of the bottom
parton description in detail. The higher order corrections can be split into real and virtual corrections for a
general two Higgs doublet model and into additional massive supersymmetric loop contributions. We find that
the perturbative behavior is well under control. The supersymmetric contributions consist of the universal
bottom Yukawa coupling corrections and nonfactorizable diagrams. Over most of the relevant supersymmetric
parameter space the Yukawa coupling corrections are sizable, while the remaining supersymmetric loop con-
tributions are negligible.
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I. HIGGS PHYSICS AT THE LHC scalar or the pseudoscalar mode in the two Higgs doublet
model and what kind of operator governs its coupling to
In the near future the CERN Large Hadron Collider gauge bosong5]. More exotic scenarios might for example
(LHC) will be the appropriate tool to look for physics be- lead to an invisibly decaying light Higgs boson, which again
yond the standard model and to determine its properties. Thean be extracted from the backgrourj6$
capabilities of the LHC beyond being a pure discovery ma- All these observables linked to properties of a light Higgs
chine become increasingly important at energy scales whichoson can serve as a probe if a new scalar particle is consis-
are hard to access at a linear collider. tent with the standard model Higgs boson. There is, however,
The combined CERM:* e~ Collider LEP precision mea- only one way to conclusively tell the supersymmetric Higgs
surementg 1] suggest the existence of a light Higgs boson.sector from its standard model counterpart: to discover the
In the case of a single standard model Higgs boson the LH@dditional heavy Higgs bosons and determine their proper-
promises multiple coverage for any Higgs boson massties. This task might entirely be left to the LHC, since at a
which will enable us to measure its different decay modedinear collider the promising production channels are pair
and extract the coupling2-4]. In the case of a supersym- production of these heavy bosons, for which a first genera-
metric Higgs sector this coverage becomes less impressivéon collider might well have insufficient enerdy]. At the
This is a direct consequence of the structure of the HiggeHC the possible enhancement of down-type fermion
sector: while the minimal supersymmetric standard model¥ukawa couplings renders the search for a heavy scalar and
(MSSM) predicts a light Higgs boson it also predicts an en-pseudoscalar Higgs boson decaying to muon and tau lepton
hancement of the coupling to down-type fermions, at thepairs most promising8]. For the charged Higgs boson the
expense of the branching fractions to gauge bosons. Thisoupling to fermions is more complex: for small values of
enhancement is an outcome from the two Higgs doubletang it is governed by the up-type couplinm,/tang,
structure in the MSSM: one doublet is needed to give maswhereas for larger values of tgnthe down type Yukawa
to the up-type, the other one to the down-type fermions. Theoupling mgtang dominates. In particular for values tgn
vacuum expectation values of the two doublets are different=30 the charged Higgs coupling behaves the same way as
parametrized by tafi=v,/v;. The Yukawa coupling to the the heavy neutral Yukawa couplings. While the chances of
down-type fermions is essentially enhanced bygamwhile  finding a heavy Higgs boson with a small value of faat
the coupling to up-type fermions is suppressed by the samiéhe LHC are rather slim, the discovery of all heavy Higgs
factor. In addition to a light scalar Higgs boson the twoscalars in the large tgh regime is likely.
Higgs doublet model includes a heavy scalar, a pseudoscalar, Three search modes for the charged Higgs boson have
and a charged Higgs boson. None of these additional pabeen explored in some detaflt) Charged Higgs bosons can
ticles have a mass bounded from above, apart from trivialitype pair produced in a Drell-Yan type process, mediated by a
or unitarity bounds. On the contrary, for a large pseudoscalaweak interaction vertefd]. Moreover, they can be pair pro-
mass these three additional particles all become heavy ardliced at the tree level in bottom quark scatterii@] or
almost mass degenerate. through a one loop amplitude in gluon fusighl]. (2) A
As in the standard model case the light scalar Higgs sueharged Higgs boson can be produced together with a
persymmetric boson will be produced via gluon fusion orboson via scattering of two bottom quarks or in gluon fusion
weak boson fusion, but it will most prominently decay to [12]. (3) The charged Higgs boson can be produced in asso-
bottom quarks and tau leptons. A search for the tau leptogiation with a top quark, which seems to be the most prom-
decay essentially covers the MSSM parameter space with iging search chann¢l3-15. The charged Higgs boson can
luminosity of ~40 fo~! at the LHC[3]. The same process be detected either decaying to a top and a bottom quidik
can be used to determine if the light Higgs boson is theor decaying to a tau lepton and a neutriid]. The com-

0556-2821/2003/61)/01401811)/$20.00 67 014018-1 ©2003 The American Physical Society



TILMAN PLEHN PHYSICAL REVIEW D 67, 014018 (2003

pletely exclusive process redds [l. BOTTOM PARTON SCATTERING

As a starting point in this discussion we emphasize that

gg—btH +c.c, H —7v, or H —bt. (1) the exclusive production channgg—btH ™ is a perturba-
tively well-defined way to compute the total cross section as

As we will argue in Sec. Il this process can and should bévell as distributions for associatéd ~ production. It is con-
evaluated in the bottom parton approximatilogp—tH ~, un-  sistent in the sense that it includes the squared matrix ele-
less the observation of the additional bottom jet is necessarpient to orderaly; ., whereyy, is the charged Higgs
to extract the signal out of the background. Recently bothvukawa coupling to the third generation quarks. Even though
LHC experiments have published detailed studies of this prothere might be some dispute concerning the precise numeri-
duction channel with very promising result$8,19. How-  cal value of the bottom quark mass, the infrared divergences
ever, the crucial ingredient to searches and in particular ta@rising from the intermediate bottom quark propagators are
the precise extraction of couplings and masses at the LH@gularized by this finite bottom quark mass. Once these bot-
are next-to-leading order predictions for the signal and backtom quarks are observed or even tagged, the bottom quark
ground cross sections. Without these improved cross sectidnansverse momentum and rapidity become the relevant cut-
calculations theoretical uncertainties will almost immediatelyoff parameters to define the observable cross section includ-
become the limiting factor in many analyses. The next-toing the detector acceptance cuts; they render the cross sec-
leading order cross section predictions for the inclusive protion after cuts almost independent of the actual value of the
duction proces®g—tH ™~ will be presented in Sec. Ill for a bottom quark mass, which would be the relevant cutoff pa-
general two Higgs doublet model and in Sec. IV for therameter for the total cross section without acceptance cuts.
MSSM. Beyond naive perturbation theory the integration over

ConventionsThroughout this entire paper we show con- phase space of the final state bottom quark gives rise to pos-
sistent leading order or next-to-leading order cross sectiogibly large logarithms25]. As an illustration the typical
predictions, including the respective one loop or two loopgluon radiation off an incoming parton in Drell-Yan produc-
strong coupling constant, running heavy quark masses, arftbn processes leads to an asymptotigrlf behavior in the
the corresponding CTEQSL or CTEQ5M1 parton densitiesgluon transverse momentum distribution. The same problem
[20]. The bottom pole mass is fixed as 4.6 GeV, to give thearises in exclusive charged Higgs boson production, where
correct modified minimal subtraction schent®lS) mass ©ne of the two incoming gluons splits into two bottom
my(m,) =4.2 GeV [21]. We usually assume three chargedduarks, Eq.(1). Because the massive bottom propagator
Higgs boson masses of 250, 500, 1000 GeV and, if not statelgads to an asymptotic transverse mass dependente, 1/
otherwise, tag=30. The exclusive cross sections areinstead of the transverse momenturply, the infrared di-
quoted with a massivét.6 Ge\j bottom quark in the matrix ~vergence is regularized by the bottom quark mass. For small
element and the phase space; the inclusive results are evalfi@nsverse bottom quark momenta the differential partonic
ated for a vanishing bottom mass. The bottom Yukawa couCross section approaches the asymptotic ffi26]
pling is set to the running bottom mass, unless explicitly

stated as being the pole mass. When we talk about the run- (btH) (btH)

X . L do do Prb PTb
ning bottom Yukawa coupling we implicitly include the run- - D LA
ning top Yukawa coupling to the charged Higgs boson as dpro  APro lpgyme MEp P o+mi

well [yp ¢(ng)], but the running of the bottom mass is the
dominant effect, by far. As the central value all scales are set
to the average final state maps= mav=(m_t+ my)/2. The (btH) __(btH) _S HE
extension of this calculation to charged Higgs boson masses Otot Tiot | asympt= 2|°g m2 +1
below the top quark mass is straightforward: to avoid double b
counting of diagrams which also appear in top quark pair
production with a subsequent decay into a charged Higgwith a proportionality constan®, which we can link to the
boson and a bottom jet we will have to subtract on-shell topasymptotic total cross section. In contrast, for large trans-
quark states. This is the standard procedure for supersynyerse momenturpr ,>mj we can safely neglect all bottom
metric production processes and can be applied to lighjuark quark mass effects. The integration over the bottom
charged Higgs boson production without any modificationphase space leads to logarithms hﬁgﬁ(/”b)- They are not
[22,23. divergent, but they can become quite large, though not as
dramatically as for light quarks wher&qcp serves as the
B infrared cutoff. Switching to a bottom quark parton descrip-
There is an additional contribution frogu scattering, where the tion (bg—tH ™) corresponds to a resummation of these po-
charged Higgs boson is produced through intermediteor tt  tentially large logarithms beyond naive perturbation theory.
states. Numerically this contribution is negligible at the LHC. It is However, this procedure relies on several approximations,
also irrelevant for the following discussion, where we are interestedvhich should be carefully examined.
in incoming gluons splitting into two bottom quarks. Therefore we ~ When describing the intermediate bottom quark as a par-
omit this process in our discussion of exclushtéi ~ production at  ton we use the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
the LHC. (DGLAP) evolution with the splitting kernels for
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FIG. 1. The rapidity difference between the final state bottom jet
and the center of mass system for exclusive charged Higgs boson
production at the LHC, Eq(1). The two sets of curves with three
different charged Higgs boson masses are given for the physical
on-shell bottom quark mass 4.6 GeV as well as for an arbitrarily
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chosen smaller bottom quark mass as the infrared regulator. 10 10 10
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massless particles. We assume that the bottom quark is -

masslesd.In turn we also assume that at leading order the [T === Py d0/dpy, (8g—btH')

intermediate bottom quark and therefore the outgoing bottom

jet are collinear with the incoming partons in the exclusive 5
process. This approximation will never be perfect, since the
cutoff parametem, is only slightly smaller than the mini-
mum observable transverse momentum at a collider. But for
the parton description of the bottom quark is it a necessary
condition that the outgoing bottom in the exclusive cross
section be clearly peaked forward. We show this behavior for
exclusive charged Higgs boson production in Fig. 1. For the
physical bottom quark mass the distribution is indeed peaked
forward, and as expected the peak moves farther out for

m,=250 GeV — m=4.6 GeV
1o luminosity: P (x)=1  ---. m,=0.46 GeV
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smaller bottom quark masses. A detailed discussion of the

Py do/dpr, (gg—)t_)bHO)

error induced by the zero bottom quark mass approximation oo N
can be found in Refd25,27). i 135 GV

After making sure that the collinear approximation de- i m:‘;,‘wev
scribes the kinematics of the tree-level procggs—btH ™ 0 ol ] 3

we still have to determine if there are large logarithms to

10 10° 10
pT‘b[GeV]

resum. In the bottom parton approach we approximate the
complete differential cross section by an asymptotg; 1/or FIG. 2. Top: the bottom quark transverse momentum distribu-
1/mg, behavior. The upper boundary of tigg, or my tion for exclusive charged Higgs boson production at the LHC, Eq.
integration defines the factorization scalg of the bottom  (1). For all three Higgs boson masses the curves are given for the
parton density and determines how big the resummed logashysical on-shell bottom quark mass 4.6 GeV as well as for an
rithms can be. After integrating out the final state bottomarbitrarily chosen smaller bottom quark mass as the infrared regu-
quark in the exclusive gluon fusion process the total hadronidator. The thin dotted line indicates half the height of the plateau.
cross section fopp—gb—tH ™~ production becomes essen- The absolute normalization of the curves for the two infrared regu-
tially proportional to logft=/m,), as we would expect. While lators is physical. Both curves coincide for large transverse mo-

this 1y, behavior is by definition present even for large menta, where the bottom quark mass is negligible. Bottom: in the
' upper panel the same distribution for a heavy charged Higgs boson,

but with the gluon luminosity set to unitg;,=1. Below this in the

o L . two lower panels the transverse momentum distribution for the bot-
This approximation does not have to include the bottom quarktom quarks in exclusive neutral Higgs boson productin

Yukawa coupling. We can consistently expand the cross section in bbH f | Higas b
terms of the bottom quark mass, extracting an overall fayﬁqr — bbH fortwo neutral Higgs boson masses.

first. In other words, once we consider the standard model as an ) )
effective theory with massive fermions there is no link between thev@lues of the transverse momentum in the matrix element for

masses and the Yukawa couplings. This becomes obvious in the tWi§€ corresponding Feynman diagram, this is not necessarily
Higgs doublet model, where we consistently neglect terms proportrue for the differential hadronic cross sectida/dpr , -
tional tom,,, but keep terms proportional to,(tang)!(j=1). In Fig. 2 we show the Pk, behavior of the hadronic

014018-3



TILMAN PLEHN PHYSICAL REVIEW D 67, 014018 (2003

distributions for three different charged Higgs boson massesharged Higgs boson and top quark production we do always
All renormalization and factorization scales are set to thefind a pr, regime in which the hadronic differential cross
average final state particle mass. First of all we see how thgectiondo/dpy;, shows the expected asymptotic behavior
zero bottom quark mass approximation breaks down whe@and therefore the bottom parton treatment is justified—but
the transverse momentum is of the order of the bottom quarlith an appropriate choice of the bottom parton factorization
mass and a distinction between transverse mass and trangsg|e.

verse momentum is necessary. Instead of a simple ;live To understand where this unexpectedly narrow asymptotic
indeed see the asymptotic form from H@). If we replace  pateau comes from we turn to the partonic cross section. In
the on-shell bottom quark mass with a smaller bottom quarky, o yottom panel of Fig. 2 we show the transverse momen-
mass, the plateau extends to smaller transverse momentul}. . yistribution with the gluon luminosity set to unity:,

agan conf|rm|n.g the asymptotic behavior. The smal, =1). Still the interference between the different diagrams as
end of plateau in the transverse momentum spectrum, hOWvT/eII as the hadronic phase space limit the asymptotic behav-
ever, does not lead to large numerical effects, since the loga-

. . look at very large transverse momenta. If one
rithm log(Ta nd ther h m parton density 0" ON¢€ W€ . o
t og(pr,/my) and thereby t emES“" parton density would want to determine the bottom factorization scale for

vanish f_orafactorlzatlon S(.:al’eF:pT'bNm"' example from theps, value at which the plateau has
Looking for large numerical effects we have to focus on L )
dropped to half of its value, we fingp~3m,, when we

the highpr,, end of the asymptotic regime. In the top paneIdlscard the gluon luminosity. The preferred low scales ob-

of Fig. 2 we see how the highy ,, end of the plateau roughly . .

scales with the average mass'ibn the final state. This coincid@ser\”EOI from the top panel of Fig. 2 are therefore entirely due

neatly with the observation that the only scales allowed for© the steeply falling gluon der_15|fcy which suppresses any

the evaluation of total cross sections are external scaleg.irge transverse momentum radiation of forward bottom jets.

They are typically chosen proportional to the average mass To prove the universality of our argument we ghow the
same transverse bottom quark momentum distribution for the

of the final state particles >
exclusive neutral Higgs boson productigg—bbH [24] in
the bottom panel of Fig. 2. This channel becomes important
m;+my for large values of ta, where it supplements the inclusive
pe~Cmy=C 2 ©) Higgs boson production process via gluon fudig8]. It can
of course be evaluated as an exclusive process with incoming

gluonsgg—bbH. But it can also be regarded as paifti7]

where the proportionality facto€ is arbitrary. The depen- or completely inclusive, i.e. with one or two incoming bot-
dence on the choice of scale and thereby on the choi€ of tom partons. The numerical effects of the resummation in the
vanishes after including all orders of perturbation theory.bottom parton approach can be as large as an order of mag-
Comparing Eq(3) with Fig. 2 shows that the naive choice nitude for the total cross section. The same reasoning as for
C~1 is not obviously appropriate. Choosi@~1 assumes the charged Higgs boson production applies in this case. First
large logarithms Iogﬁ}fgxlrrb) being resummed to valugs: one shows that the bottom quarks are forward or for a small
~m,,. This will yield an overestimate of the total cross bottom quark mass collinear to the incoming gluons. Then
section. one determines an appropriate choice of the factorization

Using the asymptotic form of the cross section in E2).  scale from the size of the asymptotic region in which the
we first note that the value db should only very mildly differential cross section shows the behavior as in .
depend on the numerical value of the bottom quark mas®ne has to keep in mind that the expected asymptotic behav-
[25,26. The same is true for the factorization scale, whichior (once it does not give a plateau in Fig. €hows non-
only parametrizes the large transverse momentum regimeegligible bottom quark mass effects. Therefore we empha-
We can see from Fig. 2 that there the bottom quark massize that for differential cross sections at leading order the
effects are negligible. Evaluating the expression for thebottom parton approximation is not valid if the regime where
asymptotic total cross section for the two bottom quarkthe finite bottom quark mass ruins the4, behavior imme-
masses we can determine the valueSahdug . As a check diately blends into the regime where the gluon densities cut
we compare the value d§ which is the predicted plateau off the asymptotic behavior at large transverse momentum.
value of prydo/dpry,, with the plateau value we obtain From the comparison of the two curves for a 1 Tev neutral
from the complete calculation. We find them in good agree-and a 1 Tev charged Higgs boson we see that the behavior is
ment at least for a bottom quark mass of 0.46 GeV in thevery similar: the bottom parton description is valid, and the
case where the plateau is not particularly well pronouncedactorization scale should be chosen considerably below the
for the physics bottom quark mass. For the appropriate facaverage final state masr the charged Higgs bospror
torization scale we obtain 185, 120, 80 GeV for the threebelow the Higgs boson magtor the neutral Higgs boson
Higgs boson masses 1000, 500, 250 GeV. Very similar valueBor a light neutral Higgs bosonn{y=135 GeV) the
we would naively obtain from Fig. 2, looking for the point asymptotic behavior only survives up g <40 GeV, in
wherep+ ,do/dpr, has dropped to half of the plateau value. more detail depending on where one would like to draw the
This means that the appropriate factorization scale indeelihe. This corresponds to a logarithmic enhancement
scales with the average final state mass, (By.but with C log(prp/my)=< log 8~2. Even more so for the Tevatron this
~1/3. On the other hand, we point out that for associatedeads to factorization scales where the bottom parton density
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yields a well-defined perturbative cross section prediction,

004 - the presence of collinear bottom jets can lead to large loga-
[ 1/o,, do/dpy, (8g—btH) rithms. They alter the convergence of the strictly perturbative
003 m=4.6 GeV power series. Therefore the inclusive process with the right
f — my=1000 GeV choice of parameters gives a numerically improved cross
0.02 e ;‘5’8 gz section prediction. In the case in which the analysis does not
L e require a final state bottom jet we strongly advocate use of
0.01 |- the inclusive process, since the reliability of the cross section
I predictions will be significantly improved beyond naive per-
o turbation theory.
0 10 20 30 40 50

IIl. NEXT-TO-LEADING ORDER RESULTS FOR A TWO
HIGGS DOUBLET MODEL

[ m=46GeV 1/, do/dly,| (gg—btH)

To improve the theoretical cross section prediction and to
reduce the theoretical uncertainty we compute the inclusive
processpp—gb—tH™ to next-to-leading order QCD. In
this section we present the results for a two Higgs doublet
model. We would like to mention that part of the numbers
presented in this section have been compared in detail with
similar results given earlier in Refl5]. For all diagrams
included in both calculations the numbers agree within the
uncertainties from different input parameters and from the
scheme dependence in the top quark mass renormalization.

FIG. 3. Top: the bottom quark transverse momentum distribu-The complete set of next-to-leading order QCD corrections
tion for exclusive charged Higgs quark production at the LHC, Eqg.includes virtual gluon loops as well as real gluon radiation.
(1). Bottom: the bottom quark rapidity distribution for the same The massive supersymmetric loops will be discussed in Sec.
process. Again a set of curves with a small infrared regulator idV. The complete set of next-to-leading order processes con-
added (n,=0.46 GeV). sists of

0.1

0.05 - __m =1000GeV
[ ---my=500 GeV
b my= 250 GeV

7
Iy

decreases, and with it the enhancement of the total cross gb—tH (Born term

section, which is the effect of the resummation.
Up to this point we have only talked about the validity of
the bottom parton approximation and the correct choice of

gb—tH™ (virtual correction

the factorization scale. However, the applicability of the bot- gb—tH"g

tom parton approach is very closely tied to the reason why _

the partly inclusive analyses are attractive: if the exclusive gg—tH™b

process exhibits a collinear final state bottom jet from gluon . L L B
splitting, this jet is not likely to hit the detector, much less to gg—tH b, bg—tH q, bb—tH™b

be tagged. For the exclusil@H ™~ production we illustrate

this feature in Fig. 3. Most of the bottom jets are not suffi- bg—tH q, bb—tH b. (4)

ciently central to be tagged and thereby significantly sup-
press the backgrounds. Moreover, the bottom quark trans- The calculation is carried out in the dimensional regular-
verse momentum peaks aroupg,~m,, considerably too ization scheme. All ultraviolet poles are analytically canceled
soft to be seen or even tagged with good efficiency. ThiPetween the virtual diagrams and the counterterms. The
means that the same feature which allows us to use the botirong coupling and the bottom quark Yukawa coupling are
tom parton approach makes it hard to utilize the exclusiveenormalized in theVlS scheme. This wayg andyy, ; both
process: the final state bottom jet is too collinear to be parare running parameters, dependent on the same renormaliza-
ticularly useful. tion scaleur. As the renormalization scale we choosg
Even though the exclusive cross section with the appro=m,,. We expect logarithms from virtual corrections to be
priate cuts—but without a required final state bottom jet—absorbed in the running mass definition, in complete analogy
to Higgs boson decays to massive fermip28]. The factor-
ization and the renormalization scales are often identified for
3As we will show later, higher order QCD contributions to the convenience, but there is no argument from first principles
inclusive processei27] include the exclusive channglg— bbH. which enforces that choice. We will discuss this issue in
For very small factorization scales this exclusive diagram becomeg€tail below. The external top quark mass we renormalize in
dominant and leads us back to the original exclusive cross sectiothe on-shell scheme.
in a well-defined manner, once we consider the next-to-leading or- The infrared poles are also canceled analytically between
der cross section. the virtual corrections, the real emission diagrams, and the
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The size of the next-to-leading ord@{LO) corrections as
a function of the charged Higgs boson mass and of the scale
is shown in the bottom panel of Fig. 4. The factor is
defined consistently agy, /0o, including the respective
one or two loop running of the strong coupling and the third
generation Yukawa couplings. The corrections seem to be
perturbatively well under control, ranging from 30% to
+40% for tanB=30 and Higgs boson masses between 250
and 1000 GeV. As expected the size of tKefactor still
depends on the choice of the scales.

In addition to the expliciK factor, the shift in the consis-

tent bottom Yukawa coupling absorbs another factor
Y2 21004 Y. 11005~ 0-84, While the top quark Yukawa coupling
is more stablé,y? 5 10of Y 11005~ 1.0 The next-to-leading or-
der QCD corrections are flavor blind and proportional only
to the Born coupling structury%vt, which as a function of
tang is either dominated by the top quark or by the bottom
quark Yukawa coupling. In the bottom panel of Fig. 4 we
show theK factor for three different values of tgh (the
curve for tan3=>50 is indistinguishable from tg8=30).
: — — The only difference between these three curves comes from
400 600 800 m [Gel\(,)]m the running Yukawa coupling: the running bottom quark
Yukawa coupling, which is dominant for large values of
FIG. 4. Top: the inclusive production cross sectipp—tH™~ tanpB, absorbs a larger correction than the running top quark
+X at the LHC. The dashed and solid lines show the consistenYukawa coupling. The consequence is a larger remaiing
leading order and next-to-leading order results. The dotted line i$actor for smaller values of tg8.
the total cross section from the exclusive production process, Eq. More detailed information concerning the scale variation
(2). To illustrate the enhancement through large logarithms both tregs included in Fig. 5. As argued above, the appropriate choice
level results are also quoted using tirappropriatg pole mass for  for the factorization scale should scale with the average final
the bottom quark Yukawa coupling. The range for the next-to-siate mass, but with a proportionality factor smaller than
leading order result is given fQee = ug=mg/4- - -4mg,. Bottom:  ynity ;- ~1/3m,,. In the discussion of the total cross sec-
the corresponding consistett factors for the three vaIL_Jes of tion results we accommodate this effect by choosing a large
tan=>5,10,30. In the case of tg8=30 we show three choices of \\inqow for the scale variation. From Fig. 5 we see that the
Ho R e Ct.onS'Stem'y for leading order and next-to-leading or- 4o hengence of the cross section on the factorization scale is
SS sections. mild. To leading order the dependence becomes large only
once the bottom factorization scale comes close to the bot-
mass factorization. The numerical impact of the higher ordetom quark mass. Since the bottom quark density comes from
contributions is shown in Fig. 4. The leading order results argyluon splitting into two bottom quarks, it has to be essen-
given for the running bottom quark mass as well as for thetially proportional to logfr/my); i.e., it has to vanish for
bottom pole mass in the Yukawa coupling. This choice is nofur—m, . This is precisely the behavior we see in the small
fixed by first principles at leading order, whereas at next-toscale regime for both Higgs boson masses. To next-to-
leading order the counter term defines the bottom quarkeading order the scale dependence stays flat even for very
Yukawa coupling uniquely. The difference between thesesmall factorization scales. Assuming that the light flavor
two mass definitions is strictly speaking part of the theoreti-quark initiated processes listed in Eg) are suppressed at
cal uncertainty for the leading order cross section predictionthe LHC, the purely gluon initiated process dominates for
After adding all higher orders the cross section should béactorization scaleg.—m,. The largeK factor is an arti-
independent of the choice, as it should be independent of thiact of the bottom parton approximation which leads to a
renormalization and factorization scale. We want to stressyanishing leading order cross section, whereas the next-to-
however, that it is well known that the pole mass Yukawaleading order saturates onto the light-flavor-induced chan-
coupling always yields a huge overestimate of cross sectionge|s, which include the exclusivgg— btH~ process. This
and decay widths and should generally not be 4g&¢ The
band for the next-to-leading order cross section is given by a——
variation of the renormalization and factorization scalg “We could in principle use the 3-loop running bottom quark
= pr=(Ma/4 My, 4my,). From the discussion in Sec. Il We masses, which yields another factpf s o0/Y2 21005~ 0-97. The
know that for the factorization scale this is not a gOOdphysica| condition is agaimb(mb):zl_.z’GeV_ However, this way
choice. But we still fix the two scales for convenience at thewe would resum and absorb terms which are not explicitly included
central scale, which is preferred by the renormalization scalé the NLO cross section and the actual numerical improvement is
[29]. not obvious and certainly not well under control.
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For small factorization scales the cross section decreases
0, (Pp—H +X) [pb] slowly, until the factorization scale becomes close to the bot-
tom quark mass, at which point it drops sharply. This reflects
the logarithmic dependence of the bottom parton density. At
next-to-leading order the drop is softened by the light-flavor
induced channels, in particular with a purely gluonic initial
state. At large scales the logarithmic dependence
~ log(ug/my) is still present, but the variation has become
r very weak.
0 = """ e The renormalization scale dependence in contrast ex-
10 1 wm, 10 plodes for the leading order cross section at small scales long
before reaching the bottom quark mass. At next-to-leading
order it reaches a maximum, but the variation of the cross
Oy (pp—tH +X) [pb] section is still considerably larger than the variation with the
my=500 GeV factorization scale. The cancellation between the renormal-
ization and the factorization scale dependence has an inter-
T e NLO esting consequence, which we observe in Fig. 5. If we iden-
tify both scales and evaluate the cross section for very small
3 valuesu/m,,<0.1, the next-to-leading order prediction in-
--- Pg=m,, creases rapidly. Physically this is not a problem, since the
I scales have to be very small, which might be an appropriate
W 10 choice for the factorization scale, but certainly not for the
* renormalization scale, as we argued above. We know that for
FIG. 5. The variation of the total inclusive cross sectppp ~ these small scales the dependence on the logarithms
—tH™+X as a function of the renormalization and factorization log(ug/m,) and logfug/my) largely cancels. However, terms
scales, around the central valpe=m,,, Eq. (3). The two panels proportional to logf/my) Xlog(ug/my) in particular in the
give the result for two different charged Higgs boson masses, 2599 channel can become very large. One way to look at this
GeV and 500 GeV. The lower end of the curves corresponds 10 effect is that the unphysically small renormalization scale
~10 GeV. The respective leading order and next-to-leading Ordeagives a large negative prefactor for the factorization scale
curves can be identified at the point where they meet for the centr ependence, namely qu/mﬁ). This dominates the factor

choice =M. in front of log(ug/my,), which for more appropriate renormal-
way the next-to-leading order inclusive calculation interpo-ization scales is small and positive instead.
lates between the inclusive and the exclusive resuithere For a reasonably large renormalization scale almost the
now the exclusive channel does not depend on the bottor@ntire scale variation is driven by the renormalization scale;
quark mass as the infrared regulator. Instead all infraredie., over almost the entire range the renormalization scale
poles cancel in the given order of perturbation theory. Thiglominates the variation of the cross section with the scales.
means that at the one-loop level the inclusive cross sectiohhis effect is well known from supersymmetric particle pro-
approaches the exclusive result in the limit of no large logaduction at the LHC. For processes mediated by a strong cou-
rithms, where the enhancement through the resummation digling at the tree level, the scale variation is an appropriate
appears. The only error left is the zero bottom quark masgeasure for the theoretical uncertainfg2]. Again the
approximation28,27]. change in the cross section is driven by the renormalization
Once the charged Higgs boson is heavier th&d00 GeV ~ scale. On the other hand, for weakly interacting particles
the numerically dominant theoretical uncertainty comes fromProduced in Drell-Yan type processes, the leading order scale
the unknown renormalization scale, dominantly from thevariation is dominated by the factorization scale and is not a
scale of the strong coupling. While for a small factorizationgood measure for the theoretical uncertaif@g]. For the
scale the total cross section decreases, a small renormalizéclusive associated charged Higgs boson and top quark pro-
tion scale yields a larger strong coupling and a larger runningluction both Fig. 4 and Fig. 5 show that the remaining the-
bottom quark mass. Identifying both scales inherently lead@retical uncertainty as derived from the renormalization and
to a cancellation and therefore to a likely underestimate ofactorization scale dependence can be estimated 2%
the theoretical uncertainty. This can for example be takerfor a central choice of scales. _ _ 3
care of by identifying a large renormalization scale with a  To accommodate this behavior we stick to the identifica-
small factorization scalg30]. tion of both scalesug=ugr=Cm,,, as defined in Eq(3).
On the other hand, the physics can easily be understoodccording to Fig. 5 this reflects the dominant scale variation
of the cross section. In addition we follow our arguments of
Sec. Il and check that the cross section predictions are stable
%1t remains to be checked, however, how good this interpolation ifor small factorization scales, down to at leagt~m,/3.
numerically in the regime where the “large logarithms” The graphs in Fig. 5 confirm that the cross sections are stable
log(prp/my,) are only slightly enhanced. down to factorization scaleg-<m,/10, which also means
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are particularly interested in the MSSM version of this
1/6,0y d0/dpy 30 (PP—H +X) model. The MSSM_fixes the parameters of the Higgs sector,
links each of the Higgs doublets to up- or down-type fermi-
— NLO ons, normalizes the two gauge couplings to the Fermi cou-
---- LO pling constant, and fixes all three- and four-scalar couplings.
The number of free tree level parameters in the Higgs sector
is reduced to 2, which are usually chosen to be the pseudo-
scalar massn, and the ratio of the vacuum expectation val-
ues targ [31].

0 100 200 300 40( At next-to-leading order, supersymmetric particles can

0.006

0.004

PrulCGeV] propagate through loops and contribute to the cross section
bg—tH ™ + X. Because supersymmetry is broken and all vir-
L l/GTth/dyH (pp—otH +X) tual particles are heavy, these corrections are infrared finite.
04 | P The ultraviolet poles have to be extracted and absorbed into
:5160 supersymmetric contributions to the counterterms for bare
g standard model masses and coupling. All next-to-leading or-
I ~ der corrections to the total cross section coming from these
02 F m,=250GeV| ) . . :
supersymmetric loop diagrams we include in a supersymmet-
m,=500GeV ric correction factor
0 I | I I S W R SRR E MR |
- 2 -1 1 2
3 0 v 3 Osusyt OnLo 1 osusy
H Ksysym—————— =1+~ : )
ONLO K oo

FIG. 6. The charged Higgs boson transverse momentum and
rapidity distributions for the inclusive proceggp—tH™ +X are
given for two different charged Higgs boson masses, 250 GeV and As in Sec.
500 GeV. The distributions are normalized to the total cross sectio
and evaluated at the central scale-m,,.

Il we assume a massless bottom quark. In
IE‘.upersymmetry this adds a slight complication: the bottom
squark mass matrix includes off-diagonal elements, which
are parametrized as m,(A,+ u tanB). The splitting of the
first term myA, into the bottom quark mass and a trilinear
mass parameter is not enforced by the Lagrangian; in other
that the inclusive charged Higgs boson productionfer  \yords the combinatiom,A,, does not automatically have to
=m; will not run into any problems with the bottom parton yanish with a zero bottom quark mass. Similarly in the ap-
description. proximation of zero bottom quark mass, on the one hand

Looking beyond the corrections to the total hadronic CroSSy g finite bottom quark Yukawa coupling,tang on the
section we compute the transverse momentum and rapidit ther, this off-diagonal matrix element will not vanish either.

distributions for the charged Higgs boson. The normalize 4 . S )
differential cross sections are depicted in Fig. 6. As expected he off-diagonal term induces a mixing between the super

the impact of the higher order corrections on the shape of thgymmetnc partner of the _Ieft and r_|ght hgnde_:d bottom
rapidity distribution is small; the addition of the third final quarks: we have to work with mass eigenstaies instead
state particle does not alter the symmetric behavior aroundf interaction eigenstatéi;_R even in the limit of a vanish-
yy=0 at app collider. The effect on the charged Higgs ing bottom quark mass.

boson transverse momentum is a systematic softening. One At one-loop order this off-diagonal entry can connect a
might have expected slightly harder charged Higgs bosonseft handed with a right handed bottom quark. Even though
with an additional gluon radiated off the top quark and bothin the final result we neglect the bottom quark mass we do
of them balanced by the Higgs boson. However, most of th¢ave to take into account this contribution to the bottom
jet radiation comes from the initial state. As seen in Sec. Ilquark mass counterterm. Mass counterterms have to be pro-
the radiation of high transverse momentum jets is cut off by,qional to the bare masdm,=m, : in this special case we
the steeply falling partonic energy dependence of the gluoRny yhat in the on-shell mass renormalization scheing,

luminosities. This limited available energydirectlytranslatesxsin(zeb) with an implicit dependence sing@omy(A,

into a softening of the Higgs boson transverse momentum, L ) .
once a third final state particle is added to the process. Tutang). This gives back the proportionality to the bare

mass, but as argued above it means that the contribution to
the mass counterterm has to be kept even in the zero bottom
quark mass approximation. As shown in a series of papers
this mass counterterm modifies the relation between the bot-

Even though the standard model with a two doublet Higgdom quark mass and the bottom quark Yukawa coupling
sector is a perfectly well-defined renormalizable theory, we 33,34

IV. NEXT-TO-LEADING ORDER RESULTS
WITH SUPERSYMMETRY
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FIG. 7. The dependence of the total cross seqtipa-tH ™ + X on supersymmetric loop contributions. The enhancement factor is defined
in Eq. (5). The curves with the typically larger deviation from the two Higgs double model incirdg corrections only; the curves labeled
SUSY include the complete remaining set of loop supersymmetric diagrams. All curves are given for two different Higgs boson masses
(upper and lower paneland for two signs ofu (solid and dashed lingsThe mass scale is defined mg gra=My=My»: (&) corrections
for tanB= 30 and with a running Higgsino mass parameier(b) same aga), but with tang=50; (c) same aga), but with u fixed at its
value formgygra= 150 GeV;(d) same aga), but without decoupling the heavy spectrum from the running Yukawa coupling. The range of
particle masses covered by ygra= 100—400 GeV is for the gluino mass 284-1017 GeV, for the bottom squark masses 212—-827 GeV and
265-901 GeV, and for the top squark masses 199-687 GeV and 326-895 GeV. The Higgsino mass parameter |ggnge is
=136-595 GeV, except for in paft).

mpytan  mptang 1 The functionsB(0,m;,mg) are the usual scalar two-point
v 0 1+Am,’ functions with the integration me_asudéq_, andCr=4/3 is
the color factor. From Eq(6) we immediately see that the
Am, correction is a finite mass renormalization of the exter-
SiN(26,) e 1 nal bottom legs. The correctiqn as written in E§) is al-
= —— Cemg—[B(0,mg ,mg) ready resummed over the string of external one-loop wave
L function corrections. The authors of R¢84] have shown
that this correction is the leading term in powers of gan
The reason why this contribution is usually referred to as
non-decoupling is that for large supersymmetric particle
masses in the loopnd for a large trilinear mass parameter
A, or Higgsino mass parameter, the correction to the
Yukawa coupling does not vanish. This is well understood,
1 since at the one-loop level it couples the “wrong” Higgs
[(a,b,c)=— S s a3 doublet to the bottom quarks. The large one-loop correction
(@*=b?%)(b*—c)(c*—a’) does therefore not mean that perturbation theory breaks
22 b2 o2 down. At the two-loop level the corrections should be small
x| a2b2log— +b?c?log— + c2a%log—|. (6)  again. TheAm, factor is not the only non-decoupling con-
b2 c? a® tribution in the MSSM either, as we would expect from the

b my 4
- B(O7m5,lam§)]

o
= 7 Crmg(Ap+ p tanB) | (Mg, 1, Mg 5, mg),
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three scalar vertek,t,;H ™, which is again proportional to V. SUMMARY
my (e — AptanB) [32]. But theAm,, corrections for large val-

ues of targ and small values oA, are expected to be domi-  \ve have computed the complete next-to-leading order
nant. This regime is precisely where the charged Higgs bocontributions to the inclusive cross sectipp—tH ™~ in a
son search is promising. general two Higgs doublet model and in the MSSM. We
To estimate how good the leading t@napproximation  show why the bottom parton approach is valid for this pro-
given by Am, is, we also compute the whole set of MSSM cess and gives a numerically reliable prediction for the cross
loop diagrams. The result for two different Higgs bosonsection.
masses is shown in Fig(d. None of the supersymmetric  The one-loop contributions hugely improve the theoretical
corrections show a considerable dependence on the supeincertainty of the leading order cross section prediction, in
symmetric mass scale. To simplify the presentation wevhich one formally would still have the choice of using a
choose a diagonal line in the numerical supergravitypole mass or a running mass bottom quark Yukawa coupling.
(MSUGRA) parameter spacg35]: the scalar and gaugino At next-to-leading order we fix the counterterm to the run-
mass scales are identifigts cra=Mo=mMy;,.° The values ning Yukawa coupling and check the cross section depen-
for tanB=30 andA,=0 are fixed, givingA,=0 at the elec- dence on the renormalization and the factorization scale.
troweak scale. For the\m, corrections the sign of the Both lead to an uncertainty a£20% on the total cross sec-
Higgsino mass parameter is crucial: fer<0 we findAm,  tion. The impact on rapidity and transverse momentum dis-
<0, which according to Eq6) enhances the cross section. tributions is tested and well under control. The overall cor-
For the opposite sign o the Am, corrections to the pro- rections to the total cross section in the two Higgs doublet
duction cross section are negative. The supersymmetric comodel ranges betweett 30% and+40% for Higgs boson
rections apart from the\m, corrections are negligible in masses between 250 and 1000 GeV for the average final
comparison with thém,, terms. This is a feature of the large state mass scale choice.
value of targB and is even more pronounced for {50 in In case of a charged Higgs boson in the MSSM two kinds
Fig. 7(b). We note, however, that the picture changes signifi-of supersymmetric corrections appear in addition: the on-
cantly once we do not run the Higgsino mass parameter  shell renormalization of the bottom quark mass alters the
to large values, together with the other heavy supersymmetelation between the bottom quark mass and the bottom
ric masses. In that case them, corrections decouple as Yukawa coupling. Thesém, corrections are the leading
shown in Fig. 7c). Moreover, for a value taf=10 theAm,  supersymmetric one-loop corrections with respect to powers
correction drops below at2% effect, becoming even of tanB. Their effect on the total cross section in a simple
smaller than the explicit MSSM loop corrections. We note, MSUGRA model we estimate to stay belo#5% for
however, that choosing large values for faand|u| canin  tang=30 and below+20% for tan3=50. Because the
principle lead to almost arbitrarily largam,, effects, only charged Higgs boson searches are most promising in the
limited by unitarity constraints. large tary regime, the remaining explicit supersymmetric
Heavy particle loops contribute to both the running strongloop diagrams only contribute on a negligible few percent
coupling eg(xg) and the third generation Yukawa coupling level.
Ybt(ugr). They give rise to supersymmetric counterterms
and thereby yield a logarithmic divergence log{,,,/ ug) in
the cross section. On the other hand, we use standard model
measurements for these observables, which means that their ACKNOWLEDGMENTS
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