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1. Introduction

A major goal of the particle physics program at the high epémgntier, currently being pur-
sued at the CERN Large Hadron Collider (LHC), is to unravelrhture of electroweak symmetry
breaking (EWSB). While the existence of the massive elaateak gauge boson¥*, Z), together
with the successful description of their behavior by noehalm gauge theory, requires some form
of EWSB to be present in nature, the underlying dynamics ieadaunknown for several decades.
An appealing theoretical suggestion for such dynamicsadHiggs mechanism [1], which implies
the existence of one or more Higgs bosons (depending on #ufispmodel considered). There-
fore, the search for a Higgs boson was considered a majoerstome in the physics program of
the LHC.

The spectacular discovery of a Higgs-like particle with sssnaroundMy ~ 125 GeV, which
has been announced by ATLAS [2] and CMS [3], marks a milestifnen effort that has been
ongoing for almost half a century and opens up a new era oicfgaphysics. Both ATLAS and
CMS reported a clear excess in the two photon channel, asaséh theZZ*) channel. The
discovery was further corroborated, though not with higinicance, by th&VW*) channel and
by the final Tevatron results [4]. Latest ATLAS/CMS resudtiso for evidence on the Higgs decay
into fermions can be found in Refs. [5, 6].

Many theoretical models employing the Higgs mechanismdieioto account for electroweak
symmetry breaking have been studied in the literature, dElwthe most popular ones are the
Standard Model (SM) [7] and the Minimal Supersymmetric 8tad Model (MSSM) [8], The
newly discovered particle can be interpreted as the SM Higgen. The MSSM has a richer Higgs
sector, containing two neutr@ &2-even, one neutr&d’ #7-odd and two charged Higgs bosons. The
newly discovered particle can also be interpreted as the (a the the heavy) &7-even state [9].
Among alternative theoretical models beyond the SM and tl&SM, the most prominent are
the (more general) Two Higgs Doublet Model (2HDM) [10, 11fnAminimal supersymmetric
extensions of the SM (e.g. extensions of the MSSM by an eiitdet superfield [12]), or models
involving Higgs triplets [13]. Many of these models not ompisedict more than one Higgs boson,
but they predict electrically charged Higgs bosons.

The ATLAS and CMS analyses leading to the conclusion thath{withe uncertainties) the
newly discovered particle can be interpreted as the SM Higgen requires, besides the obvious
experimental data, also precise theory predictions foBtileHiggs boson cross section, branching
ratios, angular distributions as well as strategies hovwxtret certain “measurements” (e.g. cou-
pling strength factors) from the data. In this respect irici@l that ATLAS and CMS not only use
predictions with highest precision, but in particular ttiay use thesametheory predictions, the
samestrategies for the extraction of “measurements”. Only tinépossible to readily compare
ATLAS and CMS results, and in the future combine them. To emshis, in the year 2010 the
“LHC Higgs Cross Section Group” (LHCHXSWG) [14] was foundékhis group, formed of the-
oretical and experimental physicists, officially takesecaf providing cross section and branching
ratio predictions (including uncertainty evaluations veell as the strategies for the extraction of,
e.g., coupling strength factors from experimental data-1B. While initially the SM Higgs boson
was in the focus of the LHCHXSWG, soon also models beyond M&EESM) were investigated
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(see also Ref.[19]). In particular within the MSSM crosstiegs and branching ratios for the
extended Higgs sector have been evaluated, see, e.g.2BEfof an example on the neutral Higgs
production cross sections. Latest results can be foundfafZR4.

As discussed above, electrically charged Higgs bosons &anatural part of many BSM mod-
els. The charged Higgs bosons of the MSSM (or a more genef@aM)Hhave been searched at
LEP, the Tevatron and the LHC, and will be searched for (oefd}y analyzed at) a Linear Col-
lider such as ILC or CLIC. The LEP searches [22] yielded a sbbound ofMy+ = 80 GeV [23].
The Tevatron bounds [24] are by now superseeded by the LH@@&th&liggs searches [25]. Atthe
ILC, if the charged Higgs is in the kinematical reach, a higheision determination of the charged
Higgs boson properties will be possible [26, 27]. Here, desisome basics, we briefly review
activities and results obtained within and for the LHCHXSW&garding charged Higgs bosons,
which will mainly concern the 2HDMs and the MSSM.

Within the 2HDM and the MSSM the main production channelstarged Higgs bosons at
the LHC are

pp—tt + X, tt—tH b or H'bt, (1.1)
gb—Ht or go—H't (5FS), (1.2)
g9/qq — Htb or gg/qg— H'tb  (4FS). (1.3)

The decay used in the analysis to detect the charged Higgs lims
H* — tv; — hadronsv;. (1.4)

The"light chargedHiggsbaoson” is characterized byl+ < my. The main production channel
is given in Eqg. (1.1). Close to threshold also Eq. (1.2) dbates. The relevant (i.e. detectable)
decay channel is given by Eq. (1.4).

The “heavy chargedHiggs boson” is characterized byly- = m. Here Eq. (1.2) in the “five
flavor scheme” (5FS) and/or Eq. (1.3) in the “four flavor sche@FS) gives the largest contribu-
tion to the production cross section, and very close to balgsEq. (1.1) can contribute somewhat.
The relevant decay channel is again given in Eq. (1.4).

2. Charged Higgsbosonsin 2HDMs

The 2HDM can be classified in types I-IV [11], where the MSSige Sect. 3 at the tree-
level contains a 2HDM type Il. The relevant free (input) paeders areMy+ and the ratio of
the two vacuum expectation values, fas v, /vi. Analyses at ATLAS and CMS in the case of
light charged Higgs bosons in the context of 2HDMs evalulageproduction cross section from
o(pp — tt +X) as evaluated in the SM at the NNLO level [28]. Limits are theespnted for
BR(t — H*b) as a function of the charged Higgs boson makss .

For heavy charged Higgs bosordy= = m, associated productiopp — tbH*+X is the
dominant production mode. Two different formalisms can ip@leyed to calculate the cross sec-
tion for associatetbH* production. In the four-flavor scheme (4FS) withimquarks in the initial
state, the lowest-order QCD production processes are giveq. (1.3).
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On the other hand, potentially large logarithmén(ug/my,) (Wherepr denotes the factoriza-
tion scale), which arise from the splitting of incoming ghsanto nearly coIIineabt_)pairs, can be
summed to all orders in perturbation theory by introducintidm parton densities, i.e. in the five
flavor scheme (5FS) [29], see Eq. (1.2).

To all orders in perturbation theory the four- and five-flasohemes are identical, but the way
of ordering the perturbative expansion is different, arel rissults do not match exactly at finite
order. For more details see Ref. [16] and references them&isimple and pragmatic formula
for the combination of the four- and five-flavor scheme caltiahs of bottom-quark associated
Higgs-boson production has been suggested in Ref. [30kdkmlled “Santander matching”. The
main idea behind this matching scheme is the following: TR8 4nd 5FS calculations provide
the unique description of the cross section in the asympliotits My /my, — 1 andMy /my, — o,
respectively (wherély denotes a generic Higgs boson mass, i.e. the argumentslardovahe
neutral as well as for the charged Higgs production). Thedmproaches are combined in such
a way that they are given a weight, depending on the valueeofilggs-boson mass. Since the
difference between the 4FS and the 5FS is logarithmic, therttbence of their relative importance
on My should be controlled by a logarithmic term. Consequentig,groposal for the “Santander
matching” reads [30],

O'4FS—|—t GSFS
1+t ’

matched__

o with the weightw defined as t =1In % -2, (2.1)

and o*7S and o°"S denote the total inclusive cross section in the 4FS and ti% ESpectively.
The theoretical uncertainties in the 4FS and the 5FS caionfashould be added linearly, using
the weightt. In this way it is ensured that the combined error is alwaygdiathan the minimum of
the two individual errors [30]:

AGFS1t AGSFS
Ao, = #7
1+t

2.2)
whereAc ™S andAc>™S denote the upper/lower uncertainty limits of the 4FS andb#®, respec-
tively.

An up-to-date determination of the next-to-leading ord®altcross section in the type I
2HDM as a function oM+ and tarf3 has recently been presented in Ref. [31], which constitutes
the official recommendation of the LHCHXSWG for heavy chargiggs bosons. Also included
in Ref. [31] is an estimate of the theoretical uncertaintiae to missing higher-order corrections,
parton distribution functions and physical input paramet®redictions in the 4FS and 5FS were
compared and reconciled through a recently proposed seétieg prescription. Applying the San-
tander matching the “best” cross section prediction fovhedarged Higgs bosons at the LHC is
provided.

An interim recommendation of the LHCHXSWG on the evaluatmincross sections and
branching ratios in the 2HDM has been presented in Ref. [B@lever, with a focus on neu-
tral Higgs bosons. The two codes recommended for the HiggsrbdecaysHdecay [33] and
2HDMC [34] also include the evaluation of charged Higgs boson yieaatypes I-1V.
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3. Charged Higgsbosonsin the M SSM

While the MSSM contains (at the tree-level) a 2HDM type lleda Supersymmetry (SUSY),
special relations are enforced, and via loop correctioadut SUSY spectrum enters the predic-
tions.

The Higgs sector of the MSSM contains two Higgs doubletgjitento five physical Higgs
bosons. At tree-level these are the light and he&\s?-evenh andH, the ¥ %7-odd A and the
chargedH*. At lowest order the Higgs sector can be described besideShkh parameters by
two additional independent parameters, chosen to be the afidseA boson,Ma (in the case of
vanishing complex phases) and farAccordingly, all other masses and couplings can be predlict
at tree-level, e.g. the charged Higgs boson mass

Me. = M2+ M3, . (3.1)

Mzw denote the masses of tileandW boson, respectively. This tree-level relation receives
higher-order corrections, where the loop corrected clihkjggs-boson mass is denotedMg-:.
Three codes exist for the calculationMdf;+ and the various decay widthseynHi ggs [35-40],
CPsuper H[41] andHdecay [33].

The relation between the bottom-quark mass and the Yukawpliog h,, which controls
also the interaction between the Higgs fields and the sboteanks, is affected by higher-order
corrections, summarized in the quantlty [42—44]. These, often called threshold corrections, are
generated either by gluino—sbottom one-loop diagramsilfreg in &'(a,as) corrections), or by
chargino—stop loops (giving'(apat) corrections). The effective Lagrangian for the chargedylig
is given by [43]

L ~Vip K% tanﬁ+%> H*t_LbR] +h.c. (3.2)
Here V;p denotes the€3,3) element of the CKM matrixmm, is the running bottom quark mass,
andm is the top quark mass. Analytically one findg O utang, whereu is the Higgs mixing
parameter, which is (generally) of the same size as SUSY stades. Large positive (negative)
values ofA, lead to a strong suppression (enhancement) of the bottorawaikoupling.

For the evaluation of the light charged Higgs productionssreection the decay— H*b
has to be evaluated including SUSY loop corrections, whieeentain contribution stems from
Eqg. (3.2). The LHCHXSWG compared the codiesynHi ggs andHdecay as shown in Fig. 1 [16].
The top row shows the decay width, while the bottom row costdie result for the branching ra-
tios. The parameters are chosen according tarf[f& scenario [45] withu set to 2001000 GeV
in the left (right) column. One can see that the agreementdmat the two codes, despite some
differences in thé\, evaluation (see Ref. [16] for details) is excellent.

The LHCHXSWG also estimated the overall uncertainty of ipleticharged Higgs production,
evaluated in the"® scenario. The result is shown in Fig. 2 [16], where

it - BR(t — bH*) - BR(t — bw*) . 2 (3.3)

is shown for,/s= 7 TeV as a function oMy+. The uncertainty estimate combines the accuracies
for the top quark production (parametric and intrinsic utaiaty) and for the top quark decay
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Figurel: Comparison of th€ (t — H™b) (upper row) and BR — H*b) (lower row) betweefrey nHi ggs
andHdecay. The results are shown for various valued/pf- and foru = 200(1000 GeV in the left (right)
column (taken from Ref. [16]).

(including intrinsic uncertainties of,). The result is shown for tgh = 5,10,30,50. As can
be seen, the uncertainties are still substantial. They tm\@e taken into account for reliable
and robust bounds on the MSSM parameter space from the reamaibion of a light charged
Higgs. Conversely, using a potential observation of a ldtdrged Higgs for a determination of
the underlying parameters would require a substantialatemiuof the uncertainties.

The LHCHXSWG also provides branching ratio predictionstf@ MSSM Higgs bosons, in-
cluding the charged Higgs boson. The procedure adoptedebiyHCHXSWG goes as follows.
After the calculation of Higgs-boson masses and mixingsiftiee original SUSY input, a combi-
nation of the results frorfldecay andFeynHi ggs on the various decay channels is performed
to obtain the most accurate result for the branching ratizgeatly available. (For the general
procedure, see Ref. [46].) In a first step, all partial widtlhse been calculated as accurately as
possible. Then the branching ratios have been derived fhigrfull set of partial widths. Con-
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Figure2: oy -BR(t — bH¥)-BR(t — bW¥) -2 including scale and PDF uncertainties, uncertaintiesies-
ing electroweak and QCD corrections, ahdinduced uncertainties fay's= 7 TeV (taken from Ref. [16]).

cretely, FeynHi ggs was used for the evaluation of the Higgs-boson masses arnudirogs from
the original input parameters, including corrections ugh®two-loop level. The status of the var-
ious evaluations ifreynHi ggs andHdecay are detailed in Ref. [16]. The total decay width of
the charged Higgs bosons is calculated as,

Mhe = rﬂiarvr + I—Egauvu + rEiFi'%hWi + rﬂiani + FEQHAWi
HD HD HD HD HD HD
= o THE s HTHE g F TR e+ THE Ses HTHE Sed
+ rng—mb_" rng—ms_{' rgg—md ’ (3.4)
followed by a corresponding evaluation of the respectiambhing ratio. Decays to strange quarks
or other lighter fermions have been neglected.
Example results in thmﬂ‘wr scenario [47] are given in Fig. 3 [17]. The left (right) pldtasv
the BRs for tarB = 10(50) as a function oMy:. The various kinks visible in the left plot stem
from the decay channels to a chargino/neutralino pair, lwaie not explicitely included into the

BR predictions yet.

4. Conclusions

The LHCHXSWG forms an important part of the efforts to idgnthe mechanism of EWSB
at the LHC. Among many other activities, it provides crosstises and branching ratios for
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Figure 3: Charged Higgs boson branching ratios in tHrEOdJr scenario [47] for tafy = 10(50) in the left
(right) plot as a function oMy« (taken from Ref. [17]).

charged Higgs bosons as they are predicted by the 2HDM atitdoMSSM. Here we briefly
reviewed some of the predictions for light and heavy chaidiggys bosons, including evaluations
of the respective uncertainties.
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