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Abstract TAUDECAY is a library of helicity amplitudes to
simulate polarized tau decays, constructed in the FEYN-
RULES and MADGRAPHS framework. Together with the
leptonic mode, the decay library includes the main hadronic
modes, T — v; + 7, 2, and 37, which are introduced as
effective vertices by using FEYNRULES. The model file al-
lows us to simulate tau decays when the on-shell tau pro-
duction is kinematically forbidden. We also demonstrate that
all possible correlations among the decay products of pair-
produced taus through a Z boson and a scalar/pseudoscalar
Higgs boson are produced automatically. The program has
been tested carefully by making use of the standard tau de-
cay library TAUOLA.

1 Introduction

The recent observation of a standard-model-like Higgs bo-
son with mass around 125 GeV at the LHC [1, 2] has
increased our interests in the H — 7+t~ decay mode,
which has the modest branching fraction yet to be estab-
lished [3, 4]. On the other hand, tau leptons have been well
known as a particle which can explore the Higgs sector [5-8]
as well as supersymmetric models [9—11], through their po-
larization [12-14].

TAUOLA [15-17] is a well-known program to simu-
late polarized t decays, including various hadronic modes,
and recent theoretical and experimental event simulations
involving 7 decays heavily depend on it.! The standard

IThe event generators, HERWIG++ and PYTHIAS, have their own t-
decay package [18, 19]; TAUSPINNER for studies on spin effect in tau
production was recently reported [20, 21].
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TAUOLA UNIVERSAL INTERFACE [22, 23] includes the
longitudinal spin correlations between pair-produced taus
[24], while the extended version also takes into account the
transverse spin effects [25-28]. We point here some limita-
tions of the use of TAUOLA:

(i) The produced t has to be stable, i.e. on-shell, in event
generators.

(i) The interface for the spin correlation effects is limited
to the standard processes such as Z/y* — 7t~ and
H/A—tTt™.

(iii) For the transverse spin effects, a particular simulation
is required by accepting or rejecting a pair of produced
taus based on a spin weighting factor.

In this article, we present a new implementation of a
t-decay model file, and construct a library of helicity am-
plitudes, TAUDECAY,? to simulate polarized t decays in
the FEYNRULES (FR) [29] and MADGRAPHS (MGS) [30]
framework. In Sect. 2 we describe how we implement the ef-
fective vertices via FR for the main hadronic decay modes,
namely T — v; + m, 2, and 37, and present the validation
of our TAUDECAY package. To address the limitations men-
tioned above, in Sect. 3 we study scalar-tau (stau) decays
in scenarios with stau being nearly degenerate in mass with
neutralino, where the on-shell tau production is kinemati-
cally forbidden. Moreover, in Sects. 4 and 5 we demonstrate
that all possible correlations among the decay products of
pair-produced taus via a Z boson and a scalar/pseudoscalar
Higgs boson can be produced within our full-fledged pack-
age. Section 6 presents our brief summary.

>The TAUDECAY package is available at http://madgraph.kek.jp/
KEK/.
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2 Effective vertices for hadronic tau decays

In this section, we consider effective vertices for the three
hadronic T decay modes, which together with the leptonic
mode account for 90 % of the t decays [31], and describe
how we implemented them via the FEYNRULES (FR) [29]
and MADGRAPHS (MG5) [30] packages.

The decay modes which we consider in this article are

m mode: T — v, (1la)
pmode: 77 —> v pT — v,n_no, (1b)
.= — 0 — 0_0_—
apmode: TT = via] S VTP —S>Vvmw T, (1c)

- - -0 -+
T =] » v p — v o, (1d)

as the 27 and 37 modes are dominated by the p and a;
vector-meson productions, respectively.

The t—v,—m vertex can be introduced by the effective
interaction Lagrangian:

Ly =~2Gr fity" PLv;d,m~ +he. 2)

with the physical constants in Table 1, the chiral projection
operator Py, and the constant form factor

Ji=frcosOc. A3)
The effective Lagrangian for the p mode is

L, =~2Gr frTy"* Prv, (78,7~ — 7~ 9,7°) +he. (@)

with

fo=+2cos6c F,(0?). )

The form factor F p(Qz) is parametrized by [15, 32]

Fo(Q%) = [Bo(Q7) + By (Q7)]/(1 +e) (©)

with the Breit—-Wigner factor

2
my

m? — Q% —iy/Q Iy (Q?)

By(0Q%) = (7

where Q = q1 + ¢» for T~ — v~ (q1)7°(g2). The running
width is

- V0% gv (0%

1% B
my gy (m?})

rv(0%) = ®)

Table 1 Physical constants [31]

Gr Fermi constant 1.166379 x 1073 [GeV 2]
fx pion decay constant 0.13041 [GeV]
cosOc Cabibbo angle 0.97418

@ Springer

where the p meson line shape factor is

_ mzi m2 3
0= G 0
with
Bla,b) = (1+a® +b> —2a —2b — 2ab)'/>. (10)

We take @ = —0.145 in (6) [32].

In practice, we introduce only pions, 7% and 70, as new
particles and implement the above Lagrangians (2) and (4)
into FR,?> which provides the UFO (UNIVERSAL FEYN-
RULES OUTPUT) model file [33], with f> as a constant pa-
rameter. The ALOHA (AUTOMATIC LIBRARIES OF HELIC-
ITY AMPLITUDES) program [34] in MGS5 reads the model
file to create the HELAS (HELICITY AMPLITUDE SUB-
ROUTINES) library [35, 36] for helicity amplitude compu-
tations. At this stage we replace the constant parameter by
the momentum-dependent form factor (5).

Unlike the above two cases, the effective vertex for the a;
mode cannot be obtained by the Lagrangian since the vertex
structure is not symmetric between the two identical pion
in the final state. Therefore, instead of introducing the La-
grangian, we implement it by hand in FR and created the
UFO model file.* The effective vertex, or the decay ampli-
tude, for the a; mode is

Ma, =V2G Ty  Prvedy, (11)
where the hadronic current J# is given by [15, 32]
= f[FB(gl — gl — G 0" + (1 < 2)] (12)

with Q =q1 +¢2+ g3 for 1~ — ver = (q1)7~ (q2)7 T (g3).
The form factors are

4
fi= ECOSQCBM(QQ), (13)
FP=Fy)(0h). G°= %, (14)

with Q;3 =¢; +¢3 (i =1,2). The a; meson line shape fac-
tor in (8) is parametrized as [15, 32]

51(Q* —9m3)’
x [1—3.3(Q% —9m2) +5.8(Q% — 9Im2)?]
if Q2 < (mp —i—mn)z,

1623 4 1538 — %52 + &
if Q%> (m, +my)*

8a (Qz) =

s)

379 decay is not considered in the program.

4Input option of the function WriteUFO in FR allows us to include
such a vertex [33].
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Fig. 1 Effective vertices . 3
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Table 2 Particle masses and widths [31]

m(r'nl) [GeV] m(non‘sn') [GeV]

Table 3 7 decay partial widths

Particle Mass [GeV] Width [GeV]
T 1.77682 2.265x10712
a* 0.1395702

70 0.1349766

P 0.77549 0.1491
p(1450) = o’ 1.465 0.4

aj 1.23 0.42

The 7% %7~ mode is the same, except the mass differ-
ence between 7+ and 7°. The relevant particle masses and
widths are collected in Table 2.

Our UFO model now allows MGS5 to generate Feynman
diagrams including hadronic t decays (Fig. 1) and the corre-
sponding helicity amplitudes, while the leptonic decay mode
can be simulated within the default Standard Model UFO
via the off-shell W boson. TAUDECAY is a library to simu-
late polarized t decays, based on the T decay helicity ampli-
tudes created by MGS5 with the form factor implementation.
Using TAUDECAY, we produce the partial decay widths in
Table 3 as well as the pion invariant mass distributions in
Fig. 2 in good agreement with the standard t decay library
TAUOLA [17].> We note that the slight mismatch between
the two programs in the table as well as in the large m -0
invariant mass region for the p mode comes from the QED

5The hadronic currents in TAUDECAY are same as in TAUOLA [17],
while the new hadronic currents based on the resonance chiral La-
grangian have been recently implemented in TAUOLA [37].

Mode Width [10~13 GeV]
PDG [31] TAUOLA [17] TAUDECAY

eV 4.04 4.02 4.04
w v 3.94 3.91 3.94
T~ 245 247 242
a0 5.78 5.39 5.39
70707~ 2.11 2.25 2.27
gt 2.04 221 222

correction for the leptonic mode in TAUOLA and the differ-
ent parameter choice, e.g. f; and m, . Moreover, the frac-
tional energy distributions of the polarized t decays in Fig. 3
agree with the ones in the collinear limit [5-7] as well as by
TAUOLA.

3 Stau decays via an off-shell tau

An important application of our FR 7-decay model file is
for the case that on-shell T production is kinematically for-
bidden. The model file allows MGS5 to treat an intermediate
T as a propagator.

Such a case can happen in the so-called stau-neutralino
(T1- )ZIO) coannihilation scenario in the constrained minimal
supersymmetric standard model (CMSSM). The neutralino
)Z? is the lightest supersymmetric particle (LSP) and stable
by assuming the R-parity conservation. The scalar-tau (stau)
71 is the next-to-lightest SUSY particle (NLSP), which ex-
clusively decays into a 7-lepton and a LSP )Z?. The scenario

@ Springer
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Fig. 3 The fractional energy F \ \ F
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Fig. 4 Feynman diagram of a four-body 7; decay generated by MG5
b \ 4
ool b v v 6
is cosmologically preferred to provide the observed dark 2285 229 229.5 230 230.
matter relic density [38] as well as to solve the 7Li problem m , [GeV]

in the standard big-bang nucleosynthesis [39]. The recent
global fit analysis for the CMSSM also favors the point [40].
If mz — mi? > my, there is no obstacle to use TAUOLA for
T decays, following event generation with t-leptons as an

on-shell particle [41]. For the case of

(16)

Am =mgz, —mi? <mg,
however, we cannot generate events unless T decays are
taken into account in event generators. One of the common
benchmark points for the SUSY searches at the LHC is e.g.
CMSSM40.1.2 [42], which provides the above mass spec-
trum with mz = 230.3 GeV and myo = 228.7 GeV [43].0

When the two-body decay mode 7| — )Z{) + 7 is closed,
the three-body or four-body decays via the off-shell t (see,
e.g. Fig. 4) become dominant and the 7; could be long-
lived [40, 46, 47]. Figure 5 shows the stau partial decay

6 A similar situation in the chargino-neutralino degenerate scenario has
been studied in [44, 45].

@ Springer

Fig. 5 Stau partial decay widths as a function of the LSP neutralino
mass. The sum of the partial widths is also shown by a black dashed
line. The stau mass is fixed at 230.3 GeV, based on the CMSSM40.1.2
benchmark point. The vertical dashed lines denote the threshold for
each decay mode

widths for each T decay mode against the )Z? mass. The 7|
mass and the relevant mixing angles in the neutralino and
stau sectors are fixed as in CMSSM40.1.2, providing a Tg-
like stau and a bino-like neutralino. The vertical dashed lines
denote the threshold for each decay mode, where a; and p
indicate Am = m3; and may, respectively. As the )Z? mass
is approaching the 7; mass, i.e. Am becomes smaller, the
decay width becomes smaller very rapidly. Just below the
T threshold, around the CMSSM40.1.2 point (denoted by a
vertical solid line), decay widths of all the modes are com-
parable with those in the on-shell T case, while the 7 mode
is dominant in the small Am region due to the phase space
suppression for the multi-pion and leptonic modes. Only in
the Am < mj, region the electronic mode becomes domi-
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Fig. 6 Energy distributions of 4
the one-prong pion in the
mode (left) and in the p mode

(right) for the left-handed 7 3ho

(blue) and right-handed T (red)
decay in the stau rest frame. The
distributions for the
intermediate p is also shown by
dashed lines as a reference

0.0 0.5

nant. Those agree with the recent study [40], although p and
ay are considered as on-shell particles in their calculations.

The collider signature of the long-lived 7| significantly
depends on the t; width, ie. the lifetime; see e.g.
Refs. [48-50], and as shown in Fig. 5 the lifetime strongly
depends on Am. For instance, the 7; predicted at
CMSSM40.1.2, whose lifetime is @(1078 s), could leave
a charged track with a displaced vertex of its decay inside
the detectors. We briefly study the decay distributions for
such a long-lived stau to see the left-right mixing of 7; in
this situation.

The scalar partners of left-handed and right-handed taus,
71 and Tg, mix to form two mass eigenstates, and the lighter
one is
T1 =cos0zTr, + sinf; TR, (17)
where 6; is the mixing angle. Similarly gauginos, B and W3,
and neutral higgsinos, I:Ig and I:I,? , mix to form four mass
eigenstates, and the lightest one is

(18)

where X = (1§, W3, FI(‘}, FI,?). The chirality of 7 in the 7| —
T )?? decay depends on these mixings and determined by the
interaction Lagrangian

L=3%aLPL +agPR)TE} +he. (19)

with the chiral-projection operators, Pg/ = %(1 + 7). The
couplings, ay, and ag, are

&
V2
&

V2

where Y, = —gmy /N2my cos B, g is the SU(2); gauge
coupling, and tan 8 is the ratio of the vacuum expectation

ay, = cosb; (Up1 + Upi tanOy) + sin6; Uz Yy, (20a)

ag = —sinb; —=2U| tan Oy + cos 6; U3, Yz, (20b)

1.0 1.5 2.0
E[GeV]

values of the two Higgs doublets. For most of SUSY sce-
narios as well as for CMSSM40.1.2 the lightest neutralino
is gaugino-like (Uz; ~ 0), where the chirality is conserved.

Figure 6 shows the energy distributions of the one-prong
pion in the 7 mode (left) and in the p mode (right) for the
left-handed 7 (blue) and right-handed 7 (red) decay in the
stau rest frame. The distributions for the reconstructed p is
also shown by dashed lines as a reference. The phase space
of the decaying off-shell 7 is limited and it is no longer en-
ergetic. Therefore the energy distributions of the pion are
quite different from the ones in Fig. 3, where the collinear
limit is safely applied, although the remnant of the differ-
ence between left-handed and right-handed can be still seen
especially for the = and p modes.

4 Spin correlations in tau pair decays

Another important application of the FR t-decay model is
spin correlations in tau-pair production [5-8, 18-21, 24—
28].7 As in the previous section, one can generate ampli-
tudes including the t decays, and hence the spin correlations
between the two taus are automatically taken into account.
In other words, there is no need for a particular simulation
to get the transverse spin effects.

In this section, we present correlations in tau-pair produc-
tion through a Z boson, a C P-even scalar H, or a C P-odd
scalar A,

qq— Z—> 1ttt (21a)
gg—>H—1tTt7, (21b)
gg > A—>thtr, (21c)

and the subsequent hadronic t decays. We note that, al-
though we consider the above standard t-pair production

"The correlation of t*t* from a doubly charged Higgs boson H**
has also been studied in [51].

@ Springer



Page 6 of 12

Eur. Phys. J. C (2013) 73:2489

processes in this paper, a special interface to cooperate with
any new physics models is not required when we generate
amplitudes with intermediate taus being as propagators.

4.1 Helicity formalism

First, we discuss the case that both taus decay to v;m by
using analytic expressions. We assign the four-momentum
and the helicity of each particle for the process as

ai(p1,01) +ax(p2,02)
— (g1, M) + 1T (g2, M)
— (k1) + 7 (k) + ve (k3, =) + Dr (ka, +), (22)

where aj» stand for quarks or gluons (or even electrons
or photons in case of eTe™ or yy collisions). The helici-
ties take the values o;/2 and A;/2 for quarks and leptons
and o; for gluons and photons with o; = £1 and A; = 1.
Although we evaluate the full amplitude for the above pro-
cesses numerically to present the distributions, we discuss it
below in terms of the 7-pair production amplitude and the t
decay amplitudes, which give us better understanding of the
distributions. Moreover, we construct our TAUDECAY pack-
age based on the following analytic expressions in the end
of this section.
Using the completeness relations

dr+m=>"ulgi, )ii(q1, 1), (23a)
Al

d2—m= (g2, 22)0(qa, 12, (23b)
A2

the full amplitude can be expressed as the product of the tau-
pair production amplitude (Mx=z g 4) and two T — v
decay amplitudes (M 2):

M(p1,01; p2,02; ki)

= D(q7)D(43) ZMX(PlaO'l; P2,02; 41, M5 g2, A2)
Al2
X Mi(qr, Ais ki k3)Ma(qa, Aas kas ka) (24)

with the T propagator factor D(q?) = (g% —m? +imI")~ .
It is straightforward to obtain the squared matrix ele-
ments of the full production plus decay amplitudes,

Z IMJ* = Z|M(P1,ol; P2, 02; ki)|2

01,2
Z > 79;11;229 My “ (25)

A2 2 )L],A.z

|D q1

@ Springer

in terms of the production density matrix PXA : /%22 and the de-
1

cay density matrices thim;
1,2

Py —ZM““ (MirF2)*, 26)
D2 = My, (M5 )" @7
'Dz— —M)Q(M)\z) . (28)

In the narrow width limit the propagator factor becomes

D@ > —=5(q? = m?). 29)

Although we only consider parton-level subprocesses, one
can generalize (25) to mixed case and apply it for any
processes, including summation over different subprocesses
and a product of the relevant parton densities. We can also
easily replace the t — v, decay amplitude by one for the
other hadronic decay mode as well as the leptonic mode.

4.2 Kinematics

Let us define the kinematical variables. In the collision
center-of-mass (CM) frame, i.e. in the X rest frame, we
choose the T momentum direction as the z-axis,

p1= %(l, —sin®, 0, cos ®),

pzzg(l,sin@,o,

—cos®),
(30
= 22
q1=£<1+q1 A"z,o,o,ﬂ>,
2 S
Q= f(H— —di ,0,0, ,3>
2 S

2 a2 _

where 8 = B(IL, %) with B(a,b) defined in (10), O is
the scattering angle, and we choose p; x q; direction as
the y-axis. The momenta of the 7~ decay products are

parametrized in the 7 rest frame,
v q% m2 . . .
k; = — 1+ —2,,31 sinf1 cos ¢1, B sinby sin¢y, By cosb |,
o @

Jai

Tﬂl(l, —sin# cos ¢y, —sinby singy, — cosby),

o~
(98]
Il
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Fig. 7 Schematic view of the coordinate system

with g1 =1— m% / qlz. Similarly, those of the T+ decay prod-
ucts are

g2 2
q; my . . .
ky = T(1 +— PBosinBy cos ¢y, Bo sinby singy, B cos@z),
q
2 (32)
2

V4, . . .

ky = T,32(1, —sinfy cos ¢y, —sinb; sin gy, — cosHy),

with o =1— m%/q%. We note that the polar (z-)axis and the
y-axis normal to the scattering plane are chosen common to
all the three frames, and the two decay frames differ only
by the boost along the t production axis (see Fig. 7). The
7 width is very narrow, I" ~ O(10~'2 GeV), and hence we
take the narrow width limit, g7 = g3 = m?, in the following
analytic amplitudes.

4.3 Tau-pair production and decay amplitudes

The helicity amplitude for the tau-pair production via Z-
boson (21a) is given by

2A

e°s N
Mz = ——5——M"2, (33)
s—my +imzIlz

where the reduced amplitude is

—385{8L(1+218) +8Z(1 — 11 8))
Mﬁ‘)‘z = X (0A1 +cos®) for A # Ay, (34)
%Mgz (gL +gL)sin® forA; = As.
Here, we neglect the initial fermion mass and take o = 0] =
—03. gi and gl are the Z-boson couplings to right- and
left-handed quarks and tau leptons, respectively.

The amplitude for the S(= H, A)-boson case (21b) and
2lc) is

—y:gs§ N3 -
Ms=—87 X7 g (35)
§—mg+imgls 2
where
MM =Br forS=H, (36)

M =i forS=A. (37)

The amplitudes are non-zero only when o = o1 = 07 and
A = A1 = X. Here, y; = ﬁmr/v is the T Yukawa cou-
pling, and gg is the gg§ coupling, which is given by gg =
asgh/3mv and g4 = sg s /27 v in the heavy-top limit.
The t — mv decay amplitudes in the 7 rest frame are

Mia==Gr fam®\/BraMa,,, (38)
where

M, =1+ ricosBe™1#1/2, (39)
M, = /14 Ao cosbre™7292/2, (39b)

Those amplitudes are invariant with the boost to the collision
CM frame.

4.4 Helicity correlations

The trivial helicity correlations are given by the diagonal
parts of the density matrices, A1 = X1 and A2 = Xs. In the
following analytic expressions we take m/+/§ = 0, i.e.
=1

For the Z production, only for A; # A, the production
amplitude is non-zero. After integrating out the scattering
angle © and the azimuthal angles ¢ 2, the squared matrix
element (25) is

PIoDIID - + P IDiIDo
o (1 —cos 61 cosby) + k(cosf — cosbr). 40)

with k = (g_f_2 - giz)/(giz + g72) ~ —0.15. As seen in
(39a), (39b), the polar angle cos6; distribution of the
pion arising from rLi is (1 — cos6;2), while from tlzet it is
(1 + cosb2). Hence in Z — ‘L'Z_‘CE or ‘E;—‘L'L_ decays the
two pions tend to be emitted to the opposite direction along
the z-axis. The difference between the left and right cou-
pling, i.e. parity violation, gives a small linear dependence
of cos#; and cos6; in the single differential cross section,
and one can see a slightly higher density in the cos8; < 0
and cos 6, > 0 region in the left panel of Fig. 8.

For the Higgs production, on the other hand, only for
A1 = X, the production amplitude is non-zero, and therefore

PHIDIID T +PZ2DiZD2~ oc (1 +cosby cosbr).  (41)

Apart from the linear dependence of cos 6 for the Z case,
completely the opposite is favored for H/A — rZ’rL_ or
I;IE decays as shown in the right panel of Fig. 8. Note
that the helicity correlations for H and A are identical. For
comparison the masses of H and A are assumed to be the

Z-boson mass, myja =mz.

@ Springer
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Fig. 8 cosfi-cos6, correlation
inpp—> X —

(= 7 v)tT (= 71D) for %
X = Z (left) and H/A (right).

The pion polar angles cos 6 > 0.5
are defined in the 7 rest frame;

see Fig. 7

-0.5

H/A

cosf,

0.5

-0.5

4.5 Polarization correlations

The non-trivial polarization correlations are given by the off-
diagonal parts of the density matrices, i.e. A = —A; and
Ao = —Ay, which produce the azimuthal angle dependence.
When we isolate the azimuthal angle dependence in (25),
there are nine distributions (including one constant piece) as

A1A2 A A2
Ps., P15 Doz

= F) + {20e[ F2cos ¢1 + F3cos ¢,
+ F," cos(¢) + ¢2) + F, cos(¢p1 — ¢)]

+ (Me — Im, cos — sin)}. 42)

Here, and in the following, summation over repeated in-
dices (A1, A2, A1, A2) = = is implied. The coefficients Fl.(i)
are the functions of the kinematical variables except the az-
imuthal angles ¢, 2. For the production of a Z boson, they
also depend on the production angle . For the spin-0 par-
ticle case, only the F, term in (42) survives due to the he-
licity selection A1 = A;. All the sine terms vanish when C P
is conserved and when the absorptive part of the amplitudes
are neglected, e.g., in the tree-level approximation.

Because the phase of the product of the two decay density
matrices is

Dli’:lngz ocexpli{(k1 —A1)p1 — (b2 — A2)$2}/2].  (43)

the coefficients Fl(j_cé)1 are expressed in terms of the produc-

tion density matrix and two decay density matrices as

ALA A A
Fi =P, 55D, Daj
A A
F, =P12Di D)2, )
A A
Fy =P, D)5 Dy,

Ff=PYIDTD T

@ Springer

cos0,

The azimuthal angle correlations are manifestly expressed
by quantum interference among different helicity states of
the intermediate tau leptons.

The Z production could produce the ¢; (or ¢»») depen-
dence, however this is very small because F;, (F3) is pro-
portional to m/\/s. Similarly, F, o O(m?/5), and hence
the distribution of the azimuthal difference between the two
t-decay planes, ¢1 — ¢2(= A¢), is flat. An interesting cor-
relation between the two decay planes for the Z case is the
¢1 + ¢2(= ®) correlation, whose coefficient F 4+ is

F;" oc —gl g" sin? @ sin; sin6,. (45)

After integrating out @, 61 and 6,, the azimuthal asymmetry
is given by

Lar_ 1 [14 AJ cos @] (46)
rde 2 4 98
with

2FF 7% —glgt
Fi 16 gj_z + giz

Af

~0.30. 47

The distribution is enhanced around @ = 0 and 27, while it
is suppressed around @ = 7.

For the H/A production, as mentioned above, only the
¢1 — ¢ term is non-zero and the coefficient is

F, o Fsin6) sin6s, (43)

where the —/+ sign is for C P-even/odd scalar. The az-
imuthal asymmetry is given by [8]

1 dr 1
— = —[1+ A cosA 49
T dAd 2 L1 Ay cos A9 “49)
with
2F, n?
A==t =5 ~F062. 50
4= T T (50)
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The CP-even and -odd scalars have opposite modula-
tion, and the distribution is strongly enhanced (suppressed)
around A¢ = m for the C P-even (-odd) scalars.

To examine the validity of the model file, Fig. 9 shows
the normalized azimuthal correlations between 7~ and 7+,
and our numerical results (solid histograms) agree well with
the above analytic formula (dotted lines).

4.6 Spin correlations at the LHC

To present the validation of our program, we have so far
discussed the angular distributions, assuming that all the t-
decay products can be reconstructed. Here, we show some

distributions of the realistic experimental observables at the
LHC.

First, we extend the helicity correlation in T — v, 7 dis-
cussed above to other tau decay modes. In Fig. 10 we present
the helicity correlations in terms of energy fractions in the
laboratory frame for pp — Z/H/A — 1t~ (— 7~ v)t T (—
ATD), where AT is the leptonic, 7, p, and a; decay modes,
respectively, from left to right. The one-prong 7 decays are
considered and the energy fractions are z; = E,-/E,- and
72 = E 4, /E+ with A= e,m,m(p), w(ay). For compari-
son, the resonant mass is taken to the Z-boson mass, and
hence the both taus are highly boosted, where the collinear
approximation can be safely applied. For the A = 7 mode,

Fig. 9 Azimuthal angle 0.4 : 0.4 :
correlations, ¢ + ¢ (left) and . .

¢1 _ ¢2 (Vig]’ll), in pp — X > I dIr/do I 'dI'/dAd

T (> r v)r (= D) for 03 L ] 03 H ]

X = Z (blue), H (black), and A
(red). The pion azimuthal angles
@12 are defined in the 7 rest
frame by the pp — 7t~

scattering plane; see Fig. 7

+

el Ee*/Er

z
o
©

0.6

0.4

0.2

02 04 06 08 1
2,=E [E;

08 1
2,=E[E,

0 0.2 0.4 0.6

+

< (PVE
<

E.

o
®
g
o

2,=E +(a1)/E

Zy

o
=

0.4 0.4 f

0.2

0 02 04 06 08 1
2,=E[E,

+

T

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

2,=E[E,

Fig. 10 The fractional energy correlations in the laboratory frame in
pp— X —> 1 (= V)T (= ATD) at /s =8 TeV for X = Z (top)
and H/A (bottom), where A% is the leptonic, m, p, and a; decay

2,=E [E;

Z,2EG)ES
S N

2~E(@1)E
®

o
o
o
o

0.4 04

02 02 f

0 02 04 06 08 1
2,=E[E,

2,=E [E-

modes from the left to right. The resonant mass is taken to be the Z-
boson mass

@ Springer
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Fig. 11 The ata— 103 :

acollinearity distribution in the

Higgs rest frame (left) and in the
laboratory frame (right) for

pp—> H/A— 17 (= a v)TT (= 77D)
with MmH/A = 125 GeV at

Vs =8TeV

r-'dr/dcosé
Higgs rest frame

T 10 T T
r-'dr/dcosé
lab frame

1
0.94 0.95

in the collinear limit (8 = 1) we have

zZ1=(14cosf1)/2 and 1z =(1—cosbr)/2. (1))

As aresult, the z1-z» correlation behaves opposite to cos 6] -
cos 6 correlation as shown in Fig. 8. The helicity correla-
tions are different between the spin-1 and spin-0 bosons,
while those are identical between the C P-even and -odd
scalars.

Second, an useful observable to measure the parity of
Higgs boson is the acollinearity angle, namely the angle §
between 7 and 7~ [8]. The azimuthal asymmetry A¢ can
be given as a function of angle §. To display the measur-
able difference of Higgs parities at the LHC, in Fig. 11, we
show the w7~ acollinearity distribution in the Higgs rest
frame (left) and in the lab frame (right) for pp — H/A —
17 (— 7 V)t (— 7TV) at /s = 8 TeV. Here we take the
Higgs mass as 125 GeV. One can see the distinguishable
difference between C P-even and C P-odd scalars around
8 = m, although in the lab frame the boost effect leads to
relatively unclear discrepancy. While the reconstruction of
the Higgs rest frame at hadron colliers is difficult, it is pos-
sible in the Z-associated Higgs production at e™e™ colliders
and the acollinearity distribution in the reconstructed H/A
rest frame has been discussed in [25].

5 Spin correlations with TAUDECAY

To validate our FR 7-decay model file, all the results shown
in Sects. 3 and 4 are generated in MGS5 with intermediate
taus being as propagators, denoted by method A. Unless in-
termediate taus are off-shell such as the case in Sect. 3, a li-
brary which collects all the possible T decay channels would
be much more efficient for practical event generations since
7 production and its decay can be simulated independently
as we use TAUOLA.

TAUDECAY is a FORTRAN library of t-decay helicity
amplitudes, constructed in the FR/MGS5 framework as de-
scribed in Sect. 2. The input of the subroutines for each de-
cay channel is the four momenta of the decaying t as well

@ Springer

0.96 097 0.98 0.99 1

1
0.94 095 096 097 0.98 0.99 1
d/n d/n

as its decay products and their helicities. The output is the
amplitude, i.e. a complex number, at a given phase space
point with a given helicity configuration. In this section, we
present how the TAUDECAY package can reproduce spin
correlation discussed in Sect. 4.

We show two methods by means of TAUDECAY; with-
out and with spin density matrix, denoted by method B and
C, respectively. The both methods are carefully checked by
method A.

B: (without density matrix) The t production amplitude
as well as the decay amplitudes from TAUDECAY are
evaluated for a given process for a given phase space
point. The t helicities in the product of the production
and decay amplitudes should be summed over as indi-
cated in (24), and then the t helicity summed ampli-
tudes should be squared. This is theoretically identical
to the propagator method in the narrow width limit, but
it is useful for systematically studying different tau de-
cay modes for each production process.

C: (with density matrix) First, the T production density ma-
trix is computed for each phase space point. If there is
only one tau in the final state, this will be a 2 x 2 ma-
trix, while it will be a 4 x 4 double density matrix for
two taus as 73;11;22 in (26). Then, the correlated tau de-
cays are simulated by multiplying the production density
matrix with the corresponding 7 decay helicity ampli-
tudes and their complex conjugates provided by TAUDE-
CAY, namely the decay density matrices D,-%’:, according
to (25). '

Figure 12 shows the azimuthal angle A¢ correlation in
pp — H/A — 17 (= 7~ v)t(— ntD) for the compari-
son of the three methods, and the same results are repro-
duced as expected.

6 Summary

In this paper, we have implemented the main hadronic tau
decays, T — vy 4+ w, 2w, and 3w, by using the effective
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0.4 T

'dr/dAo

A¢=¢1 '(1)2

Fig. 12 Azimuthal angle A¢ correlation in pp — H/A —
77 (= 77 v)tT(— mTV) by three different methods; A. propagator
(solid), B. without density matrix (dashed), and C. with density matrix
(dotted)

vertices in the FEYNRULES and MADGRAPHS framework,
and constructed TAUDECAY, a library of helicity ampli-
tudes to simulate polarized tau decays. The model file al-
lows us to simulate tau decays when the on-shell tau pro-
duction is kinematically forbidden, and the stau decay in
the stau-neutralino coannihilation region was discussed as
an application. We also demonstrated that all possible cor-
relations among the decay products of pair-produced taus
through a Z-boson and a scalar/pseudoscalar Higgs boson
can be produced within our full-fledged package. The pro-
gram has been tested carefully by making use of the standard
tau decay library TAUOLA.
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