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CP-violating asymmetries in both the production and the decays of 8-channel neutral Higgs
bosons at p p colliders can be large. If the CP violation occurs in the muon —Higgs-boson coupling,
one observes a production asymmetry with transversely polarized p, +p beams. Likewise if the CP
violation occurs in the top-quark —Higgs-boson or ~—Higgs-boson coupling, one observes an azimuthal
decay asymmetry in p+p ~ tt (or 7+r ). CP studies at such colliders allow a uniquely clean way
of deducing the underlying CP phases; in turn these parameters would signi6cantly improve our
understanding of baryogenesis.

PACS number(s): 13.10.+q, 11.30.Er, 14.80.Bn

The Large Hadron Collider (LHC) currently being
planned at CERN may provide a reach for new physics
of up to a few TeV. It is to be hoped that this hadronic
capability will be complemented with leptonic machines.

Because of synchrotron radiation effects it is probably
impractical to construct an e+e storage ring (such as
the CERN e+e collider LEP) at these higher energies.
Two possible leptonic colliders at the TeV energy scale
that have been suggested are a colliding beam e+e ma-
chine [Next Linear Collider (NLC)], which would operate
on principles similar to the current SLAC Linear Collider
(SLC) and a Muon Collider (MUC). Since synchrotron
radiation is so much smaller at a MUC compared to an
electron machine, a MUC has the advantage that muon
beams could be recirculated in a storage ring and thus
muons could be reused several hundred times before their
eventual decay. Consequently MUC's have been receiv-
ing increasing attention in the past few years [1—5]. By
the same token, the NLC has been the subject of intense
research effort [6] in the past decade and its feasibility
is no longer widely questioned whereas for MUC's many
challenges in accelerator design still need to be overcome
[1-4].

For most physics applications muon collisions and elec-
tron collision are virtually identical. Hence factors such
as cost and the engineering problems involved in build-
ing such colliders are likely to be the determining factor
in their eventual construction. If a MUC is eventually
constructed, a possible physics bonus may be the ability
to study neutral Higgs bosons in the s channel [1,5].

In this paper, we shall assume that at least one neutral
Higgs scalar, which we will denote 'R, will be discovered
in the mass range 100 ( m~ ( 1000 GeV and that the
muon collider will be tuned to study such a resonance in
the s channel so that ~s = m7t. In this way the feeble
coupling of the p to the Higgs boson may be partially
compensated by the resonance enhancement and the sig-
nal of an 8-channel Higgs boson may be studied in detail.
Bearing this in mind we consider how the CP phase of
its couplings to fermions may be investigated. We find

that the method gives a uniquely clean way of deducing
CP-violating phases in the coupling of the neutral Higgs
boson to leptons and to the top quark.

As is well known, at the present time, the only form of
CP violation experimentally observed is in the K sys-
tem. It is thought that these results can be explained
through the standard model's phase in the Cabibbo-
Kobayashi-Maskawa (CKM) matrix [7], a hypothesis
which will be tested at B factories now being built. How-
ever, strong theoretical arguments exist that suggest that
additional forms of CP violation are needed to explain
the baryon asymmetry of the universe [8]. Indeed one
class of Inodels which has been shown to give reasonable
baryon asymmetries are models involving CP violation
in the Higgs sector.

Motivated by these considerations we shall investigate
two methods of observing a CP-violating signal in such
a Higgs resonance at a MUC. First, if the p beams are
transversely polarized at different inclinations, there is
a CP-violating production asymmetry proportional to
sing„, P„being the azimuthal angle between the polar-
ization directions. This is sensitive to CP violation in
the Higgs-boson —pp coupling. The second observable we
consider is an analogous asymmetry in p+p, +tt (or-
r+w ). In the latter case, for instance, the signal is pro-
portional to sinPt where Pt is the azimuthal angle be-
tween the polarization of the top quarks; Pt may easily
be determined if the tops decay leptonically. Polarization
of the colliding muons is not a necessity for this study, al-
though longitudinal polarization of the beam can be used
to reduce the background. In this case one is sensitive to
CP violation in the Higgs-boson —tt (or ~+~ ) coupling
which relates directly to some proposed mechanisms of
baryogenesis in the early universe [8].

In all the cases mentioned in the preceding paragraph
the asymrnetries may be large. However, to a certain
extent, they will be obscured by standard model back-
grounds, as we will discuss below. We find that obser-
vation of these asymmetries will certainly be possible if
the Higgs boson is relatively light or narrow leading to a
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relatively large production rate. Furthermore, in many
theoretical scenarios, even if the Higgs boson is not that
light, it can have a large production rate and it can lead
to appreciable asymmetries.

Although the underlying model we have in mind may
contain several Higgs doublets we would like to cast our
analysis in a relatively model independent way. I et us
assume that a single Higgs boson is under experimental
study which we will denote 'R. We will parametrize its
coupling to a fermion f by

C~ff ——Cffyfe'~' ~,

where C&0& is the coupling in the standard model (with
one Higgs doublet). In such theories with an extended
Higgs sector the field 'R may either be a scalar H or a
pseudoscalar A. If 'R = A then it does not couple to two
gauge bosons while if 'R = H we will parametrize the
coupling to two vector bosons (VV = ZZ or WW) as

It is useful to compare this with ao —0.(p+p,
e+e ) so we define

R('R) =
Op

(4)

3 2m2m
I'('R m tt) = '

3 pg[p, +. (1 —p, )sinAg]y, Ki,
327) mW

where o. is the electromagnetic coupling. It is clear in
the above that the key to having a large rate for Higgs
boson production is for its width to be as small as possible
(thereby increasing B„).The main possible decay modes
of the Higgs boson which we consider are Q —+ ZZ, Q —+
R'+W, 'R —+ tt, 'R —+ bb, and 'R ~ 7+~ . The last two
become important for the case when m~ ( 2m~. The
decay rates to these modes, given the above couplings,
can be readily calculated by using the results that exist
in the literature [11]:

Cmvv = Cvv cosa.0 (2)

4'
mR

where C&~& is the coupling of the standard model (SM)
Higgs boson to the gauge bosons and o. is the angle be-
tween the observed Higgs boson 'R and the orientation of
the vacuum in the Higgs space.

Of course since we are assuming CP is violated, it will
not be strictly true that the Higgs mass eigenstates are
pure eigenstates of CP as suggested by the notation H
and A. In many models, however, CP is preserved in
the scalar sector and is violated only in the couplings to
the fermions. Mixing between the H and A states will
therefore take place only in higher-order corrections. For
purposes of illustration we will therefore assume that the
coupling of the A to ZZ and TVW is highly suppressed.
In models where this assumption is not valid then the
results will be similar to those we quote for 'R = H.

To serve as an illustration we will consider three sample
models for the 'R in question: (1) 'R = II with n
Ay = 7r/4 and yy = 1 for all fermions; (2) 'R = A with
Af —7r/4 and yy = 1 for all fermions; (3) Q = A with
Ay = m/4 and y~ = yg = 5 and y„= 3. The last case
is motivated by models of the type that, for instance,
are used for the Higgs sector for supersyrnmetric (SUSY)
scenarios [5]. In such a case one might want to partially
explain the large top mass by making the corresponding
vacuum expectation value (VEV) large giving rise to y~ =
y~ = v2/vi ——1/y„ for large v2/vi. Although minimal
SUSY models do not have CP violation in the Higgs
sector, more complicated Higgs sectors or nonminimal
SUSY models do readily admit CP violation [9].

It is diKcult to observe the efFects of the Higgs res-
onance except if the accelerator is tuned to be pre-
cisely on shell [1,5]. If s is the center-of-mass energy
and 3 = m~ then defining B„=8('8 ~ p+p ) and
0~ = o(p+p, —+ 'R), the cross section for Higgs boson
production is [10]

where P; = gl —4m2/m~. The ZZ and WW modes
are only relevant if R = H. In these equations Kp, Kq
are @CD corrections given, for example, in [11].

In comparison, the width of the Higgs boson decay to
p p ls

gmm~1(&~p p )= 2 X„.32Am~ (6)

In Fig. 1, we present the value of R('R) at s = m~ as-
suming that o. = 45 for the 'R = H and Q = A cases as
a function of m~.

In deriving Eq. (4) above we assumed that the energy
of the collider could be controlled to a precision much
finer than the width of the Higgs. While this should be
generally true if m~ )) 2m~ or 2m&, below this thresh-
old it may well not be the case. To take this into account
let us assume that the actual value of s is uniformly dis-
tributed in the range

m~3(1 —b) & s & m~2(1+ h) .

The beam spread thus de6ned will lead to an observed
rate of Higgs production described by

R('R) = arctan R('R) .
m (8)

In Fig. 1 we also show R('R) using the value of h = 10
The likely source for the muons in a p,+p collider

would be &om the decay of a pion beam and so initially
the p, would be strongly left-polarized (and p+ would

3 2m2m

3270m w

I'('R ~ ZZ) =,pz
~

pz + 12
~

cos'o',
128m 3z E v~c

2 m3 4
I'(Q~ WW) = P ~

P +12 ~cos a, (5)
64vr mL, ( m~ )
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FIG. 1. The value for R~ as a function of m~ for the
following three cases: (1) 'R = 8, o; = s/4, and Xy = 1

(solid); (2) 'R = A and Xy = 1 (dashes); (3) 'R = A, and
Xg = Xs = 5 and X =

s (dots). In each case the upper
branch represents the result for ~s = rn~ while the lower
branch is the result with an energy spread given by b = 10

where 0X is the angle between the spin of f and Px, in
the f rest frame.

We discuss the decay of the top quark 6rst. If the top
decays semileptonically, t -+ bW ~ bl+v~ (for l = e, p, )
then ef = 1 [13]. For hadronic decays of the top one
could obtain e = 1 if one could tag which jet was the d
type (thus playing the role of the positron). Experimen-
tally this is hard to do. We will therefore only use the
inclusive R' momentum to determine the polarization for
the hadronic decays. The analyzing power in this case is
given by

m2 2m2t t

be correspondingly right polarized). If it can be demon-
strated that the polarization of the muons may be pre-
served and manipulated during the acceleration process
then it may be possible to perform an experiment where
the muon beams are transversely polarized. Such an ar-
rangement may allow the probing of CP violation in the
Higgs-boson —muon coupling as we will now discuss.

Let us consider the reaction p+p ~ 'R with trans-
versely polarized p beams. We take the z axis in the
center-of-mass &arne to be the direction of the p beam
and we suppose that the p is polarized in the x di-
rection. Assume further that the polarization of the p+
beam is inclined at an angle of P„. The cross section in
this case becomes

o(P„) = (1'—cos2A„cosg„+ sin2A„sing„)oo, (9)

where oo is the unpolarized cross section. Then a CP-
odd asymmetry in the production A„, will be given by

~(90 ) —o(-90 )
o (90') + o.(—90 )

(10)

Thus the underlying CP-violating phase A~ becomes
cleanly measurable. Since this phase (A„) is uncon-
strained, large asymmetries approaching 100% are possi-
ble. As we shall discuss below, this asymmetry will be
diluted somewhat by the standard model backgrounds.

Let us now turn our attention to the analogous type of
asymmetry in the decays '8 ~ tt or ~+~ [12]. In order
to observe a CP-violating correlation in the spins of the
top quarks or w leptons, we clearly need to look at the
correlations among their decay products.

Consider 6rst the determination of the spin of a
fermion in general. Suppose f decays to X'Y where I, Y
may be a single particle or a multiparticle state. Let e~

Next consider the case of the w lepton. If the r decays
semileptonically, then e&

———
s [14] (note that if one

could observe the v~ then e = 1). In [14] it is shown that
the inclusive hadronic decays of the ~ can give e& ———0.42
(h stands for inclusive hadron states). If one analyzes the
detailed structure of the hadronic decays one can obtain
better results [15,16] but we will just use this number in
our discussions to follow.

Let us de6ne a coordinate system in the Higgs center-
of-mass kame where the z axis is in the direction of the
f (i.e. , t or r) momentum. Let us now consider the f
decays via f ~ A, Y; and the f decays f ~ X~ Y~. We
define the angle P;z to be the azimuthal angle between
the p~; and the pg - projected into the x'-y' plane:

Pxx PX&
' Pf

Ipx' I Ipx, I I ps I

(13)

Taking into account e;, e. the differential distribution

in P;~ is (note that e~ = —e~)

f f
rdy, , 16' ~

= 1+—e e py cos2A f cospjj

2

+—s, e re sin2Ay sing;~ .f f
16 ' (14)

In Eq. (14), for f = t (so that the threshold mass effects
must be retained), p and g are given by

1 —pi —(1 + p~ )cos2Aq

cos2Aq[1+ p~ —(1 —p~ )cos2Aq]
'

1 —(1 —P~z) cosz Aq

On the other hand, if f = ~ then the above simplifies
to p = g = 1. The resultant CP-violating asymmetry
which we will consider is
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I'(sing;~ ) 0) —I'(sing;~ ( 0)
I'(sing, ~ ) 0) + I'(sing;~ ( 0)

(16)

Thus using the above distribution we find

f ~ f fA, = —e,. e gy sin2Ay. (17)

Of course we would like to optimally combine the re-
sultant asymmetries &om different pairs of modes (ij).
In order to do this we would like to choose weights m, ~

normalized by

) ur;~B;B~ =) B;B, , (18)

A~ =) m~A~BB,

where B; is the branching ratio of f ~ i and the summa-
tion is over all the modes under observation. Thus the
total asymmetry

not have any reason to think that they cannot be accom-
plished. Indeed at LEP considerable progress has been
made in the measurement of the longitudinal polarization
of the 7 + [19]. We will therefore assume that in a future
detector this will be feasible.

Suppose then that X,' is a particle emerging from the
and Xz is a particle emerging from the w+. In gen-

eral the tracks of these two particles will not intersect.
Let us define the vector v;~ to be the displacement from
the track of X~ to the track of X; at either their closest
approach or the closest approach inferred from extrapo-
lating the portion of the tracks which may be observed.
Typically the magnitude of v;~ will be of the order of
2c~ = 180 pm (in spite of the fact that the displace-
ment of the decaying 7's is of order 2cw p 1 cm). We
then define the angle P;z to be the difference in the az-
imuthal angle between p~; and p~ with respect to an
axis in the v;~ direction.

Recall that the asymmetry A;~ is just the expectation
value of cr(sin(P;~)) where

is to be maximized. This is done by taking n;z oc A,
[17]. Applying this to the asymmetries defined in (16)
we find that the total asymmetry is given by

( )
+1 if')0,
—1 ifx(0.

where

A~ = —(Z~) gg sin2Ag,
8

(20)

) B,(e~)2. (21)

Selecting the top quark and the w lepton modes men-
tioned above we obtain numerically (using m& ——176
GeV, B& ——0.36, Bh ——0.64, B, + B„= 9, and
Bt + Bt 7).

= 0.58, E' = 0.39. (22)

In the case of top quark decay, if the quark or the
antiquark decay semileptonically, the four-momenta of
the undetected neutrino(s) may be reconstructed by us-
ing the mass constraints of the top and the W. For the
decay of the w leptons, it is less obvious that this can
be done. For instance, if one or both of the w leptons
decays leptonically, there are at least three v's in the fi-
nal state and the kinematics does not provide sufhcient
restrictions to reconstruct the event. Even if both ~'s de-
cay hadronically, although it would appear that there is
enough information to reconstruct the event, in fact solv-
ing the kinematics gives rise to a "quadratic ambiguity"
resulting in an ambiguity in the sign of sing;~. Therefore
with this information alone the asymmetry A~ cannot be
evaluated.

These problems with the 7 may be resolved using
methods similar to those of [18]. In order to do this, the
detector must have a reasonable vertex detection capa-
bility with the ability to track the particles that emerge
from the decay of the w at a distance of a few cm from the
primary vertex and subtend an angle of 1 . In particu-
lar one must be able to measure the impact parameters of
these tracks (which would be on the order of c~ = 0.01
cm). While clearly these capabilities are difficult, we do

A vertex detector may allow the determination of cr(sing)
in a w+w event using one or more of the following four
methods.

(1) Since the displacement of the ~ decay from the
interaction point is on the order of cw p 1 cm it is
not unreasonable to assume that, depending on detector
design, in many events either the ~+ or the ~ will form
a track in the vertex detector. If this is the case then the
z axis is determined and P,~ is obtained directly from
the momenta of X, and X~.

(2) If X; or Xz consist of multiple charged tracks, run-
ning these tracks back to their common decay vertex
again determines the z' axis if the machine is configured
so that the interaction region is in a single point. More
generally if the interaction region is not a well-defined
point, one may use the decay vertex and the combined
momentum of the multiple tracks to define the trajectory
of the center of gravity of the system and use method (3)
below treating this trajectory as an effective single track.

(3) If both X; and Xz are single charged tracks (e.g. ,~ p v„v ore -+sr v ) then

0 Sin ~~
= 0 Sin (24)

so that the exact decay vertex need not be identified. To
see why (24) should be true, let xq be any point on the
track of X; and x2 be any point on the track of Xz. If
u = xq —i2 then u (p; x pz) = v;z . (p, x p~). If the 7

decays at time tq and the w+ at time t2 then the vertex
points Vj, V2 are Vj ——m tqp~- and V2 ——m t2p +
therefore Vq —V2 ——m (tq + t2)p~- for the 7 and v
respectively. Since the point Vq lies on the X; track and
the point V2 lies on the X~ track,
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o.(sing, ~) = o(v;~ p, x p~)
= o.((Vi —Vq) .p; x p~)

cr(p p; x p~)
= 0 Sin (25)

(4) If both w's decay hadronically we can use the
method of [18]. In this instance the hadronic states will
contain charged tracks X; m X; q

- X; ~ and Xz
X~ i . . X~ . For any pair of charged tracks (X; I„X~i)
we define P, i, z i as above. In this case we first kinemati-
cally solve for the neutrino momenta up to the "quadratic
ambiguity" mentioned above. Note that this is in fact a
parity ambiguity so that only one of the reconstructions
will give the correct values for sing; i, z i. The false re-
construction will give exactly the wrong sign for each of
these angles providing multiple checks on the parity of
the reconstruction.

The only decay combination of modes which is not ob-
viously susceptible to methods 2—4 (although method 1
will work in all cases given a vertex detector suKciently
close to the beain axis) is X, = 7r pro and X~ = I+ (or
vice versa). Let us assume that the 2' mode is dominated
by the p resonance. Since, using Eq. (12) generalized to
w -+ pv gives e = 045 so that e e& = 015 = (F )
Thus totally ignoring these modes is roughly equivalent
to reducing the cross section by 2B R& = 10%%uo.

The above asymmetries must be observed against the
CP-even standard model backgrounds p+p ~ bb, tt,
ZZ, and W+W . Therefore, using the expressions for
the rates for these reactions given in [20), we numerically
study their impact on the CP-violating signals that we
are seeking.

When looking for decay asymmetries of the Higgs bo-
son the ability to control the longitudinal polarization of
the beams may help to increase the signal over the back-
ground [21]. This is because the Higgs production ffips
the chirality of the muon while all standard model in-
teractions preserve it. Thus, for instance, if both beams
are left polarized with polarization P then the Higgs pro-
duction is enhanced by 1 + P while the background is
reduced by 1 —P2 [21]. In the numerical results below we
will illustrate the effects of polarization for a few cases.

Let R be the standard model contribution to a specific
anal state j. Let 80 be the integrated luminosity per year
of a given accelerator. For a final state f let us denote

by y the number of years needed to accumulate a 3o
signal for the CP asymmetry. This will be given by

(s )
R-+A~8('R -+j)

y =9
(A&)2R 8('R ~j )2o(p+p ~ e+e —)8o

26

We will use the notation y; for the CP asymmetry in the
production obtained by monitoring the decay of the Higgs
to the anal state i and y3 for the azimuthal asymmetries
described above by observing the decay of the state j (i.e. ,
j=ttor~r)

In the following we will take the luminosity to be 10
cm s so assuming that a year is 10 s (taking s effi-

ciency), l:o ——10 cm yr . Numerical results for the
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FIG. 2. The value of y for case 1 (see caption to Fig. 1)
assuming n = vr/4 = A„. y — ) is shown with the solid line,

y~~ with the dot-dashed line, yzz with the dotted line, and

y — with the dashed line. (Note y is the number of years
needed to accumulate a 3u production asymmetry. Note also
that the horizontal line, y = 1, is drawn to serve as a point
of reference. )

three cases of Higgs couplings given below Eq. (2) are
summarized in Figs. 1—4. For definiteness in all the cases
we will take Ay = vr/4.

In Fig. 1, we consider the overall Higgs production
cross sections in relation to p+ p —+ p* —+ e+e . In each
of the three cases we show R~ and R~ with b = 10
Note the pronounced effect of the vev ratio in case (3)
due to the fact that the decay to tt is suppressed and the
bb and pp modes are enhanced.

In Fig. 2, we consider y for production asymmetries
as monitored by various final states in case (1). Below the
WW threshold y is in the 10 —10 range so obser-
vation should be relatively easy. Indeed, in this instance,
even a machine luminosity of 10 —10 cm s may be
adequate. Above this threshold y~~ rapidly increases
and passes through 1 at m~ 250 GeV.

In Fig. 3, we consider the same quantities for case (2).
Here we take b = 10 in all the curves. In this case the
WW and ZZ thresholds are absent so a small value of
y persists up to the tt threshold. So again for this mass
range the production asymmetry is a very sensitive probe
and observation may be feasible even with a machine of
l. 10 cm s . After the tt threshold y~~ rapidly
grows passing through 1 around m~ = 400 GeV and
observation starts to become rather difFicult. We also
show the decay asymmetries y and y&~ . y is about
10 below the tt threshold. y~~ grows rapidly from 1 to
100 above threshold. The efFect of polarization is also
illustrated in this figure for these two instances of y
and y~~ . The lower dotted and dashed dotted curves are
with P = 0.9 (the upper ones with P = 0). We thus
see that polarization can improve the e8'ectiveness of the
decay asymmetries by about 1 order of magnitude.

In Fig. 4, we plot the same quantities for case (3).
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FIG. 3. The value of y for case 2 assuming
A„= A = Az

——vr/4. y &
is shown with the solid line,

and y — with the dashed line. The results for decay asym-

metries are also shown: y — with the dot-dashed line and

y with the dotted line. In both of the latter cases the
lower curve is for P = 0.9 and the upper curve is for P = 0.
See captions to Figs. 1 and 2.

FIG. 4. The value of y for case 3 assuming
A„= A = Az

——vr/4. y — is shown with the solid line,( ~) ~

and y — with the dashed line. The results for decay asym-

metries are also shown: y — with the dot-dashed line and

y with the dotted line. Again in both of the latter cases
the lower curve is for P = 0.9 and the upper curve is for
P = 0. See captions to Figs. 1 and 2.

In this case y ranges between 10 and 10 over the
entire mass range so the production asymmetries are ex-
cellent probes for m~ & 800 GeV. Indeed for this case
the production asymmetries appear detectable even with

10 cm s . The decay asymmetry y ~
is around

10 and y is in the range 0.1—1 below the tt thresh-
old and 1—100 above it. We have also shown the effect

-(3a) - (3cr)of using polarization P = 0.9 on y~~ and y~~ . Again
polarization seems to improve the situation by about an
order of magnitude. Thus the decay asymmetry in the 7.v

channel is quite effective for m~ & 300 GeV; for a heav-
ier 'R the tt channel seems very promising and 8 10
cm s may well be adequate.

Summarizing, this study shows that production asym-
metries represent a promising way to study CP viola-

tion in the couplings of 'R in all the three cases for at
least some range of Higgs masses. Decay asymmetries ap-
pear less effective and probably are most useful in models
where there is a large ratio between the vacuum expecta-
tion values. Longitudinal polarization of the muon beam
helps to signi6cantly reduce the backgrounds to the de-

cay asymmetries and can render them quite viable in a
variety of Higgs models.

Note added. After completion of this paper we became
aware of two recent papers dealing with the physics of
p+ p, colliders [22,23j.
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