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Abstract. Formulae for the radiative corrections to
ete” - ffand ep—eX,v, X’ are given for two Higgs
doublets in SU(2) x U(1). The magnitude of deviations
from the minimal model is discussed for the My, — M,
mass correlation, the e* e~ forward-backward and
polarization asymmetries and o(e*e” — hadrons) at
LEP/SLC, and for 6(NC)/6(CC), charge and polariz-
ation asymmetries in deep inelastic ep scattering at
HERA. Precision experiments can restrict the mass
splitting between neutral and charged Higgs bosons
to < 100 GeV. In the supersymmetric Higgs model the
additional corrections remain unobservably small.

1 Introduction

In the standard SU(2) x U(1) model of the electroweak
interaction a single neutral scalar boson is the only
remnant of the spontaneous symmetry breaking
mechanism. The minimal Higgs structure yields the
identity

M

p=M§coszt9W= '

This experimentally confirmed relation [1], however,
does not allow to conclude that the Higgs sector is
minimal: p =1 remains valid e.g. for any number of
additional Higgs doublets. '

The strongest motivation for extending the Higgs
sector may come from supersymmetry. The super-
symmetric version of the standard model requires two
SU(2) doublets to give masses to up and down quarks
[2]. But also non-supersymmetric arguments advocate
two Higgs doublets, such as the discussion of CP
violation [3] and the Peccei-Quinn mechanism to
solve the strong C P problem [4].

The minimal extension of the standard model has
two scalar doublets @,, @, in an otherwise conven-
tional SU(2) x U(1) gauge theory. 3 of their 8 degrees
of freedom are absorbed in forming the longitudinal
polarization states of W<, Z, and 5 remain as physical

particles. Their spectrum consists of a pair of charged

bosons ¢*, two neutral scalars H,, H,, and a

pseudoscalar H, (this terminology describes their

behaviour on the interaction with fermions). These

physical states are obtained by diagonalizing the mass

matrix derived from the Higgs potential V(®,, @,).
The original Higgs fields in the Lagrangian

ZLy=D, @, +|D,®,1* —V(®,, ®,) (L.1)
are written as
+

Q= < d)’. F) (1.2)

(i+n;+iyx)/2
with vacuum expectation values v,, v,. By appropriate
choice of the Higgs phases v; and v, may be taken to
be real and positive [2]. The mass eigenstates can be
obtained from the unmixed components in (1.2) by
¢* = —¢isinf+ 3 cosp
H,=—y,;sinf+y,cosf
Hy=mn,cosat+n,sina (1.3)
H,=—n sina+n,cosa
and the unphysical Goldstone fields are

Y* =¢icosf+ 3 sinfp

X=X €08 P+ x,sinp. (1.4)
The mixing angle f is related to v, and v,:
tan f=v,/v,, (1.5)

whereas « depends on all the quadratic and quartic
parameters of the potential in a rather involved way.

The situation v, » v,(v, «<v,) leads to Yukawa
couplings to the I3 = +,} fermions enhanced by a
factor v, /v,(v,/v,) compared to the minimal model.*
Limits on v,/v, from the leptonic sector are rather
weak, [5, 6] (~ 0(102)); more stringent limits have been

* If @, couples to +% and @, to —4 fermions



570

derived from C P violation in K, D, and B mesons [7]:

2 M,
(ﬁ) <= (1.6)
Uy m,

In a non-supersymmetric two-Higgs model the mixing
angles o, f and all the physical boson masses M+,
M,, M, M, are independent quantities which are
not fixed by the theory. In the minimal supersymmetric
model these parameters are severely constraint [2]:

M;*f = M3, + M3
MG, =3(M;+ M3
+ /(M2 + M3)? — 4MZ M3 cos? 2f)

M2+M§
Mz'

In such a model one of the neutral scalars is always

lighter than the Z boson, whereas M+ = My,

From present et e” experiments an experimental limit
=18 GeV [8] has been derived.

If the masses of the Higgs bosons are of the weak
boson mass scale or heavier there is little chance to
produce them in the e* e~ and ep colliders of the next
future. Indirect effects, however, can be present
from virtual Higgs bosons in the radiative corrections
to the standard fermionic processes e*e” —ff,
ep—e(v)X, as well as in the low-g* reactions u decay
and v scattering. Calculations of 2-doublet 1-loop
corrections (with v, = v,) in the My, — M, correlation
and the p parameter have been performed in [9, 10].

In an earlier paper we have studied the effects of a
second Higgs doublet in the 1-loop corrections to
ete” > ut u (t+t7)for the case of enhanced Yukawa
couplings [6]. In this limit the mixing in the neutral
scalar sector is very transparent (if the quartic
couplings in ¥ are all of the same order of magnitude):
H, behaves like the single standard Higgs, whereas
H,, H, and ¢* appear as additional particles with
enhanced Yukawa couplings to the leptons. It was
found that charge and polarization asymmetries are
rather insensitive to v,/v; up to v,/v;, = 0(10%). For
the purpose of investigating 1-loop effects of 2-doublet
models in the asymmetries it is therefore allowed to
neglect vertex corrections and treat the additional
Higgs contributions only in the gauge bosons’ diagonal
and mixing propagators. This covers practically the
whole range of 0 < f < 7/2; in particular the situation
v, & v, is of special interest for supersymmetric 2-Higgs
models.

In this paper we calculate the renormalized gauge
boson 2-point functions in the on-shell scheme for
general mixing in the scalar sector and discuss the
radiative corrections in etet-outpT, ete
hadrons at LEP/SLC and in deep inelastic ep scatter-
ing at HERA. Mass splitting between the neutral and
charged Higgs bosons can give quite remarkable
contributions to cross sections and asymmetries. In
particular, if the neutral Higgses have masses around

tan(2e) = tan(2 B) (1.7

the Z mass scale (or below) precision measurements
can tightly restrict the mass of the charged Higgs to
<200GeV. In the supersymmetric version big mass
splittings are not allowed; therefore large deviations
from the minimal model are not expected.

In Sect. 2 we list the formulae for the renormalized
diagonal and non-diagonal self energies in the on-shell
scheme. Section 3 contains the discussion of the
My, — M, interdependence which enters the results for
the e™ ¢~ and ep reactions presented in Sects. 4 and 5.

2 Renormalized vector boson 2-point functions

The propagators for the vector boson fields are
decomposed as

. k,k, k,k,
A{w(k) = ( - guv k2 )AJ +—5- k2 Aia
J=vZ,Z,W. (2.1)

Since we do not consider processes with heavy fer-
mions it is sufficient to deal with the transverse parts

i- only. They are related to the corresponding 1-loop
self energies 27 by

: ] Yi(k?
A= i [1_ (k%) ], i Z W

K—M: k2—M?
i DAk
Af = — : (2.2)
K- M K

The renormalization is performed in the on-shell
scheme for the 2-doublet model as described in [6].
This means that the loop calculations are done with
the physical mass eigenstates of gauge and Higgs
bosons, and the counter terms are fixed by the
conditions that the input parameters

MW’MZ’MO’MI’M29M¢+ (2,3)

are the physical masses, and o« becomes the electro-
magnetic fine structure constant in the Thomson limit.

For the calculation of gauge boson self energies we
need only the kinetic part of the Higgs Lagrangian
(1.1) and not the details of the Higgs potential. Only
the mixing angles «, f from (1.3) enter the results as
input parameters in addition to (2.3).

The renormalized 2, which are finite by the method
of [6], can be split up into

=543 (2.4)

where 37 denotes the standard self energy including
a single standard Higgs [11]. Also the Goldstone-
fields (1.4) in the ‘t Hooft-Feynman gauge are part of
5i. 3V contains all those contributions which are
beyond the minimal model. Since in the general case
of mixing in the neutral scalar sector none of H, and
H can be seperated as a “standard” Higgs in a natural
way, the single Higgs part included in £/ has to be sub-
tracted in £/ in order to avoid double-counting. In
the limiting situation discussed in [6] H, becomes the



standard Higgs and H,, H,, ¢* decouple from H,
in the loop diagrams.
With the definition of the mixing angle

sy=sin’0y=1—M%/M2, cb=1—5s2, (2.5)

we list these additional contributions 3/:

y self energy:

- k?
s = 21 2 hge M, M, (2.6)
127] 3
v — Z mixing:
k) = TV (kD) — k26 Z3F (2.7)
with
a0 Sw—Ch 21 M%
k) = 4n 6sycy [ OgM£+
2k? ,
+5 T HEL M, M) (2.8)

and the finite part of the renormalization constant
2 2
L YASES ‘w <5MZZ — 5_MZK)
Sw \ Mz M
=C—WRC fm(MZ) Egln(MgV)
sy M3 M3, ’
ZZY from (2.12) and (2.13).

Z and W self energies:
Ak = ZE (k) — ZE,(M3) + 0 Z5(k* — M)

(2.10)
ZHa(MB) + 025 (k* — M3,)

(2.11)

SVkY) =2 (k) -
with

(cw—sw)[ ., My
fm(kz) { | k log
4r MZ-

2 3
12¢4 53,

2k?
+5-+HE, M¢+,M¢+):|

1
k2
+ 252 <lo

Mi 2
g +3

sin? ¢ 5 5
+ Tasz ox [HK My, My) + HOZ, Mo, M)
cos C
_H(kZ,MOaMz)] 2 (k2 Ml, )

sm2
CMZ[log— + Bo(k*, M, M)

WCW

—EO(kZ,MO,MZ):I} (2.12)
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wan %1 2 M3,
Zrin(k )_47r 12sfy{k <]0gM1M¢+

+log- M 4
EM M, 3

+sin? ([H(k*, M, M)+ H(k*, M, M)
- H(kZ’ MOs MW)]
+cos? {-H(k*, M, M ,+)+ H(k*, M3, M ,+)

M _
+ 12M% sin? c[logMJ + Bo(k%, M,, M)
1

— By (k% M,, MW)J}. (2.13)

The two mixing angles x, § in (1.3) appear only in the
combination {=|x— f|. The field renormalization
constants in (2.10-11) are:

8Z% = —Tl g M¢+
+ ch: S ( 55; - iij) (2.14)
o 2 M3
e 12 127 18 M;
ﬁz(‘i&éz _%%EK> (2.15)

For the functions H and B, see the appendix.

3 The M, — M, interdependence

The masses in the parameter set (2.3) are not all
independent. Specifying M, and the Higgs mass(es),
My, can be calculated from the well-known y lifetime
resp. in terms of the u decay constant G,

e 3.1)
fM (1—M2/M2(1— Ar)
The quantity
Ar = Ao, My, M, M)
+AF(“SMW,MZ7MO’M1’M2’M¢+) (32)
contains the standard correction [12]
IM0) o« 7 —4s3,
Af = 6 z )
1 w2 T ans, < + 252, log c3 (3.3)
and the additional non-standard term
()
AF = M2, (3.4

with Z% from (2.11).

The reward of (3.1) is twofold:
Firstly, it is interesting by itself since it allows a
comparison of the My — M, correlation with the
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Fig. 1. Deviation of the W mass from the standard model value for
additional neutral scalar/pseudoscalar masses: a) M, = M, = M ;
b) M, =10GeV, M, =M, M,=93GeV, M, =M,

directly measured masses, and secondly, it determines
the value for My, which can be used as input for
calculating other observables of interest at the 1-loop
level. Since M, will be known with ~ 20 MeV precision
[18] this procedure makes use of the best known input
parameters. The first aspect is discussed in this section
(for earlier work see [9, 10]), whereas the second is
utilized in the following applications to e* e~ and ep
processes.

(3.1)is solved numerically to give M, in the standard
model (with A7) and the 2-doublet model (with
AF + AF). The differences are shown in Fig. 1 (fixing
M, =93 GeV) as functions of M+ = My, for various
choices of the neutral boson masses. Since we do not
want to single out a specific mixing scheme, the plot
contains the results where { varies from 0 to n/2
(shaded area). This includes possible large enhance-
ment ({ —m/2), but, as shown in [6], enhancement
—0(10%) does not affect the results in a visible way.
Taking into account the restrictions from the B system
[8], { is restricted to <m/3. The corresponding
boundaries, however, lie very close to each other; thus
it is of no practical importance what the actual limits
of { are. For M, = M, the results become independent
of {.

From the present M, measurements with A M, ~
2GeV no restrictive bounds on the mass splitting
between neutral and charged sector can be derived.
AMy ~ 100 MeV, as expected from LEP 11 [13], could
restrict M+ $200GeV if the neutral Higgs masses
are SM,.

Whereas in a,b the masses and mixing angles are
treated as independent quantities, a supersymmetric
Higgs sector would correlate them by (1.7). Specifying
M+ and fixing the lighter of the neutral scalars at
10 GeV, { and the other neutral masses are determined.
With increasing M + also M; and M, increase;
therefore the deviation from the minimal model (with
M =10GeV) remain smaller than the experimental
uncertainty in M.

4 e* e annihilation on the Z

In [6] we have shown that effects of the second Higgs
doublet are small in the leptonic forward-backward
asymmetries at \/ ~40GeV. It is therefore more
interesting to discuss those asymmetries on resonance.
Large enhancement ~ 102 does not play a rdle in the
on-resonance polarization and charge asymmetries,
since the form factor contributions largely cancel.
Therefore the source for loop effects from the Higgs
sector are the gauge boson self energies XZ and X2,

For ete —»u"u~ the general form of the
differential cross section, including initial state
longitudinal polarization, has been given in [6].

We discuss the following asymmetries (s = M3):

Forward-backward asymmetry:

1

g 0>m/2

Polarization (left-right ) asymmetry:

_oler) - ofex)
oler) + olex)

with left- and right-handed electrons e; p.

Under the assumption that v, /v, is not too far from
1 (which means that Higgs contributions can also be
neglected in the quark vertices) the cross section for
hadron production at s = M3

4.2)

LR

o(e* e” —hadrons) 43)

R =
" oolete opty)

can easily be expressed in the following way*:

R,=3 ¥ 1+ 4[1 — 253, Q, + 25y 0y Q  TT' ]2
T S 1 +[4sh —1—dsyen IT%])?
+6R,. (4.4)

IT% = £7%(M2)/M% contains the additional Higgs
contributions, (2.7), and J R, summarizes all the other
standard model contributions, including vertex, box
and QED corrections.

The results shown in Figs. 2—-4 show the deviations
from the standard model predictions. They are
obtained in the following way:

(i) For given M, {, and Higgs masses a value for
My is derived from (3.1).

(i) With this value of My,

sin2 0y, =1— M% /M2

is calculated and inserted into the 1-loop expressions
for the quantities (4.1-3). Then the standard model
result (with M, = M},) is subtracted yielding the non-
standard additional contributions.

These deviations thus have 2 sources: the shift in

* Here we will assume that m, > M,/2
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Fig. 2. Additional Higgs contribution to the e*e™ polarization
asymmetry at /s = M,. Some parameters as in Fig. 1
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Fig. 3. Additional Higgs contributions to the e*e” —>pu™pu~

forward-backward asymmetry at /s = M,
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Fig. 4. Additional Higgs contributions to R, = a(e* ¢~ — hadrons)/
glete >utu)at \ﬁ: M,. Same parameters as in Fig. 1

the coupling constants, and the additional diagrams
inete” —fFf.

In order to be on the safe side for R, we restrict
the { region to { < /3 avoiding large enhancement
(shaded areas display the variation with ). This,
however, leads only to marginal displacements of the
boundary compared to { < /2.

The polarization asymmetry shows the best
sensitivity to large mass splittings. The expected
accuracy of A A; g &~ 0.005 at the SLC [14] can restrict
M, + <200 GeV if the neutral masses are around M.
This is comparable with the W mass measurement at
LEP II. An equivalent bound can be derived from A,
with AApz =0.0015, and from R,, if R, can be measured
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to + 0.004, which corresponds to a relative accuracy
of 0.2%.

If we again apply the SUSY constraints (1.7) and
fix M, =10GeV the deviations from the minimal
model results (with My = 10GeV) remain below the
experimental sensitivity in all the observables:

AA; <0003
AAp 50001

AR, <0001,
If such a low lying Higgs state, which is predicted
by minimal supergravity models [15], would be dis-
covered it would therefore be practically indistinguish-

able from a single standard Higgs by means of studying
radiative corrections.

5 Deep inelastic ep scattering

The neutral current differential cross section for e* p —
e® X with longitudinally polarized e beams can be
written in the following way:

dzai _ﬁzqf(xan)
dxdQ* s> ¢ x?
ITE(x, Q) F PLTL(x,0%)] (6.1

where P, =degree of longitudinal e® polarization,
Q? = positive momentum transfer from the incoming
to the outgoing e*.

The contributions coming from standard radiative
corrections can be summarized in terms of diagonal
and non-diagonal propagators, vertex and box
diagrams, and QED corrections. A complete list and
numerical results have recently been given by Bohm
and Spiesberger [16].

Those terms coming from the second Higgs doublet
contribute via the bosonic 2-point functions if no large
enhancement is present. In a compact notation, the
quantities T/ and T;, including the extra Higgs
terms, read (with § = xs. u= 02— J):

T3 = 2035 + u?)D?
— 40, [VV$* + u*) + aa (8> —u?)]1D,D,
+2[(V*+ az)(V; + af)(SA2 +u?)
+ VV,aa,(3* —u*)1Dj3, (5.2)
TF = —4Q,[aV,(8 + u®) + Va (& —u?)1D,D,
+4[Va(Vi + ad)(s> + u?)
+Vea (V? +a*)($* —u)]DJ. (5.3)
If g, refers to an anti-quark, the sign of the § — u?

terms have to be reversed. With the functions 27
from (2.6—15) we have:

D, =10 Z"(- 1"
D;=1Q%+ M; - 2%~ 03]
V=v+ 2%~ 0%)0
Vi=v= 0 2(-0Y/Q?



574

-05

T T T T

L L | ] L
200 300 400 500
Mo+{GeV)
Fig. 5. Additional Higgs contributions to R=NC/CC in deep
inelastic ep scattering at s = 10° GeV. Same parameters as in Fig. 1
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Fig. 6. Additional Higgs contributions to the polarization

asymmetry in deep inelastic ep scattering at s = 10°GeV. Same
parameters as in Fig. 1

! ]
100 200

ay= Ig/(2swcw)
V= (Ig - 2QfslzrV)/(2SWCW)
v=v,, d=a,. (5.4)

For the charged current process ep—v,X the additional
Higgs contributions enter the W propagator:

[Q* + M1~ =10 + Mjy — 2%(— 0%)]
with £% from (2.11). In order to have a look on the

effects of the additional Higgs bosons we calculate the
integrated cross sections

1 xs dZO'
o= | dx {dQ?
Qg/x Qjé dxdQ?

and discuss the following measurable quantities:

(5.5)

NN/CC ratio:
oNC

R= (5.6)

O'CC

NC polarization asymmetry:

_ _olei)— ofex)
" aler)+ oled 7

where e; corresponds to P, = — 1 in (5.1).

Mixed charge-polarization asymmetry:

.- _oled)—aler)

LR er) + ole) 58)

The mixed asymmetry Az was shown in [16] to
be very insensitive to changes of the standard model
parameters. On the other hand, it may indicate the
presence of a second Z’ boson in specific SU(2) x
U(1) x U(l) models [17]. Here Az turns out to
be practically insensitive to the enlarged Higgs sector.
Deviations from the standard situation are ~ 0(1073),
even for large mass splittings. This confirms A/
to be a probe for extra gauge bosons since it is also
not affected by changing the particle content in the
minimal gauge group.

The deviations from the standard model, AR and
AApg, are displayed in Figs. 4 and 5 for a value
Q3 =5-10% GeV?. The situations correspond to those
that have been considered in Sect. 4. In particular, the
standard model radiative corrections to A;p are
~ + 4%, [16]; large mass splittings in 2-Higgs doublets
enlarge this shift by a few percent more.

On the other hand, if we impose the SUSY cons-
traints (1.7) and fix M, = 10 GeV, the deviations from
the minimal model (with M, =10GeV) become
negligibly small.

Appendix

The function B, is related to the scalar 2-point integral
in the following way (4 = 2/(4 — D) — y + log 4n).

dPq 1

2m)P (g* —m})[(q + k)* — m3]

#4—Dj'

mym,

i —
:E?l:A—log 2 +Bo(k2,m1,m2):|, (A.1)

Eo(kz, my,m,)

_ —}dxlogXZkz —x(k? + m} —m2)+m? —ic
0 m1m2
mi+mi. m,
=100 L k2, my,my). (A.2)

1—m;  my
For the analytic result for F see [11]. F has the
property: F(0,m;,m,)=0.
The function H in the self energies reads:

H(2,my,my) = 2(m} — m3)log >
1

(mi —m3)?

E) F(k*,m;,m,)
+(k* — 2m? — 2m2) By (k% m,, m,).
(A.3)
For m| =m, this can be simplified to
H(k*,m,m) = (k* — 4m*) F(k*, m, m). (A.4)



We also need the value at k2 =0:

2 2
HO,my, ) = 20— m3)log 2 + 122
1

2.2
mym; my
—212 1o "L o(m? 4 m2)
ml - m2 m2

2 2
.[I_Mmgm]
m m

1 2 m,

(A.5)

if my, #m,,
and

HO,m;,m,)=0 if m;=m,.
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