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Abstract

We present the decay widths of the heavier Higgs boseity AO) into chargino pairs in the minimal supersymmetric
standard model, including full one-loop corrections. All parameters for charginos are renormalized in the on-shell scheme. The
importance of the corrections to the chargino mass matrix and mixing matrices is pointed out. The full corrections are typically
of the order of 10%.

0 2004 Elsevier B.VOpen access under CC BY license,

1. Introduction if tan B, the ratio of the vacuum expectation values
of the two Higgs scalars, is not much larger than one.
The Minimal Supersymmetric Standard Model For €xample, they may decay into pairs of the SUSY
(MSSM) [1] is considered the most attractive ex- particles[3] such as squarks, sleptons, charginos, and
tension of the Standard Model. This model contains Neutralinos. In this Letter, we focus our attention on
two Higgs scalar doublets, implying the existence of the decays into charginos,
five physicaIOHigogs bosonf?]; two CP(—)even neu- ( HO, AO) — g+ i 1)
tral bosons £”, H”), one CP-odd bosod”, and two o o )
charged boson& *. For the verification of the MSSM, ~ With i, j = (1, 2). Existing numerical analys¢8-5]
detection and precision studies of these Higgs bosons@! {ree-level have shown that the decdys have
are necessary. in general non-negligible branching ratios. These
The decay modes of the heavier Higgs bosons decays are also intetgsy because they are gen-
(H°, A are in general complicatd8,4], especially erated by gaugino—higgsino—Higgs boson couplings
[2] at tree-level and very sensitive to the compo-
nents of charginos. Ddtad studies of these decays
E-mail address: helmut@hephy.oeaw.ac.@i. Eberl). would therefore provide useful information about the
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chargino sector, complementary to the pair production
processeste” — %" X; [6l.
Since the masses and mixing matrices of the
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The chargino-Higgs boson couplingsF;x, de-
fined by the interaction Lagrangian

charginos are expected to be precisely determined at£int = —gH2%; (Fija Pr + Fiia PR}

future colliders[7-9], it is interesting to study the
radiative corrections to the decagk). The one-loop
corrections involving quarks and squarks in the third
generation were calculated in R§E0]. However, for

the masses and mixings of the charginos, the correc-8

tions from quark—squark loof$1] and those from the
other loopg12,13]are shown to be numerically com-

+lgHCOXi (FijCPR _FjicPL)Xj , (4)
witha =1,2,c= 3,4, are given by2]
8
Fijk = ﬁ(ek VitUj2 — di ViU ;1). (%)

The would-be Nambu-Goldstone bosalf = GO is

parable. It is therefore necessary to include the other included here for later convenience. The mixing ma-

loop corrections to the decays).

In this Letter, we study the widths of the decays
(1) including full one-loop corrections and present nu-
merical results for thé = j = 1 case. We adopt the
on-shell renormalization scheme for the chargino sec-
tor, following Refs.[11,13] We also show numeri-
cal results for the one-loop corrected widths of the
crossed-channel decay

%35 — 1 +n° )

which has been studied at tree-leffst].

2. Tree-level widths

The tree-level widths for the decay? — %" x;,

with H123} {h° HO A% andi,j = (1,2), are
given by|[3]
Ftree(Hk _)Xl+)zj—)
2
g 2 2 2
= —"——k(m%,y, ms, ms
167 m g (g s )
k
2 2 2
X[(mHko—mz m3)(Fi+ Fi)

— dnkmim j Fyji Fjir ], (3
with «(x,y,2) = ((x — y — )2 — 4yz)1/2. Nk rep-
resents the CP eigenvalue &f°; n12 =1 for the
(h°, H% decays andj3 = —1 for the A? decays. We
use the abbreviatiom; = My In this Letter, we as-
sume that the contributions of CP violation and gener-
ation mixings of the quarks and squarks are negligible.

trices (U, V) for the charginos are determined by di-
agonalizing the chargino mass matkixas

X:( ﬁmwsinﬂ>

"
m+
— UT X1
("

Here M andu are the mass parameters of the SU(2)
gaugino and higgsino states, respectively. We choose
U andV to be real. The effect of the mixings cbf,? is
represented by, anddy, which take the values

M
V2my cosp

0
) V.
X2

(6)

ms+

e = (— Sina, cosa, — sinB, cosp)y,
d; = (— cosw, — Sina, cospB, sinB)y. (7)

We also show the widths of the decays —
xi HY at the tree-leve]14]

rYS(is — o HY)

x [(m5+m] — mi]}?)(F122k + F31)

+ dnemama FiorFo1i)-

8

3. One-loop corrections

We calculate the full one-loop corrections to the de-
cay widths(3).

The one-loop correction to the couplig is ex-
pressed as

Fijd" = Fiji + AFijk
R Y
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Fig. 1. One-loop vertex corrections to the? — f(f)?; decaysp® = (¢3¢0} = (n0, HO, A0, GO}, ¢+ = {HT, G}
whereaFi(j’j(), aFi(j’jj), andSFi(jCk) are the vertex correc-  wherep #i and
tion, the wave function correction, and the counter  _ . -
H H X X 2 X 2
terms for the parameters m( I?(@.), respectively. a7 (p) = 115" (p)pPL + 1T/ (°) P Pr
The vertex correctio F,) comes from the dia- 5SS L 5
. . ijk xS, 2 AS,R; 2
grams listed inFig. 1 In this Letter we do not show + 115 (p7) P+ TG (p7) PRy (13)

the analytic forms of these diagrams.
The wave-function correctiow?l.%) is expressed as

0
ik = [6z] Fijl+5Z;iLFi/jk +52;5fFij/k],

(10)
with the implicit summations ovér= 1,2 fork =1 or
2,1=3,4fork=3,and’, j/ = (1, 2). The correction

termssZtL-R) for the chargino wave-functions are
given by

NI =

87+ = —Re[ " (m?)
+ mi[miﬁi)EL(mz'Z) + miﬁi)ER(miz)

2075 )]},

1

11)

x Re{miznff (mlz) + mt'mp”,ﬁR (mz)

l

+ mpn;fiS'L(miz) + min;fiS'R(m‘z)}’

1

12)

are the self-energies of the charginég** are ob-
tained from Eqs(11), (12)by the exchangé < R.

The CP symmetry relation R&**"" = Rerr*> " is
used in Eq(11). The correctiong z*° for the Higgs
bosons are

Szl = —Rertll’ (m%o). k=123, (14)
k
521’ RerT!’ (m2,),
mz(? - ng H,
a,b=(12), a#b, (15)
HO 2 HO( 2
mAO

The Higgs boson self-energi&?° (k2) in Eqs.(14)—
(16) include momentum-independent contributions
from the tadpole shift§15,16] and leading higher-
order corrections. The latter contribution is relevant
for the corrections tor,0, m 5o, ). For the A° de-
cays, Eq(16) already includes the contribution from
the A%~Zz° mixing in addition to theA°~G® mix-
ing, using the Slavnov—Taylor identitﬁﬁo(mio) =
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2
mAO

imz0 HAZ(mio)- The explicit forms of the self ener-

gies IT% (p?), H(go(pz), and HAZ(miO) are shown,
for example, in Refq17,18]

To obtain ultraviolet finite corrections, we fur-
ther need the counter term contributidi’ll(;,f from
the renormalization of the parameters in the tree-
level couplings Eq(5). The chargino mixing matri-
ces (U, V) are renormalized in the on-shell scheme,
as described in Refd11,13] In this scheme, ex-
tending Ref.[19] for quark and lepton mixings, the
counter terms for{(, V) are determined such as to
cancel the anti-Hermitian parts of the chargino wave-
function corrections Eq12). As a result, after includ-
ing (8V,8U) into Eq. (12), §Z;}"* are modified as
GziH® +8z5%) /2. The counter term of for
AC decays is fixed by the conditiofi5,16] that the
renormalizedA®-Zz° mixing self energyrT ,o,0(p?)
vanishes ap? = m?,. Inclusion of this counter term
8p cancels the half oSZféO in Eq. (16). As usual, we
use the pole mass 4o and on-shell tag as inputs for
the Higgs boson sector.

Since the zero-momentum contributim‘ﬁo(O) to
the masses and mixing angle gf%( H°) are often
very large, we calculater(,o0, m o) and the effective
mixing angleaett, which is defined to cancel the zero-
momentum part Of17;ll,0(p2) in Eq. (15), by Feyn-
Higgs [20], which includes the leading higher-order

. 2
corrections, and use these values both for the tree-level -cor _ ptree &

and corrected widths. After the inclusion of the corre-
sponding counterterdw, Eq.(15) is modified as

0 2 0 0
szl — ————— R} (mzo) -],
m<. —m* q b
H_ HY
a,b=(1,2), a#b a7
with the DR renormalization scaleQ = m; for
0
g (p?.
Our calculation is performed in the= 1 gauge.
Although the on-shell mixing matrices generally de-
pend on the gauge paramef2t,22], our (U, V) may
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For the renormalization of the SU(2) gauge cou-
pling g in Eqg. (5), two schemes are used. In both the
W- and Z-pole massesiy andmyz are input para-
meters. The Weinberg angle is defined by @&ps=
mw /mz [26], and therefore

3sin0W . COS?'@W (31712 8mw)
sinbw  sir? Oy '

(18)

mz mwy

In thea(mz) scheme we use as input thES running
electromagnetic coupling(mz) (= e?(mz)/(4m)).
We have

_ e.(mz) and 58 _de 8§in6W’
sinfy g e sinfy
with e given, e.qg., iM27,28], dmz andémy in [18].
In the other scheme, called here tGg scheme,
the Fermi constang » for the muon decay is input
parameter,

8G rm2, 71/2
g= [ﬂ] and
V2

8 1 3 sing
85z, el
g 2 sinfw
8Z, is the renormalization constant for the electric
charge in the Thomson lim{29]. The termAr in-
cludes the full one-loop MSSM correcti¢d0] and the
leading two-loop QCD correctior81].

The corrected widths are

(19)

(20)

2 2 2
Hl?’mivm')

K(I’)’l j

167m
k
2 2)

—m; —mj

2
X [\m
[( 1-1,?
x 2RE(F;jx AFiji + Fjik AFjik)
— dngmim
x Re(F;jx AFjix + Fjik AFiji)]
+r(H — XTHY) (21)
The processH,? — f(i*;zj‘y with real photon emission
is included to cancel the infrared divergence by virtual
photon loops.
One has to be careful in using the on-shell mixing

be understood as the ones improved by the pinch tech-matrices (/, V) and masses:; (i = 1,2) in the nu-
nique[23,24] We ignore here very small differences merical analysis. When the gauge and Higgs boson
of the on-shellg between th& = 1 results and im- sectors are fixed, the chargino sector is fixed by two
proved ones by the pinch technique (see Rg#,25] independent parameters. Here we follow the method
for the case of CP-even Higgs bosons). proposed in Refd11,13} we fix the chargino sector
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by takingM = X1; andu = X22, where the on-shell
mass matrixX is defined to give the on-shell masses
m; and on-shell mixing matriced/, V) by diagonal-
ization. Note that, for given values of the on-shél
andpu, the one-loop corrected on-shell massgsand
mixing matrices U, V) are shifted[11,13] from the
values obtained by the tree-level mass mafxi%e
composed by the input parameters, the on-shgll
u, tang, and the pole masa . This is due to the
shift of the off-diagonal elements &f from their tree-
level values and related to the deviation of the gaugino
couplings from the corresponding gauge couplings by
SUSY-breaking loop correctiorj82]. These shifts of
m; and (U, V), in addition to the “conventional” cor-
rections shown in Eq(21), have to be taken into ac-
count for a proper treatment of the loop corrections.
(A slightly different scheme for the chargino sector
was proposed in Refl2]. Apart from the different
definition of the renormalized/ and, their method
is equivalent to ours.)

The full one-loop corrections were calculated us-
ing the packages FeynArts, FormCalc, and LoopTools
[33]. For the contributions of the quarks, leptons, and
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For the standard model parameters, we take
a(mz) = 1/127922, mz = 91.1876 GeV,my =
80423 GeV, the on-shell parameteis= 1743 GeV,
andm, = 1.777 GeV. For the bottom mass, our input
is theMS valuem,,(mp) = 4.2 GeV. For the values of
the Yukawa couplings of the third generation quarks
(h¢, hp), we take the running ones at the scale of the
decaying particle mass.

In the G scheme for the renormalization gf we
useGr = 1.16639x 10~ GeV 2 instead ofx(m ).

We compare three cases: the “naive” tree-level
width navetee the tree-level width already includ-
ing the loop corrections to the chargino mass matrix
"€ and the full one-loop widthi e,

In Fig. 2 we show the tree-level and corrected
widths in (a) of A° — % %, as functions ofm 4o,
and in (b) of H® — % %; as functions ofm 0.
The tree-level branching ratios of these decays at
m 0 = 3936 GeV (wherem o = 3941 GeV) are,
using HDECAY program35], Br(A° — 3 %) =
21% and B(H® — %, %;) = 4%, which are not
negligible. We see that the full one-loop corrections
amount up to~ —12%. In Fig. 2(c) the individ-

their superpartners, we also checked the consistencyyal contributions toFig. 2(a) relative to the naive

with Ref.[10], both analytically and numerically.

4. Numerical results

We present numerical results for the tree-level and
one-loop widths of the decays® — 3, %;, H° —
X1 %1, and x5 — x; h°. The SUSY parameter set
SPS1a of the Snowmass Points and Slopes in[B4.
is chosen as reference point; for the trilinear breaking
terms 4;, A, and A, we use theDR running val-

ues given at the scale of the mass of the decaying

particle, A, = —487 GeV, A, = —766 GeV,A; =
—250 GeV. All other parameters are taken on-shell,
M = 1976 GeV, M’ =98 GeV, u = 3531 GeV,
tang = 10, andm 40 = 3936 GeV. The soft break-
ing sfermion mass paraness, for the first and sec-
ond generation areMQL2 = 5589 GeV, M01,2 =
5405 GeV,MbL2 =5385 GeV,MZL2 =1979 GeV,
ME~1V2 = 1378 GeV, and for the third oneM s, =
5122 GeV, M, = 4328 GeV, M = 5365 GeV,
Mj = 1964 GeV,ME3 = 1348 GeV. In all figures,
these values are used, if not specified otherwise.

tree-level width are exhibited. The dash-dotted line
show the (s)fermion loop contribution (loops with
quarks, leptons, and their superpartners) through the
correction to the chargino mass matrix, while the dot-
ted line shows the full correction to the mass ma-
trix. The solid (dashed) line shows the total correc-
tion [7co-/rnaivetree_ 1 inclyding full ((s)fermion)
one-loop contributions. This figure shows that the
(s)fermion loop corrections and other corrections are
of comparable order, both for the chargino mass ma-
trix and for the conventional correctioal).

A comparison of two renormalization schemes for
fixing g, the a(mz) scheme and the&sr scheme,
is shown inFig. 3 for the decayA® — %, %; as
functions ofm 40. The difference between these two
schemes is below 1%, scaling with the one-loop cor-
rection part, and mainly a higher order effect.

Since the Higgs boson couplings to charginos are
very sensitive to the gaugino—higgsino mixing, itis in-
teresting to study the dependence of the decay widths
on the gaugino and higgsino componentﬁp“t Fig. 4
shows the tree-level and one-loop corrected widths of
A% — 7 + %1 as functions ofu for fixed M. One
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T T T T T T T
- Iy [
g 5
— :0.8j
I — [ — r
= < o6 L
e 1 r
T T0.4:—
< T o02F
~ 0-| 1 1 1 1 1 U ~ 0: RN R BRI R BN PR N
400 500 600 700 800 900 1000 400 500 600 700 800 900 1000
m o [GeV] mpo [GeV]
10 F7 T T T T T =
g 5 ¢
E
b3t
& -5
3
S
_ -10
e
-15
S I N D N N R

400 500 600 700 800 900 1000
m 40 [GeV]

Fig. 2. Naive tree-level (dotted), tree-level (dashed) and one-loop corrected (solid) widths of the A@cays?f’ + X1 as functions of
m 4o (a), andHO9 — )~<1+ + %, as functions ofn 0 (), in thea(mz) schemes for the renormalization of the SU(2) gauge couplinthe
individual loop contributiongo (a) are shown in (c), for explanation see the text.

= 16 ‘ ‘ ‘ ‘ ‘ _ 20% for u ~ 600 GeV. Theu dependence of the de-
C i cay width #° — ;" + %; is not shown because its
_ 12 behavior is similar to that shown Fig. 4.
o I Fig. 5shows the tree-level and one-loop corrected
I 087 widths of A — %" + %; as functions ofM for
1 i fixed w. In the whole range of this figurg,™ is
o, 047 gaugino-like. In (a), for increasingy the decay widths
= 7 decreases due to phase space. The correction, see (b),
= oL ‘ ! : l l gets up to 30% near the threshold. Again, #ie —

400 500 600 700 800 900 1000 X1 + %1 is not shown because of a similar behavior.

m o [GeV] Fig. 6shows the decay widths fot® — 7" + %1

Fio 3. C o of th s using then ) sch " in (@) andH® — %;" + %; in (b) as functions of ta.
ig. 3. Comparison of the results using #énz) scheme or the s o _
G r scheme for the decay widths af — )Zfif. The dotted and The correction is in the range of 10% and the de

the solid (dash-dotted and dashed) lines denote the tree-level andPeNdence on tah is small. We examined the differ-
one-loop corrected line in the(m ) (G ) scheme. ence of the renormalization scheme taking DR
value for tar at the scaleQ = 4547 GeV as in-
put parameter instead of the on-shell gariFor these
can see that in the region where the light chargiio processes the difference is small, e.qg., infig 6(a)
becomes a pure wino the width gets very small. The it is about 0.5% for low and 0.2% for large ténre-
correction grows from~ —1% for © ~ 120 GeV to spectively.
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Fig. 4. Tree-level (dotted) and one-loop corrected (solid) widths of the deft,%ys )Zf + X1 () and (b) the correction of this process relative
to the tree-level width as a function pf.
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Fig. 5. Tree-level (dotted) and one-loop corrected (solid) widths of the déBay ;Zf + X4 (a) and (b) the corrections of this process relative
to the tree-level widths as a function of.

T T T T T

= 03k a =
3 O () & 003
2 e~ T T
< 02 T T T =002 |
TXH <) l>; 10 X

N =
T 00 feremeemereemmee 2 T o001 | 54
=) 48 3 =) 45 3
= ja 2= :
—~ 0 Ll L Ll | 0 o) — 0 I I I ! | 0 g

5 10 15 20 25 30 35 A 5 10 15 20 25 30 35
tan 3 tan 3

Fig. 6. Tree-level (dashed), one-loop corrected (solid) width andctreection (dotted) relative to the tree-level width for the decays
A% 7+ % (@andHO — 7 + %; (b) as a function of tap.

Fig. 7 shows the corrections to the decay widths changed. The relative correctiopd'ee/ [haivetree_
for A — )Zf + X1 In(a) andH® — X1 + X1 in(b) (dashed lines), stemming from the shift of the chargino
relative to the naive tree-level width as functions of mass matrix by the renormalization, are negative. The
m 5. The SUSY breaking mass terms for all sfermions remaining conventional corrections shown in E2{L)
My, Mg, .Mp M; Mg)(i=123)aretakento  (dottedlines)are positive. The total correctiofP —
be equal tom whlle the other parameters are un- [""aVvet®€(splid lines) is positive and in the range of
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Fig. 7. Correction of the full one-loop corrected (solid), the tree-level (dashed), and the conventional one-loop corrected width (dotted) for the
decaysA® — XIL +Xx; @ andH? — Xf’ + X1 (b) relative to the naive tree-level width as afunctiorm:é. (Note that the tree-level already
includes the correction due to the chargino mass matrix renormalization.)
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Fig. 9. The tree-level and one-loop corrected widths of the de@ay»

tree-level and loop-corrected widths, respectively.

6-11% in (a) and 4—7% in (b). The corrections be-
come quite insensitive ta 5 for largem 5. The total
correction consists of the: 5 dependent (s)fermion
contribution and the remaining contribution, the latter
of which is~ 7.8% for (a) and~ 9.6% for (b). Again,

1000

0 T T T T

X
g 3
B
=
S _10
3
~

-15

200 400 600 800 1000
H [GeV]

%, h? for varying .. The dotted and solid lines correspond to the

these two types of loop corrections are of comparable
order.

Fig. 8 shows the corrections to the decay widths
for A > 3 + % in (@ and H® — % + %,
in (b) as a function ofA; = A, = A, with the
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other parameters unchanged. The dashed lines de-and the “Fonds zur Férderung der wissenschaftlichen
note [ree/ rnaivetiee_ 1 They show the effect due to  Forschung” of Austria, project No. P13139-PHY.
the chargino mass matrix renormalization. The solid Y.Y. was also supported by the Grant-in-aid for Sci-
lines show the total correction in terms of the naive entific Research from the Ministry of Education,

tree level width [0/ haivetree_ 1 The dotted lines

stand for "0/ "'"®€_ 1 This s the total correction in

terms of the tree-level result, where the chargino mass

matrix renormalization effect is already included. One

sees thal—vtree/l—vnaivetree_ 1 andl—vcorr‘/l—vnaivetree_ 1

are much stronger dependent o compared to

oo/ riee _ 1. This shows that thel;, dependence

of the corrected widths comes mainly from the shifts

of the masses and mixing matrices of the charginos.
Finally, Fig. 9shows the width of the crossed chan-

nel decayy, — X, h°, as a function ofx. The to-

tal correction is in the range 0f5% to —10%. In

Fig. 9b) a few pseudo thresholds are seen due to

opening decay channels into loop particles, such as

% — tht atp ~ 650 GeV.

5. Conclusions

We have calculated the full one-loop corrections to
the decaystH®, A% — 7" + %7 (i,j =1,2). Al
parameters in the chargino mass matkixand mix-
ing matrices U, V) are renormalized in the on-shell
scheme. The importance of the corrections to these
matrices, in addition to the conventional corrections
(vertex and wave-function corrections with counter
terms), was emphasized. We have studied the depen-
dence of the corrections on the SUSY parameters. The
corrections to the widths of the decags®, A% —

)Zf + x, are of the order of 10%, but can be larger

near the thresholds. The corrections from quarks, lep-
tons, and their superpartners were shown to be of
similar order of magnitude as the other loop correc-
tions. We also showed that the correction to the decay
X5 — %1 h° can be to~ —10%.
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