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Soft Supersymmetry Breaking and Radiative Higgs Signatures

HONG-JIAN HE
University of Texas at Austin*

I review our recent formulation of the minimal FCNC schemes of the soft supersymmetry breaking
via the squark mass-terms and scalar trilinear interactions, where the large O (1) mixings among
scalar-tops and -charms are found to be consistent with all existing theoretical and experimental
bounds. Such a feature is demonstrated in a class of attractive new models with horizontal U(1)
symmetry which also explain the observed quark-mass pattern and solve the SUSY p-problem. The
soft SUSY breaking induced radiative H*bc and h%tc Higgs couplings are analyzed and are shown
to provide exciting new discovery Higgs signatures at the Tevatron and LHC.

1. Introduction

Understanding the flavor structure poses a major challenge to the weak-scale supersymme-
try (SUSY) [1], which necessarily extends the standard model (SM) flavor sector with three-family
superpartners for all fermions and thus adds further puzzles to the flavor physics. The super-
symmetry must be also softly broken, to account for the mass gaps between the SM particles and
non-observed superpartners while remaining to stabilize the weak scale against radiative cor-
rections. This is parametrized by the soft-breaking Lagrangian of Minimal Supersymmetric SM
(MSSM) in which the flavor sector contains a large number of free parameters and is often prob-
lematic with low-energy flavor changing neutral current (FCNC) constraints without additional
simplifying assumptions. The usual assumption about the proportionality of scalar trilinear A-
terms to fermion Yukawa couplings, for instance, is not generic from string-theory constructions
and some interesting implications of non-diagonal A-terms have been recently studied [2, 3]. In-
deed, exploring the SUSY flavor sector is important for unravelling the mechanism of soft SUSY
breaking as well as for discovering new signatures from the weak-scale supersymmetry.

Our recent attempt [4] focuses on the flavor-mixings of three-family squarks which enter the
soft-breaking Lagrangian via scalar mass-terms and trilinear interactions. We first formulate a
viable minimal SUSY FCNC scenario, called Type-A, in which all visible FCNC effects are solely
from the non-diagonal trilinear A-term in the scalar top-charm (f — é) sector, consistent with all
existing constraints. Then, based upon the simplest horizontal U(1) symmetry, we construct a
class of attractive new models, called Type-B, which exhibit similar but richer flavor-mixings in the
t — ¢ sector. This construction also nicely explain the observed quark-mass/mixing pattern and
solve the SUSY u-problem. As applications, we then analyze supersymmetric radiative corrections
to the H*bc and h°tc vertices, and study new discovery collider signatures of charged Higgs via
charm-bottom fusion [7] and the flavor changing top-decays into the charm and lightest neutral
Higgs.

2. Minimal SUSY FCNC Models

We start by observing that the current data have mainly suppressed the FCNCs associated with
the first two family squarks and in some cases with the first and third families, but still allow
flavor-mixings of the second- and third-family scharm (¢) and stop (f) to be naturally as large as
O(1) [5]. Furthermore, the O (1) { — ¢ mixings arising from the non-diagonal A-term are consistent
with all theoretical bounds by charge-color breaking (CCB) and vacuum stability (VS) [6]. Using
this bottom-up approach, a viable minimal SUSY FCNC scenario (called Type-A) is formulated with
aminimal non-diagonal trilinear A-term. Then, based on the simplest horizontal U(1) symmetry,
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a class of new models (called Type-B) are constructed, which exhibit similar flavor-mixings in
the f — & sector, as well as explain the observed quark-mass/mixing pattern and the natural size
of SUSY p-parameter. Besides economics, such minimal FCNC schemes allow us to reduce the
general 6 X 6 squark-mass-matrics down to typical 4 x 4 or 3 x 3 matrices involving only the é — {
sector, making the exact squark mass-diagonalization and rotations feasible, without relying on
the popular but crude mass-insertion approach. This allows quantitative understanding of the
relevant FCNC signatures from the squark sector, and thus reliably probes the fundamental SUSY
flavor structure of the soft-breaking Lagrangian.

2.1. Type-A Models

The MSSM soft-breaking squark-sector contains following quadratic mass-terms and trilinear
A-terms,

—&j(Mé)ij&j—ﬁ;(Mé)ijﬁj—ﬁj(M%)ijﬁj )
+(AH&iHuﬁj - A[iijdinﬁj + C.C.) y
with Mé 75 and A, 4 being 3 X 3 matrices in squark flavor-space. This gives a generic 6 x 6 mass
matrix, o
~ M?, M}
M%=[ Y LZR], @
Mir Mpgg
in the up-squark sector, where
M?, = Mé + M2 + § cos 2B (4m32, — m2),
Mgy = M2 + M2 + 5 cos 2Bsin’ 6, m?2, 3)
M?, = AyvsinB//2 — My pcotf,

with M, the up-quark mass matrix and m,, , the masses of (W*, Z%). For convenience, we choose
the super Cabibbo-Kobay_ashi-Maskawa (CKM) basis for squarks so that in Eq.(3), Ay — Aj, =
KurAuK}z and M, — M3, etc, with Ky the rotation matrices for M,, diagonalization. In our
minimal Type-A scheme, we consider all large FCNCs to solely come from non-diagonal A;, in the
up-sector, and those in the down-sector to be negligible. Thus, we define, at the weak scale,

000
00 x
0y 1

Ay = A, 4)

where, (x, 1) = O(1), represent naturally large flavor-mixings associated with f — ¢ sector. Such
a minimal scheme of SUSY FCNC is compelling as it is fully consistent with the strigent CCB/VS
theory bounds [0] and the existing data [5]. (In the case that the CKM matrix is generated from
down-quark sector only[3], A;, simply reduces back to A,.) Similar pattern may be also defined
for A4 in the down-sector, but the strong CCB/VS bounds permits O (1) b-3 mixings only for
very large tan 8 because m, < m¢. To allow full range of tan 8, we consider an almost diagonal
Ag. Defining non-diagonal A, as the only visible FCNC source in Type-A schemes also requires
nearly diagonal squark-mass-matrices Mé & in Egs. (2)-(3), and we can define, for simplicity, M LZL ~

M3p =~ Wi313x3, with 711y a common scale of scalar-masses [3].
From this minimal Type-A scheme, we find that the first family squarks 7; g decouple from the
rest in (2) so that the 6 X 6 mass-matrix is reduced to 4 x 4,
mi 0 0 Ay
~, 0 m§ A, O
0 A, M X
Ay 0 Xy M
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for squarks (¢r, ¢g, tr, tr), where

Ay = XA, A,y =yA, A=Avsinp/v2,

N (6)

Xt =A—umgcotpf.
Tiny terms of O(m.) or smaller are ignored in Eq.(5). The reduced squark mass matrix (5) has
6 zero-entries in total and is simple enough for an elegant exact diagonalization. Especially, for
two typical cases of (i) x = 0, v = 0, (called Type-Al) and (ii) x = 0, y * 0, (called Type-A2), we
have one more squark ¢z (in Type-Al) or ¢; (in Type-A2) decouple from the rest so that Eq.(5)
further reduces to a 3 x 3 matrix, allowing a much simpler exact diagonalization. We have worked
out the general analytic diagonalization of 4 X 4 matrix (5) for any (x, ). The mass-eigenvalues
of the eigenstates (&1, ¢», t1, [») are,

MZ , =M} ¥ 3| /s - Jo|, -
~72 _ 1

Mle,z = m% F 5l + Jwo-|,
where w. = Xt2 + (Ay J_rAy)2 . From (7), we can deduce the mass-spectrum of stop-scharm sector,

Mji, < Mg < Mep < Mj,. (8)

The stop £; can be as light as 120 — 300 GeV for the typical range of 71y > 0.5 — 1 TeV. We then
deduce the 4 x 4 rotation matrix of the diagonalization,

CrL C1C3 €153 S1S4 S1Ca ¢1
CrR | _| —ca2s3 c2c3 s2ca —S284 || C2
tr —S$1C3 —S$183 C1S4 C1C4 ty |’
tr $2853 —S2C3 C2C4 —C254 tr 9)
_ 1/2
. 1 X? 7 AL+ A o1
2= —7|1-——F— 4= —7=
V2 /WL w_ ’ V2

and s3 = 0 (if xy = 0), or, s3 = 1//2 (if xy # 0), where SJZ- + CJZ- = 1. With the rotation (9)
we can derive all relevant new Feynamn rules in mass-eigenstates without relying on the crude
mass-insertion method.

2.2. Type-B Models with Horizontal U(1) Symmetry

The minimal Type-A SUSY FCNC schemes with non-diagonal A,-term are truely economic as
they unqiuely result from imposing all the stringent theoretical and experimental bounds. We will
further support such FCNC in the t — é sector by providing theoretically compelling constructions
based upon a minimal family symmetry. An attractive approach is to make use of the simplest
horizontal U (1) symmetry for generating realistic flavor structure of both quarks and squarks
(via proper powers of a single suppression factor [9, 10]), which also solves the SUSY p-problem
altogether. We define this suppression factor € = (S)/A to have similar size to the Wolfenstein-
parameter A of CKM, i.e., € = A =~ 0.22[10], where (S) is vacuum expectation value of a singlet
scalar S for spontaneous U (1) breaking and A is the scale at which the U (1) breaking is mediated
to light fermions. The supermultiplets of three-family quarks/squarks are differently charged
under U(1), as shown in Table 1.

Table I Quantum number assignments under the horizontal symmetry U(1)g.

Q1 Q2 Qs |wy up us |dy d» ds3 |Hy Hg S

hi hy hy |ow a2 o3 |B1 B2 B3 | & & -1
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Then, the following hierarchy structures can be deduced in the quark mass matrices,

MlJ - lAO(iJrhijE MU o Ju ABi+]’LJ‘+§ 10
u \/§ ) a \/? tanB ) ( )

and in the CKM matrix,
(Vus, Vebr Vup) ~ (A=ha, qhz=hs qm=hs) (11)

Different from Ref.[10], the key ingredient of our model-buildings is to impose a new condition,
oK = 3 (12)

which ensures natural O (1) mixings between ¢ and f in the squark mass matrix. From the con-
dition (12) and the current data of quark-masses and CKM angles (which can all be counted in
powers of A), and after a lengthy systematic analysis, we find an almost unique solution for all
quark/squark quantum numbers (cf., Table ??). We will call this the minimal Type-B scheme here-
after. In Table??, we consider tanf ~ O(1) for the down-sector. The extension to larger tan
only affects quantum numbers of d;’s in a trivial manner as it only contributes an overall factor
1/tan B ~ Ak (with integer k ~ 0.661og tan ) to M, in Eq. (10) and thus simply adds —k to each
quantum number of d; in TablelIl.

Table II Quantum number assignments are derived for minimal Type-B model.

Q1 Q2 Q3| ur up usz| di d» d3 |Hy Hg S

4 3 0[3-8-¢& -¢|4-¢3-¢3-¢| ¢ & -1

Some variations of this minimal Type-B model can be constructed, depending on if the quantum
numbers of Q;’s are allowed to contain &(&’), but they all share same predictions for masses
and mixings. Here, we have attempted to simultaneously solve the SUSY u-problem from the
same U(1). We thus have a dynamical p-term from (k/A" 1)S"H,H; (n = £ + &) such that
u = kA" 1(S) is generated at a scale (S) < Mplanck- A weak-scale value of u is obtained by
properly choosing n for a given (S). If this U(1) is not responsible for a u-solution, the minimal
Type-B model becomes truely unique, corresponding to the special case of &€ = & = 0 in TableIL
From TableII, the structures of quark/squark-mass-matrices can be readily deduced. For instance,
the up-quark mass-matrix takes the form,

A7 A% A4
Vu
M, ~ — 6 A3 A3 13
w s AP A3 A%, (13)
A3 11

for any tan 8 > 1, while the squark mass-matrices M?; and M3 in Eq.(2) are derived as,

1 A Al
ME ~mgl A 1 A3,
AT A% 1
1 A3 A3
Mip ~m3| A3 1 1
A1

(14)

Egs. (13) and (14) show a partial quark-squark “alignment” that effectively suppresses the FCNCs
between 1st and 2nd(3rd) families, while at the same time provides O (1) mixings in { — ¢ sector
of Mgg. Further f — ¢ mixings come from non-diagonal A, which is now predicted to share the
same hierarchy structure in Eq. (13) as M,, since squark carries same U (1) g-charge as quark. This,
however, does not imply exact “proportionality” between A,, and M, because the power-counting
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of A allows an O(1) coefficient undetermined which can generally invalidate Ay o M,,. Ignoring
small O (A3) = 1% terms, we can diagonalize M, by a 2 x 2 rotation of singlet quarks (c, t). Then,
the off-diagonal block M7, in Eq.(2) takes the form, under the super-CKM basis,

MZ, = A, vsinB/v/2 — MG pcot B, (15)

with A}, = KULAuK;DR = AMKITJR + O(A3%) in which the singlet-quark rotation Kyg only con-
tains a nontrivial sub-matrix involving (2nd, 3rd)-families. Upon neglecting tiny O(A3) terms,
we parametrize the minimal A;, of Type-B by introducing a parameter y = O(1),

000
A,=1000]A. (16)
0y1
Then, the squarks (i, g, ¢1) are found to decouple from the rest so that Eq. (2) greatly reduces
to a 3 x 3 matrix, which takes the form, in the basis (¢g, t;, tr),

mg A, xnij
MA4Bl=| A, W X |, (17)
X'I?ié Xt Wl(z)

where A, = yAv sin8/+/2 and x = O(1) characterizes ¢g — i mixings in M3y [cf., Eq.(14)]. The
Type-B contains two typical schemes called Type-B1 (v = 0) and Type-B2 (x = 0). We observe that
Scheme-B2 is just identical to our Scheme-A2, as they share the same form of non-diagonal A,,.
Also, Type-B1 matrix with y = 0 in Eq.(17) takes the same structure as that of Type-Al except
that Eq. (17) involves ¢ (not ¢r) and its x originates from M2y (not A,). More elaborated analyses
are given in [4], but the following summary of collider studies in typical Scheme-A1l, -A2 and -B2
represents the main features of both Type-A and Type-B signals.

3. SUSY Radiative Corrections to H*bc and h%tc Vertices

The soft SUSY-breaking induced radiative FCNC couplings conceptually differ from that in
Ref.[7] because the MSSM Higgs sector has no tree-level FCNC. With the exact diagonalization
of Eq.(9), we first calculate the dominant SUSY-QCD radiative corrections to the H*bc ver-
tex. These are vertex corrections [scharm(stop)-shottom-gluino loop] and self-energy corrections
[scharm(stop)-gluino loop], which we define as,

Th+pe = iUc(k2) (FLPp + FrPr) up(ky),

(18)
Fig = Flp+Flp+ FE,R ;
where Pr g = (1 ¥ y5)/2 and the tree-level results are,
Ve
FO, FOy = 2Yeb_ (4 cot B, mytan B) 19
( L R) \/imw ( c .8 b B) ( )
with V., from the CKM matrix. The one-loop vertex corrections in Type-Al are,
F/ =0,
o (20)
Fy = 5 mg YK Colm;, 0,0;mp , mg,may),
Jk

where iy € (2,11, 1), Bj € (by, b»), and Cy is the 3-point C-function of Passarino-Veltman (PV).

ka is the product of relevant H* — b i — Uk, b i — g — b and iy — g — ¢ couplings, derived with

rotation (9) and we also include the b; — bg mixing, which may be sizable for large tan 8. The
Type-Al self-energy corrections are, Ff =0, and

S _ f\o 0(551 m5

Fp = Fg =22 2, (5)7"1Bo(0;mg, mg)), (21)

tiz12
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with By the 2-point PV function and s; given in Eq.(9) for v = 0. (F° F)) =
(gVip/2my) (mecot B, mytan B) are tree-level H*tb couplings. In Egs.(20)-(21), the tiny sub-
leading terms suppressed by powers of m./m; 4 are ignored. The FX }f in Type-A2 and Type-B2
can be obtained from Eqgs. (20)-(21) via exchanges of L —~ R and x — . Note that Fyg) vanishes
in Type-A1(-A2,B2) due to its specific chirality structure.

Next, we turn to analyze the flavor-changing top-decay t — ch® in our schemes. This decay is
always kinematically allowed in the MSSM. Since the SM branching ratio of this decay is at the level
of 10713 1071 or smaller [13], this channel thus becomes an excellent window for detecting new
physics[14]. The radiative tch® vertex can be formulated as,

Tien = iue(k2) (FLPL + FrPr) us(ky),
(22)
Fir = F/g +Fg,

which contains the vertex corrections (from scharm-scharm-gluino, scharm-stop-gluino and
stop-stop-gluino triangle loops), and the self-energy corrections (from scharm-gluino and stop-
gluino loops). The one-loop vertex corrections in our Type-Al scheme are

X
F/ = BfTSrZAﬁkmt(Co+Cu)(mi,m§,O;maj.mg,mak),
7.k

o (23)
FY = gﬁZAﬁkmgCo(mi,mi,O;maj,mg,mak),
i,k

where iy € (éo,t1,t), and (Co, C11) are the 3-point Passarino-Veltman C-function. A?,’(R is the
product of relevant h — i ; — iy and i — g — t(c) couplings, derived with the squark-rotation (9).
The Type-Al self-energy corrections are,

F =0,
(24)
F sSo Mg

S . . . . -
i = Fomg 0 [Bo0img, my,) = Bo(0ymg,mi) |

with By the 2-point Passarino-Veltman function and s¢ given in (9) for y = 0. Fy denotes the
tree-level h? — t — £ coupling, and is given by F° = (m;/v)(cos «/sin ). Again, in Eq.(23)-(24),
we ignore the tiny sub-leading terms suppressed by powers of m./m; 3. The form factors FX ;f

in Type-A2 can be obtained from (23)-(24) via exchanges of L — R and x — y everywhere.

4. Radiative Higgs Signatures at Colliders

For cbH* couplings, our analysis shows F; g to be sizable, typically around 0.03 — 0.18 for
(x,y) = 05-0.9, (A mp) = 0.5 - 2TeV, and tanf =~ 15 — 50. The K-factor, defined as
K = (Fi2 + F,%) / (FB2 + ng), typically ranges in ~ 2 — 5. Fig.??(a) gives the sample production
cross sections of H* via pp/pp — H*X at the Tevatron and LHC, where we set (u, mg, Wig) =
(300, 300, 600) GeV, (A, —-Ap) = 1.5TeV, tan = (15, 50), and x = 0.75 for Type-Al. The rates
for other values of x can be obtained by rescaling the K-factors [cf. Fig.??(b)-(c)]. The s-channel
partonic fusion processes cb — H* (with the SUSY loop corrections) and cs — H* are both com-
puted, including the next-to-leading order (NLO) SM-QCD corrections [12]. In Fig.??(a), the cross
sections from the SUSY contributions FLS”I‘{ dominate over that from the CKM-suppressed FS,R
significantly. For my = 190 GeV, H* mostly decay into tb, and for my <190 GeV, Tv channel
dominates. When H* mass is above the threshold of W= h9, the W*h0 channel (with W — £v and
h® — bb) can be important as well[12]. The SM production of tb (WZ and WhO) at the Tevatron
Run-2 has been well studied[11]. Thus, analyzing the invariant mass distribution of tb (Wh°)
is important for further discriminating our s-channel resonance signals from the pure SM back-
grounds [12]. The solid curves of Fig.??(a) show that the Tevatron can access H* signals for my
up to ~ 300 GeV with a planned luminosity of 2-20 fb~! per detector, while the LHC can probe full



P306

my, (GeV)
100 200 300 400 500 600 700 800 900 1000
~~ [ T T 7T ‘ T T 71 ‘ T T 7 ‘ T T 7 ‘ T T 71 ‘ T T 7T ‘ T T 7T ‘ T T 7T ‘ T T 71 ]
2 s _

10X pporpp%Hi+X (@ =
o = -
s E, cb (dash) & cs (dot) fusions at NLO ]
D 104 . . . . -
v 10 =% including SUSY Loop with x = 0.75 (solid) E
wn C |
§ L . tanf = 15 (lower) & 50 (upper) ]
O 10 ’ h te 3
10% B . LHC(14 TeV) -
10 L Tt .
L= Tevatron E
F (2.0 TeV) 3
| I B ‘ L1 ‘\‘ .‘.'\ | 7‘\‘ -\.J | ‘ I I ‘ I B ‘ I N ‘ I B ‘ I I |
$6 i T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T 1 T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T 1

g 5 (b) - (© 15
o L NS .
M L 1L D
| K Factors for tanp = 15, : 1L K Factors for tanf} = 50, D

4 | and my, (TeV) = 0.1(solid), +/_|l_ and my, (TeV) = 0.1(solid), ; 4
~ 0.3(dash), 0.6(dov), 1(dash-dot) " | 0.3(dash), 0.6(dov), 1(dash-dot) 1

3 j .,":" i j ; .,.i 3
: Co b o S

2 ”,:)7”' b ",,:a'?"' 42
r »:';.jf‘ ar )ﬁ'f" 7

1 oo e b b b i e b b e e T 1
0 0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1

Parameter x

Figure 1: (a): H* production cross sections via cb (and cs) fusions at hadron colliders are shown as lower
(upper) set of curves for sample inputs tan8 = 15 (50) and x = 0.75. (b) and (c): The factor

K = (FL2 + F,%) / (FE2 + F,?Z) for H*bc vertex is depicted as a function of parameter x and for

tanB = (15, 50).

mass-range of H* with a luminosity of 100-200 fb~!. These encouraging results strongly moti-
vate more elaborated detector-level Monte Carlo simulations to quantify the discovery potentials
at the Tevatron and LHC.
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Table Il Br[t—c h®] x 103 is shown for a sample set of Type-Al inputs with
(o, u, A) = (0.6,0.3,1.5) TeV and Higgs mass M40 = 0.6 TeV. The three numbers in each entry
correspond to x = (0.5, 0.75, 0.9), respectively.

mg tanf = 5 20 50

100GeV|[(.011,.10,.81)((.015,.19,4.6)((.016,.21, 7.0)

500GeV|[(.011,.09,.41)((.015,.13,1.0){(.016,.14,1.2)

For t — ch?, the decay width is given by,

1
272
_ t h 2 2
T(t — ch) = 1'6”1T [1 - ”l?] (F? + F3) . (25)

Thus, the braching ratio is deduced as, Br[t — ch®] =~ T[t — ch®]/T[t — bW], to good accu-
racy. We will not consider possible SUSY decay channels of the top quark with R-parity non-
conservation.

In the minimal SUSY-FCNC scheme-A and -B, the numerical analysis shows the braching ratio
Br[t — ch®] can be typically as large as 1073 — 107> (cf., Tablelll for Type-Al) over sizable
parameter space where the lightest h® has a mass around 110-130 GeV. Very similar results to
TableIll are also obtained for Type-A2 and -B2 models. The LHC with an integrated luminosity
of 100 fb~! will produce about 108 t and  events[15] and thus has great sensitivity to discover
this decay channel. Some recent model-independent Monte Carlo analyses[16] showed that the
LHC (100fb~!) is able to measure Br[t — ch®] down to the level of 4.5 x 10~> at 95%C.L. The
future Linear Colliders will also have good sensitivity to observe this decay channel with the high
luminosity and much clean background.

In summary, motivated by the existing theoretical and experimental bounds, we have con-
structed the minimal FCNC schemes for the squark mass-terms and scalar trilinear interactions
and find large O (1) mixings among top- and charm-squarks fully feasible. We support this feature
by further providing a class of new models with horizontal U(1) symmetry which also explains
the quark-mass/mixing hierarchies and the natural SUSY p-parameter. As applications, the dom-
inant SUSY radiative corrections to the b — ¢ — H* and t — ¢ — h couplings are analyzed in our
minimal schemes without mass-insertion approximation. These radiative couplings can be sig-
nificant to induce new discovery signatures of the supersymmetric Higgs bosons at the Tevatron
Run-2 and the LHC.
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