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We match the Higgs sector of the most general flavor-breaking and CP-violating minimal super-
symmetric standard model (MSSM) onto a generic two-Higgs-doublet model, paying special attention to
the definition of tang in the effective theory. In particular, no tan/3-enhanced loop corrections appear in
the relation to tan3 defined in the DR scheme in the MSSM. The corrections to the Higgs-mediated flavor-
changing amplitudes, which result from this matching, are especially relevant for the B; and B, mass
differences AM, ; for minimal flavor violation, where the superficially leading contribution vanishes. We
give a symmetry argument to explain this cancellation and perform a systematic study of all Higgs-
mediated effects, including Higgs loops. The corrections to AM, are at most 7% for . >0 and M, <
600 GeV if constraints from other observables are taken into account. For u < 0 they can be larger, but
are always less than about 20%. Contrary to recent claims, we do not find numerically large contributions
here, nor do we find any tanB-enhanced contributions from loop corrections to the Higgs potential in
BY — 7ty or B— X,y. We further update supersymmetric loop corrections to the Yukawa couplings,
where we include all possible CP-violating phases and correct errors in the literature. The possible
presence of CP-violating phases generated by Higgs exchange diagrams is briefly discussed as well.

Finally, we provide improved values for the bag factors P}, PR, and
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I. INTRODUCTION

Supersymmetry constrains the structure of the Yukawa
couplings of the minimal supersymmetric standard-model
(MSSM) to those of a special two-Higgs-doublet model
(2HDM). In this 2HDM of type II one Higgs doublet, H,,,
only couples to up-type fermions, while the other one, H,
only couples to down-type fermions. As a consequence,
there are no dangerous tree-level flavor-changing neutral
current (FCNC) couplings of the neutral-Higgs bosons.
However, the presence of supersymmetry-breaking terms
destroys this pattern at the one-loop level, permitting cou-
plings of both Higgs doublets to all fermions. Thus the
resulting Higgs sector is that of a general 2HDM, often
called 2HDM of type III. As pointed out first by Hall,
Rattazzi and Sarid, the loop-induced Yukawa couplings
can compete with the tree-level ones in the limit of a large
tanB = v, /v, which is the ratio of the vacuum expecta-
tion values (vevs) of H, and H,; [1]: in the relationship
between H, ;-couplings and observed masses of the down-
type fermions the loop-suppression factor ~0.02 is offset
by a factor of tanf, so that O(1) corrections to the type II
2HDM are possible for tan8 ~ 50. In such scenarios, also
O(1) loop-induced FCNC couplings of neutral-Higgs bo-
sons appear [2], which allow the branching fractions of (yet
unobserved) leptonic B decays to exceed their standard
model values by more than 2 orders of magnitude [3]. This
observation has stimulated a large activity in flavor
physics and powerful constraints on the MSSM Higgs
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sector in scenarios with large tanB have been derived
from B factory data [3-6]. These Higgs-induced effects
in flavor physics are very transparent in the limit

Mgysy > My ~ v, (1)

where Mgygy denotes the generic mass scale of the super-
partners and the masses My, My, M;,, and M= of the five
physical Higgs bosons are taken to be of the order of the

electroweak scale v = 4[vi + v = 246 GeV. All low-

energy observables can be computed in the type III
2HDM, which emerges as the effective theory in the limit
of Eq. (1). The new couplings can be calculated from finite
one-loop diagrams with supersymmetric particles and thus
become functions of the MSSM parameters, so that the
desired constraints on the supersymmetric parameter space
can be derived. The effective 2HDM Lagrangian efficiently
incorporates all large- tanf effects, equivalent to a pertur-
bative all-order resummation of those radiative corrections
which are enhanced by a factor of tang [7].

B, — B, mixing (with ¢ = d or s) plays a special role
among the FCNC transitions of B mesons. Here the leading
new effect stems from effective tree-level diagrams with
neutral-Higgs bosons (see Fig. 1). A priori the dominant
contribution is expected from Yukawa couplings to right-
handed b quarks, generating the effective AB = 2 operator

OSt = (brqp)(brqy). 2)
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FIG. 1. Leading contributions to B, — Eq mixing from super-
symmetric Higgs bosons. The FCNC couplings are induced by
supersymmetric loops. The coefficient of QS = (brq;)(brqL)
vanishes, if the tree-level relations between Higgs masses and
mixing angles are used.

However, the corresponding coefficient C3 vanishes ex-
actly if one employs the tree-level relations between the
Higgs masses and mixing angles [2]. Nevertheless, size-
able effects in B, — B, mixing are possible even in scenar-
ios with minimal flavor-violation (MFV) [8-16], in which
the Cabibbo-Kobayashi-Maskawa (CKM) matrix [17] is
the only source of flavor-violation: keeping the strange
Yukawa coupling nonzero one finds a nonvanishing con-
tribution to the coefficient of

R = (brqr)(brqg), (3)

which depletes the B, — B, mass difference AM, [5]. The
tree-level vanishing of CSL calls for a systematic analysis
of all subleading effects. In particular, the contribution that
stems from QL can a priori compete with the contribution
of the operator Q5® above if the one-loop corrections to the
MSSM Higgs potential [18-24] are taken into account.
While a lot of work has been devoted to the analysis of
the Yukawa sector [2,3,5-7,25], little attention has been
given to effects from the Higgs potential. An exception is
Ref. [26], which finds large contributions. We revisit these
effects in the present paper and perform a systematic
matching of the MSSM Higgs sector onto the type III
2HDM. The result is not only relevant for the calculation
of CYML, it also clarifies the relationship between the defi-
nitions of tanB in the MSSM and the effective 2HDM. This
is important to link the constraints from flavor physics to
other fields of MSSM phenomenology, in particular, Higgs
physics. Our paper is organized as follows. We derive the
corrected B — B mixing amplitude in Sec. II, including all
relevant subleading contributions. The renormalization of
tanB and some further technical issues are the subject of
Sec. III. In Sec. IV, we apply our new formulas to the
phenomenology of B — B mixing, analyzing the mass dif-
ferences AM, and AM, as well as CP violation. Our results
are summarized in Sec. V. We list our notation and our
technical results in four appendices. Parts of our results
were previously presented by one of us at a conference [27].

I1. HIGGS-MEDIATED EFFECTS IN B — B MIXING

The quantity governing the B, — B, mass difference is
the off-diagonal element of the B, — Bq meson mass
matrix: AM, = 2|M3,|, with
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(B | H 372IB,)

M, =
21 2MBq

“)
The AB = 2 effective weak Hamiltonian FH 552 consists
in general of eight dimension-six operators:

2 M2
GFMW SFETWqb

H G2 = Z Cilun)Qi(pn), (3

with Ay, =V, V;,. The set of operators in Eq. (5)
comprises the standard-model operator,

QYLL = (Z;LY;LQL)(I;LY’“CIL): (6)

the two scalar operators defined in Eqgs. (2) and (3), the
operator

R = (brqp)(brqp), (7)
and four other operators. The complete list of operators
plus the relevant evanescent operators is given in Eq. (C4)
and (C5) of Appendix C. We express our results in terms of
matrix elements at the high-scale wj,, which we choose
equal to the top mass m,(/m,) = 164 GeV. In this way, the
other four operators do not appear in our formulas.
However, some of them are needed to connect Q;(w,)
with Q;(u,) at the low scale w, ~ m;, at which their
matrix elements are computed, because they mix with
O, OFRR, or QSR under renormalization. We follow
the conventions of Refs. [28,29] for operators and matrix
elements. In particular, we parametrize the hadronic matrix
elements as

_ 2
(Byl0i(un)IB,) = S M5, £}, P ®)

The P;’s are obtained [29] by renormalization-group evo-
lution from the conventional bag factors B; computed at the
low scale ;. We calculate the P;’s from up-to-date lattice
QCD results in Appendix C, where we fully exploit con-
straints from heavy-quark relations. This is a new feature
of our analysis compared to previous studies of new-
physics effects in B — B mixing.

A. Effective tree-level Higgs exchange
The Higgs sector of the MSSM contains two SU(2)

doublets H,, and H,
" ht " hy\* 0 1 ©)
u = ) =€ 1) €= )
ho ¢ hY -1 0

of hypercharge +1/2 and —1/2, respectively, with vac-
uum expectation values (vevs) () ;) = v, 4/ V2 of relative
size tanf3 = v, /v,. Integrating out supersymmetric parti-
cles, the Lagrangian of the resulting effective 2HDM is no
longer restricted to be of type II, and is constrained only by
the electroweak symmetry. Neither will it be renormaliz-
able, with operators of dimension greater than four
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encoding effects that decouple at least as v/Mgygy for
heavy superpartners. We begin with a short review of
some pertinent aspects of the general 2HDM.

Defining

(CI))Z( co.s,B sm,8><—e d>’ (10)
P’ —sinB cospB H,

the most general fermion-Higgs interactions up to
dimension-four read

S
Ly= _TdRiMd,jq)TQLj -

V2

T ugiM,, Qrj P

gRiKij(D/TQLj
_ﬁRikijQLj.(I)/—’—h'C" (11)

where we have employed the notation a - b = a’ eb. By
construction, the vev of ®’ vanishes, whereas ® has () =
0, v/ \/E)T and contains all three Goldstone bosons. Hence,
only @ can contribute to the fermion masses and only @’
can have flavor-violating neutral couplings. The flavor
basis is defined such that the down-quark mass matrix M,
is diagonal. In this basis, the FCNC Higgs couplings to
b-quarks are governed by «, or k., (¢ = d or s).

The renormalizable Higgs self-interactions are com-
prised in the most general gauge-invariant dimension-
four two-Higgs-doublet potential [30],

V=m?HYH,+myLHIH, +{m},H, H,+H.c}

A A
+ 71(H$ Hy)? + 72<HJ H,)?+ \(HIH,)(HYH,)

A
+ AHLH ) H,) + {5, HyY

= AG(HJH, ), - Hy) = Xy (HEH)(H, - Hy) + He |
(12)

The couplings m?,, As, Ag, and A; are in general complex,
yet the vevs v, ; can be made real by a U(1) transformation
on the Higgs fields. The definitions of m,zj and A; in
Eq. (12) coincide with Ref. [30], except for A; and Ay:
we associate a different operator with A4 to eliminate it
from tree-level neutral-Higgs phenomenology and have
. _,[30] [30] _ _,[30]
instead A3 = A5 + Ay andAy = —A5 .

Shifting the fields in Eq. (12) by their vevs, which
minimize V at tree-level,l

1 .
Hoa = 5 Wua * Pua + iXua), (13)
determines the physical Higgs-boson mass matrices and

interactions. We write the neutral-Higgs mass matrix in the
basis (¢4, @ Xa» Xu) in terms of 2 X 2 blocks,

'“Tree-level” here refers to the 2HDM. We defer a discussion
of quantum corrections to v, and v, to Sec. III.
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M3 M3
M3 = ( ko ) (14)
Mz, Mj

with M%, M%,, and M? given in Egs. (23)—~(26) below. In
the CP-conserving case, M%, = 0, and M% and M? are

diagonalized by rotating the CP-even and CP-odd Higgs
fields through angles « and S, respectively:

¢a\ [cosa —sina\(H°
<¢u) B (sina cosa )( h° >’
Xa\ _ [cosB —sinB\(G°
(Xu) B ( sinB  cosf )(AO ) (15)

The same angle B = arctanv, /v, as defined above ap-
pears because (and only when) v,, v, minimize V. If CP
violation is present, four physical mixing angles «; , 3 and
B are required to diagonalize M2. The charged-Higgs mass
matrix M2 is always diagonalized by S,

+ e +
(hd ) _ (c?s,B sm,B)(G ) 16)
hy sinB cosB J\HT
The nonstandard AB = 2 effective operators Q5®, Q3LL,
and O3RR are generated at tree-level via the exchange of
neutral-Higgs bosons (see Fig. 1) with the Wilson coeffi-
cients

87 2
CR = — m(ﬁﬂbq)f
CSLL — 4 ( ) j_-v 17
1= G2 M3 A2, Kbq a7
and CSRR obtained from C?LL through the replacement
(kpg)? F~ — (k3,)* F~*. We find that, in the general

case, the Higgs propagation factors can be expressed as
follows:

Fr— det(Mg + Mj + iMy, — iMg;) _  detB (18)
mimim3 mimim3’
177527753 177927783
_ det(M}—M7—iM3, —iM?}) _ detA
j: o ﬂ’lzﬂ’lzl/l’l2 - mzmzmz’ (19)
177927103 177927753

where the denominators contain the product of the three
nonzero eigenvalues of Mj. In the CP-conserving case,
Egs. (18) and (19) reduce to the well-known expressions

_sin’(a — B) N cos’(a@ — B)
M M M2’

F= (20)
where My, and M, denote the CP-even and CP-odd
Higgs-boson masses, respectively.

The discussion so far has been completely general.
Particularizing to the MSSM, a perturbative matching
calculation relates the two theories. At tree-level, this
trivially results in
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o _ Y 0) _ 0) — _ o ~(0) — 200 2 2 2
M, cosBY, M, sinBY,, k sinBY,, & cosBY,, m3, =|ul>+m? =m?,
\/z ﬁ d \/E ﬂ u B d :B u 11 M H,; 1
A=A = A =P+ gD /A= /4, m3y =|ulP+my =md AP =g2/2, miy =Bu, A =A{=A=0.
(21)

At this order, k© and & are aligned with ME,O) and MY,
respectively, so that no FCNC are induced, as it must be in
a model II. At one-loop, all couplings in Eq. (12) are
generated. Moreover, the corrections to the Yukawa cou-
plings have the more general form

m_ v
My =—

V2

kM = —sinB[AY, — cot BAK],

where AYd and AK;; parametrize the one-loop vertices
dpiH, - QL j and dpiHY Q) i j» respectively. Diagonalizing
M, rotates 9, giving rise to a flavor-violating coupling
« Y, tanB/(167%), which can be of O(1) for tan ~ 50.
The origin of this explicit tan8 enhancement (in addi-
tion to the mere presence of large down-type Yukawa
couplings), which can compensate the loop factor
1/(167?), is the replacement of v, by v, > v, in the
contribution of AK to M, [1].2 This removal of a v,
suppression can happen only in dimensionful quantities.
In the fermion mass terms, only one power of tanf can
appear because there was only one power of v, to begin
with. This is in agreement with the findings in [7]. Our
approach using unshifted Higgs fields (‘“‘unbroken-
theory”) makes particularly evident that this result holds
to all orders, as the Yukawa Lagrangian only involves
dimensionless couplings and there are no hidden factors
of tanf. Although we have integrated out only the

|
M3 = v2(

/\gs% +2Agsgcp + )\16%
2
e

TSpCp

cosB[AY, + tanBAK],
(22)

ij

A;S% + A3spgeg + /\gc%

)

where (m?,)" has been traded for M3, with

TSplp

(24)
<

M3 = Mg<

2
v
sgcgM’ = (m},)" — ?(Ags% + 2Msgeg + )\gc%). (25)

If CP is conserved, in the limit of infinite tanB (cg—0)

the leading mass splitting M3 — M3 = Asv?, and the
leading correction to the tree- level result a = 0 is deter-

*We tacitly assume that the fermion kinetic terms in the
effective 2HDM have been made canonical. Such a field renor-
malization does not contribute factors of tanf because it is
determined by dimensionless couplings. Cf. Sec. III for a dis-
cussion of field renormalization. Our AK and AY, correspond to
A,Y, and —A,Y,, respectively, in the first paper of Ref. [5].

sparticles—as we assume a hierarchy v, M, < Mqygy—
the argument continues to hold if we also integrate over the
Higgs fields, keeping only constant background values of
@, ¢’ (spurions). The reason is that for determining the
mass matrices, the relevant external four-momenta are of
O(m,), providing an expansion parameter m,/v or
m,/M,. Hence, the Higgs contributions to the effective
potential (which on general grounds respects the electro-
weak symmetry) can be organized into a (local) effective
Lagrangian, with m,-suppressed corrections to the form
Eq. (11) encoded in higher-dimensional operators with
additional derivatives acting on d; or Qy ;. The contribu-
tion from both Higgs and sparticle loops to M, is then
simply obtained upon substituting for ®, ®’ their vacuum
expectation values. This mass matrix is to be identified
with a short-distance (such as MS) mass in the effective
QCD X QED at low energies, where the dependence on the
chosen scheme cancels against the explicit form of the
matching (of the 2HDM onto QCD X QED).

There is only one other place where a similar tanf
enhancement can occur, namely, in the dimensionful self-
couplings of the (shifted) Higgs fields, that is, their masses
and trilinear couplings. Indeed, at dimension two it is
exhibited in the neutral-Higgs mass matrix Eq. (14).

Explicitly, one has (with s5 = sinfB, cg = cosf, and A} =
/\zs% +2Asgcp + )\gc’%

ReAy)
) + M3,
I

mined by A;. In the former case, an enhancement by two
powers of tanB occurs (M% — M3 = O(cos’B) at tree-
level), while the loop correction to « is enhanced by a
single power of tanf with respect to its tree-level value.
Either effect is sufficient to remove the cancellation in
F~ in Eq. (20) observed at tree-level. Moreover, a
1/ tanB-unsuppressed CP-violating contribution propor-
tional to AL and A} appears to occur:

ALsE + Aysgeg + ALc>
7°B 3°pp 6“B 23)

) v2 [ Assg Tt 20¢spcs  —Aisgeg — 2)%0%
) (2)\7sﬁ + Alsgeg —2Aisgeg — )\gc%)’
(26)
where A}; = [mA,. However, as we show in Sec. Ilc

below, the individual phases of As and A; become
unphysical in the limit tan — oo, and mixing between
the CP-even and CP-odd sectors is described by a single
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angle @', determined by the relative phase of As and A2.
Finally, the charged-Higgs mass matrix is given by

27
i 27)

M% = (1 +
Here, no tanB enhancement due to loop-induced cou-
plings occurs.

Unlike the case of the fermion mass matrix, the typical
momentum flowing through the effective Lagrangian
Eq. (12) for an on-shell Higgs is itself of O(v) or
O(M,). Hence Higgs-loop contributions to the Higgs
masses cannot be included in Eq. (12), but rather the full
effective action would be needed. Higgs-loop effects in «;,
and «,, multiplying F * could, however, be included via
Eq. (11), since again the momenta flowing through the
vertices are much smaller than v, M. This is not possible
in Higgs boxes, where large momenta flow through the
FCNC vertices. We will present a systematic method to
include all Higgs-loop contributions in Sec. Ilc.

It is instructive to consider the explicit form of the
numerator in Eq. (19), which is

detA= U4[()l2/\;k - A;z)s‘[g + 2()[2AZ - )\3/\; + )\; A7)S%CIB
+ (0 Ay = A+ A5 = 20605 + 443 A)53c,
+2()15/\2_A3A6+/\1A7)Sﬁc:23 +(/\1)l5 - )\%)C%] (28)

With Eq. (21), detA = v*(A;A; — A3)scp = 0, reproduc-
ing the known vanishing of F~ employing the tree-level
MSSM Higgs sector. The cancellation is removed already
at the leading-logarithmic level. For instance, A, alone
receives a large additive correction « y} due to top-quark
loops, which is also responsible for the most important
correction to the tree-level mass of /4. The corresponding
corrections could be computed by RG-evolving the tree-
level couplings in the effective 2HDM. However, as we are
considering large tanB, we expect (and find below) the
most important effect to be due to A5 and A;, which remove
the @(C%) suppression of the leading-log result, as antici-

pated above.

B. The case of minimal flavor-violation

From the discussion so far, it follows that |F*| =
O(1/M?%) > | F~| = O(1/(167*M?)), implying |CER| >
|C§LL| for generic «; j,3 such that the motivation to consider
JF~ atall is not very strong. The situation is fundamentally
different for MFV because then the contribution propor-

*In Ref. [13], an argument based on SU(2) X U(1) gauge
invariance was used to infer that (in the present notation) F~ =
(’)(vz/Mi). This statement, which clearly is resgected bzy our
Eq. (19) in conjunction with Eq. (28) (recall M;, = O(v?)), is
about the asymptotic behavior as v/M, — 0. The latter is not
necessarily a small number in practice. Indeed, many of the
analyses in the literature have dealt with the case M, ~
200 GeV.
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tional to F* turns out to be suppressed by a light quark
mass, introducing a further small parameter m,/m,;, com-
parable to 1/(1672) or 1/tanf for ¢ = s (and negligible
for ¢ = d). For simplicity, in this paper we consider the
simplest version of MFV, assuming flavor-universal soft-
breaking terms g, sy, and 7y and trilinear SUSY-
breaking terms T, , T, which are proportional to the
Yukawa matrices and therefore diagonal in the super-
CKM basis (denoted with a hat): Tu[/_ = a,y,,0;; and
Td,-,- = apyq,9;;, see Appendix A for details of our notation.
The structure of our results, however, does not depend on
these additional assumptions. The tanf-enhanced loop-
induced FCNC couplings of the neutral-Higgs bosons in
Eq. (11) can be expressed as:

V2my, 1 1

= ZA , (29

Kbg = €xYideh vcos’B 1 + &tanB 1 + €, tanfB 29)
\/zm 1 1

= eyyiA; 1 ., (30

Kab = Er)ilap vcos?B 1 + &tanB 1 + € tan (30)

with y, = +/2m,/(v sinB) and Agp = Vi V3, The effective
couplings €y, €y, and €&;, which depend on the MSSM
parameters, have been analyzed in the decoupling limit
Mgysy >> v in the limit g = g’ = 0 in Refs. [2-4] for the
case that €y, €, and &; are real and in Ref. [25] for
the maximally CP-violating MFV scenario. We consider
the CP-violating case allowing w, the universal trilinear
term a, and the gaugino mass parameters to be complex.
Effects from nonzero g, g’ have been taken into account in
Ref. [5], where also effects beyond the decoupling limit
were considered. The corresponding expressions for
Mgqysy > v, suited for our analysis, were derived in
Ref. [26]. We have recalculated the FCNC couplings of
neutral-Higgs bosons for g, g’ # 0 including all
CP-violating phases and found agreement with the results
for the FCNC self-energies given in Ref. [5], but encoun-
tered a significant discrepancy with Ref. [26]. In our re-
sults, the phase conventions of u, a,, and M, can be
inferred from Eqgs. (Al) and (A3) of Appendix A. The
phase convention for M, ; complies with that of M, and
the gluino mass equals M; = [M;|. Of course, one can
choose one of these parameters (e.g. M3) real. Now the
effective couplings of Egs. (29) and (30) read:

w 2 2 s

€ = 2% M (MEL M,;R) e
O 3x My U A\IMS1P M2 967 M,
M?2 2 M?2 2

<[ ) e )
|M, 1> M| (M, > M, ]

¢ 2 2
8'2 M Hz(MEL MER)

14472 My \IML P My P
302 * M?2 | |2

+L2M_H2< bLzr M 2)’ (31)
327" M, |M2| |M2|
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# 2 2
-l @ 2<MfL Mz

€y = —— LH)(—L TIR) pe 0 (32)
Yrem? o P\l w) L
€3 =€+ yley. (33)
Here
xlogx ylogy
Hy(x,y) = . 34
D T T IR (s s R

Numerically, the electroweak contributions in €, can be of
O(10%). They improve the comparison with the results
computed with full chargino and squark mass matrices (see
Eq. (5.1) in the second paper in Ref. [5]).

Ref. [5] also discusses threshold corrections to the fer-
mion kinetic operators (wave-function renormalizations).
While these terms are not tanB-enhanced, the flavor-
diagonal quark wave-function-renormalization constants
receive sizable contributions from squark-gluino loops.
One can parametrize these loops in terms of a new quantity
€oliin Which will add to €, in the relation between the
MSSM Yukawa coupling y,. and the physical quark mass
my. (see Eq. (A6) for the case of the bottom Yukawa
coupling). €gly, will likewise appear in the relation be-
tween k;; and y,, but it drops out once k;; is expressed in
terms of m, , so that it does not appear in Egs. (29) and (30).
This cancellation of the flavor-diagonal quark wave-func-
tion-renormalization can be verified by inserting Eq. (2.29)
into Eq. (2.26) of the second paper in Ref. [5]. This feature
can be traced back to the fact that the wave-function-
renormalization affects both the tree-level and the loop-
induced Yukawa couplings with the same multiplicative
factor.

Comparing our result with Ref. [26], we find different
results for €y and €y: In Ref. [26], the chargino-stop con-
tribution proportional to g? is erroneously assigned to €y
rather than €,. Since this piece does not contain any up-
type Yukawa couplings, all three generations contribute in
the same way and the resulting overall CKM structure
combines to V;,V,, + V, V., +V;V,, which is zero
for ¢ # b and equal to one for ¢ = b. This GIM cancella-
tion eliminates the wino-stop loop from €y, while this loop
contributes to €, twice as much as the corresponding loop
with a neutral winolike neutralino and a sbottom. The two
terms are combined into the last term in Eq. (31). Omitting
the chargino loop here would violate SU(2) gauge symme-
try, which also enforces My = M, in the limit Mgygy >
v. Since €y normalizes all Higgs-induced FCNC cou-
plings, one should verify the accuracy of this limit: It is
easy to include the tan 8-enhanced contributions to €y to all
orders in v/Mgygy. To this end, one merely has to calculate
the FCNC bgq, self-energy using the exact chargino and
up-squark mass eigenstates. This self-energy renormalizes
the off-diagonal pieces of the quark mass matrix and
causes the mismatch between the flavor structures of the
latter with the Yukawa couplings leading to €y # 0. In
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higher loop-orders, tanB-enhanced contributions are sup-
pressed by products of small CKM elements (and are
negligible) or are flavor-conserving and therefore contrib-
ute to €, rather than to €,. Using the bgq, self-energy
(24, )3 (with ¢ = d;) from Ref. [5], one finds

1 a (M?L M?;e) V2 (3
167> N\l 1ul?) vyideg v

€y v/M = (35)

(Note that (24, )% o y, and be aware of the different sign
conventions for y, in Eq. (A6) and Ref. [5].) We stress that
Eq. (35) must be evaluated for i # 3, so that the GIM
cancellation of the above-mentioned wino-stop loop takes
place. Numerically, one finds a marginal impact of €y ,,/y:
Setting all supersymmetric massive parameters equal to a
common value Mgygy, one finds that €y, /), amounts to a
mere 1.4% correction to €y for Mgygy = 400 GeV. Even
for Mgysy = 150 GeV, for which the expansion in
v/Mgysy formally breaks down, €y, depletes €y by as
little as 8%. €y, also enters €; through Eq. (33). It can
be inferred from Ref. [7] that this procedure indeed leads to
the correct all-order resummation of the tanf-enhanced
corrections involving y,. Corrections to €; beyond the
Mgysy >> v limit from «y, g, g’, and y, are considered
in Refs. [5,7]. We remark that no terms proportional to ylz7
occur in Egs. (31)—(33), because the corresponding loops
violate hypercharge and involve a suppression factor of
v?/Miysy-

We verify from Egs. (29) and (30) that K;bkbq multi-
plying F* in Eq. (17) is suppressed by a factor m,/my,
relative to &2 ,» Which multiplies . Hence, CStt s
naively leading (over CLR) from the point of view of
MFV alone, and a meaningful analysis of B, — Bq mixing
requires a systematic investigation of all leading correc-
tions to its vanishing “tree” value. (The coefficient C$RR
both undergoes a strong mg /m2 suppression and involves
F ¥, and can thus be disregarded.) It is then useful to think
of the AB = 2 amplitude as being a function of the four
small parameters identified so far:

1 mg 1 v

l > E_; ’
(4m)? @ m;,  tanf

v= (36)
Msysy

The vanishing 2HDM tree diagram for F~ is (superfi-
cially) O((cotB) 2P1°w?), i.e. O(1) when treating all
expansion parameters on the same footing. Conversely,
" is nonzero at the tree-level but is suppressed by one
power of w, which is non-negligible only for g = 5. We
have already seen that F~ vanishes exactly for tree-level
matching (or up to O(1/tan?8) when including leading
logs), so there are no O(1/tanfB) corrections at first sub-
leading order. This leaves loop corrections (via sparticle
corrections to the A; as well as loops in the effective
2HDM) and possible corrections due to higher-
dimensional operators, not written in Eqgs. (11) and (12).
We now discuss these contributions in turn.
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Sparticle loops One-loop contributions from higgsinos, gauginos, and sfermions correct the values of A, 34 in Eq. (12)
and induce nonzero couplings As¢7. As a technical result of our paper, we have computed the A; for general sparticle
masses and flavor structure. These results are reported in Appendix B. At tree-level in the effective theory and in the
leading-order of 1/ tan8 the quantitiy F~ receives only contributions from A,, A5, and A5, cf. Equation (28). The general
results of Egs. (71), (B1), (BS), (B6), (B8), (B10), (B11), and (B13), for the MFV case read

A=
= Lo g paln PGe + §)Co 0y g, ig) + 26" Coing g, ) + ey GlaPDoling, g i )

+3Cy(mg, Mg, m,) + 3Cy (g, iy, i) + 3pay| wl?ly, |* Do (g, g, g, 1ig)

- %ua,ly,lz(agz — g")Cylig, g, ) + 4g" Co(ing, iy, 1)) + }tuaflyrlz(zgﬂco(mz, Tit,, 1it,)

+ (g2 = g")Coliin,, iy, i) + pa,| w1y, 1*Do(i,, i, iy, i) — %§2M(3ab|)’b|236("~14, )

3
+ 3a,ly * By, o) + a:ly,I*By (i, i) + g (3#M2D2(|M2| 1Mo, Tl 1) = 7 Mo By(1Ms], |,U«|))

1 -
——g%" w(M BY(IMy |, |l) + 3MBY(IMs, | w]) — 4(My + M)Dy(IM, 1, IM,], |l |])

4
1
+ g (uM Dy (IM, ], 1My, e, | ) —  #MiBy(IM, ], |M|))} (37
As = As
1 L. . e
= 167 ) Iu’2{3ai|yb|4DO(md: my, mQ; mQ) + 3a12|yt|4DO(mQ) mQ: my, mu) + a’2r|y7|4D0(mer me, my, m])

= 3g*MEDy(IMs|, IM,, |, |wl) — 282" MMyDo(IMy |, IMs], |l |e]) — g MIDo(IM, |, IMy |, [iel, [])),  (38)

and

S~
()
I
>
(3]

%2+ . 61#2{—%” By (i, m,) — %(g“ + 8" ) By (i, 1) + %(g’z — )|y, 12 Coitn,, iy, iy) — g |y, 1> Co iy, i, )
= |y Do (e, i, g, ) —%g”Bo(md, tig) + (=3lyil* + 28" 1y = &")Bo (i, ) +é<—9g4 — 24y [t =g

— 4y, 12(g" —38%)By(ig, i) + %(35'2 — 121y, 12 = gM)ay > Coling, iirg, i) +2(8" = 31y, P)ay, > Coliig, i, 1t,,)
—g" |y Coig, g, mg) — %(382 + &)y, 2 Coliing, g, o) = 3la,y,|*Do(ing, g, i, m,)

1
- 3|M)’b| Dy (i g, 1y, mo, mQ) += 82(3|Myh|230(md: mQ) + |/-LyT|ZB (rit,, ;) + 3|atyt|2Bo(mw mQ))

1 ~2
[ 210g—2g —610g g —810g—2g —310g (g +g )—log (9g +g’4)]
24 Mo i Mo I I
1 - -
—ﬂg4|:—l2D2(|M2|, IMo|, [l [ DML = 60Dy (1M, ], M3, | el | e]) + OW (M5 ], | )
|ll’|2 M 1 2 /2
+4log—-+8log M—+14 388 [—8Re(M  M3)Dy(IM, |, M), | ], | gel) — 8D, (1M, |, IM5 ], | ], | 1)
0 0
1 - -
+W(|M1|,|/L|)+3W(|Mz|,|M|)+4]—ﬂgﬁ[—12Dz(|M1L|M1|,|/L|,|M|)|M1|2—12D4(|,u|,|,uu|, |My 1, 1M, 1)

+3W(IM,), |,L/,|)+4log(|l'z(|]2)+6:|} (39)
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where the loop functions B, Cy, D, Bj,, D,,D,,and W are
defined in Appendix Bd, and the notation A; refers to the
matching scheme as explained in Sec. IIl. Inspecting
Eq. (28), A, enters quadratically, which formally is of
higher loop order. Nevertheless, it can be seen that A2 o
¥¥, as opposed to Ay A% o g2y}, which can partly offset the
additional loop-suppression. Indeed we find that, numeri-
cally, neglecting A is not always a good approximation
(Sec. IV).

The form of the matching result depends on the renor-
malization schemes of both the full theory, i.e., the MSSM,
and the effective theory, i.e., the 2HDM. The latter cancels
in physical quantities, while explicit MSSM scheme de-
pendence cancels against the one implicit in the MSSM
parameters, to ensure that the couplings in the effective
theory are independent of the renormalization of the
MSSM at any given order of perturbation theory. The
residual scheme dependence in both cases may, however,
be important as we are considering a leading effect. We
will discuss scheme issues in Sec. Illa, paying special
attention to the definitions of tang.

Higgs loops There is a considerable number of one-loop
diagrams in the effective 2HDM that can contribute to
B — B mixing amplitudes (Fig. 2, upper row). These give
the following contributions to the Wilson coefficients mul-
tiplying QY™ and QYRR:

Wl = — 5
122s100ps ~%
gssioop 4 v%cos’B(1 + &, tanB)?
K,
q 2 a2
—5—>— Co(M3, M3,0), (40)
GEMi, A,
b
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2
1 my,

4 %052 B(1 + & tanB)?

#2
qu

GEMiyAG,

VRR —
Cl |Higgsloops -

Co(M3, M3,0).  (41)

In these expressions, we have neglected the small Yukawa
coupling y, and employed tree-level MSSM mass rela-
tions, in agreement with our approximation of working to
leading-order in small parameters (in the present case, the
loop factor 1/(167)). CYRR is suppressed by two powers
of m, /m,, inside KZ% in the MFV case, hence beyond our
accuracy. The results Egs. (40) and (41) involve a great
deal of cancellations, which can be understood in terms of
symmetry arguments, as explained in Sec. IIc below. We
note the absence of charged-Higgs contributions in the
approximation considered here.

v/M-suppressed effects All of the couplings given in
Eq. (11) correspond to the zeroth order in the v/Mgygy
expansion, or equivalently to the level of dimension-four
operators. Gauge invariance forbids dimension-five opera-
tors built from quark and Higgs fields, so the leading
higher-dimensional operators have dimension six. This
can lead to more general Higgs-fermion couplings than
those deriving from Eq. (11) and, in consequence, the
cancellation leading to C}'- = 0 might be broken. To see
that this is indeed the case, consider the operator

1 —
Q© = ——(HIH,)(bxHIQ,),

(42)
Msysy

which gives rise, inter alia, to effective dimension-three
and -four couplings

o>

A
VA
>

&
00000000

SL

0%
hq

b

FIG. 2. Upper row: A subset of one-loop diagrams for B, — B, mixing in the effective two-Higgs-doublet model. Lower row: Tree
and one-loop diagrams contributing at large tan when employing the Lagrangian Ly, and tree-level couplings. The crosses denote
the flavor-changing neutral-Higgs couplings and [in diagrams (f) and (g)] loop-suppressed Higgs mass terms. On the lower row, arrows
designate the flow of the conserved U(1) charge discussed in Sec. Ilc.
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3 2 2 _ _
@bm + U (Bs h + 2bps hY). (43)
SUSY SUSY

The first term is removed by a rediagonalization of the
quark mass matrices, but the two remaining terms, in
general, are not. The appearance of A9 in addition to A"
leads to a contribution to C{* proportional to «;,C'®.
However, because of R-parity, SUSY particles do not
contribute to tree graphs with external standard particles
only, such that Q© (or any other higher-dimension opera-
tor) is only induced at the loop level, and this loop-
suppression factor is not compensated by factors of tanf.
(Recall that the O(1) FCNC couplings at dimension-four
are nothing but rotated tree-level Yukawa couplings.)
Hence any v/Mgygy corrections that break the cancella-
tion in F~ involve an additional loop-suppression, and can
be neglected for the present analysis. On the other hand, as
Eq. (43) shows, the higher-dimensional operators do have
an impact on the rediagonalization of the quark mass
matrices and, consequently, on the size of the FCNC
couplings k. These effects preserve the cancellations in
JF~ discussed above but have a mild impact on the FCNC
couplings multiplying F* in CiR (cf. Eq. (35) and the
discussion around it).

C. U(1)pq and effective Lagrangian for large tanf

To better understand the various types of cancellations in
F~ and in the Higgs-loop contributions to C}'t, as well as
the suppression of the F* contribution, we now introduce
an effective 2HDM Lagrangian at large tanB. This will
allow us, on the basis of simple symmetry arguments, to
clarify the role of the parameters A5 and A5, the structure of
Egs. (18), (19), and (28), as well as the vanishing of F~ for
tree-level Higgs couplings at leading-order in 1/tang. It
also provides a tool for computing loop diagrams involving
Higgs bosons efficiently and consistently, which may be
useful in other contexts such as collider processes with
Higgses in the initial or final state.

As before, we eliminate m?,, m3,, and (m?,)’ by the
minimization conditions and trade (m3,)"” for M3 via
Eq. (25). We then take the limit

v, — 0, v, — v, M3 fixed, A; fixed, (44)
of the Lagrangian (12) in the broken phase.* We also keep
the Yukawa couplings fixed when considering the cou-
plings to fermions. In this limit, we have ® = H,,, ®' =
€H}, and

1 1
W= —(v+ ¢, +iG%),  h=—(¢, — iA?),
hi=G*, i =H". (45)

“This procedure will be justified in Sec. IIIb

PHYSICAL REVIEW D 84, 034030 (2011)

If there were no mixing among neutral Higgses, we would
have ¢, = h° and ¢, = H°, and A° would be a mass
eigenstate. The mass matrices are compactly expressed
by the quadratic potential

AL A A
Vl(i) = I:mf‘ + fuz]Hng + 74vz|hj|2 + 721}2({)%
A;
V2

valid up to corrections of order cos ~ 1/ tanf << 1. The
trilinear terms are given in Appendix D; the quartic terms
follow trivially from those in the symmetric Lagrangian
Eq. (12). Note that the first line of Eq. (46) is symmetric
under the U(1) Peccei-Quinn (PQ) transformation

A
+ [Zs(hg*)2 + L hY + H.c.]lﬂ, (46)

0 —i6 1,0 + —idp+
hd—>e hd’ hd — e h’d’

or equivalently, H,— ¢'°H,, 47)
while the second line is not. In the MSSM, the noninvariant
terms appear only at the loop level. We note that the U(1)
symmetry is not spontaneously broken in the large-tanS
limit, so there is no massless boson, in agreement with our
keeping M3 fixed.” Next, a PQ transformation makes As real,
such that the first term on the second line of Eq. (46) con-
tributes with opposite sign to the mass terms for ¢, and y,; =
—A% + O(cos), splitting the two. There are only two inde-
pendent mixing angles that do not vanish: they can be iden-
tified with the CP-conserving angle a = O(A}) and a
CP-violating @' = O(A}); a third angle present in the gen-
eral 2HDM is suppressed by O(cot3; v/M). All of these are
symmetry-breaking effects. To lowest order in the PQ-
breaking couplings, the mass matrices are diagonalized by

1 _ /\;v2 A;vz
H, M2 =M ME— 0P b,
H |=| A, 1 0 48
2 Mi*/\zvz d)d » ( )
H; A 0 1 A°
M2 — A7
m} = A, m3 = M3 + | As]v?, m3 = M3. (49)

In a general basis, CP-violating Higgs mixing is present if
and only if A3/ A5 is complex. Note that there is no mixing for
the charged scalars according to Eq. (46), i.e. no mixing
between charged-Higgs and Goldstone bosons due to spar-
ticles in the large- tan8 limit.

These considerations can be extended to the Higgs-
fermion interactions. The operators up to dimension-four
follow from (11), which, in the limit of infinite tanp,
becomes

5 Also at finite (but large) tan 3, there is no (pseudo-) Goldstone
boson, as m?, ~ M3 > 0 contributes to the mass terms of both
¢, and A° (see also Sec. I1Ib).
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V2
v
V2

_TﬁRiMuijQLj.Hu+ﬁRikin;irQLj+H‘C" (50)

Lh=- dRiMd,_/.H;rQLj —dgiki;jQr; Hy

This can be made approximately invariant by extending the
symmetry transformation (47) to fermions. One judicious
PQ charge assignment is

QLj - QLj:

which commutes with the SM gauge group, implying that
neutral and charged gauge-boson couplings respect the
symmetry. It has been previously used in [13] to classify
the Higgs-fermion couplings in MFV. However, since for
MFV one has one more small parameter «;,/ kp,, % m,/m,
for g = s or d, it is useful to consider the following variant
of Eq. (51):

dg; — einRi) Ugp — Ugp,  (51)

bR_) eisbR,

Or i Or Jjr
Now Kij(;'RiQLj - H; in Eq. (50) breaks the symmetry un-
less dg; = dgs = bg. However, all U(1)pq breaking is still
proportional to one of the small parameters of Eq. (36):

qr—4qr Ugr— tgg.  (52)

PHYSICAL REVIEW D 84, 034030 (2011)

Kk, = O(w) and &;; = O(I). The modified symmetry
Eq. (52) forbids all operators in the weak Hamiltonian
Eq. (4) (Table I), including the would-be leading one,
O3S, except for the standard-model operator QY and
for Qf%R. The last two are, however, forbidden by the
original charge assignment in Eq. (51). Hence, the
Wilson coefficients of these operators are suppressed by
w = m,/my, or by factors of loop-induced effective cou-
plings, respectively.

At the tree-level (in the 2HDM), F*, which induces

5®, is multiplied by a factor «,, which is a PQ-breaking
coupling. On the other hand, F~, which induces Q$'L, is
multiplied by the unsuppressed factor Kgb. Hence, F~
must be proportional to PQ-breaking couplings in the
Higgs potential (up to 1/ tanB-suppressed terms). This is
also seen from the fact that in the infinite tan8 limit, it is
given by

[ d*3(T(R(x)RY(0))),

which vanishes if the PQ symmetry is unbroken. Explicitly,
in the large tanB limit one has:

i = 20,M35 + (AL — |A71P)0? 2 (53)
M+ (AL — [P 0PME — (BIm(ALAy) + S A,A2)0t - M3
— (A% — A2 (A AP s

F-

where the rightmost expressions hold up to higher orders of
small couplings. For F, this is identical to the sum of the
two leading diagrams in a ‘“‘mass-insertion approx-
imation,” where the PQ-breaking contributions to the
Higgs mass terms are treated as interactions [Fig. 2(f)
and 2(g).

At the loop level (in the 2HDM), up to doubly sup-
pressed contributions one can employ the PQ-conserving
parts of Egs. (50) and (46), i.e. set As = Ag = A; =0, as
well as ignore k., and k;;. The matching onto the weak
Hamiltonian can be organized according to one-light-par-
ticle-irreducible chirality amplitudes. There are three
amplitudes:

A rr = (T(bg(x))bg(x2)5, (x3)5.,(x4))), (55)
A g = (T(br(x))by(x2)5,(x3)55(x4))), (56)

Ay = (T(by(x))bp(x2)5(x3)5,(x4))),  (57)

plus the parity conjugates of A and Ay;;. (We have
omitted amplitudes that cannot match onto Lorentz-
invariant local dimension-six operators.) Only Ay
is invariant under U(1)py (both versions) and can be
generated from a symmetric Lagrangian. It matches onto

T LM+ (AL — [ P)oME — (AIm(AZA,) + L AA2) 0t

A M4 '

f
the standard-model operator QY. There is a single
diagram contributing, see Fig. 2(h). (Diagram (i) matches
onto QYRR and would be allowed for the unmodified PQ
assignment of Eq. (51).)

The present discussion could be extended to other pro-
cesses, and to higher loop-orders, by systematically treat-
ing the PQ-breaking couplings as interactions and working
to a fixed total order in the small parameters; in practice, at
such higher precision, one might want to extend the effec-
tive 2HDM by higher-dimensional operators to account for
v/Mgygy corrections.

Finally, let us remark that because our choice of shift
parameters v, and v, minimize the potential V in the
potential of our effective theory and not necessarily
the full effective potential, the one-point functions for
the (shifted) Higgs fields (0|4;|0) (h; = ¢, ¢4 A°) will,
in general, not vanish. Hence, also “tadpole” diagrams
involving quark or Higgs loops would have to be
considered at the outset [Fig. 2(e)]. That they cancel in
B — B mixing in our approximation follows from the
fact that no such diagrams are present when working
with a complex hg field and the Lagrangian V.
Tadpoles may, however, be relevant in other contexts.
We discuss our renormalization of v,, v, and tanf in
detail in the following section.
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TABLE I.
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Charges of the operators in the weak Hamiltonian under the approximate U(1) symmetry discussed in the text, see

Eq. (52). The number in brackets denotes the charge under the “unmodified” charge assignment of Eq. (51).

Operator [field content] U(1) charge Suppression of leading Higgs-mediated contribution Remark
?‘IiL[b_R q1brqL] 2 As (sparticle loop) new
Q]L,%[ER‘ZLI;LQR] 1 [0] ® known
OY"Mbrgrbrq] 0 2HDM loop SM operator
O [brqrbrqr] 2 [0] w*X 2HDM loop tiny
O’R[b1qrbrqr] 0[-2] w?*X sparticle loop tiny

III. SYSTEMATICS OF THE LARGE- tan8 MSSM

The present section is devoted to certain technical as-
pects of the large tan limit. The first concerns the defini-
tion (i.e. renormalization) of tan3 in the MSSM and in the
effective two-Higgs-doublet-model description of low-
energy (i.e., Higgs, electroweak, and flavor) phenomenol-
ogy, and the matching between the two. This is of
phenomenological importance, as tanf definitions used
in the literature on the MSSM are known to differ by
parametrically large expressions O(tanB X loop factor).
This can lead to ambiguities in the value of tanf of 10—
15 in certain regions of the MSSM parameter space be-
tween schemes that have been extensively used in the study
of radiative corrections to the MSSM Higgs sector [31].
Having clarified the connection between our “full” and
“effective” tanB, we justify the systematic expansion in
1/tanB at the Lagrangian level employed in Sec. Ilc.

A. Renormalization of tanf

In the MSSM, tanB = v, /v, is defined as a ratio of
vacuum expectation values. This is an unambiguous no-
tion at tree-level, because a preferred basis is provided by
the chiral Higgs supermultiplets of definite hypercharges
+1/2. Beyond tree-level, a scheme dependence arises as
the bare parameters p? (p; = m3, m3, Bu, g, g, etc.)
are renormalized, p; = p; + 0p;, as well as in the
normalization of the fields and in defining renormalized
shift parameters v,, v,. To formalize the renormalization
program, we first define bare shifts that minimize the bare
effective potential including radiative corrections, which
is equivalent to requiring vanishing one-point functions
for the shifted fields, i.e.,

1 |
R — — 00} =0 (58)
i \/‘2’ [ > ’

such that the v? are indeed vacuum expectation values.
Identifying (for any definition of renormalized shift pa-
rameters)

) =2 (v; — bv)),

; i=du, (59)
scheme dependence arises through, and only through, field
renormalization and the counterterms dv;. Reference [32]
argued that for a stable perturbation expansion, it is

desirable to define the renormalized v; such as to mini-

mize the renormalized effective potential, i.e. dv; =0,
and implemented this proposal for DR field renormaliza-
tion and Landau gauge. The same condition and gauge
fixing was imposed in the computation of one-loop cor-
rections to the MSSM Higgs masses in [18-21].
References [22,23] chose to work with on-shell fields
and in R; gauge instead, and their shifts do not strictly
minimize the one-loop effective potential. In fact, in gen-
eral gauges, for v; = 0 the effective action is not finite
and the v; are both divergent [22,33] and gauge-dependent
[33,34] (as are the bare vevs v?).6 Hence, to have finite
renormalized v; and tanB, dv; # 0, containing a gauge-
dependent divergence, is required. For tan3, we have

0 1-10o 1 1 ) 6
tanB’ = v—g e ptanﬁ(l +-6Z,—=06Z; — OVu 4 —vd)
vy 2 2 v, vy
= tanB + dtanp. (60)

Minimal subtraction for Z,, Z;, év,/v,, 6v,/v, defines

tanBPR [21]. It also follows from Eq. (60) that a change
between two schemes R and R’ can be calculated from
tanBR — tanBR = S tanpBr — 6 tanB~,

hence any scheme where 6 tanf is a pure divergence has
tanB = tanBPR regardless of any nonminimal field
renormalizations as those employed in [31]. In the latter
case, however, év,, 6v, are nonminimal and the counter-
term for tanB has no simple relation to the field renormal-
ization constants.

tanBPR is gauge-dependent [36], but to one-loop order,
the gauge-dependence drops out for the R; gauges. In spite
of its gauge-dependence, the DR scheme for tan/3 has been
shown to lead to a well-behaved perturbation expansion
[31] and is also used in the most recent version of the

SThis is, in particular, true in R ¢ gauges if & # 0. The apparent
contradiction to the results in [35], whose authors are able to
renormalize the effective action with purely “‘symmetric” coun-
terterms, is resolved by noticing that in the Lorenz gauge
employed in [35] the gauge-fixed Lagrangian still respects an
invariance under constant (‘“‘global”) gauge transformations.
This is sufficient to forbid divergences that cannot be removed
by symmetric counterterms. Conversely, the R gauges break
also this global invariance, for instance through Goldstone and
ghost mass terms, which are indeed responsible for the ‘“‘non-
symmetric” divergences at one-loop [33]. The exception is the
Landau gauge ¢ = 0, which has the invariance.
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publicly available computer programs FeynHiggs [37] and
CPsuperH [38].

A second issue is that a fully minimal subtraction
scheme, where in particular §v!i"® = 0, generally entails
v; that do not minimize the (renormalized) tree potential,
such that the renormalized Lagrangian contains linear terms

LD td¢d + tu¢u (61)

for the shifted (real parts of the) Higgs fields. On the other
hand, from Eq. (58) and (59) it follows that

ren =4+ TW 4+ 51, =0 (62)

always holds, if only dv, and dv, are included in 8¢;. The
presence of ¢, t; s perfectly fine, but tadpole diagrams then
have to be retained in the calculation. (In particular, they
appear in the expressions relating Higgs and gauge-boson
mass parameters to the Lagrangian parameters. If all renor-
malization constants are minimal, Eq. (62) determines ¢; in
terms of the bare proper one-point functions 'V [21].) Yet it
may be more convenient to perform additional finite re-
normalizations to work in a scheme where ¢#; = 0. This can
be achieved either by suitable finite terms in Sv; or by finite
renormalizations of the mass and coupling parameters. The
former shifts tan3 from its DR value according to

5v£1ad N BU}j‘d)

tanBd = tanﬁﬁ(l —
Vg vy

(63)
The latter option does not modify tan/3.

Going from the MSSM to a general 2HDM, tanf3 be-
comes—strictly speaking—an ill-defined notion, as there
is no preferred basis. Identifying H, = —eH; and H, =
H,, an SU(2) rotation H; — U;;H; removes the vacuum
expectation value of one doublet; this corresponds to the
(P, ®') basis introduced in Sec. II. Only ® receives a vev,
provides for the Higgs mechanism, and has flavor-
conserving couplings, while @' is an ordinary scalar with
FCNC couplings. To make contact with MSSM phenome-
nology, however, it is useful to keep the notion of tanf in
the effective theory. In principle, we could fix a basis to

enforce tanBEFT = tanBPR, but find it technically simpler
to allow for a parametrically small (i.e. not tan 3-enhanced)
shift, as we discuss in the following.

In complete analogy with the MSSM case discussed
above, if we employ a general gauge and MS everywhere
in the effective theory, v; and v, will not minimize the
tree-level (nor the effective) potential.” This would require
a modification of the formalism in Sec. II. In particular, in
writing the mass matrices Eqs. (23)—-(25) and the flavor
structure of the scalar-fermion couplings in Eq. (11) we
assumed the minimization conditions ¢, =1, = 0. To

7In this section, the renormalized 2HDM vevs are denoted by
vy, instead of v, in Sec. Il in order to avoid confusion with the
renormalized MSSM vevs. Correspondingly, the 2HDM tadpoles
are denoted by 7, ;.
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avoid such modifications, as well as changed expressions
for neutral meson mixing, we can either perform renorm-
alizations on the parameters m?, and m3, such that v; and
v, minimize the 2HDM potential, or achieve this through
nonminimal dv; ,. We pursue the latter option, keeping the
symmetric parameters of the 2HDM minimally subtracted.
This has the added virtue that the tanf such defined is
gauge-independent at the order considered, as it is fully
determined by MS mass and coupling parameters. These
are gauge-invariant at one-loop, which is clear from our
explicit matching calculation. We presume this to hold also
at higher orders, at least if the appropriate wave-function
renormalization is employed. The dv; are determined en-
tirely in terms of “light”-particle loops and, at least at
one-loop, do not lead to parametrically large shifts
o tan? ﬁﬁ, as can be verified from the explicit expres-
sions for the tadpoles in [23] or by considering tadpole
diagrams in the large- tan3 effective Lagrangian.

To find the precise connection between tanB°R and our
effective tanf3, consider the total tree plus one-loop con-
tribution of the superpartners to the (MSSM) effective
action for the gauge and Higgs fields,

1
Sen = fd“x[(l + AZW)<—Z>W;2VW“”A +(1+ AZp)

X <— %)BWB#V + (51-‘,- + AZij)(DMHi)T(D“Hj)

:
— i HHy — 3 Ao+ ] (64)
k=1

Here, O; are the quartic terms constructed from the Higgs
fields appearing in Eq. (12), and the dots denote higher-
dimensional local terms, and H,, H, are related to H;, H,, as
above. The precise values for the coefficients depend on the
MSSM renormalization scheme. We assume the MSSM has
been regularized by dimensional reduction while the cou-
plings, Higgs fields and tanB are minimally subtracted
(DR). The corresponding expressions Xk are reported in
Eq. (21) (tree-level) and in Appendix B2 and 3 (one-loop).

Equation (64) can be identified with the classical action
(ignoring 2HDM loops) for an effective two-Higgs-doublet
model with noncanonically normalized fields. To obtain
from this the MS-renormalized Lagrangian in the presence
of light-particle loops, one simply has to add the contribu-
tions (which are local) due to loops of 2e€ scalars present in
DRED?® and subsequently rescale the fields,

_G@R* _ de Zdu H?_ff (65)
HL)R Zud Zuu Hgff ’

8Integrating over the 2€ scalars leaves a path integral over light
fields that is identical to that in the DREG-regularized effective
theory, including the 1/€ divergence structure. We recall that the
2€ scalars should be thought of as having a nonzero mass of
O(Msysy) [39].
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subject to the condition Z(1 + AZ)Z = 1. This provides
the relation between the DR fields of the MSSM and one out
of an infinite choice of MS fields in the effective theory,
labeled ““eff”. We fix the freedom to choose the Higgs basis
in the effective theory by setting Z;,, =0 and Zi, =
zZ, = 0.° The relation between the shifts and tan of the
MSSM and of the 2HDM are now determined according to

() = vo ()T = vPR — 87, vy — 6Z,v, + S

71 (w) = vy ()T = vk = 6Z 440, + S0

_ - 8vtad 5Utad
tanB(u)*" = tanBPR(1 — ——+—2
Uy 1%

—-6Z,,— 86Z,,cotB). (66)

Here, we have expanded Z,,,,/,, = 1 + 5Zuu/dd and Z,;, =

0Z,4, and the 8Z;; are related to the AZ;; via AZ;y/» =
—25Z,m/dd and AZ,, = —6Z;,, with the explicit expres-
sions given in Appendix B1. The shifts 5vtad are defined
implicitly as discussed above. In summary, we have con-
structed a tanf which is appropriate for effective weak
interactions, gauge-independent and, up to an ordinary
(i.e., not tanB-enhanced) loop correction, coincides with

the widely used tanBPR. It means that the tan83 measured in
flavor physics, for instance through B(B; — ut ™), and
employed in our analysis, can be identified with the corre-
sponding DR parameter at large tan3, up to small corrections.

We note that our framework leads to a transparent ex-
pression for the relation between the DR scheme and the
so-called DCPR scheme employed in [22,23] in the limit
v <K Mgygy. In the latter scheme, finite but, unlike in our
effective 2HDM, ‘‘diagonal” wave-function renormaliza-
tions of H,, H, are performed, i.e., in our notation, 6Z,; =

8Z4, = 0, as well as 6Z,,/40 = ZBZS%‘G. Moreover, the
renormalization conditions include
1) 1)
Yo ~ 28 ReS0p(M2) =0,  (67)
vy L]

where 3 40,0 (k?) parameterizes the A°-Z° mixing according
to 2 h0.70 (k) = k*= 400 (k). Now, the sparticle contribution
to 3 40,0(k?) reads
3 0 0(k*) = Mysin? BReAZ;,
+ My sinf3 cosB(8Zfnite — §zfinitey + = (68)

where the dots denote terms proportional to cos/3 but not
involving the wave-function renormalization constants, or
terms suppressed in the limit where v and k << Mgygy.
This follows either by considering the mixed gauge-boson-
Higgs-boson  bilinear terms resulting from the
covariant kinetic operator for the Higgs fields in Eq. (64),
or via the Ward identity

kuSE, o (k) + MyS (k) = O0C — M3)  (69)

[TPRL)

°As before, superscripts “r
nary parts.

and ““i” denote real and imagi-
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(which is trivially satisfied in our SU(2)-invariant formal-
ism) from the terms bilinear in the gauge fields in the same
term. The two conditions in Eq. (67) then determine

(8 tan BPCPR)finite — tan,8 =P (5zfinite — 5zfinite)
t
= ar12 B ReAZ,, + ..., (70)

where the omitted terms are not tan3-enhanced. This ex-

plains the large numerical differences between tan3PR and
tanBPCPR found in [31] as a parametrically large effect.
Hence, tanB measured in flavor physics should not be
identified with the corresponding DCPR parameter at large
tan,B.m

As with the Higgs fields, we explicitly decouple the
contributions of heavy particles to the gauge field wave

"9The renormalization of tanB in the Mgygy > v limit was
recently discussed in [40], where a different conclusion was
reached, namely, that the shift between the DR and DCPR
schemes is not tanB-enhanced. As we do, they introduce sepa-
rate sets of renormalized Higgs fields in the MSSM and in an
effective 2HDM and proceed to assert that the 2HDM field
renormalization does not contribute tanB-enhanced terms in
Higgs-mediated processes. Next, within their effective 2HDM,
the authors write (with left-hand sides corresponding to our
notation)

'U = V; + A'U
\/_ 1
1+a
h(g)l,bare =, + A'Ud + (1 — %)Hg + ) Z]ZHLt ’
1 —
hg,bare =y, + Avu + (1 _ %)H(u) + azleO*;
A A
tanB’ = tanB + —— — =24,
vy, Vg

the fields H), H) have vanishing vev. Av; can be identified with
1/2(8Z;v; — 5vl) while z;; is equlvalent to AZ;, in our
notation. Differently to our treatment, wave-function renormal-
izations are only performed on the shifted fields. For the latter,
they correspond to our 2HDM field basis if a = —1. The above
field redefinitions then contribute a counterterm mixing A° and
7%, which is adjusted to remove the loop-induced A°-Z° mixing.
(An AyZ, counterterm could also be generated from Av; but
vanishes if v; minimize the renormalized tree-level potential, as
assumed both here and in [40].) However, off-diagonal renorm-
alizations are not present in a manifestly supersymmetric renor-
malization scheme such as DCPR, hence the renormalized A°
field in the 2HDM of [40] cannot be identified with the DCPR A°
field for any value of a or Av;, even in the large- tanB limit. If
MSSM wave-function renormalization is taken into account, its
effect on v; could be absorbed into Awv;, with DCPR then
requiring Av, /v, — Avy/v, = 1/2(6Z, — 8Z,). Our discus-
sion above shows that this expression is tanS-enhanced when
the other DCPR requirement — vanishing A® — Z° mixing — i
enforced. One should remark in this context that one can be
misled by an erroneous zero in Eq. (A.8) in [23], which also
disagrees with [22]. We acknowledge and enjoyed extensive
discussions with M. Beneke on this issue.
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functions (hence to g’ by a finite renormalization g(’)ﬁ =
gVl + gUett500) cancelling the terms AZy and AZy, in
Eq. (64) of the gauge fields, B? = Zg/ ZB‘;'{f and W? =
Z%ZW;“. For DR-subtracted MSSM couplings, this gives
MS-renormalized 2HDM gauge couplings.

We denote the quartic couplings in our 2HDM scheme
by A;. The finite renormalizations leave As invariant, As =

):5, while the other quartic coupling constants transform
like

_ “ 1
Ay = Ay + @287, + 5(8256’ +g"8g"),

~

- 1
Ny =dy + F6Z, + 5 (878 + ¢ 6¢)),

2
Ny = Ay =& 625, + 671,) — 3 (558 + 8754
Ay = Ay + g2(8Zy, + 8Z;,) + ¢28¢,

_ R gZ _ R g2

)‘6 = A6 - ZSZZd, )\7 = A7 + Zézj:d, (71)
where x” and x' denote the real and imaginary part of x,
respectively. The couplings A; and g) = g are MS
couplings from the viewpoint of the effective theory.

The modification of the dimensionless couplings by the
finite wave-function renormalizations affects the B — B
mixing amplitudes as a formally higher-order effect, as
does the scheme dependence of tanB. Unlike the latter,
however, the former is never tanB enhanced unless the
wave-function-renormalization constants themselves are.

Invariance of B — B mixing under field renormalization

The effects of an arbitrary linear field redefinition in the
2HDM such as Eq. (65) on the Higgs-mediated FCNC
Eq. (11) are twofold: (i) the values for cosB and sinf in
Eq. (10) are modified. This cancels the contributions to F~
from the redefinition of the mass matrices up to a global
factor:

Fra, Vy,d> M,) — .7:+(/\§y v/u,d’ M})

2
v
=5 |4t ZPF " (A via My), (72)

F~ A vyg My) = F~ (A}, ), 5 M)
2
v e —_
) (detZ*)* F~(Asy vyar My). (73)

(ii) the v, , redefinition in (i) comes with a modification
of x;;:
.UI
Kij = K} = ;(detZ*)flk,-j. (74)
The above factors cancel each other out in the products 3 q
F~ and bikhq F*, as they should. In particular, our

PHYSICAL REVIEW D 84, 034030 (2011)

choice of wave-function renormalization acting on the
leading FCNC coupling Eq. (29) produces an extra term:

Skpy = —Kpy (5025, — spcpdZl, + 382Z0,).  (15)

Considering Egs. (29), (30), (71), and (75), gives the same
Wilson coefficients C5® and C$'- as does considering
Egs. (29), (30), and (71), with the finite parts of 6Z;; set
to zero. While in practice, wave-function renormalization
has to be performed to relate the parameter M, to the
physical Higgs-boson masses and to take v =
(v2G)~'/2 = 246 GeV beyond leading-order precision,
such renormalizations are not the source of a nonvanishing
of the QM amplitude, to be found instead in the correc-
tions to Higgs masses and mixings (via the self-couplings
A;, in particular As); wave-function-renormalization ef-
fects enter that amplitude only at higher orders (as might
have been expected). In this regard our findings disagree
with the conclusions of [26].

B. Health of the large- tan  limit and fine-tuning

In Sec. Ilc we took the limit tan8 — oo (v, — 0, M5 =
const, v2 + v3 = const, A; = const, v, and v, defined as
minima of the tree potential) at the Lagrangian level. One
might wonder whether this procedure is valid at the quan-
tum level. To justify it, we show that the v; = 0 case and
the v, # 0 case are analytically connected, i.e. one can be
reached from the other without a phase transition. It then
follows that amplitudes are (in some neighborhood of a
parameter point with v, = 0) analytic functions of the
parameters (either symmetric or broken). The renormaliz-
ability of the effective potential V), then follows by stan-
dard arguments from the fact that it is equivalent to the
symmetric potential Eq. (12) (for a certain choice of pa-
rameters), which is renormalizable.

We first note that the number of independent minimiza-
tion conditions is unchanged in the v; = 0 limit. First, for
general values of the parameters, out of the four real (two
complex) minimization conditions, at most three are inde-
pendent. This follows from the U(1)y invariance but is easy
to verify explicitly. Fixing v, to be real and positive, three
polynomials of degree three determining three unknowns
v,, v}, v/, remain. The system has a solution v, = 0 if

2m3,
Ay
Here, the second equation determines v, = v as a function
of m3, and A, similarly to the case of a single doublet,
while the first equation can be viewed as a fine-tuning

condition between m?, and A;. The dimensionless, com-
plex parameter

Aym?y + Aym3, = 0, (76)

v =

2 2
_ My ﬁ o) 77
m2, Ay m?

11 2 My

parameterizes the deviation from the fine-tuning limit; we
may trade m?, in favor of €. Clearly, at the limiting point
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€ = 0, we indeed have three independent equations. Now,
it is easy to verify that, writing the four real minimization
conditions in the form

2 _
fi(/\i’ mij) Uu: Ud) - 0’
the Jacobian matrix

o(f1, for f3 f4)

a(v,, v}, Uil)

(78)

(79)

has maximal rank (3) at any point with v; = 0. (Physically,
this just means that the neutral-Higgs mass matrix has three
nonzero eigenvalues there.) Hence, by the implicit function
theorem, we may solve for (v,, v,) in a neighborhood of it,
where the solutions will be (real-)analytic functions of €. In
particular, v, behaves analytically (and is strictly positive)
around € = 0, i.e. no phase boundary is encountered.
Explicitly and to linear order, the real and imaginary parts
of v, are determined by

A3+AL 2 AL 2
1+ === = L r
2 m%l 2 m%l vy
P Y S v L
2 m%l 2 m%l
e
— 2
=v,| )+ O(e), (80)
€

such that tanB = O(1/|€|). The nonsingular linear term
allows us to change variables from m?, to a complex v,. Of
course, we may always perform a field redefinition of Hy,
such that v, is real. Then, the mass parameters besides
m?, are power series in 1/ tan3, which read

0 DR I S
myy == Avi+ v, Mg+ v Al

27 2 2
vgmi; 1 1
m3, = +§qud(/\3 + AL) "‘Evﬁ N+ 03 /vi),
UM

Ay — AL

M3 =m7, + 25024+ 0(v,/v,),
Ay + AL

M2 = v*+ 0(A\3se), M%1=m%l+732 2024 O(A%;€),

A+ A
M3 =m?, +%v2 +0(v,/v,). (81)

We see explicitly that we can continuously change the
dimensionful parameters in the Higgs potential from a
situation where v, # 0 to one where v, = 0, keeping
M3 (and the dimensionless couplings) fixed, as was as-
sumed in Sec. Ilc. The last three equations illustrate that
the large- tan8 case is characterized by a “primary” dou-
blet H, which receives a large vev v, and a ‘“‘secondary”
doublet H; with a positive gauge-invariant mass m?, that
receives corrections of @(v?) and O(e), respectively, due
to its dimensionless and dimensionful couplings to H,.
Those corrections differ among the physical components
of the doublet, approximately to be identified with H°, A°,
H*, due to electroweak symmetry-breaking. In principle,
m?, could be negative, but in that case, v, = 0 will typi-
cally not be the global minimum of the potential.
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We close this section by considering the fine-tuning
which is necessary to obtain a large tan8 while keeping
the mass M, fixed."" For v, real, Eq. (80) implies

r

A Az + AL
miy = =, + eotp(ndy + B 0t) (52)

which illustrates the tuning that is known to be necessary to
have large tanB in the MSSM. For the generic situation
m?}, ~ M3ysy > M%, the right-hand side is dominated by
the m?, term: A% is down by a loop factor relative to A,, and
m3, ~ v? < M3y (the little hierarchy). Hence,

miy [M3ysy ~ 1/ tanp, (83)

which implies an extra tuning beyond the one to achieve
the correct weak scale. For smaller m?, ~ M3 ~ M3,
which is interesting from the point of view of B-physics
phenomenology, the required tuning gets even worse—
unless, of course, the whole SUSY scale is lowered to the
weak scale, which is, however, problematic since then
M3 =~ M,v? is generally below the experimental lower
limit. On the other hand, as we have seen, M3 ~ m},,
such that no extra tuning is required to keep M3 finite,
while one might have expected otherwise from the well-
known tree-level formula

M3 = (tanB + cotB)m3,, (84)

which is generalized by Eq. (25). Also, while a small m?, is
indeed sensitive to radiative corrections, those are auto-
matically correlated with shifts of v, and in consequence
of tanB in such a way that M3 receives only mild
corrections.

IV. PHENOMENOLOGY

In Sec. II, we performed a detailed study of the super-
symmetric contributions to AM,; and AM; in the generic
framework of an effective 2HDM. The corresponding
matching coefficients were computed at the one-loop level
in Sec. III and Appendix B. In this section, we assess the
maximal size of the various types of effects identified in the
MFV case taking into account the existing constraints on
the supersymmetric parameter space, in particular, from
the By » u*u~, B* — 77 v, and b — 57 branching frac-
tions. For convenience, we start with a compendium of the
formulas derived in Sec. II:

AM, = |AMSM + AMIR + AME- + AMHL|
= |1+ h,|AMM, (85)

where the standard-model, the left-right and left-left
Higgs-pole (cf. Equation (17)), and the neutral-Higgs-
loop (cf. Equation (40)) contributions read

""This aspect has been considered before, and recently in an
EFT framework in Ref. [40].
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TABLE II. Input values. Here Mgygy stands for any of the supersymmetric parameters |u|,
M; , M;, M, Mz, M;,, la,l, layl, |la,|, M|, M,, M. The renormalized parameters M, and
tanf are identical in the MSSM and effective 2HDM for Mgy >> v, in the scheme introduced

in Sec. Ila. The quark masses and «, are defined in the MS scheme at the scale m,. The bag

PHYSICAL REVIEW D 84, 034030 (2011)

factors, defined at the scale m, as well, are discussed in Appendix C.

Quark masses and «a;

Bag factors

SUSY parameters

m, = 164 GeV PY- € [0.66, 0.76] tanB € [10, 60]
my, = 2.75 GeV PR, €[0.12,0.22] GeV M, € [120, 600 GeV]
my/m, = 1/19 PSLL € [—1.48, —1.24] Mgysy € [600, 1800 GeV]
a, = 0.108
. G:M3 m,/m PIR/pYLL
AMM = |V, Vi 23 M PVLL[ —EW S0 (m? | M} ] h ={—2.40[ o ][ 2 ] ]
0 = ViV, M PU| =00 Solmi /M) ’ 0.053/2.75 1L 3.2/0.71
-1 2(— )\* 52 2 2ids
AMER = 1V, Vi, P13 My, PSR = 2500 1R | + 0,35 10T A T AT /A)(120 GeVye
3 M?
A
AMgE = Vi Vi, PS5 M PSLL[ ]mb R2F- ] [LLL/PYLL]JFOM . [’_ﬁ]z[ my ]2}
6 —1.36/0.71 T(1+ &tp)?L40] L2.75

AMHL 1 yb mbzl]

12 1677% v M?
(86)

|quvjh|2fB MB YLLI:

respectively. The Inami-Lim function S, is given by
So(x) = (x — 11x2/4 + ¥*/4)(1 — x)~2 — (3x’ log(x)/2) X
(1—=x)73 and v = (2Gr)"1/2 = 246 GeV. The flavor-
changing and flavor-conserving quark-Higgs couplings
were defined in Secs. II A and II B:

%= Kbq'U _ qu'U _ y,zx/z €y
Aqhmb /\meq C,ZB (1 + g:},lﬁ)(l + EOIB)’
\/fm 1

Vo=, (87)

UCB 1+ 63[,3

with €,y and &; given in Eqgs. (31)-(33) and y, in
Appendix A. The F* factors describing the propagation
of the neutral Higgses were defined in Egs. (18) and (19),
with the effective couplings A; entering the neutral-Higgs
mass matrix computed in Sec. IIla and Appendix B. For
large tan3, we have in very good approximation:

2 o (=X + A2/ A2
M3’ a M4

Fr= (88)

(exact formulas were used in our numerical analysis
though). For simplicity, we have omitted the Higgs wave-
function-renormalization terms in Egs. (87) and (88),
which drop out in physical observables, as discussed at
the end of Sec. Illa. Explicit expressions for A5, A7, and A,
in the MFV case were given in Eqgs. (39) and (37).
Altogether, counting ey, F~ ~ (167%)"' and M, ~
120 GeV to get an idea of the naive size of the various
effects in the absence of constraints, we obtain:

167 €y]?(120 GeV)? [Lﬁ]ét[ﬂr 89)

where m;, is in GeV and ¢; = arg(k). h, is given by the
same expression with m, replaced by m, so that the first
term becomes subleading.

A first obvious remark is that AM}™ cannot compete
with AMIR or AME" unless y;, becomes nonperturbative.
This is rather accidental (notice the small loop factor in
Eq. (86) as well as the smallness of Pt with respect to
PSR and P{b). Further, the contribution of AML: seems
somewhat limited. However, the loop functions A5 and A
could be enhanced for large u or a,,, see Eqgs. (38) and
(37). A more quantitative analysis is thus desirable. In the
next two sections, we perform a random scan of the MFV-
MSSM parameter space to find the maximal AML" and
AMR values allowed by current experimental data.
Equations (85)-(89) do allow for new CP-violating
phases, © yet these will be set to zero in the scan.
CP-violating effects within the MFV scenario will be
shortly discussed in Sec. I'Vc.

A. Scan of the parameter space

The values of the various input parameters used in the
scan are collected in Table II. Note that only the products
PRmg and P5Rmy, or alternatively PyRmg and m,/m,, are
needed, see Eq. (86). We scan over PiRm, but keep m;/m;
fixed as AMLR is doomed to be small anyway. The decay
constants f, and CKM factors |V:, V3, | are not specified.

2Let us recall that in that case M2 4, defined as the nonzero
eigenvalue of the CP-odd mass matrix M7 in Eq. (14), is no more
an eigenvalue of the full Higgs mass matrlx
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Instead, outputs are formulated in terms of ratios free from
these rather poorly known parameters. Finally, we take
a = 1/127.9, sin’fy, = 0.231, and M, = 91.1876 GeV.

For simplicity, the gaugino mass parameters are as-
sumed to have the same sign (which we can choose posi-
tive), as well as the trilinear terms (positive or negative).
Note that the absolute scale of Mqygy plays no role as
supersymmetric parameters enter €,y and A; by means of
ratios. Only the spread of the interval chosen for Mgygy
matters. Still, Mgysy should not be taken too large to help
satisfy the b — s7y constraint in the case u < 0. We will
come back to this point later. We allow for rather large
values of My, close to the lower end of the interval chosen
for Mgygy. Still, the matching performed in Sec. III and
Appendix B remains valid as the corrections from higher-
dimension operators at the electroweak scale are ruled by
the ratio v/Mgygy and not M, /Mgygy. The formulas for
the various observables at the B mass scale are thus
unaffected.

The constraints imposed on the points generated inside
the above ranges are summarized in Table III. We now
discuss them in turn:

(1) The bottom Yukawa coupling y, is maintained small
enough, say, y, <2, to guarantee the validity of
perturbation theory. This condition removes possible
fine-tuned points in parameter space for which the
denominators in Eq. (87) are close to zero.

(i) The lightest Higgs-boson mass M), has to come out
large enough to comply with the LEP II experimen-
tal lower bound. M, is obtained from the CP-even
Higgs mass matrix in Eq. (23), with the effective
couplings A; computed at the one-loop level.
Higher-order corrections to A, are known to be
important [18-20]. However, 2 comes up in the
FCNC vertices «;; of Eq. (11), along with a cotg

suppression factor. The tanS-enhanced effects con-
sidered here are thus largely uncorrelated with M},.
For this reason we do not correct the one-loop
formulas and simply impose M, > 115 GeV.

(iii) The following bounds are imposed on a, and a,, to

avoid the occurrence of color symmetry-breaking
vacua at tree-level [41]:

la,)> <3(M; + M + m3,), 00
lay|? < 3(M12L + M%R + m?)).

The corresponding bound for a, is not imposed as
sleptonic parameters have very little impact on the
quark FCNC considered here anyway.

(iv) The most stringent constraint on the FCNC cou-
pling k comes from the B, — u™ u~ branching
fraction [3-5,42], which we normalize to AM, to
avoid the occurence of the parameters fp and
V,sV3,. This time the Higgs-pole contribution over-
comes the standard-model and Higgs-loop pieces.
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In addition, these last two interfere destructively, so
we will neglect them. The counterpart of Eq. (86)
then reads (with mi /M B, = 0 for simplicity):

BB, — up)

my, &P Fpl? + 1 FsI]
164mvt cos’Bl1 + €,15]
=R,B(B,— ptu )™, ©On

= T, |thV;7 2f123’qM??

where Fp and F refer to the Wilson coefficients
of the effective operators Qp = (bgs;)(£ys€) and
Qg = (bgs;)(€€) arising from neutral-Higgs ex-
changes and

n * 1 M2 2
€ = g M [_5H2< AL |IL‘L| )

“ 16w M, M2 M, 2
+H(M,21R |M|2)]_ g7 wn
v 12 Im, 2/ 1672 M,
(Mo, Miny 36
AIm 2 Im,12) - 327% M,
Mz, |pl?
H( AL ) 92)
: |M,|?" |M,|?

This result agrees with [43] but disagrees with [44].
The loop function H, was defined in Eq. (34) and
M 1(r) = Mz () in our MFV scenario. In the large
tanB limit and at tree-level in the Higgs potential,
we have: Fp=—TFs=F"/2=1/M?, so that
B(B, — u* ") is tightly correlated with AMLR
[5]. Going beyond the tree-level and large tang
approximations we obtain:  Fp = s5(F" —
F7)/2, with F= given in Egs. (18) and (19).
This formula is actually valid in any 2HDM, in-
cluding arbitrary CP-violating phases (in the
CP-conserving case it reduces to the usual identity
Fp=s 8 / M%). We did not find such a general and
simple form for Fg, yet it is straightforward to
write it in terms of My, tanf3, and the A;’s (alter-
natively one can of course express it in terms of the
neutral-Higgs masses and mixing angles). Note that
one still has Fg=—(F"+F)/2 up to
cotB-suppressed terms. Sparticle loop corrections
to the Higgs self-energies turn out to be relevant in
the case of Fy: they can be as large as 15% for
small M, after all constraints are taken into ac-
count, as we will see in Sec. IVb. Numerically,
Higgs-mediated effects can easily be very large:

R, = 9930[1 LA L";lz/ )‘2)”2]
A
[167%€y|*(120 GeV)* [t_,;]G
|1+ &tgl*1 + €o1pl?1 + €, 15/*M7 L40
(93)
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and R; = R,. The first correction factor above cap-
tures the bulk of the effects from the Higgs self-
energies, yet the exact formula for Fg should be
used for better precision. In practice, the looser
constraint B(B;— utu”)/AM,<5.7X107° ps,
obtained from B(B, — utu~)*P <1077 [45]
and AMS® =17.77 = 0.1 £0.07 ps~! [46], is
built-in in the scan procedure, then the current
95% C.L. bound B(B, — u*u™)/AM; <3.3 X
107? ps corresponding to B(B, — u*u )™ <
5.8 X 1078 [47] is imposed.13 We also checked
the bound B(B;— utu™)/AM;<3.6X 1078 ps,
corresponding to BB, — utuT)P < 1.8 X
1078 [47] and AM;® =0.507 =0.005ps™ " [49].
This provides no additional constraint. Neither do
B(B,y— w*p”) and AM , taken separately due
to the large parametric uncertainties from f B,

(v) The b — sy branching fraction with the energy cut
E, > 1.6 GeV is computed using the fortran code
SusyBSG [50]. Higgs-mediated effects now appear
at loop level with smaller powers of tanf, so that
purely supersymmetric loop corrections (scaling as
1/Mgysy) are comparatively more important. For
a,m <0 and relatively light Mqygy, chargino and
charged-Higgs loops can interfere destructively and
more room is left for New Physics. This interplay is
welcome when p < 0 as the charged-Higgs contri-
bution then tends to overshoot the experimental
branching fraction. On the other hand, in that case,
the discrepancy between the (g —2), standard-
model prediction and its present measurement [51]
increases (for a recent discussion, see e.g. [43] and
references therein). The significance of this discrep-
ancy, however, is questioned by the new eTe™ —
777y BABAR data [52]. We, therefore, still in-
clude the situation w < 0 in our considerations. The
B(b — sy) experimental world average reads:
B(b — sy)*P = (3.52 = 0.23 £ 0.09) X 10~*
[53]. The standard-model central value of the
SusyBSG program agrees well with the next-to-
next-to-leading-order  prediction B(b — sy) =
(3.15 = 0.23) X 10~* [54]. We combine the experi-
mental error with the uncertainties discussed in
Ref. [50] and obtain the following two-sigma range:
2.71 X 1074 < B(b — sy) <4.33 X 1074,

(vi) The B* — 7" v branching fraction is given by

G2
BBT — 1tty) = 8—;73+|Vub|2f§d

m2 \2
X MB+m%(l - ) 11— gpl> (94
B+

A newer preliminary result is B(B; — u* u )P < 4.3 X
1078 at 95% C.L. [48].
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where
2 2
_ M. Iy
(1 + Eol‘ﬁ)(l + ET'IB)MIZW

8p ©5)

parametrizes Higgs-mediated effects. €, is obtained
from €, in Eq. (92) by the replacement M ;;z) —
M g). Corrections to the Higgs potential merely
change the value of My+, which becomes a func-
tion of My, tan3, and the various supersymmetric
parameters. Again, we include these corrections in
our numerical analysis. Given the large theoretical
and experimental uncertainties, we impose: gp <
0.36 U 1.64 < gp <2.73. The -constraint from
B(B — D7) allows to reduce the second interval,
and we end up with gp < 0.36 U 1.64 < gp < 1.79
[55].

B. Size of the new contributions

The various Higgs-mediated contributions AMLR,
AM" and AME"™ normalized to the standard-model pre-
diction AM?,M are displayed in Fig. 3(a)-3(c) as a function
of the FCNC coupling k. As expected from Eq. (89),
Higgs-loop effects are very small (the bottom Yukawa
coupling actually does not reach its upper bound y, = 2
in the presence of the other constraints, see Fig. 3(d). The
upper and lower branches correspond to u < 0 and u > 0,
respectively). Further, the contribution of AM ]q“L appears to
be much smaller than that of AMR despite the fact that
m, F~ can compete with m; F*, see Fig. 3(e) and 3(f).
This suppression is a consequence of the B, — u™ u~
constraint. Indeed, large values of F~ are obtained for
small values of M, to which B(B, — u* ™) is particu-
larly sensitive. As a result, the recent CDF bound [47] only
leaves room for very small k couplings, killing practically
all effects in AMy"™ (and actually also in AMI® for such
small M 4 values). In Fig. 3(g), we illustrate this decrease of
the maximal i value allowed by the B, — u" u~ con-
straint with M,. Blue/magenta/red (dark grey/light grey/
grey) points correspond to M, = 550/350/150 GeV (the
constraints in the right column of Table III were not
imposed to keep the focus on B, — ut ™). As one can
see, for M4 fixed, the largest possible & first increases with
tanB?, as expected from Eq. (87), saturates the B(B, —
ut ) experimental upper bound for some tangB value,
and is then forced to decrease. For smaller M4, the B, —
ut u” constraint is more stringent and only a smaller &,y
can be achieved. This growth of k,,,, with M, is sufficient
to overcome the 1/M?3 suppression factor in AMR but not
the 1/M7} one in AML". Overall, Higgs-mediated effects in
AM, are of the LR type and the room for such effects
increases with M,. The correlation between AM, and
B(B;, — u* u~) pointed out in Ref. [5] is thus preserved,
up to the relatively small Higgs self-energy corrections to
B, — u* u~ mentioned above Eq. (93). These are only
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(b)
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1.4
1.2

= 0.8
0.6
0.4
0.2

w B

miF~/2 (107)

\]
.

400

(b

0.05 0.1

tanB/Ma (GeV

0.25

Study of Higgs-mediated contributions to AM, (see text). Black dots denote the points in parameter space that
satisfy all constraints, while gray dots refer to those that only satisfy the initial constraints (see Table III). In plots (g) and (h), blue/
magenta/red (dark grey/light grey/grey) points correspond to M, = 550/350/150 GeV, respectively. Plain lines indicate the B(B, —
ut ™) constraint. In plot (h), the dashed line corresponds to the more stringent B(B; — w™ u ™) constraint in the right column of

relevant for u >0, tanB < 25, small M,, and large As,
though (see Fig. 4). The mass difference in the B, system,
on the other hand, remains unaffected. These results seem
to contradict those of Ref. [56], where large LL-type

effects were claimed. Without attempting a close numeri-
cal comparison (the sign of AMY-/AMIR in [56] is ac-
tually reversed with respect to ours), let us point out that, as
shown by Figs. 3(e) and 3(f), a large AM:-/AMR ratio
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TABLE III.
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Constraints built-in in the scan procedure (left) and imposed afterwards (right).

Built-in constraints

Additional constraints

BB, — utu)/AM, <57 X 107° ps
Yo <2

M, > 115 GeV

Stability bounds, see Eq. (90)

BB, — utu)/AM, <3.3 X 1077 ps
271 X 1074 < B(b — sy) <433 X 1074
gp <036 0r 1.64 < gp<1.79

does not automatically lead to large nonstandard effects in
AM, due to the B(B, — u " u~) constraint.

Being of the LR type, the maximal effect allowed in
AM, is essentially determined by the current B(B; —
ut ™) experimental upper bound for a fixed (but large
enough) value of the ratio tan8/M . This is illustrated in
Fig. 3(h) for a slightly larger bound (cf. left-hand side
column in Table III). The correlation itself is displayed in
Fig. 5, where each diagonal corresponds to a fixed value of
the ratio tanB/M,. We distinguish the cases w > 0 and
m <0 as the latter leads to larger effects due to smaller
denominators in Eq. (87) but is disfavored by the measure-
ment of (g — 2),,, as mentioned previously. The sign of the
various a-terms, on the other hand, has only little impact.
Still, in the case u <0, a, > 0 helps satisfy the b — sy
constraint. Note that the effect of the B" — 7" v constraint
is particularly transparent on Fig. 5: it removes the points
with large tanB/M, ratios, i.e., the steepest diagonals.
Altogether, for M, < 600GeV, Higgs-mediated effects in
AM, can reach ~7% ( ~ 20%) for u >0 (u < 0). These
findings agree with those of Ref. [57]. They merely follow
from the B(B;, — u* ™) constraint, as one can see from
Figs. 3(g), 3(h), and 5.

Finally, for completeness (or out of curiosity), we dis-
play in Fig. 6 the typical size of various quantities and their
dependence on effective couplings or supersymmetric pa-
rameters. In particular, in the last four plots, we illustrate
how the loop functions &, €y, €,, and A5 increase with the
range chosen for Mgygy (more precisely, they increase with
the trilinear and u terms and decrease with the squark and
slepton mass parameters M; and M; with f =1, b, 7).

(F3+F%)/(2/MY)

0 0.02 0.04 0.06 0.08 0.1
—As (u>0)

C. CP-violating effects

The Higgs-mediated B — B mixing amplitudes studied
here can in principle generate new contributions to the
CP-violating phases measured in the B, — J/ K time-
dependent CP asymmetry and the B, — J/i¢ time-
dependent angular distribution. The coefficients of the
sin(AM 1) terms are

Sijpk, = sinB + ¢3),
Sirpe = —sin(=28, + ¢3),

where B =arg[—(V;, V) (Vi V)],
—arg[—(ViiV,)/ (Vi V)], and

(96)
Bs =

¢$ = arg(M‘fz/Mf‘zSM = arg(l + h,). 97)

In B, — J/ i ¢, an angular analysis separates the different
CP components, the sign quoted for S;,,, in Eq. (96)
refers to the dominant CP-even component. These phases
have received a lot of attention recently. In particular, the
new measurements of —23; + ¢+ by the CDF and DO
collaborations [58], both more than 1.5 sigma above its SM
prediction [59], have triggered speculations about the va-
lidity of the SM [60]. A possible tension between the value
of sin2f obtained from §;,,k, and the amount of CP
violation in the kaon system was also pointed out [61].
Looking back at (17)-(19), it is clear that the new phases
(b?, when associated with the Q4R effective operator, have
to be brought up by the quark-Higgs couplings «;; as Ft
cannot develop an imaginary part. When associated with
O3 or O3RR, on the other hand, they can arise from both

1.25
1.2
1.15
1.1
1.05

(F3+F%)/(2/MY)

0 5 10 15 20 25 30
B(By— upt)/ BBs— i)™ (1>0)

FIG. 4. Correction factor to B(B, — u™ ™) arising from supersymmetric loop effects in the Higgs self-energies as a function of the
effective coupling A5 (left) and the total Higgs-mediated effects in B, — u ™ u~ (right), for x > 0. On the left-hand side, the upper
(lower) line corresponds to M, = 120(600) GeV, assuming the approximate formula of Eq. (93) for the correction factor.
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descending lines correspond to

FIG. 5. Correlation between AM, and B(B, — u"p7): (@) g =15, u <0;(b) g =5, u>0:(c) g =d, u <0;(d) g =d, u>0.
a fixed value

the ratio tanB/M,. From left to right: tanB8/M, =

0.05,0.075,0.10,0.13,0.21 GeV~!. The ascending lines refer to the B(B, — u™ u~)/AM, constraints, see Table III. These lines
do not take into account the uncertainties on the quark masses and bag factors, nor the effects from sparticle loop corrections to the
Higgs potential in AM,, B(B, — u* u~), and to the lepton Yukawa couplings in B(B; — u*u ™), so that the actual points do not

follow them exactly but are somewhat scattered.

the Yukawa sector and the Higgs potential via F~. Within
MFV, «,Kpq = |RI*AZ,mgm,,/v? and only C}™ can pro-
duce a new phase (via €,y or As;). However, the B; —
utu~  branching fraction is barely affected by
CP-violating effects, so that its constraints on |i| are still
very well approximated by the plain lines in Fig. 3(g) (for
some representative M, values). As a result, just like in the
CP-conserving case, the net effect of the suppression of | k|
and enhancement of F~ for small M, is quite small. The
MSSM with large tan8 and MFV is thus not able to
account for a large nonstandard phase in B, — B, (or B, —
B,) mixing, if the evidence for such a phase were con-
firmed. Let us emphasize, however, that the formulation of
MFV adopted here does not coincide exactly with the full
symmetry-based definition of Ref. [13]. In the formalism
of Ref. [13], it was shown recently that new phases could
appear in the 8}7% sector, in addition to those in the
(84 ,)1323 sector [16]. The possible impact of these MFV
phases via &7, Ky, in C5® is a priori rather limited due to
the B, — w ™ u~ constraint, yet a more quantitative analy-
sis is desirable.

Beyond MFV, the Q%R contribution is expected to domi-
nate. As said before, supersymmetric loop corrections to
the Higgs propagator F* do not bring in any new phases.

These can only enter via the quark-Higgs couplings Kj‘]b

and «,,. The possible size of CP-violating effects gener-
ated in this way without violating the existing constraints

deserves a study on its own. We will not discuss this further
here.

V. CONCLUSIONS

We have studied supersymmetric loop corrections to the
MSSM Higgs sector. While the tree-level Higgs sector of
the MSSM is a 2HDM of type II, the soft supersymmetry-
breaking terms lead to new loop-induced couplings which
result in a generic 2HDM with FCNC couplings of neutral-
Higgs bosons to quarks, even if the supersymmetry-
breaking sector is minimally flavor-violating. The strength
of these couplings to d-type quarks grows with tan8 and
precision observables of flavor physics are known to se-
verely constrain large- tan3 scenarios of the MSSM. The
appropriate tool for such studies is an effective Lagrangian,
which is derived by integrating out the heavy supersym-
metric particles. The abundant literature on the subject has
primarily focused on the flavor-changing Yukawa cou-
plings [1-7]. Among the FCNC quantities, B — B mixing
plays a special role, because the apparently dominant con-
tribution of Fig. 1 vanishes. Therefore, B — B mixing is
sensitive to subleading effects, whose systematic study was
the main motivation for this paper. Pursuing this goal we

034030-21



GORBAHN et al.

1.4 (@
1.2
1
=0.8
0.6
0.4 !
0.2 HBIHBIRHBINH-E.
-0.03 -0.02 -0.01 0 0.01 0.02 0.03

20 (©)

0 easeesse seessss
-0.03 -0.02 -0.01 0 0.01 0.02 0.03
€0

0.03} (e
0.02
0.01

g 0
-0.01
-0.02} *
-0.03

0.002 yfﬁim @
ERE -;'g,;«tmg%!k.
0.001 “HrR

&
S

-0.001

-0.002

PHYSICAL REVIEW D 84, 034030 (2011)
(b)

mZF~/2 (107)
Ju— N w ESN W

o oo .
o8l Py

0.02 0.04 0.06 0.08 0.1

20 (d

0.0075
0.005
0.0025

€y
o

~0.0025
~0.005 | wesi

. ‘.-'I'II

~0.0075

-0.02

-0.04

As

-0.06

-0.08

/ML

FIG. 6. Dependence of various quantities on effective couplings or supersymmetric parameters.

have derived several conceptual and analytic results which
can be applied well beyond this topic. They can be classi-
fied into three categories:

1. MSSM Higgs sector. We have matched the complete
MSSM Higgs sector, i.e. both the Yukawa interactions and
the Higgs potential, onto an effective 2HDM. Our results
for the effective Yukawa couplings are valid for arbitrary

CP phases of u, a,, and the gaugino masses; and (31) and
(32) correct the gaugino contributions to €, and €y quoted
in Ref. [26]. The complete one-loop matching corrections
for the quartic Higgs couplings for the most general MSSM
are explicitly listed in one place for the first time. This
result goes beyond minimal flavor-violation and beyond
the large-tanB limit. It is well-known that improper
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choices of the MSSM renormalization scheme can lead to
radiative corrections which grow with tanf rendering per-
turbative results unreliable [31]. At the heart of this prob-
lem is the feature that tang is an ill-defined parameter in
the general 2HDM, which permits arbitrary rotations
among the two Higgs doublets. In the matching of the
MSSM onto the 2HDM this feature enters through the
wave-function-renormalization, and we propose an MS
renormalization of tan8 in the 2HDM which is stable in
the limit of large tan3. The relation to a DR-renormalized
tanB in the MSSM is discussed including electroweak
corrections. We identify the places in the effective Higgs
potential where physical tanS-enhanced effects occur. The
coefficients A,, A5 and A;, which are important for B — B
mixing, are explicitly specified for the MFV case in (39),
(38), and (37). Certain loop corrections to the Higgs po-
tential (As, Ag, A7) and their impact on tan8 and the Higgs-
fermion couplings have also been considered in an
effective-field-theory framework in Ref. [40], which ap-
peared during completion of this paper. Their results for
the A’s agree with ours for the parameter values consid-
ered. As far as the renormalization of tanf is concerned, in
Sec. III of the present paper we critically compared with
Ref. [40]. In particular, we do find a tan3-enhanced term in
the relation of the DR and DCPR tanf parameters. We
stress that, in general, only the former is numerically
close to the tanf parameter extracted from B-physics
observables.

2. Large tan 3 phenomenology. The prime application of
our results is B — B mixing. We have identified a global
U(1) symmetry of the brg, Higgs-mediated FCNC tran-
sitions and the tree-level Higgs potential in the
large- tanB limit which suppresses the superficially lead-
ing contribution of Fig. 1. A systematic study of B — B
mixing has required the analyses of four subleading
contributions, which are governed by the small parame-
ters my,/my,, 1/tanB, v/Mgysy and the loop factor
1/(4m)*. These parameters either provide a breaking of
the U(1) symmetry or allow for a contribution propor-
tional to the U(l)-conserving standard-model effective
operator. Prior to this work, only corrections involving
mys/m;, had been studied [5] (with the exception of
Ref. [26]). The v/Mgygy corrections are found to be
suppressed. The new loop contributions include all non-
decoupling SUSY corrections to the quartic Higgs inter-
actions A;—A; and the contribution of neutral-Higgs box
diagrams in the effective theory. In the complex MSSM
the results for F* comprising the neutral-Higgs propa-
gators become cumbersome. We have expressed F~ in
terms of subdeterminants of the neutral-Higgs mass ma-
trix. These expressions are easy to implement and clearly
reveal the invariance of the Higgs-mediated amplitudes
under rotations of the basis (—eH?’, H,). The results for
the Higgs sector are also used to refine the MSSM
predictions for the B* — 7"v and the B, — utu~
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branching ratios. In this context we stress that loop
corrections to the Higgs potential do not give rise to
additional tanB-enhanced contributions to the charged-
Higgs-fermion couplings beyond those known before
Ref. [26] appeared. Hence no parametrically large modi-
fication of the charged-Higgs contributions to Bt — 77 v
or B — X,y relative to Ref. [5] occurs.

While the MSSM corrections to B — B mixing in the
large tan S scenario could be dominated by the contribution
of As and A;, the size of this piece is limited by the
experimental upper bound on B(B, — u* u ™). After per-
forming an exhaustive analysis of this quantity, B(B —
X,v), B(Bt* — 77 v) and the mass of the lightest neutral-
Higgs boson M, we find that the impact of the corrections
to the Higgs potential on AM; is always weaker than that
of the m,/m, correction identified in Ref. [5]. Assessing
the total Higgs-mediated MSSM corrections to AM, we
find an upper limit of 7% of the SM contribution for u > 0
and M, <600 GeV. If u is negative, the upper bound is
around 20%. This is in contrast with Refs. [26,56], which
claim large effects of the Higgs potential on B — B mixing.
The corrections to B(B, — u™ ) from the Higgs poten-
tial are typically also small, but can reach 15% in some
corners of the parameter space. In summary, the correlation
between an enhancement of B(B, — u* u~) and a (mod-
erate) depletion of AM, found in Ref. [5] remains essen-
tially intact.

We finally note that our new contributions can alter the
CP phase of the B — B mixing amplitude, while the pre-
viously known Higgs contribution proportional to
mgm, F* has the same phase as the SM term (in MFV
scenarios). While the maximal possible CP phase is clearly
below the sensitivity of the current Tevatron experiments,
it is an open question whether future B — B mixing experi-
ments can help to unravel the CP structure of the MSSM
Higgs potential.

3. Heavy-quark relations and bag parameters. We have
transformed the NLO anomalous dimensions computed in
Ref. [28] to an operator basis and a renormalization
scheme typically used in lattice calculations. The accord-
ing anomalous dimensions are needed to evaluate the
“bag” parameters, which parametrise the hadronic matrix
elements, at the electroweak scale. We further employed a
heavy-quark relation to improve the numerical prediction
of the bag parameter Bi' entering the SUSY contribu-
tions to B — B mixing. The heavy-quark relation essen-
tially determines B} in terms of the bag parameter B,
which is needed for the SM prediction [59]. We found
P = — 2 B (m,) = —1.36 = 0.12.
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APPENDIX A: NOTATIONS AND CONVENTIONS

To state our phase conventions for u and M, we quote
the chargino mass matrix:

M gusinB
le + = 2 ;2
X gucosfB

(AD)

with v = 246 GeV and the chargino mass term in the
Lagrangian

L = —(A7, k) M (A7, )" (A2)

For the case of a general flavor structure of the squark
mass matrices we define the trilinear couplings T, and

fd[j (with flavor indices i, j) such that the squark mass
matrices read

VRRITY — p Y] Cotﬁ])

M; = vsinﬁ[f — w7, cotB] 2
T2 L Mmor, Co B iig

12 veosBr-pt Ot
ngz M‘?L T[Td MYdtanB]
d B et N )
VBT — Y qtanp] M

(A3)

in the super-CKM basis, where the (DR-renormalized)
Yukawa matrices are diagonal: Yq = diag(y,,, ¥4, Ygs)»
q = u, d. The mass matrices in (A3) correspond to the
squark mass term
Lo = I Mid, — DI MID; (A4
with q)ﬁ = (ﬂL’ EL’ ;L’ IZR, ER, fR)T and q)‘z = (JL’ §L’ I;L’
dR’ §Rr I;R)T‘
Our sign convention for the MSSM Yukawa couplings

implies the following relations between 2HDM quark
masses and MSSM Yukawa couplings in the up sector:
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S (AS)
" wvsinB 7

In general, the analogous relations in the down
sector involve complex phases associated with the
tanB-enhanced threshold corrections in (22). In particular,
Ref. [24], which discusses the complex MSSM for the case
without flavor mixing, relates the » Yukawa coupling to the
b quark mass as

\/5 my

"~ vcosB 1 + & tanB’

Vb (A6)

rendering y, complex for complex &; in (33). Our ap-
proach of matching the MSSM to an effective 2HDM
permits different phase conventions, because the quark
fields in the MSSM and the 2HDM can be chosen to
differ by a phase factor. We can rephase the by super-
field of the MSSM in such a way that y, is real and
positive and 1 + & tanB in (A6) is replaced by |1 +
&;tanB|. The (physical) phase of 1 + &;tanB will then,
however, appear explicitly in the Higgs and higgsino
couplings to bottom (s)quarks. Introducing 3 X 3 flavor
mixing, the relation between Y, and m,, m,, my, is found
from (22). Now the quark fields in the 2HDM differ
from those in the MSSM by a complex rotation in flavor
space and a particular choice for the phases of MSSM
fields appears less obvious. In particular, one could
render all y, real and positive by suitable rephasings
of the right-handed superfields. Note that within MFV y,
is still related to m; via (A6) in good approximation
without such rephasings. The analogous relation for the
first two generations reads

\/E mg s

= , A7
Yds vcosB 1 + ¢ptanf (A7)
while in the lepton sector, we have
2
V2 e with €=e u 7. (AS8)

yer vcosB 1 + €, tanfB

In (most of) the paper we express our results in terms of
fermion masses (i.e. avoiding y, ¢) to achieve formulas
which are independent of such phase conventions. Note
that the phases of €, and €y are physical and no phase
convention other than that of the CKM matrix matters
for x;; in (29) and (30). While the phase convention of
Y4, enters the phases in fq, it drops out from the MFV
parameters a, in (Al2).

Finally, the quadratic squark soft-breaking terms are
defined as follows:
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N _ v?sin? .
(M%L)U == (VgKMszvg-]}-(M)l] + Tﬁaijl)’u,-lz + 811M% COSZ,B(]/Z - 2S1n20W/3),
. v2cos? .
(MEL)IJ = T;lZQ)l] + Tﬁaijlyd,-lz + Bl]M% COSZ,B(—I/Z + Slnzaw/3),
2sin2 B (A9
~ v .
(M%?R)ij = (m3);; + Taijlyu,P +28,;M3 cos2Bsin*0y, /3,
. _ v2cos? .
(MER)U = mﬁ)u + Tﬁéijlydilz - 8IJM% COSZﬂSanHW/3,

where V0, corresponds to the relative rotation of left-handed u-type and d-type quark fields performed when
diagonalizing the Yukawa matrices. It differs from the actual CKM matrix, defined by the rotations that diagonalize the
2HDM mass matrices rather than the MSSM Yukawa couplings, by loop-suppressed (but tan3-enhanced) corrections. In

particular, within MFV, we have:

[reptanf | 10 for (i, j) = (u, b), (¢, b), (1, d), (1, 5),
VCKM[I_ _ 1+é&; tanB CKMV;; (AIO)
Vekm, otherwise.
[
The relations (A10) take a particularly compact form in the Y'=u,?, VgKM V:ir’ Y! = U, Y, V[}L,
(exact) Wolfenstein parametrization, where one has (A14)

1 + egtanS
A=|—2"F O’ )\ZAO, —:—O’ —:—0.
| 1 + &tanS p=p n=n
(A11)
Whenever we consider the case of MFV we write
fuij = atyuiﬁl-j, fdij = abyll,aij’ ]’thi/ = szalj’
iy, = My, g, = g8 (A12)

The SU(2) relation between M sL and M %L then implies for
the third generation:

2
N

M2 =M% +m}—
b T |1+ &tan B

+ M2 cos2B(1 —sin?fy).

(A13)

In the strict SU(2) limit (i.e., v/Mgysy — 0) one has M%L =
M}% , but for small M% , the term involving m? can be
L L

relevant. Also, FCNC W-ii;; loops vanish (for universal
M3 ) by the GIM mechanism up to the 77 term in (A13).

Finally, it is convenient to define the so-called super-
flavor basis, obtained from a generic electroweak interac-
tion eigenstate basis by rotating the supermultiplets Q; , up
and dy such that the quadratic squark soft-breaking terms
are diagonal. We denote the corresponding entries by ﬁzZQ
iy, and . For Mgysy > v, these are just the squark
masses, and the computation of the effective couplings A;
induced by heavy squark loops for arbitrary flavor and CP
structure is greatly simplified. The Yukawa matrices and
trilinear terms in this basis are simply written ¥, ; and T, 4,
respectively. They are given in terms of ) wa and fu,d as
follows:

T = U, T, Vo%mVD, T = U, T,V

where the matrices V,;, U, and U, are defined such that

diag(y) = ViV, diag(n?) = U, Ul,

diag(m3) = U,m3U}. (A15)

Assuming MFV, one is allowed to choose V,;, = U, =
Ud =1.

Our conventions comply with the Les Houches accord
[62]. In particular, our Y, ; and T, ; matrices correspond to
a particular choice of the generic Y, ; and T, ; matrices of
Ref. [62]. Our conventions also agree with those of
Ref. [63], except that the sign convention of our ¥, in
(A6) is opposite. Besides, our 7', equals —A,, and our T,
equals A, of Ref. [63], respectively.

APPENDIX B: MATCHING
OF THE MSSM ONTO A 2HDM

The notation of Sec. III distinguishes between the co-
efficients )Al,- and A;. The former quantities contain the
results from the supersymmetric loop corrections to the
quadrilinear Higgs couplings, whose tree-level values are
given in (21). The latter coefficients also include the effect
of the wave-function and gauge coupling renormalization
constants in Appendix B1.

In the following, we summarize the one-loop matching
corrections for the quartic Higgs-coupling constants in the
general MSSM. While the calculation of loop corrections
to the Higgs sector of the MSSM has a long history, see for
example [18-24], and a determined reader could extract
part of the matching coefficients below from these works,
the results collected in this appendix as a service to the
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reader are more complete than those in the literature,
capturing the effects of the full set of mass, flavor-
violation, and CP-violation parameters of the most general
MSSM. The effective potential V in (12) must be used with
A; = A; and the relation between A; and A; is given in (71);
the renormalization constants needed in this relation are
given in Appendix. B1. In the following subsections, we
quote the results for )A\,- in the general MSSM and decom-
pose A;_7 as

‘ f
/,\\ _ Atree + /\i'no _l’_ A? erm
! ! 1672

The tree-level values A are given in (21). Ai™ and ASfer™,
given in Appendices B2, and B3, contain the contributions
from higgsino and gaugino loops and from sfermion loops,
respectively. Finally we also list the relevant loop functions
in Appendix B4. All these results are given in the super-
flavor basis including the most general soft-breaking terms.

(B1)

1. Renormalization constants

The renormalization of g is related only to the field
renormalization of W and B, Zy g =1+ 0Zy p, if we

PHYSICAL REVIEW D 84, 034030 (2011)

decouple the sfermionic, higgsino and gaugino contribu-
tions: 8g' = —6Zz/2 and 8g = —56Zy, /2. The finite part
of the one-loop wave-function renormalization constants
of the gauge bosons are

8Zy =

2 1 2 M2
. [4log|“| +8log—2
16776 Mo :“o

i(log~ L+ N¢ 2 ) 4:|

_ g'2 1 |M|2 ~21 ,;12
0Zp= = 3[ + Z(log 5+ log—
LN, iy, L Ne g
~—Xlo ’+—1 —4 4+ Clog—%) | (B2
9 gMo 9 og I 18 % >] B2

where uo is the renormalization scale and the soft-
breaking terms are written in the superflavor basis (see
Appendix A).

The sfermionic contributions to the wave-function re-
normalization constants of the Higgs bosons are

1 ~ ~ % ~ ~ *
5de = WZBB(')(de, mQj)TdﬁTd/_[ + 3|,u,|236(mui, mQ )Yu/, YIA + Bo(me , ml )Te!, eﬂ]
021 = = 16— 2Z[m By, iitg )T Ya, + 30" By, g )T, Y, + By, i )TZ, Y, ] (B3)
5Zuu = 30 22[330(’":,4 ) mQ )Tuj T: + 3|1U’|ZB()(md) mQ])Yd Yd + |1U’|ZB (me ’ ml) eji eﬂ]

while the respective contributions of the gaugino and higgsino loops read:

1
0Z4y =
dd 167
8Zuy = ———
ud 167 5 M
1
0Z,, =
e 16wt 8

“(g" MIBY(IMy|, |]) + 3g>M3BY(IM,, | 1))

— 8(8 WM, 1)) + 3g2W(IMa], |]))

(B4)

(g"W(|M1I |ul) +382W(IM,], |ul)).

2. Higgsino-gaugino contributions to A{—A,

The situation of As = As is particularly simple: The matching correction only involves the box function and Al can be

written in a compact form:

Ao = 364 W 2MED(IMs |, IMy |, |l [el) + 282" WM MyDo(IMy |, 1M, (el el + g” wMIDo(IM |, IMy ], |l | el),

if we use the loop functions defined in Appendix B4.
We find for A™° = A, .. A, A0, Ae:

(B5)

A = g4(a, + a Dy (1M, 1Mo, |l | ) + asDy(IMy ), 1Mo, |l | ) + g28" (ay + abDy(IM, 1, 1Mo, |l | )

+ afDy(IMy |, 1Mo, |l 1) + g™ (af + aiDy(IM, 1, 1My, |l 1) + @ Dy(IMy ], 1M, e, | ),

where the coefficients ag, ... a))
The coefficients a(z'ﬁ{)) are given in Table IV, while

(B6)

depend on the index i labeling A; in (B1), which we suppress throughout this appendix.
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TABLE IV. Coefficients entering A", Al° and A" in Eq. (B6).

A a, ay, ah a) ay ay

Ay 2m)? 2 (MM + M{M,) 1 22 !

Ay 5 1M, 17 3 S (M M5 + MiM,) 1 SIM? :

A Blul* +3M,2 o 2lplP + i My + MM,) 1 [l + 110, 2 :

Ay SBlul =202 2 2|pl?* = MM — MM, -2 —lul? 0

/\6 3ILLM2 0 [L(Ml + Mz) 0 ,(LM] 0

/\7 SILLMZ 0 ILL(MI + Mz) 0 ,LLMl 0
-3 -1 -1 A, tod;  where the slepton contribution is contained in d} listed in
a,={ 0 , d= , d'={ 0 for{A Table V and d’zj_ki comprises the squark contribution

0 0 As tor,  (Table VD). Only A, receives a contribution from d'/*':
(B7)

3. Sfermion contributions to A;-A,

The sfermion contribution to A;_; are products of loop
functions and flavor dependent coefficients if we sum over
the generation index of the internal sfermions. For As,our
results then take the simple form

sf _ gijkl ~ ~ ~ ~
)‘; om = dlj D()(me,-’ mej’ my, ml,)
ijkl ~ ~ ~ ~
+ d2 Do(md[, md/_, ka, le)
ijkl ~ ~ ~” ~
+d{" " Dy(mg,, g, my,, i),

(B8)

TABLE V. Slepton contribution to Ajem-Ase™ in Egs. (BS),
(B10), and (B13).

dzl ki

Al -1, T.,T., T,

A —lul*y, Y., Yo Y2,

A3 —|uPT., Y, (T Y;, + T2, Y7)
A4 |wlPT,, T2, Yo, Ye,

As —wT, T, Ye Yo,

Ao wTe,Te, T2, Y,

A7 plulPT,, Y, Y5 Ye,

ijkl * *
dﬁlj = _3(Tdki TUkl o |/'L|2dei Yukl)

X (T, T; = |ulY,Y; ) for Ay  (BY)

while df{kl = 0 for A; with i # 4. The contributions to the
matching coefficients depend on the Yukawa couplings
Y, ..a of the charged leptons, the up-type quarks, and the
down-type quarks as well as on the trilinear soft-breaking
terms 7,,, defined in the superflavor basis (see
Appendix A).

We write Aje™ = AL, + AL, and find for the slepton
contribution

Ny =(b18;;+byY,, 8;+ b3Y e, Yee,)Boliit,, 1i1,,)
+(byb;j+ bsY,, 8;;+ béieeij Yeej,.)Bo(ﬁiz,» )
+(cy|lpl?Y,, Y 8;;+ T, Ti 6y
teslulPYe, Yo Yee, + caTe, T, Yoo, )Colitt,, i, , 1i1y,)
+ (C5|/~1‘|2Ye>/-,vY:j,-8jk teoT,, Te, 6+ C7|/~L|2Yej,-Y:k,-Yeek,-
+eT,, 1o, Yeekj)co(’ﬁe,.,mz,’ﬁlzk)

+d{" Do, i, .y, i), (B10)

while the squark contribution reads

TABLE VI. D, squark contribution to )\jfe""—/\%fe‘m in Eqgs. (B8) and (B13).

dé jki dé’“

/\1 _3Tdk,-TdU T:;k, T;,; _3|'U‘|4Y“H Y“jk Y'jlk Y:ﬂ

P =31y, Yo, Y5 Vi, =37, T,,Tu,Tu,

A3 =3IulPTy, Yo, (T3 Y5, + T3 Y5) =3|ulPT,, Y, (T, Yu, + TuYi)
Ay 3|,U«|2Td1, T:;ki YdAj YZU 3|’U“|2T“/1 TZ:/ Yu, Y;ﬂ

/\5 _3M2Tdkad,, Y;k, Y;’,, _3M2TMIATUJIY;1IY:/L‘

Ag 3T, Ta, T3 Y, 3ulplPT,, Y., Y, Y,

/\7 3/-L|/'L|2Td,j de,- Y:;kj Y;,,. 3/"LTuu Tujk TZJI YZik
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= (b78; + bgY4a,6ij + bo¥ a, Y aa,)Bo(ia, i) + bioY gy, Yua,Bo(ia, )
+ (01185 + D12V, 855 + 613V, Y, ) Bo (i, 1y, ) + (b14835 + bisY g, 845 + b16¥ i, 85 + b17¥ 4a, Y aa,
+ 018 Yy, Yo, + bngdde’uu”)Bo(mQ[, ig,) + (colul*Yy, Yy 8i; + c10Tq, Ty 81 + Clll/lede,Y;ijdd,-/-
+ Ty, 15, Yaa,)Colig, iy, fitg,) + (cislul?Yy, Yy 05+ cralulPYq, Yy Yaa, + c15Tq,Tq, 6k
+ Cl6Td.,,-T;k;Y_vddk‘,- + C17Td_,-,-T;k,Yuukj)co(md,» ’hQ,-: ﬁle) + (_Cled»-Y;,deu.kWP - C18Yu-kY;..Yudk,-|M|2
t T, g, Yua, + 18Ta; Tuy Yau,)Colita, g, iy, ) + (crol Y, Yy, 85 + ool w?Y, Yo, Vi,
+cT,,T,,0i + C22TL¢kTL¢kYuu<i + C23Tu,-lejjded~i)C0(mQ,»r Mg, ) + (caslml?Y,, Y, 0k
+eos| Y, Y5 Yoy + 26T, T 851+ €0T T Y, )Coliig,, iy, i) + d5 ¥ Doy, iy, g, ig)

ikl -
+ d” DO(mQ,mQ i, m,) + dﬁ{ Dy(ig,, g, g, ). (B11)
Here, we introduced shorthand notations for the products of two Yukawa coupling matrices:

Y, =YY Yy, =Y, Y, (B12)

XYij Xit © y? XYij
where x, y = e, u, d and we sum over the internal index /. The coefficients b, c,, and dffkl
in Tables V, VI, VIII, and IX.
We finally give the slepton and squark contributions to Ag7:

/\%f%rm_(cll/« ek,YeA 61]+62MTek Ye Yee )CO(me’me rmlk)+(c3/'LT Y 5]k+C4IU’T YeA,Yeek/-)CO(ﬁ/le,-rmljr’;hlk)

for each Ay, ... A4 are given

kj

+ (C5,U,Tdki deié,-j + CﬁlU“Tdk»Y;[k.Ydd--)CO(md-’ md_, I’)’le) + (C7/.,LTd..Yd”5]-k + CS,LLde,_ del_ Yddkj)c()(ﬁ’ldi’ ﬁ’lQl_, I”?lQ])
+ (ClgﬂTu,»kYZ,»,ﬁij + CIIO/-LT Y, Yuu],)CO(mQ ’ mQ ’ muk) + (CllluT Y d; ik + CllZIU’Tu,»jY:ikYuujk)CO(in’ muj! muk

Ui Uuij=J

i jkl ~ ~ ~ ~ kl ~ ~
+dllj DO(mei’mej’mlk’ml[)+d12] Do(mdi,mdj,MQk,le)+d3 DO(le,,mQj,muk,mul (B13)

where the coefficients ¢/, and di* are given in Tables V, VI, and VIL
4. Loop functions

In the UV-divergent loop functions we set € = (4 — D)/2. The loop functions are defined as

i (m )(47Te—7E)E _ [ 1
Gmp @m)P ¢ —m}’
[ 4 € dPq 1 1
(K2:my, m )( 6775) = ,
(g ot Qm)P (q + k) = mi g* —m3
[ 4 € dPq 1 1 1
7C ’ » —e VE = b
(477)? o(my, my m3)<M(2)€ ) QmP ¢ — ml @ — m2 g — m%
i Dy )<47T 7%)6 dPq 1 1 1 1
——Dy(my, my, msy, my)| — e 5] = ,
A V7 @m)P ¢* = mi ¢* = m3 ¢* = m3 ¢* = m;
4 € d dPq Ti{ (g — K)4]
W(my, m )(_ n) -2 , (B14)
Ve e CmP (g = k) = m)(q® = m3)
and we also write
Bo(m3, m3) = By(0; m3, m3), Bl(m?}, m3) = — e Bo(k m?, m3). (B15)

These functions read:
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1 m? log(“9) — m3 log(“4)
AO(ml) _7+m1 +n’l1 IOg( ) BO(ml;m2) =_+4+1+ 12 . 5
my € my — mj;

ms — m{ + 2mim3 log(%)
2(m3 — m3)?

m3,m3}+cyclicpermutations

By(my, my) =

2 m?

o2 m2,

Co(ml, my, mj

m? m5 log( 2) + m3 log( ) + m? Tms3 log( ‘)

(m1 - m2)(m1 - m3)(m2 - m3)

a*be log(%) + abzclog(ﬁ) + abc? log(%)

Dy(my, my, ms, my) = Z
{a,b,c,d}

(a—Db)a—c)a—d)(b—c)b—dc—d

4 _ @22 4
mj — 6bmymy + niy

W(ml,mz)———i-Zlog( )-i—l g( 5
my my

mz) (2m§ — 6mim;
(m3 — m3)3

B16
W — 2 (B16)

D,(my, my, mz, my) = Co(my, ms, my) + m2Do(my, my, ms, my)

Dy (my, my, my, my) = By(ms, my) + (m3 + m3)Co(my, ms, my) + m{Do(my, my, ms, my)

A further loop function, H,, is defined in (34).

APPENDIX C: RENORMALIZATION-GROUP
AND BAG PARAMETERS

The standard-model contribution to B — B mixing in-
volves the operator QY™ = (b, y,q.)(byy*q,) of (6).
The main new supersymmetric contribution to B — B mix-
ing presented in this paper comes with the four-quark
operator Q' = (brq; )(brqy) with ¢ = d or g = s, see
(2). O3 mixes under renormalization with

QS = (blq})(bhqt)

where i, j are color indices. The operators Q5 and Q5"
are widely studied in the context of the width difference
AT among the two mass eigenstates in the B — B mixing
system and the CP asymmetry a, in flavor-specific decays
[64,65].

Yet the next-to-leading-order (NLO) anomalous dimen-
sions have been calculated for an equivalent operator basis
in Ref. [28]. These operators,

(ChH

TABLE VII. Coefficients of )\%ferm and A%ferm in Eq. (B13).
Ag Ay
/ .’ 2
c — 8 8
1 p) )
ch 1 0
2 2
¢4 i@ =) i@—g¢")
: ] 0
/!
Cs - gT gT
cy 3 O
2
ch (=g =3¢ L(g" +3g?)
c§ 3 0
2
ch 13g%—3g") Hg" -3¢
cho 0 3
/ P _ P
n 8 8
s 0 3

(B17)

QYLL =(by, Y,LQL)(Z;LYMCIL)’ Q_%R = (5L’)’MCIL)(5R7”QR),
SR = (5RQL)(5LQR)’ Q_‘?LL = (b_RqL)(b_RQL)’

_§LL = _(ERO-MVQL)(BRO-MVQL)’
QVRR = (bRYMQR)(bRYMQR) Q?RR = (brqr)(brqr),
SRR = _(bLO',uqu)(bLa-'u qr); (C2)

are split into five sectors (VLL, LR, SLL, VRR, SRR),

define o, = £[,,. ¥, ]. The anomalous dimensions of the
VRR and SRR sectors are the same as those of the VLLL and
SLL sectors, respectively. To define the renormalization
scheme for the NLO we first note that we use the MS
scheme with anticommuting 5 as in [28]. Then we must
specify the definition of the evanescent operators which

TABLE VIIL  Slepton loop contributions to A§fem ... ASfem™ in
Eq. (B10).
A A A Ay
A a A
b oo - £ 0
b, G 0 — 0
by —1 0 0 0
by (-g'-g")  i(-g'-g")  jt+e) %
> 2
bs ;g% —g") 0 i8-8 5
be ~1 0 0 0
2
¢ 0 -g" & 0
e I 0 - % 0
3 0 0 -1 0
) -2 0 0
cs 0 Mg —g) i -gh) %
2
O 0 HEE S I
e 0 0 -1 1
cs -2 0 0 0
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TABLE IX. Squark loop contributions to A§fm ... Asfrm in
Eq. (B11).
A A A A
b 7 G o
! 7 I 7
by g" 0 —-£ 0
b -3 0 0 0
blO O O 0 _3
A A A
bu 5 -5 E 0
by 0 28/2 _glz 0
bis 0 -3 0 0
4
by £(=9g*—g") L(-9"—g") L0Ogt+g") —3g
bis 3¢ +g") 0 H=3g2 =g 3¢
bis 0 162 —¢") 1" -3g) g
b17 _3 0 0 0
b]g 0 _3 0 0
bro 0 0 -3
2 2
C9 —-g % 0
2
€10 8'2 0 - QT 0
Cl 0 0 -3 0
Cl2 _6 0 0 0
2 2
c13 0 —1(Bg?+g") 1Bg*+g) -3¢
Cig 0 0 -3 3
c5  1(3g2+g") 0 H-3g2—g") 3¢
Cie -6 0 0 0
Ciy 0 0 0 -3
C18 0 0 0 _32
2 2
cio 5(g" — 387 0 162 -¢H %
Co 0 0 -3 3
ca1 0 137 —¢N (" -3 38
(%) 0 —6 0 0
Cr3 0 0 0 -3
Coa —2g" 0 g" 0
Cas 0 0 -3 0
c2 0 2¢" -&" 0
Cy7 0 —6 0 0

enter the NLO results as counterterms. In particular for the
SLL sector, the evanescent operators of Ref. [28] read:

_ I 1 -

ES™ = (bhqy)(bLq)) + 3 ot — 3 o3,

_ _. P . _ 1 -
ES = — (b0 ,,,q1)(brot q)) — 60T — §Q§LL,
ESY = (Boyu¥0¥ o Yo dt) bRy v v*¥7 4,

+ (—64 + 96€) O + (—16 + 8€)QSLL,

ESY = By u¥ ¥ o Yo d)) DRV Y ¥ Y7 qL)

— 64081 + (—16 + 16€) 05, (C3)

where we use € = (4 — D)/2.
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The operator basis

QYLL — QYLL’ QITR _ 'ITR’ QLR — 'LR

SLL = (quL)(b;qu)
QSRR — Q?RR’

SLL _— AHSLL SLL —
Q] - Q] ’ 2

Q\IIRR — QVRR

QSRR = (bLCIR) L‘I;e),

which we adopt in this work agrees with the one of (C2)
except for the SLL sector and the SRR sector. The eva-
nescent operators are defined as in Refs. [59,64]:

ESYt = (byy,v,q0)(Bhy v q}) + 8(1 — €) Q5L
ES™ = (biy . v,q)) By v q}) + 8(1 — €) Q5.

The hadronic matrix elements in this basis are parame-
trized in terms of “‘bag” parameters BY'L, BSIY, and B
defined as

O3 = (C4)

_ 2
Byl QY- (wIB,) = S M3, 15 BY(u),

52 M2 fB BSLL/( W), (C6)

B0 wB,) =~

(B, 10V -u)1B,) = - M3, 13 B ().

Here, u is the renormalization scale at which the matrix
element is computed and f B, is the B, meson decay
constant. While fp exceeds fp, by 10-30%, no nonper-
turbative calculation finds any dependence of a bag pa-
rameter on the flavor of the light valence quark. In the
vacuum insertion approximation the bag parameters equal
BYM(n) = Land By (n) = B (u) = My /Imy(p) +
m,(w)]*. Lattice computations determine the matrix ele-
ments at a low scale around 1 GeV and results are quoted
for u = m,(m,). In order to use the lattice results in our
calculation, we need the renormalization-group (RG) evo-
lution of the bag parameters to the high-scale wu; which is
set by the masses of the Higgs bosons exchanged in our
B — B mixing diagrams. The matrix elements computed on
a finite lattice are converted to continuum QCD by a
matching calculation. This lattice-continuum matching is
only meaningful beyond the leading-order of perturbative
QCD. Thus, the dependence of the bag parameters on the
chosen (continuum) renormalization scheme must be ad-
dressed: The NLO anomalous dimension matrices entering
the RG evolution must be defined in the same renormal-
ization scheme as the bag parameters, so that the scheme
dependence properly cancels from physical observables.
The NLO anomalous dimensions have been calculated for
O™ in Ref. [66]. As said previously, in the case of
(OS5, OSHE) the NLO anomalous dimensions have been
calculated for the equivalent operator basis (Q$t*, OS'1)
with the evanescent operators of (C3) [28].

The purpose of this section is twofold: First, we present
the transformation of the results of Ref. [28] to the
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(O3, OSIL) basis and the scheme corresponding to the
evanescent operators of Eq. (C5), for which lattice groups
quote their results. These formulas are useful beyond the
need to evolve the bag parameters given at u = m, up to

= ;. In particular, lattice groups need to evolve
BSLL’ (w) and B$““(u) from a scale around 1 GeV up to
mo= my. Second we exploit a heavy-quark relation among
the bag factors in Eq. (C6) to sharpen the numerical
prediction for Bt () entering the SUSY contribution
to B — B mixing. While constraints from the heavy-quark
limit of QCD have been used to improve the predictions for
AT and ay, [59,64,65], they had escaped attention in stud-
ies of new-physics contributions to B physics observables
so far.

1. NLO scheme transformation formulas

We decompose the anomalous dimension matrix in the
usual way as

o) o (M)zym + 0. (C)
4ar

4ar

The NLO correction ") has been computed for the basis
(O3, O5LL) in Ref. [28]. In four dimensions it is related to
the basis (C4) by a simple Fierz identity:

o= (g =gt ) - v

2

(C8)

where R is given in Eq. (C10) below.
Yet in D dimensions our change of basis involves a
rotation of the operator basis—including the evanescent

operators £ = (ES', ES")"—and a change of the renor-
malization scheme. We follow Ref. [67] and write the
rotation as'*

>

O=R(O+WE), E=Me00+[1+e0OWE), (C9)
with
. 1 0 . 0 0
R = 1) W= ’
AR 8 0
1 1
. -1 . -8 0
o=(* ?) M= . (C10)
g —1 —4 1

The information on the definition of the evanescent opera-
tors in Egs. (C3) and (C4) is contained in the matrices U
and M. Now Eq. (C9) corresponds to a finite renormaliza-
tion with renormalization constants [67]

"Two more evanescent operators (called ESM and ES'“ i
Ref. [28]) must be specified to fully define the scheme of the
calculated %. This information enters the matrix U in
Eq. (C10). We choose to add ES- and ES" also to the eva-
nescent operators of Eq. (C3), so that we can in practice work
with the change of basis defined in Egs. (C9) and (C10).
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5(1,0)

1 o i
— (Zo' + W2y’ = ¥OW)UIR".

(C11)

5(1,0) _
250 = RIWZyy

While the one-loop anomalous dimension matrix is just
rotated, the two-loop anomalous dimension matrix under-
goes an additional scheme transformation:

YO = RyOR-1,
M) — pyhp-1 (€12)
Y Y

_ 1510 07— 0) #(1,0)
[Zgo v "1 =289Z4p,

with the one-loop operator renormalization constants

1 2 11
san_ 0 3 ) 2(1,1) _( 6 )
Z = < V4 =

QE _ - EE _16 _ 4 )
8 8 3 3

5(1,0) 5 =
12 48
7o —( . L). (C13)

3 12

We can now calculate the new two-loop anomalous
dimension matrix y from the NLO anomalous dimension
matrix y of Ref. [28],

1
— (0) _ _10 6
Y —40 3 )
1459 74 35 1 (C14)
= Tdidl 2 E)
LI\ -2+ 2%
We obtain
_ 28 4 __ 260 88 _ 44 8
7<o>=< 3 3) 7(1):< Sty _+ff)
16 2 ) 242 76 332
303 3 S 198
(C15)

Here, f denotes the number of active flavors and y©
coincides with the result in [64]. As a check, we have
calculated the result of Eq. (C15) also in a different way:
It is possible to define evanescent operators such that the
Fierz identity holds for the one-loop matrix elements.
This choice fixes the definitions of both E{M- and ES'* in
Eq. (C5) and of the evanescent operators on the
(O3, OSLL) basis. (One of the latter operators equals €
times a physical operator. Its impact is equivalent to a finite
multiplicative renormalization of Q3'".) In this approach,
one can simply rotate y'!) in the same way as y© in
Eq. (C12). Finally, the result is transformed to the scheme
of Ref. [28] using the scheme transformation formula of
Ref. [68].

Next, we calculate the matrices governing the RG evo-
lution in the (Q$'", OS'*) basis. The bag factors at the
scale u; are obtained from those at the low scale w, =
O(m,) via

=5BYM () \ ’
( B, )— Uy, ) (

~SBI(wy)

1
sy ) 0

034030-31



GORBAHN et al.

In the spirit of [29],we write the evolution matrix as

as(lu’h) as(lu’b) as(;““h)
=00
Uy, pp) = U <as(,uh))+ = AU(%(M))’ (C17)

where U© is the LO evolution matrix and the NLO cor-
rection reads

AU(n) = J;UO(n) — nUO(n)J;. (C18)

The 2 X 2 matrix J; is calculated from the anomalous
dimension matrix y [69]. We only need J5, since we run
with 5 active flavors to the scale w,. For applications in
kaon physics, one also involves J4 and J;. We quote all
three matrices here, so that the formulas of Ref. [29] can be
easily extended to the (3", O3'L) basis:

AU,—s(n) =
y=5(1) (()'6454—1-0.089817 ~0.1692 + 0.13587

In our numerical analysis we drop the terms which are
linear in 7 in the two matrices in Eq. (C21), because they
are scheme-dependent. The scheme dependence of these
terms cancels with that of the NLO QCD corrections to the
B — B mixing diagrams with SUSY Higgs exchange. Yet
these QCD corrections are unknown.

2. Hadronic matrix elements and heavy-quark relations

The three bag factors BY'™, BS“(w,), and B (w,)
obey a heavy-quark relation [65]:

4 1 .
B () = gaz(ﬂb)BYLL + 5 ay () BT

+ @<_AQCD).

my,

(C22)

Here a;(u) and a,(u) comprise NLO QCD corrections
[59.64]:

() =1+ aigb)<l6log:;b + 8),
) b 2 (C23)
aY

These values are specific to the definition of the evanescent
operators as in Eq. (C5). As mentioned in Appendix Cl,
this definition allows to maintain the validity of Fierz
identities at the loop level. Such a definition is preferred,
if the bag factors are meant to parametrize the deviation of
matrix elements from the vacuum insertion approximation
(VIA), because the calculation of matrix elements in VIA
approximation involves a Fierz transformation. In particu-
lar the choice in Eq. (C5) is crucial for Eq. (C22) to hold in
the limit of a large number N of colors [64].

14040 — 1.37077  —0.3680 — 2.0731 n) Coes ( 0.0704 — 0.10377
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S (141 007 (0964 1452

> \0306 —5350) Y \0375 —4982)
0.652  2.597

Js = . (C19)
0.421 —4.804

We quote handy formulas for the five-flavor evolution
matrix, similarly to Ref. [29]:

O () = 0.9831 —0.2577 oS
I=5 —0.0644  0.0169

. (0.0169 0.2577 )n‘”lg“.

(C20)
0.0644 0.9831

The NLO correction reads:

10746 + 1.36657 \ .14,
—0.3395 — 0.39587 —5.1807 +5.21417 '

(C21)

The bag factor BY'" is very well studied in lattice QCD,
so that it is worthwile to study the constraint on the other
bag factors when Eq. (C22) is combined with lattice results
for BY'L. Indeed, one can use Eq. (C22) to pinpoint the
ratio

B?LL/(mb) B’SLL/(mb) 1

L 2 =0.93+0.23—L ——"+(0.23 = 0.05) ——

B (my) BY™(my,) BY(my)
(C24)

quite precisely, even if E‘?LL’ is only poorly known, because
its coefficient in Eq. (C24) is small. The last term in
Eq. (C24) quantifies the Agcp/my, corrections, see [59]
for details. The lattice results of [70] have been combined
in Ref. [59] to

BY"(m,) = 0.85+0.06 and B}"(m,) = 1.41 =0.12.

(C25)
Inserting these values into Eq. (C24) yields
B3 (m,)
—— = 1.57 = 0.08, (C26)
BYLL(mb)
which is consistent with the direct determination
B?LL’(m,,) = 1.34 =0.12 (C27)

from the lattice [70].

We are now in the position to accurately predict the bag
factors at the high-scale w,. Choosing w, = m,(m,) =
164 GeV, a,(M,) = 0.1189 and m;,(m;) = 4.2 GeV and
using Egs. (C26) and (C27) we find
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B (m,) = 1.62B(m;,) + 0.01B5"(m,,)
= (2.54 = 0.13)BY(m;,) + 0.01
B (m,) = 1.29B5" (m,,) + 0.54B3" (m),)
= (2.03 £ 0.10)BY™(m,) + 0.77 = 0.07
(C28)

Here, we have omitted the scheme-dependent terms pro-
portional to n in Eq. (C21). The small (2, 1) element of
U;O:)S in Eq. (C20) ensures that B}“(m,,) is inessential for
B3 (m;,). One realises from Eq. (C28) that the uncertainty
of the high-scale bag factors stems almost completely from
the error of the lattice result for BY(m,).

Switching finally to the P,’s defined in Eq. (8) we get

5
P?LL —_ gB?LLI(mt)
= —(1.59 = 0.08)BYLL(m;) — 0.01
— —1.36+0.12
PYLL = BYLL(;p,) = 0.83BYL(m,) = 0.71 = 0.05.

(C29)

In the last line, the ifull NLQ result of [66] has been used.
We do not need Pt = B$M(m,)/8 for our analysis.
Parity ensures that Q' and the chirality-flipped operator
QSRR defined in Eq. (7) have the same matrix element, i.e.
PSRR — pSLL

1 1 -

Finally, we compute P5R using the formulas of Ref. [29]
with the bag factors of Becirevic et al. [70]. This time the
conversion between the bases of Ref. [29,70] is straight-
forward, since the renormalization scheme used in
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Refs. [28,29] respects the Fierz symmetry and lattice re-
sults are already quoted for this scheme. The result is

PR =32 +0.2. (C30)

The number in Eq. (C30) is significantly larger than PSR =
2.46 quoted in Ref. [29], because our value for m, is
smaller and the lattice bag factors are larger than 1. The
error in Eq. (C30) does not include the systematic error
from the quenching approximation.

APPENDIX D: TRILINEAR HIGGS COUPLINGS

The trilinear terms of the effective Lagrangian at
tanf = oo introduced in Sec. Ilc read

3) _ v )\2
Vltb - _{_

rM
V212
+ A (V2 | 12+ [ROR i +H.e])

(P2 + (G2 +2|h} 1% +V2Asr, HY H,

1
+ [Ashg*(ﬁhg*(ru +iGY) — h; h;) + A(H H O

3 1
+ )\7(}12"[57% + iruGO +E(GO)2 + |h;— |2]

—\/Eruh;h;)+H.c.]}. (D1)

Again, the first two lines respect the U(1) symmetry in-
troduced in Sec. Ilc, while the last two lines break it, and
the breaking is proportional to loop-induced couplings.
Finally, the quartic Lagrangian is obtained from the quartic
terms in Eq. (12) by substituting H, — (h:{,715¢>2) and
Hy— (h%, —hj). Also there, only As, Ag and A, break the
symmetry.
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