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Higgs-mediated flavor-changing neutral currents in the general framework
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We consider the standard model with two Higgs doublets with the most general Yukawa coupling terms
(“type III" ). In the model, the neutral-Higgs-mediated flavor-changing neutral cuiiegtsC'’s) are allowed,
but must be reasonably suppressed at low energies of probes. It has been known that the existing hierarchies of
guark masses render this suppression at low energies rather natural. On the other hand, the model has been
regarded by many as unnatural because of the absence of any symmetry that would ensure the persistence of
this suppression as the energy of the probes increases. The opinion has been based on the expectation that the
mentioned FCNC's would increase by large factors at increasing energies. We perform a numerical analysis of
the flow of these FCN coupling parameters as governed by the one-loop renormalization group equations
(RGE’9), in a simplified case when Yukawa couplings of the first quark generation are neglected. The analysis
shows a remarkable persistence of the mentioned FCNC suppression and thus indicates that the model is not
unnatural in the RGE sense. Further, we point out two mistakes in the Yukawa RGE’s of Machacek and
Vaughn at the one-loop levdlS0556-282(98)00621-3

PACS numbgs): 11.10.Hi, 12.15.Mm, 12.38.Bx, 12.60.Fr

I. INTRODUCTION neutral current$FCNC’s) mediated by neutral Higgs bosbn
must be strongly suppressed at low energies of probes
The (standard model with two Higgs doublets whose (=<E,,) due to the firm experimental evidence of FCNC sup-
Yukawa couplings in the quark sector have the most generglression. Consequently, the general 2HDM, which has no
form was apparently first introduced in 1973 by Ldé His  such automatic and full suppression of the FCN Yukawa
main motivation for introducing the model, later also known coupling parameters, apparently was not investigated by
as the general two-Higgs-doublet modé2HDM) or “type physicists until the late 1980’s.

1" 2HDM, was to study new possibleC P-violating phe- Since the late 1980's, there has been a moderate resur-
nomena. Otherf2] continued investigating the phenomenol- gence of investigation of the G2HDN#—7]. These works
ogy of the model along these lines. investigatdow-energyphenomena<E,,) as predicted by

Subsequently, Glashow and Weinbef§] in 1977 G2HDM's, with most of the FCN Yukawa coupling param-
stressed that only those models with two Higgs doubletsters(at low energies of probédeing generally nonzero but
whose Yukawa coupling sector possesses specific discreteasonably suppressédReference[4] investigates predic-
[or equivalently W1)-type] family symmetries lead to auto- tions of the model mainly foiC P-violating, and Ref.[7]
matic and full suppression of the effective flavor-changingmainly for FCNC-violating phenomena. The resulting ampli-
neutral(FCN) Yukawa parameters, and ensure this supprestudes then include FCN Yukawa coupling parameters at low
sion at any energy of the probes. They pointed out that therenergies of probes.
are basically two types of such 2HDM’'s—the so called The authors Cheng, Sher, and Yud®SY) [5] offered
“type I” and “type II" models, in which either one Higgs arguments which render the G2HDM reasonably natural
doublet alone is responsible for all the quark masse$rom the aspect ofow-energyphysics, thus countering one
[2HDM(l)] or one Higgs doublet is responsible for all the part of the reservations based on the arguments of Glashow
up-type quark masses and the other for the down-type quarknd Weinberd3]. CSY basically proposed speciffinsdze
masseq 2HDM(Il)]. This point of Glashow and Weinberg
apparently had a great impact on the physics community,”

especially because most of the mentioned flavor-changingis more precise expression would be “neutral flavor-changing

scalar (Yukawa coupling,” since these couplings have no four-
vector current structure involving*.

*Email address: cvetic@doom.physik.uni-dortmund.de 2L ow-energy experiments show that those flavor-changing neutral

'Email address: sshwang@theory.yonsei.ac.kr coupling parameters which do not involvet guark are suppressed

*Email address: kim@cskim.yonsei.ac.kr; in nature at low energieE~m,, while for those involving at
http://phya.yonsei.ac.Ki¢skim/ quark there is no experimental evidence yet available.
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for the Yukawa parameters in the G2HDM at low energies ofevolutions of the FCN Yukawa coupling parameters for vari-
probes, specifically the FCN Yukawa coupling parameterspus low-energyAnsdze i.e., essentially for variations of the
motivated largely by the existing mass hierarchy of quarksCSY Ansaze We also observe some other interesting prop-
Therefore, theiAnsazeare reasonably natural or, more con- erties of the presented evolution. Section V contains a sum-
servatively, not “unnatural.” Motivation of theiAnsazedid ~ mary and conclusions.
not explicitly involve any family symmetries. Moreover, .
they showed that theiAnsaze allow the masses of neutral Il. THE MODEL AND LOW ENERGY ANSATZE
scalars to be as low as 10> GeV while still not violating
the available(low-energy data on suppressed FCNC phe-
nomena. Later on, Antaramian, Hall, and RaéAHR) [6]
proposed somewhat similafbut not identical Ansdze 3
yvhich they motivated by their re_quirement that the Y_ukawa LE on= __2 {ijl)(ﬁf)¢(1))aqu)+ﬁff)(ﬁf)d)(z))ag)
interactions have certain approximate flavor symmetries. The ihj=1
CSY and similarAnsazewere mainly used by other authors
[4] and [7] in their investigations of low-energy phenom-
enology of the G2HDM.

We wish to reemphasize that the mentiodetdzecoun-
tered onlyone partof the argumentgbased on Ref[3])

Yukawa interactions for quarks in the G2HDM in any
SU(2), basis have the most general form

+0M (@M ud + 0P (G d@)ud +H.c}
+{7(I>/” termg. D
The tildes above the Yukawa coupling parameters and above
Yhe quark fields mean that these quantities are in an arbitrary

SU(2), basis(i.e., weak basis, not the mass basEhe su-
‘perscript €) at the Lagrangian density means that the theory

and Weinberd 3] did not just suggest that a natural 2HDM
should have a well motivated suppression of the flavor

changing neutral Yukawa parameterslat energies, but has a finite effective energy cutof, and the reference to

that these FCN parameters should remain suppressed alﬁﬁs evolution energyE was omitted at the fields and at the

wh_en the energy of probes increases._ Based on '_[his Iatt“a?rukawa coupling parameters in order to have simpler nota-
point of Ref.[3], a large part of physics community has

. . > tion (E~1 V for renormaliz ntitiesThe follow-
continued regarding the G2HDM as unnatural. The malr'i[nog rgotatioorj geuseg' enormalized quantitigsThe follo

point against the G2HDM has consisted of the fear, or con-
jecture, that the FCN Yukawa coupling parameters in the PCE 1
G2HDM, even though suppressed at low energies by reason- q)(k>5( (k)o)z —
ably motivated arguments, would behave unnaturally as the ¢ V2
energy of probes increases. Stated otherwise, it has been ex-
pected that at least some FCN Yukawa coupling parameters
would increase by a large factor or even by orders of mag-
nitude at increased energiésell below the Landau poje
due to the absence of explicit discr¢te U(1)-type] family -
symmetries in the Yukawa sector. The absence of such sym- ~)_ ut L) _
metries, according to the argument, would in general result = am ) =
in a strong “pull-up” effect on the small flavor changing by
the much larger flavor-conserving Yukawa coupling param- i7,1<
Ul)
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eters as the evolving energy increases. In such a case, the ) = — , (PP )=—o ) vit+vi=v2

. . Vo
model would then generally contain(thus unnaturalfine- 2 V2
tuning: large “bare” FCN Yukawa coupling parameters at ©)
high energies would have to be fine-tuned in order to obtai
at low energies their phenomenologically acceptable su

pression.

r?_n Eq.(5), v [=v(E)] is the usual vacuum expectation value
(VEV) needed for the electroweak symmetry breaking, i.e.,

. : : L Eow) =246 GeV. The phase difference=»,— n, be-
Therefore, we investigate this question in the present p 0 (Eew L 2
per, by performing a numerical analysis of the one-loop ween the two VEV's in Eq(5) may be nonzero; it repre-

renormalization group equatiotBGE's) of the G2HDM. In sentsC P violation originating at low energies from the sca-

Sec. Il we present the model and write down conditions f0|J_ar 2HD sector(see Ref[8]). The leptonic sector will be
nored throughout.

th ion of FCN Yuk l ters at low?
© suppression o ukawa coupling parameters at 1o We note that the popular “type I” and “type II” models

energies(CSY Ansatz. In Sec. Il we write down the one- . - .
loop RGE's for the Yukawa coupling parameters in thedr® special casesubsetp of this framework, with some of

G2HDM in a specific form convenient for numerical analy- the Yukawa matrices being exactly zero=D®"=0

ses. A short derivation of the RGE's is given in the Appen-[2HDM(I)]; U®=D®=0 [2HDM(II)]. In these two special
dix. Section 1l contains comparisons with the existing litera-models, suggested by Glashow and Weinhé&igthe flavor-
ture on RGE's. In Sec. IV we then numerically investigatechanging neutral Yukawa coupling parameters are exactly
the RGE evolution of the Yukawa coupling parameters forzero. This is so because one of the two nonzero Yukawa
quarks, neglecting for simplicity the Yukawa parameters ofmatrices is proportional to the mass matrix of the up-type
the light first generation of quarks. We present the resultingjuarks, and the other to the mass matrix of the down-type
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guarks. Since flavors refer to the physical quarks, and the _ 0 1/0
quark mass matrices in the physi¢alass basis are diagonal e'”1<CI>’(1)>O=—( ) (CD’(Z))o:—(O) . (®
by definition, the FCN Yukawa coupling parametdr., v2\v V2

off-diagonal elemenjsare zero. Moreover, this is true at any

energy of probegcutoff energy E’. Stated otherwise, when The isodoubletb’ (1) is therefore responsible for the masses
the original cutoffE is changed toE’, no loop-induced of the quarks, and couplings d@f’(?) to the quarks lead to

(In E’ cutoff-dependentFCN Yukawa coupling parameters the FCN Yukawa couplings, as will be seen below. The
appear, i.e., the original form of the Lagrangian is preserve@riginal Yukawa Lagrangian densityt) of the G2ZHDM can
under the change of the cutoff. This can be formulated alséhen be rewritten in terms of these redefined scalar fields as
in terms of explicit U1)-type family symmetries governing
the Yukawa part of the Lagrangian density in the 2HOM - . _— . -
and 2HDI\/(II)? These symn%etrigs ensure t{1at, in the coursel GaHom= _,Zl {GP@G"e' Mydd + G (gl"d V)yud
of the change of the cutoffi.e., evolution energy or the M

3

energy of probées the original form of the Yukawa Lagrang- S , .

ian density is preserved. In the 2HOM) the symmetry +H.cl— 2 (DG’ @)dY
transformation is d{'—e'“dl), ®M_eled® (] R

=1,2,3), the other fields remaining unchanged; in the +Dij(ﬁf)fl3’(2))ﬁg)+H.c.}, 9

2HDM(1), d¥)—e'“dd), U —e uQ, ¢@ e 23,
In contrast to the 2HDM) and 2HDMII), the GZHDM  \yhere the Yukawa matricdsY) andG(®) are rescaled mass
has no explicit family symmetry enforcing the complete SUp'matrices, and) andD the corresponding “complementary”

pression of the FCN Yukawa cogplmg parameters. There arg iawa matrices, in atarbitrary SU(2), basis(weak ba-
at least two consequences of this fact. sis):

(1) The FCN Yukawa parameters in the G2HDM are in
general nonzero. At low energies of prob&s<E,), those 2 (U)_ AU =) _ i (2)
FCN Yukawa parameters which do not involve the top quark ~ G~ =v2ZM™/v=(cos B)U""+ (sin B)e~""U'*,
must be given quite small valug€eot necessarily zejdor

phenomenological viability of the model. GP'=v2M®/y=(cos B)DV+(sin B)et D@,

(2) Even if the FCN Yukawa parameters are zero at some (10
low energy of probes, they become in general nonzero at
higher energies. If some FCN Yukawa parameters are small U=—(sin p)UD+(cosB)e "0?),

(but nonzerp at small energies, there exists in principle the
possibility that they increase by a large factor, or even by
orders of magnitude, when the energy of probes increases
(but remains a safe distance away from the Landau)pole o ) . . . )
because of the absence of an explicit protective family symB3lj a Blunléary tranDsformanon involving unitary matrices
metry. Vi, Vg, V[, andVg, the Yukawa parameters can be ex-
The Lagrangian densfty(1) can be written in a form more Pressed in the mass basis of the quarks, wher¢résealed
convenient for consideration of the FCN Yukawa couplingmass matrice§”) andG® are diagonal and real:
parameters, by redefining the scalar isodoublets in the fol-
lowing way:

D=—(sin B) DM+ (cosB)e""D?, (1)

%) ~
W= 7|\/|<U>=vt’c;<U>vg1“[Mi<J.U>= s;m7,

d' D= (cosp)dP+(sin ge D@, N
u=vyovyer, (12)
O’ D= —(sin B)dV+(cos e D),
6) V2 -
G<D>=7M<D):VEG<D>v3T[M§jD>:5”mi<d>],
where ~
D=VPDVR', (13
tan B= 2 =cosf=—, sinpf= 2
n=17,—17,, tanB=—=cosB=—, sinB=—. - - ~ ~
= V1 v v R0 ULZVLLJuLa UR=VHUR, dLZVEdLa dRZngR- 14

Therefore, the VEV'’s of the redefined scalar isodoublets argne apsence of tildes above the Yukawa coupling parameters
and above the quark fields means that these quantities are in
the quark mass basigt a given evolution energg). La-

3Throughout this section we omit, for simpler notation, referencegrangian density9) can be written now in the quark mass

to the evolution(cutoff) energyE at the quark fields, at the scalar basis. The “neutral current” part of the Lagrangian density

fields and their VEV’s, and at the Yukawa coupling parameters. in the quark mass basis is
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formations involving such unitary matricag’ and VP, re-
LERe =— 2 {GPTdIR) (s +igps™D) spectively, which are related to each other WyVP'=V.
Here,V is the CKM matrix which is, for any specific chosen
n <u>7|) (D p! D _jpr Dy 4 phase convention, more or less kr_10wn at Iqw energies.
Gi Ur (¢3 ¢q ") TH.C) In order to have at low evolution energieE{E,,) a
phenomenologically viable suppression of the scalar-
- 2 {D;ddW (3@ +ipy?) mediated FCNC's, the authors Cheng, Sher, and YG8Y)
V2ij=1 [5] basically argued that the elements of theandD matri-
0, L ces(in the quark mass basis and at low evolution energies
+Uul U (957 =i ) +Hek. (19 ghouid have the form

On the other hand, the “charged current” part of the La-

grangian density in the quark mass basis is Ui (E)= g“’) . \/ UmY, Dy(E)= §<d) . \/mi(d)m}d),
3 (19
1 - o
Laation="" 2 ((VEuld (s +igs™) e
— (VG AU (LD — i)+ Hocd & &0~1 for E~Egy. (20)
1 38 This form is in general phenomenologically acceptable. It is
-— E {(vD);;u"dd) (7@ +igy?) strongly motivated by the actual mass hierarchies of the
ijYL 1 2 i o
V2ij=1 quarks. At least for the diagonal elements, it is suggested by

the requirement thaft a givenlow energy~E,,) there be

no fine-tuning on the right of Eqg10), (11) when these

equations are written in the quark mass bdsées, no tildes

over the matricgs For definiteness, consider the up-type sec-

tor. The diagonal elements(!) are in genera-m{“/v un-
V=Vcm=VVPT, (17)  less fine-tuning is involved on the right of E(L0). Conse-

quently, alsoU;; ~m{*)/v unless fine-tuning is involved on

We see from Eq(15) that theU andD matrices, as defined the right of Eq.(11). This consideration further suggegtait

by Egs.(11)—(13) through the original Yukawa matric&))  not necessarily impligsthat the off-diagonal elements)

and D) of the G2HDM Lagrangian densitfl), allow the andUj, have values between those of the correspondmg di-

model to possess in general scalar-mediated FCNC'@gonal elementd){)~m{“/v and U{l~m{/v, for ex-

Name|y’ in the quark mass basis 0n|y th'esca|em quark ample rOUghly the geometrlcal mean of those, Ieading thus

mass matriceg(u) andG(D) of Eqs(lZ)' (13) [See also Eq to the CSYAnsatZ(lg), (20)5 Therefore, th|$CSY) form is

(10)] are diagonal, but the matricés andD in this general ~ considered to be reasonably natural.
framework are in general not diagonal. The off-diagonal el- From the CSYAnsatz(19), (20) we see that the FCN

ements of the matriced andD are the FCN Yukawa cou- Yukawa vertices involving the heavy top quark are the only

—(VIU);dPud (1P —igps®)+H.cl. (16)

Here, we denoted by the Cabibbo-Kobayashi-Maskawa
(CKM) matrix

pling parameters ones that are not strongly suppressatow evolution ener-
gies. As mentioned in the Introduction, scalar-exchange-
1 3 mediated FCNC processes involving the top quark vertices
LESN=—— 2 {D;ddd(¢s?+ig,?) (not loops with top quarksare not constrained by present
V2 ij=1i+#j) experiments. Later in Sec. IV we will use low-energy condi-
+ J) L (2) tions (19), (20) for a numerical investigation of the RGE
+(D )' ("l’3 —i¢s )} flow of the FCN Yukawa coupling parameters.
3
L > {Uulud (o5 P —igy?) ll. ONE-LOOP RGE'S IN A CONVENIENT
V2 ij=10+#) PARAMETRIZATION
+(UT);uuD(ph P +i¢, 2. (18 In the Appendix we outlined a derivation of the relevant

set of one-loop RGE's for the scalar fields and their VEV’s
It should be noted that the original four Yukawa matrices(A10)—(A14), for the quark field§A16), (A19)—(A21), and
U@ andD® (j=1,2) in an SU(2) basis are already some- for the Yukawa matricel® andD® (A25), (A26). One of
what constrained by the requirement tkaitlow energythe  the reasons for performing an independent derivation is that
squares ¢ftM) andM(®) are diagonalized by unitary trans-

SFor the complete suppression of FCN Yukawa couplikfs
“Strictly speaking, the following “squares”MMMT and =0 (for j#k) we would then need fine-tuning on the right of Eq.
VIGIVICIS (11).
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we consider the method of finite cutoffd], which was used We can rewrite all the RGE’s derived in the Appendix,

in the derivation, as physically very intuitive. This contrastsnow in a a more convenient set of parameters. These are the
with other methods often applied in the literature, which are VEV parametersv= \/v21+v22, tanB=uv,/v,, and p=1n,
however, usually mathematically more efficient at two-loop — ,,, [see Eq(5)], and matricesY), G(®), U, andD [see

and higher-loop levels. Another reason is that there is a CE€EQs. (10), (11)]—this representation is more convenient for
tain disagreement between the results on one-loop beta fungiscerning the running of the FCN Yukawa coupling param-
tions derived for a generdsemjsimple gauge grouf® in eters. Applying lengthy, but straightforward, algebra to the
various parts of literature—see comparisons and the discusitherto obtained RGE’s then results in the following RGE's

sion toward the end of this section. in terms of the mentioned set of parameters
d(v?) - - 3 9
2 — (OrelN D)ARD1,,20 1~ 21 = 42,2
16w JnE 2N, T GG T+ GG Ty <+ 2gl+ 592V (21
d(tan B) N, s ey
2 __ Wt Wt gDt (D)t
dInE 2co§,8Tr[G u+uGc™"+G"»' DT+ DG, (22
d(7) Ne UTT_TRWT_g&O)Rt L ROt
1672 THGVUT-0GVWT-GPDT+DGP 1, (23

dinE | sin(2B)

167 o= (0)=Nof2 THOB+ BOBTE+ T{TT + BB 0} + 3No(cot )0 T~ BUTT+ DB+ BB
BB+ | S[00T+BB+ BUBYI+BOIEOT+ T[TTT+EV G- 255D
—2(~3<D>5*(”3<U>—AU0], (24

16772d I‘: E(B)ch{z Tr{5<”3<D>‘f+é<U>UT]é<D>+Tr[DUT+55*]“[3}+%Nc(cotﬁ)f) T[-GPD'+DGPT+GVUT
OBV | S[00T+BB + BUBUT BOEONB+BIBB+E01E]- 20015
—2<~3<U>D*(~3<D>—AD5], 29

d 1
1672 i (G<U>) N, TGV GWT+ GGG + = Nc(tanB)G(U T -GV UT+0GVT+GPDT-DGPT

+ 1001+ BBT+BUBU+ BOBONE Y+ BT+ BVIE Y- 256010

—2BOBEOIFUI A, BV, (26)

d - 1 - it e e
1672 i (G<D>) N, THGVGWT+GPG (D>T]G(D)+§Nc(tanﬂ)G(D) T -GPDT+DG®T+GVUT-UGVTN

+ 1001+ BB+ BUBUT+ BOIBONE+ BOBTD+ 5G] 205D
—2BUBUIEO A BO), 27
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Equation(21) is in the Landau gauge, while the other RGE's ences arise when comparing our RGE's for scalar and quark
(22—(27) are gauge independent. fields with those of Ref.12]. Instead of Eq(37) of Ref.[12]
For a generalsemjsimple gauge grougs, RGE's for  (first entry, we get
various parameters have been derived at one-loop level
[10,11], and at two-loop levell12—14. First we should note
that these groups of authors are using conventions which,

particularly as to the fermionic sector, differ from each other. (4m)2yapl1-1. =4k Tr(Y2YPT4Y2TYD)
Cheng, Eichten, and Lfi10] were using the usual four-
component Dirac spinors for quarks. While they allowed an —g%(2+a)Cy(S) bap, (30)

arbitrary number of(rea) scalar degrees of freedom, their

one-loop RGE's for the Yukawa coupling parameters are di-

rectly applicable only when these parameters are (reah-

compley. where againk=1/2 and y* is defined viadg¢,/d In E=
The one-loop RGE results of Vauglifil] and one- and —y3,¢. Here,¢, are the real scalar fields, andn Eq. (30)

two-loop results of Machacek and VaugFi2] were written  is the gauge parametéa=1—¢=1 in the Landau gauge

for the general case of complex Yukawa coupling paraminstead of Eq(4.5 of Ref.[12] (first entry), we get

eters. Their scalar fieldgh), were real, and for fermions

(quarks they were using two-component spinor fielgsas

defined by Sikivie and Gsey[15] [j,k=1,...,7h, wheren 2. F|  _oyatya, 42 _

is the number of fermioitquark flavors).’ The Yukawa La- (4m)%y Tl =2YHY  gTCo(F) (1), S

grangian density was written in Refd.1,12 in the form

where yF is defined viady; /d In E=—y[ ;. Here,y; are
left-handed two-component spinors as defined in RiH].

with o being the second Pauli matrix. Rewriting our RGE's _ Jack and Osborii13], on the other hand, worked with
(from the Appendi for the scalar and quark fields, and for M'ajorana f_ermlons, using the background field method. The
the Yukawa parameters, in terms of the spinor fields of RefPirac fermions can then be expressed as sums of two Majo-
[15] and of real scalar field components, we notice severai2n@ fermions. Their one-loop beta functions for the Yukawa

differences when compared with one-loop results of RefsCOUPIiNG parameters of theea) scalars with théMajorana
[11, 12. We can deduce from our RGE's for the Yukawa fermions, can be reexpressed in the notation with left-handed

coupling parameters that RG equati@») of Ref.[12] (sec- WO-component spinorg; as introduced by Ref.15] and
ond entry, or equivalently, RG Eqs2.2), (2.3 of Ref.[11], used by Refs[11,12. After somewhat lengthy algebra, it

for Y2 Yukawa matrices in their language should read can be shown that the one-loop results of Réf3] lead
precisely to formuld29). Therefore, we finally conclude that

our one-loop RGE formulas for the Yukawa coupling param-
B ) eters, derived in the Appendix and rewritten in ER9) in
dinE =(4m)° 11 the language of Ref15], are not in agreement witthose of

1= Vaughn[11] and of Machacek and Vaught?2], andare in
agreement withthe results of Jack and Osbofh3]. More-
over, the latter authors emphasize that their RGE results
agree with those of van Damnfi24].2

Ly==Y}io?PpatH.c., (28

=2[YPYPTyat yayblyb] gybyatyb

+4kYP Tr(YPTya+yatyb) For several reasons, we considered it instructive to per-
form an independent derivation of the one-loop RGE’s for
—3g%{C,(F), Y3, (29 the scalar and quark fields and for the Yukawa matrices in

the discussed general 2HDM. One reason is that the one-loop
results of Refs[11] and[12] do not agree entirely with those
by other authorg13,14]. Another reason is that the exist-
ing works on the one- and two-loop RGE’s for general
(semjsimple gauge group& use various conventions for
the fermionic fields, and are usually written in a language
difficult for nonspecialists in the method used. The third rea-
) son is that these works do not apply the method of finite
®The usual four-component Dirac spinor field columh®) inthe  cutoffs [9] which we consider especially appealing and

chiral basis(i.e., the basis of Re{.16]) are made up ofj; (upper  physically intuitive—although, at two-loops, probably not
two componentsand —ig?y ], (lower two components o¥ (1),

wherej=1,...n.
"If Machacek and Vaughn had introduced in the Lagrangian den-

wherex=1/2. Stated otherwise, the cubic Yukawa terms on
the right of this RGE are effectively those given in Réfkl,
12], but multiplied by a factor of 4, and the trace there is
replaced now by its realsymmetri¢ part. Similar differ-

sity an additional factor of (1/2) in front of the suf@8) (which _8Here we also mention that Fischler and Olier|sig] have de-
they did no}, the factor 4 in the cubic Yukawa terms on the right of rived RGE'’s for Yukawa coupling parameters of the minimal SM at
(29) would not have occurred. two-loop level.
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the most efficient one. With our independent cross-check we ¢ " e
H .S | (BLbR) Dy 12(M;) - .
are confident that the one-loop results of Héf3] are cor- > (Brom) U EVU M) oo

sk (Brsp) Da((E¥Dyy(My) o |

rect.

IV. NUMERICAL EXAMPLES OF EVOLUTION

ratio
w

Here we present a few simple but hopefully typical ex- ,|
amples of the RGE evolution of parameters in the G2HDM. s}
Some preliminary numerical results were presented by us in
Ref. [18]. For simplicity, we assumed there is rMoP oS r

violation—all original four Yukawa matrice§ ), DU are ° P e
real, and the VEV phase difference is zero—and the )
Yukawa parameters of the first quark generation as well ag /G- 1. FCN Yukawa parameter ratiod);;(E)/U;;(M2),

those of the leptonic sector are neglecteiw quark Yukawa 2ii(E)/Dij(M2) (i#]) in the G2HDM as the Euclidean energy of
mass matrices are therefore<2) probeskE increases. These parameters are in the quark mass basis.

- ithe(W = £@ =
For the boundary conditions to the RGE’s, at the evolu-fa‘t E=Mz, the CSYAnsatzwas taken withgj;”=&;"=1 (for all

tion energyE=M, we first take the CS¥Ansatz(19), (20), hi=1.2.

with £"=1=¢" or &=2=¢ for all i,j=1,2. We o

stress that=1 refers now to the second quark family,§),  ~0.7Epole, Which is very near théLanday pole. About the
andi =2 to the third family ¢,b). For the (2<2) orthogonal Same holds also forU;,(E)/U2(Mz). For the ratio
CKM mixing matrix V we take V;(M;)=0.045 D1E)/D1(My) the corresponding energy is even closer to
= —V,,(M,). The values of other parametersit M, are  Epole- FOr the t-quark-dominatedU ,(E)/U(M7) it is

chosen to be tap=1.0, v=\v2+0v3=246.22 GeV; somewhat lower.
=0.118, @,=0 322 alio 18i vrf] —0.77 GeV gf In Fig. 2, evolution of the same FCN ratios is depicted for
) ! * ! ' ’ C . y S

_n_ ¢(d

—0.11 GeV,m,=3.2 GeV, andm,—171.5 GeV. The latter the case of the low-energy CSY parametéf$=2=¢7 .
quark mass values correspond t.(m.)~1.3 GeV, The t-quark-dominated Landau pole is now substantially
my(1 GeV)~0.2 GeV, my(m,)~4.3 GeV, and mPVs lower (Epoe~10 TeV), but the behavior of the FCN ratios
;174 GeV[mt(mt)%,l66 Ge\l. For a3(E), we used ;wo- remains qualitatively the same. Moreover, when some of the
loop evolution formulas, with threshold effect Bt=mP™s CSY parameters;; are varied, the stability of the FCN ratio
taken into account; for;(E) (j=1,2) we used one-loop persists, and the Landau pole is influenced almost entirely by
evolution formulas. . ' the t-quark-dominated CSY parametg}) . We also looked

The described. simplified framework resulted in 18 into cases when the CSY ansatz is effectively abandoned. If

, ~ o~ we suppress the up-type off-diagonal elementEat M

coupled RGE'sfor 18 real parameters?, tan, Uy; , D; drasticzﬁ for examplgpb takin %’)= W~0 0516[corz-
GV &GP with the mentioned boundary conditions Bt e pe, by 912 =£21 ~0.
P/ N ) Y X __responding tdJ;;(Mz) =D;;(My) fori#j] and all otherg;;
gmée LZ?t:yzfgsoziiﬁgsE \?v imasazglpvt?\(/jenl;tn;g“sciezlgy’c%ﬂ?rg art]rahmeters equaltl to 1, V\r/]e obta:(in results depicted in Fig. 3,

’ - ) B ich are very close to those of Fig. 1.
e ssrobu bebeing e o oo 12T 155 f118 o concce et e PG Yok

v L coupling parameters in the general 2HDM show remarkable

!(orogretllms for the RGEtevc;Iugo_ndand f%r tht(la bkljumttary trfa?f?'stability when the(Euclidean energy of probes increases.
ormations were constructed independently by tWo of tNeryjg stapility persists up to the energy regions which are, on

authors(S.S.H. and G.G, and they yielded identical numeri- ¢ |ogarithmic scale, quite close to the top-quark-dominated
cal results presented in this section.

The results for the FCN Yukawa parameter ratios
Xi(E)/Xi;(Mz) (X=U,D; i#]j) are given for the case ' (Eikn) BBy ——
£\'=1=&9 in Fig. 1. From the figure we immediately no- | (o D@0
tice that the FCN coupling parameters are remarkably stable
as the energy of probes increases. Even those FCN Yukaw: +f
coupling parameters which involve quark remain quite
stable. Only very close to the top-quark-dominated Landau®’[
pole® (Epoe~0.84x 10" GeV) do the coupling parameters
start increasing substantially. For example, in the down-type
FCN sector b-c) the corresponding ratiD,¢(E)/D»1(M5) a
acquires its double initial valugi.e., value 2 at E

o

N
0 5 10
log;o(Energy/GeV)

*The value ofEqe is strongly dependent on the given value of ~ FIG. 2. Same as in Fig. 1, but for the choigl = (V=2 (for
parametek, as shown later in Fig. 6. alli,j=1,2.
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6 T 2

(epty) Up(BYU AM) ——— ’ (t) GRENGH M)
(5005 D]AEVD M) === Y
(Ercg) Upy(EYUp M) --oooee 18 (b) GHRUEVGHM,) -
.l (By5g) Dyy(EYD (M) | oy CDEVCH M e
L6 | (=) GREVGRM,) = o

Tatio
T

\
0 10 20 o 20

log;o(Epergy/GeV)

10
10g;o(Energy/GeV)

FIG. 5. Same as in Fig. 1, but for the “mass” Yukawa param-
etersG{) and G{ (j=1,2) instead. Sinc&)(E) and G
X (E) matrices are diagonal by definitigquark mass basisthese
g(_autral current Yukawa matrices have zero FCN components auto-
matically.

FIG. 3. Same as in Fig. 1, but for the choigg?)= ¢
=0.05163(other &;;'s are J.

Landau pole. The general 2HDM appears to possess this st
bility even when the off-diagonal low-energy parameters
|&;] (19), (20) have values much smaller than(@hile the
diagonal parameters agg ~1).

We can also compare the RGE evolution of the Yukaw
parameters in the G2ZHDM with those of the MSM, 2HD-
M(Il), and 2HDM]). The authors of Ref§20,21] proposed
that(heavy quark mass and Higgs masses in the MSM coul
be determined by the infrared fixed points of the RGE's.
These questions were numerically investigated also in differ:
ent variants of the 2HDMI) and 2HDM]) [22]. The authors
of the latter work found out that relatively unambiguous pre-
dictions can be made only if there is a heavy quark gener
tion and the(heavy quarks couple to both Higgs doublets. It
is interesting to note that in the G2HDM, the heaviet (
qguark also has an infrared fixed point behavior, as suggest
from Figs. 1-3. This is further suggested from Figs. 4, 5

yvhich represent evolutio_n of the ratidg E)/X(M ) involv- energy of grand unified theoriéSU(5) or O(10)]. A some-

ing the flavor-nonchanging neutral Yukawa parame((ggs what related analysis was performed later by the authors of
=Uj; or Djj) or the “mass” Yukawa paramete(X=G;j; Ref.[26] who used S\(6) fixed-point conditions.

or G{”). By the infrared fixed point behavior we mean that |t should be stressed that the presented numerical results
for a given approximate Landau pole eneify,., we have  are independent of the chosen value of the VEV ratio,4an
very weak sensitivity oX(Mz) on the otherwise large value at E=M,. This is connected with our choice of the CSY
X(Epoid = 1. The reason for this similarity with the MSM poundary conditiong19), (20) at E=M for the Yukawa
and 2HDMII) and 2HDMI) lies probably in the conjunction  matrices in the quark mass ba&dl &;’s taken real and the

of the facts that the CSWAnsatz(19), (20) implies domi-  reality of the chosen Cabibbo-Kobayashi-Maska@M)
nance of the-related Yukawa coupling parameters and thatmatrix atE=M. These boundary conditions result in real
and B-independent Yukawa matricés, D, GY), G®) in a

B weak [SU(2),] basid® at E=M,. The RGE's(24)—(27)
o then imply that these matrices remain real and independent
of B at any evolution energf, and that also their counter-

the QCD contribution to the evolution of these parameters
has the sign which is in general opposite to that of the
a(t-related Yukawa parameter contributions. Inspecting the
work [22] further, we note that it would also be interesting to
investigate the RGE behavior of the quartic Higgs coupling
arameters in the G2HDM. This would tell us when these
parameters have infrared fixed point behavior and thus when
the physical Higgs boson mass spectrum can be determined.
In this context, we mention that the idea of RGE fixed
oints had been introduced earlier by Ch488]. He, and
Subsequently otherf24], investigated connection of RGE
fixed points with asymptotic freedom in massive gauge theo-
ries. Cabibbcet al. [25] were apparently the first to investi-
te mass constraints in the minimal SM by imposing bound-
ary conditions on(perturbative RGE’s at the unification

5

wepe

ratio
»
o

1 e chose aE=M, the following weak basisU=U, GV
1 =GV, D=vD, GP®=vGP), whereV is the CKM matrix (at
— 1 E=Mj). According to relations(10), (11), the reality of the
os| 1 Yukawa matricesU, D, G, and G at low energyE=M,
would follow, for example, from the requirement of &P viola-
tion in the Yukawa sectofi.e., the original Yukawa matriceld )

FIG. 4. Same as in Fig. 1, but for the neutral current Yukawaand D are all real together withthe requirement of n€P vio-
coupling parameter§);; and Dj; (j=1,2) which do not change lation in the scalar sectdi.e., the VEV phase differencg=0) at
flavor. that low energy.

o 20

10
log)(Energy/Ge V)
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partsU, D, G, andG(®) in the quark mass basis, as well
as the CKM matrixV, remain real and independent gfat
any energyE. Stated otherwise, if there |8-independence
and noCP violation (neither in the original Yukawa matri-
ces nor in the scalar secjoat low energy E=M5), then
these properties persist at all higher energies of evoldtion.

This feature is in stark contrast with the situation in the
2HDM(II) where the Yukawa matrices strongly dependfn
already at low energies, e.g.g(Mz)=m(Mz)V2/v, I B
=my(M2)v2/[v sin B(Mz)]. Also the location of the Landau . . .
pole in the 2HDMII) then crucially depends on ! sy 2
B(Mz)—smaller3(M;) implies largerg,(M;) and hence a
drastically lower Landau pole.

logy(Energy/GeV)
&

3

FIG. 6. Variation of the Landau pole energy when the low-

(W) — g(d) =
On the other hand, the G2HDM treats the up-type and thE"€r9Y parameterg;” =&;7=¢ of the CSY Ansatz(19), (20) are
varied. Foré=2.5, the onset scale of new physics is already quite

down-type sectors of quark@he two VEV's v; andv,) low: —
Lo . . ow: Epge=2 TeV.
nondiscriminatorily. Therefore, it should be expected that

any reasonable boundary conditions for Yukawa coupling:mqgified” MSM RGE for g, a value for the Landau pole in
parameters at low energies should also be independesit of the region of 16210 GeV, which is roughly in agreement
in such frameworks, and this independence then persists to\gth the actual value of the Landau pole of our numerical
large degree also at higher energies. Also the locations of thgxample E poie=0.84X 10 GeV. And this value is much
Landau polegi.e., of the approximate scales of the onset ofqyer than Epole in the MSM which is above the Planck
new physics should then be expected to be largglynde-  scale. As already mentioned, the value By is largely
pendent. In this sense, the G2HDM has more similarity tGnflyenced by the value of the top-quark-dominated param-
the minimal SM(MSM) than to the 2HDMII). The persis- eterg(z‘g). Of course, when we allow th: (f(zli)) parameters
tence of completgd independence of the Yukawa coupling ¢ o CSYAnsatz(19), (20) atE =My, to Jdeviate from 1, we

parameters at high energies and of the Landau poles, ho‘%btain lar
o ; o ger logg,,e) for smallerg;; , and smaller lod€,,e)
ever, can then be “perturbed” by.P violation because for larger &;. In Fig. 6 we depicted this variation of the

RGE’s (24)—(_27)~are somewhatg dependent when the | ;4. pole energy when the CSY low-energy parameters
Yukawa matricedJ, etc., are not real. &; are varied.

_In addition to the connection betwed¢low-energy CP |t s also interesting to note that RGE3) for the evolu-
violation andgB dependence of high-energy results, there isjon of the difference of the VEV phasés) implies in the
yet another feature that distinguishes the G2HDM from theg2HDM that » can change when the energy of probes
MSM—the Landau pole of the G2HDM is in general much changes. This would generally occur when we h@®vio-
lower than that of the MSM. We can see that in the following|ation in the Yukawa sectdi.e., complex Yukawa matricgs
way: let us consider that only the Yukawa parameters congyen wheny=0 at some low energy, it may become non-
_nected vl\J/ith the top quark degree of freedom are substantiagferg at some higher energy due to @@ violation in the
ie, GY'=g~1 and U,=g{~1. We have g(E) yukawa sector. This contrasts with the 2HDIM or
=m(E)v2/v(E), as in the MSM, andj (E) is an additional  2HDM(I) where the right side of Eq23) is zero always and
large Yukawa parameter—both crucially influence locationthus theCP violation in the Yukawa sector does not influ-
of the Landau pole. Inspecting RGH24) and(26) for this  encex.

special approximation of two variableg and g; , we see
that RGE forg; is similar to that in the MSM, but with an V. SUMMARY AND CONCLUSIONS
additional large positive term on the right (3/@)029t. The
RGE for g has a similar structure as the RGE fg, but
with substantially larger coefficients at the positive terms o

We performed a numerical analysis of the one-loop
r,'lRGE’s in the general two-Higgs-doublet mod&2HDM).
. , - n the analysis, we neglected the Yukawa coupling param-
the right. A.S a result.gt (E) is in g((eur)1era(ldl)arger thag,(E). eters of the light first quark generation, as well as the contri-
Our specific numerical examplé;j”=&j”=1 shows that  ions of the leptonic sector. At low energies of probes, we
9 (E) is on averagdaverage over the whole evolution en- fist adopted the CS¥Yansatz(19), (20) which is largely mo-
ergy ranggalmost twice as large ag(E). If we then simply  tjyated by the existing quark mass hierarchies. We found out
replace in the mentioned additional term (3())°g; the  that the flavor-changing neutréFCN) Yukawa parameters
parameter ¢;)? by 3.5, we obtain from the resulting remain remarkably stable when the energy of probes in-
creases all the way to the vicinity of tliequark-dominated
Landau pole. This conclusion survives even when the CSY
1cP conservation in the pure scalar sector at a low en&rgy Ansatzis effectively abandoned, i.e., when the off-diagonal
=M, (i.e., =0) also persists then at all higher energies of evolu-lOW-energy parameters are additionally SUppreSE*@#”
tion, sinced#/d In E=0 by the reality of the Yukawa matrices, <1 (i #]j). This behavior indicates that the G2HDM does
according to RGH23). not behave unnaturally with respect to the RGE evolution of
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the vertices of the Higgs-exchanged flavor-changing neutral © pr
currents. Since the G2HDM, in contrast to the 2HDMand 9, X
2HDM(I), has no explicit and exact discrdi@ U(1)] family Ty T

symmetries which would ensure persistence of the FCN
Yukawa suppression at increasing energies of probes, the
behavior of FCN Yukawa parameters found numerically in

the present paper may be somewhat surprising. The general FIG. 7. The diagram leading to the two-point Green function

suspicion about the G2HDM in the past had centered on the 2 (p%E?). Full lines represent quark propagators.

fact that absence of the mentioned family symmetries in the{ukawa sector is represented by E#j. The derivation fol-
Lagrangian density would in general not keep FCN Yukaw aws the finite cutoff interpretation of RGE’s as presented,

parameters suppressed under the RGE evolution and would, oy ample, in Ref[19]. We consider it useful to present the
thuE ren(':i,er the model unnatural and fraught with fine-tuningyarivation because the approach used here is physically very
of “bare” FCN Yukawa parameters. In other words, the jyitive, and because the existing relevant literature on
RGE's of the G2HDM would in general allow a “pull-up” RGE's in generalsemisimple Lie gauge groups is written
effect by the diagonal Yukawa parameters on the muchn a rather cryptic manner and not all the works agree com-
smaller off-diagonal(FCN) ones. This would increase the pletely with each other. In Sec. Ill we also compared the
values of the latter by a large factor or even by orders ofesults obtained here with those implied by the existing lit-
magnitude when the energy of probes increases by one @rature.
several orders of magnitude. Our numerical analysis shows
that this does not happen, at least as long as the low-energy 1. One-loop RGE'’s for the scalar fields
parameters of the CS¥nsatz(19), (20) satisfy|&;|=<1 for To obtain the evolution of the scalar fields® (E) with
i#] and &;~1. Perhaps it is the latter conditidlfior the  «cytoff” energy E, the truncated(one-loop two-point
diagonal¢ parameterswhich causes the mentioned persis- reen functions-i3.)(p2 E2), represented diagrammati-
tence of the FCN Yukawa suppression. The latter conditionggly in Fig. 7, have to be calculated first. More specifically,
together with the known form of the CKM matrix, effec- it suffices to calculate only their cutoff-dependent parts
tively represents an approximate symmetry in which only the, p? In E2 which are responsible for effectitfe kinetic-
third quark generation has substantially nonzero Yukawa Pasnergy-type terms-d,6M(E)3”¢()(E). In the course of
rameters(and almost no CKM mixing This can also be  q calculations, all the massas-E,, of the relevant par-

J ew par

called z;pproﬁmz?]t_e glavor demockracy. i ticles in the diagrams are ignored. This would correspond to
_ Further, ‘the high-energy Yukawa coupling parametersne picture with a finite but large ultraviolet energy cutoff
in the model have in general little dependence on the VEVE»EeW. Therefore, calculations need not be performed in

ratio tang as long as theC P violation is _weak. I_\/Ioreover,_ the mass basis of the relevant particles. These particles are
we found out that the GZHD.M has an interesting behav'(.)rregarded as effectively massless in the approximation, the
of the Landau pole energies. They can become quitgnsformations between the original bases of the relevant
low (~1TeV) already at not very higftj; parameters fejqs and their mass bases are unitary, and therefore the

(£5)=<3), as shown in Fig. 6. These energies, signaling thgmass-independent parts of jhealculated Green functions
breakdown of the perturbative approach in the G2HDM, caryre the same in both bases.

i i - . . . Va A .
be interpreted as possible scales of the onset of a new phys- ~;culation of the Green funct|on3|2i(f‘j’ )(p%E?) is

ics and/or a strong coupling regime. then straightforward. The relevant massless integrals over

internal quark-loop momentg can be carried out in the
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+BOBOT+BOB®(E), (A1)

APPENDIX: ONE-LOOP RGE'S IN THE GENERAL 2HDM

We outline here a derivation of the one-loop RGE’s for
the scalar and quark fields and for the Yukawa coupling ma- 12c, cjearer notation, we denote in this section the evolisg

tricesD™ andU® (k=1,2) in the general two-Higgs dou- cutoff) energyE at the fields not as a superscript, but rather as an
blet model (G2HDM) whose Lagrangian density in the argument.
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4 k) [1)] (k) (1)
d ¢ o, o; d
_g4 __—L__ ___;'._ + - l___><_qi_¢"__ = 0
z ontl b b b b
B i<EsdE

a
FIG. 8. Diagrammatic illustration of the RGE relati¢A3) leading to the evolution of the scalar fields! stands for¢!(E) andd¢

stands for¢p(E+dE) — ¢(E) (¢ is a generic notation fo¢(/) s). The cross represents the contribution of the change of the kinetic energy
terms originating from the changeg of scalar fields.

wherej=1,2,3,4(no running ovelj), k,/=1,2, andmis an  where the summation in the last sum runs over the already
arbitrary but fixed massnf~E,,). mentioned complementary indicegj () =(12), (21), (34),

(2) Green functions whose external legs and ¢f;/) (43), d(In E)=In(E+dE)*~In E*>=2dE/E, and elements of
have complementary scalar indices ') =(12), (21), (34), the real symmetric matrice&(E) and B(E) are related to

(43): the Green function expressiofal) and (A2), respectively,
—is (PAED) = EPN LI e OGO A (E)= > THOWTO T4 DG !
(1. (PHED=( 3272P m? ' 2
— PO BRBOT L BBk +DWDOTHDIDBMNE),  (A4)
X(E). (A2)

, By (E)=(— 1)/ T OWgNOT-ggkt

(3) Green functions—i3 ) where other indices are
zero.
All these Green functions can be induced alternatively at
the tree level by kinetic energy terms. For example, in th
theory with UV cutoff E, the Kkinetic energy term

¢>(k)(E)(9 ¢>(/)(E) induces(at the tree levglthe two-point
Green function value—i=®)(p%E?)=ip? if ¢M(E)
#¢{")(E), and the value @? if ¢><k>(E) ¢{")(E). Now,
following the finite-cutoff interpretation of RGE's as de-
scribed, for example, in Ref9], we compare the kinetic
energy terms in the theory with the UV cutdff and in the
equivalent theory with the slightly different cutoffE(
+dE). The two-point Green functions in these two equiva-
lent theories must be identical. Imposition of this require-
ment in the tree plus one-loop approximation then leads to
the following relation:

—BOBOTLBOBW(E). (A5)

eEquation(A?.) is described in the following way: the double
sum on the left and the first double sum on the right repre-
sent the kinetic energy terms of the scalars in the formulation
with UV cutoff E and E+dE), respectively. The one-loop

contributions of Fig. 7 with the loop momentuﬁ| in the

Euclidean energy intervdt<|q|<A are already contained
in the kinetic energy terms of the left effectively at the tree
level (A is a large cutoff where the theory is presumed to
break down. On the other hand, the kinetic energy terms of
the (E+dE) cutoff formulation[the first double sum on the
right of Eq. (A3)] effectively contain, at the tree level, the
one-loop effects of Fig. 7 for the slightly smaller energy

interval (E+dE)<|q|<A. Therefore, the Green function

14 2 contributions® —id=®")(p?E?) of Fig. 7 from the loop-
> Zl 2’1 3,8 (E)d"¢{“(E) momentum intervaE<|q|<(E+dE) had to be included on
= the right of Eq.(A3)—these are the terms in the last two
142 double sums there. This is illustrated in Fig. 8.
=35 > 2 4,4 (E+dE)d ¢ (E+dE) In order to find RGE's for the scalar fields{(E), we
J=1k=1 make the followingAnsatzfor the solution of Eq(A3):
+ 252(d In E?) ¢j(E+dE) = ;(E)+da(E) ¢;(E) +dBY(E) 6 (E),
32m (A6
4 2
X[ 2 k/Z A A(E)d, ¢ (E)a" ¢\ (E) where ¢; is two-component column made up g€ and
==t o, da(J)(E) anddgU)(E) are infinitesimally small X2

matrices anddB() has zero diagonal elements, and scalar

2
2 2 (-1 B(E)
(" k=1
K % 13More precisely: the corresponding effective kinetic energy
X d,¢{(E)d"¢}, (E) |, (A3)  terms.
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indices (j’) are again complementary. Insertingnsatz ~under the exchange of Higgs generation indices 2, be-

(A6) into RGE relation(A3), we obtain relations cause these two Higgs doublets appear in the original La-
_ _ grangian density1) in a completely +-2 symmetric man-
da)(E)+dal)(E)=—Ngd In E>)A(E)/(1672), ner. We will see in retrospect that this exchange symmetry is

(A7) respected once we impose the conditions

j+/
dBE) + AR (E)=(~ 1) N(d In E?) U(E)=daJl(E), dBIAE)=dBY(E). (A9)
X By (E)/(1672). (A8)
Relations(A7)—(A9) lead to specific expressions for the evo-
In principle, these relations alone do not define the elementisition coefficientsda{)(E) and d8{)(E). When inserting
da{)(E) and dB{)(E). However, RGE evolution of the these coefficients back intansatz(A6), we obtain the one-
isodoublet fieldsP)(E) and ®?)(E) should be invariant loop RGE'’s for the evolution of the scalar fields:

1672 d 1
I (1) - _ OO L OOt AL - Z UOg@tL @Mt pOp@t LRt 42
N, dInEd)j (BE)=-T{UUT+ DD ¢ 2Tr[U U9+ U U+ DYDY T+ DD ¢
1 ~ e o~ oo
+i(—1) 5 T{ODU@T-0ROWT_pWH@t L H@PHDLN ¢}%) ' (A10)
167? d

N amE® 2(E)= ~THTRT@1+ BB p % THOWG @+ GATOT L BOB@1 4 BB HD

+i(— 1)j+1% T{OWTRT-FRGOT-_HOHDT 4 5<2>5<1>+]¢J(}> , (A1)

where again’ is the scalar index complementary to index(jj’)=(12), (21), (34), (43). These RGE’s lead to RGE’s for
scalar isodoublet® (:

167% d
(k) 2 (0
N, dine® (B B me® (B
2 2
=_/2 THOOTOT+ DO, =—N.>, TOURTOT+BOIDOT )
=1 /=1
(A12)

3 9
+|=g3(E)+ —g5(E) |@N(E),
We really see that this set of one-loop RGE’s is invariant 491( ) 4g2( ) (E)
under the exchange<22, as required by the form of the (A13)
Yukawa Lagrangian densitji).

- and completely analogous gauge boson contributions also
In addition to quark loops, there are also loops of the P y 9 gaug

have to be added on the right of Eq#10), (All). These

electroweak gauge bosons contributing to one-loop WORGE's are simultaneously also RGE's for the corresponding
point Green functions of the scalars. However, since thesg/EV s (5):

gauge bosons couple to the Higgs isodoublets identically as
in the minimal standard modéMSM), their contribution¥’ d )
to the right of RGE'S(A10)—(A12) are the same as in the 167 din E(e' Tkvy)
MSM.® Hence, the full one-loop RGE'’s for the the scalar
isodoublets in the G2HDM, in the Landau gauge, are 2
=—N,Y THURTOT+DODWT(einy )
/=1

YThey are gauge dependent.

®For these contributions of EW gauge bosons in the MSM, see, + Zgi(E)JF Zgé(E) (e'vy). (A14)
for example, Arasoret al. [27], Appendix A. However, note that
they use for the U(1) gauge couplingg, a different, GUT- In this paper we do not discuss the question of quadratic
motivated convention:g3) arasonet a.=(5/3) (93) here- cutoff termsA 2 which appear in the radiative corrections to
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T, dqM(E) r=dfo(E)LVG(E) r,  (AL6)
P ap P wheredq(E) generically stands fog(E+dE)—q(E) [q®

FIG. 9. The diagram leading to the two-point Green function =u®,d®] and subscriptt,R denote the handedness of the
—i3(p;E;U™,UW). Dashed and full lines represent scalar andquark fieldsq, =(1— y5)q/2, gr=(1+ ys)q/2. In complete
quark propagators, respectively. analogy with the previous section, we obtain from tAis-

satzand from the RGE relatidfi illustrated in Fig. 10 the
VEV's in any SM framework. In the MSM, their following relations for the quark field evolution matrices
consideration—under the assumption of the top quark domief,:
nance of the radiative corrections in the scalar sector—leads

to severe upper bounds on the ultraviolet cutbffor a sub- df,(E){* +dfu(E)('L>
stantial subset of values of the bare doublet mass and of the )
gzrfe[zcé]alar self-interaction paramet®$(A) and\(A), see - (dglgwE ) E [O0gWTLDRD® T] (E),

In order to derive one-loop RGE'’s for the Yukawa matri-

e = (A17)
cesU® and DM, the results(A10)—(A13) are needed. In

iti ’ - ields)
addition, RGE's for evolution of the quark flelde:(LR and df,(E)! R>*+dfu(E)(R)
dl), are also needed.

_2(dIn E2) 2
_ 01 k)
2. One-loop RGE'’s for the quark fields 3272 2 groTue Ji(B). (A18)

These RGE's can be derived in close analogy with thel’he relations for the f4 evolution matrices of the down-type

derivation of the evolution of scalar fields of the previous
section. Now, the diagram&reen functionsof Figs. 7 and Eector are obtained from the above by simple exchanges

IR -1% BT LR : :

8 are replaced by those of Figs. 9 and 10, and the scalar field D! )_ and UDT-DOT A Hermitean solution to
kinetic energy terms in EqA3) are replaced by those of the these relations is

quark fields. The Green function of Fig. 9, with the incoming

. — dIn E9)
u® and outgoingu of momentump, in the framework dfu(E)i(jU: _ (—

2
2 [U(k)U Kt D(k)D(k)T] E)

with UV cutoff E, is 64
~ o~ — (L)
—iE(p;E;u('),U(')) —dfd(E)ij ) (A19)
i E2 2 ® d In E2) -
= 54 2|n( )p{zuwsgl[u</>*u</>]ji df(E)[P= E[ URToM;(E),
) (A20)
+(1- 00T+ DD (A5
(1= 2 [ lif- (A15) 2 ( i Ez) .
dfg(E)P=— 2, [BUTDX](E).

The Green function with the incomirgf and outgoingi() (A21)
of momentump is obtained from the above expression by

simply exchangingU()—D() and UNT-DT. The The results(A19)—(A21), in conjunction with Eq.(A16),

quark fields evolve according to thnsatz represent one-loop RGE'’s for evolution of the quark fields in
4 @ — 0] G IV )
[ e ~s i ' di 1
d q . 0 + > ) - =0
ent\ P 0 P P P
W E<|q|<E+dE

FIG. 10. Diagrammatic illustration of the RGE relation leading to the evolution of quark fields. This relation means that the two-point
Green functions with truncated external quark legs, at one-loop level, are the same in the thedfycwitif and in the theory withE
+dE cutoff. Conventions are the same as in previous figures.

8RGE relation represented by Fig. 10 is analogous to reld#@) represented by Fig. 8.
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is represented by the diagram of Fig. 11. When the external
legs there arel™ (incoming, with momentunk), u‘ (out-
going, with momentunp+k), and ¢(3/) [or d)f{)], it turns

out that only the diagram with thehargedscalar exchange
contributes, and the resulting truncated three-point Green
function, in the framework with the UV cutof, is

FIG. 11. One-particle-irreduciblélPl) diagram contributing to G (k,p;E;u® uh; ¢y
the evolution of the Yukawa coupling parameters. Conventions are
the same is in previous figures. i E2 2
(W) 2, {(1+y5)[BOBITOY;

=————In
2
the G2HDM, but without the gauge boson contributions. The 32mV2
latter contributions are the same as in the MSM and can be o
included in Eqs(A19)—(A21). +(1=y5) [UOTDIDOT] 1 (A22)
3. One-loop RGE's for the Yukawa coupling matrices The corresponding Green function with the down-type quark

To derive these RGE's, we need, in addition to the result§Xternal legs is obtained from the above by the exchanges
of the two previous sections, also another Green function. I —D® andU®T-D®T,

Now, the one-loop RGE'’s for the Yukawa matrices are obtained in analogy with the reasoning leading, in the case of
two-point scalar Green functions, to the RGE relati8) (see Fig. 8. It is straightforward to check that the contribution of
the quark loops in the scalar external leg cancel the contributions coming from the renormalizations of the scalar fields in the
kinetic energy terms of the scalars—this is illustrated in Fig. 12. Furthermore, it can be checked that the contributions of the
scalar exchanges on the external quark legs cancel the contributions coming from the renormalizations of the quark fields in
the kinetic energy terms of the quarks—illustrated in Fig. 13. All in all, the one particle redit®iR one-loop contributions
are canceled by the contributions of field renormalizations in the kinetic energy terms. Therefore, the only one-loop terms
contributing to evolution of thé&J¥ Yukawa matrices are those depicted in Fig. 14. The three diagrams with crosses there
correspond to contributions of the following changreshe Yukawa couplingerms: Yukawa matrix changeenormalization
dU® [=0®(E+dE)-UM(E)]—Fig. 14b); the scalar field renormalizatiod$® [=$¥(E+dE)— $(E)]—Fig.
14(c); the quark field renormalizatiosiu”’ anddu‘’—Fig. 14(d). Figure 14 is a diagrammatical representation of the physical
requirement that the three-poifquark-antiquark-scalaiGreen function, at one-loop level, in the theory with the cuteff
+dE [left side of Fig. 14:(a)+---+(e)] be the same as in the theory with the slightly lower cuffright side.

Using the results of this and the previous sections of the Appendix, we can then write down the one-loop RISE for
corresponding to Fig. 14, at the right-handed compoheitf. + y5)] of the three-point Green function

2 2
004 dUk+ ! (dInEY){ —N.D Tr[g<k>0</>f+5</>5<k>f]g</>_l S [(OOTOT+BOBONT®
) ! 32 /=1 2/=1
2
+2U<‘<)u</>fu</>]+221 [D</>D<k>*u</>]]jizugik>. (A23)

Taking the left-handed component of the three-point Green function results in the Hermitean conjugat@@3kd.e., in

an equivalent relation. The first sum on the le#tN;) of Eq. (A23) corresponds to Fig. 1d) [cf. Egs.(A10)—(A12)], the

second sum to Fig. 1d) [cf. Egs.(A19), (A20)], and the third sum to Fig. 14 [cf. Eq. (A22)]. The left-handed part of the

Green function yields just the Hermitean conjugate of the above matrix relation. The analogous consideration of the three-point

4 __ i)+(i
dq >_4 - > _______ _
@ny’ BQB ¥ " =0
q

E<|q|<E+dE

FIG. 12. Cancellation of contributions from the quark Idepe-particle-reduciblewith those of the scalar field renormalizations in the
kinetic energy term of the scalars, for the energy cutoff intertiaE(+ dE).

116003-14



HIGGS-MEDIATED FLAVOR-CHANGING NEUTRAL . .. PHYSICAL REVIEW D 58 116003

(2n) > +> > +>

E<|qi<E+dE
FIG. 13. Cancellation of contributions from the scalar exchange on the quarkllegs with those of the quark field renormalizations
in the kinetic energy term of the quarks, for the energy cutoff interizaE(+ dE).

Green functions with the down-type external quark léfs andd gives relations which can be obtained from the above
relation again by the exchangeé® —D® andU®T— DO, These relations can be rewritten in a more conventional form

2 2
16m° = UN(E)=| N 2 VAVIS T+D(/)D<kT]U(/)+ 2 [GOOT+DIDOTOW
n
2 2
2 Nt — 22 [D(/)D k)Tu(/)] (A24)

and an analogous RGE f&¥Y. These RGE’s still do not contain one-loop effects of exchanges of gauge bosons. However,
since the couplings of quarks and the Higgs doublets to the gauge bosons are identical to those in the usual MS\M, 2HDM
and 2HDMII), their contributions on the right of the above RGE’s are identical to those in these theories. Therefore, the final
form of the one-loop RGE's for the Yukawa matrices in the general 2HDM now reads

2 2 2
2 11(k) — T1ROTINT L NP KT "’(/) /) ()t () (/)T 1K 2171k /)T )
167 - UM(E) [Nc;l T{O®ONT +DOD®ND 2 0 +D 10®+0 Z U
2
_221 [5(/>5(k)TO(/>]_AU[‘J(k)] , (A25)
2 2
2 1L — KRNt (OO DT L DD TIRNK LK DNNTR)
16m° = D(E) [NZ TLDXDT+0ITWID + = 2[ O+ DOIDINDM 4D /E:lD D

2
_221 [U(/>D(k)TB(/)]—AD5(k)], (A26)

where the functiong; andAp, characterizing the contributions of the gauge boson exchanges, are gauge independent and are
the same as in the MSM, 2HDW), and 2HDMI):

©
E<|qi<E+dE

FIG. 14. Diagrammatic representation of the RGE for the up-type Yukawa ntatr@inly the 1P scalar exchange) and the effects of
the renormalizations of the Yukawa matrix, of the scalar fields and the quark fields in the Yukawa col(uings, (d), respectively

contribute when the cutoff is changed frdn(RHS) to E+dE (LHS). Note thatdU stands for (E+dE)—U(E), etc. The contributions
of the gauge boson exchanges were not considered in the figure.
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(N2—1)
— g3+ 795+

AU:3 NC

17
1_2951 AD:AU_gi’
(A27)

and the gauge coupling parametggssatisfy the one-loop
RGE'’s

d

16’772mgj=—cl-gj3, (A28)

PHYSICAL REVIEW D58 116003

with the coefficientsC; being those for the 2HDM's N
:2)

1 10

1 2
Ca=73(1IN;=2ng), C;=7-3ng, Ci=—3~gn

3 9 ¥

(A29)

Here, n, is the number of effective quark flavors, e.g., for
E>m, we haveny~6; for m,<E<m, we haveny~5, etc.
This completes the derivation of the one-loop RGE’s.
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