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Abstract

We present a class of cancellation mechanisms to suppress the total contribu-
tions of Barr-Zee diagrams to the electron electric dipole moment (eEDM). This
class of mechanisms is of particular significance after the new eEDM upper
limit, which strongly constrains the allowed magnitude of CP-violation in Higgs
couplings and hence the feasibility of electroweak baryogenesis (EWBG), was
released by the ACME collaboration in 2013. We point out: if both the CP-odd
Higgs-photon-photon (Z boson) and the CP-odd Higgs-electron-positron cou-
plings are turned on, a cancellation may occur either between the contributions
of a CP-mixing Higgs boson, with the other Higgs bosons being decoupled, or
between the contributions of a CP-even and a CP-odd Higgs boson. With the
assistance of the cancellation mechanisms, a large CP-phase in Higgs couplings
with viable electroweak baryogenesis (EWBG) is still allowed. The reopened
parameter regions would be probed by the future neutron, mercury EDM mea-
surements, and direct measurements of Higgs CP-properties at the LHC and
future colliders.
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We present a class of cancellation mechanisms to suppress the total contributions
of Barr-Zee diagrams to the electron electric dipole moment (eEDM). These
mechanisms are of particular significance after the new eEDM upper limit re-
leased by the ACME collaboration in 2013, which strongly constrains the al-
lowed magnitude of CP-violation in Higgs couplings and hence the feasibility
of electroweak baryogenesis (EWBG). We point out that if both the CP-odd
Higgs-photon-photon (Z boson) and the CP-odd Higgs-electron-positron cou-
plings are turned on, a cancellation may occur either between the contributions
of a CP-mixing Higgs boson (with the other Higgs bosons being decoupled) or
between the contributions of a CP-even and a CP-odd Higgs boson.

With the assistance of these cancellation mechanisms, a large CP-phase in Higgs
couplings with viable electroweak baryogenesis is still allowed. The reopened
parameter regions would be probed by future neutron and mercury EDM mea-
surements, as well as direct measurements of Higgs CP-properties at the LHC
and future colliders.

Introduction

The baryon asymmetry in the Universe (BAU) nowadays, i.e., ng/s ~ (0.7 —
0.9) x 10710 &£ 0, has puzzled people for more than half a century, where s is the
entropy density of the Universe. Among various dynamical mechanisms to solve
this puzzle, electroweak baryogenesis (EWBG) falls in the most popular class
due to its potential testability at the Large Hadron Collider and in other experi-
ments. A generic feature of EWBG is that the CP phases employed to generate
the cosmic baryon asymmetry need to enter the couplings between the Higgs
sector and particles that either exist in the Standard Model (SM) or are intro-
duced in new physics, regardless of whether the CP-phases are flavor-diagonal,
off-diagonal, or flavor-decoupled. Otherwise, these CP-phases are decoupled
from the electroweak phase transition (EWPT) and EWBG cannot be imple-
mented. The measurement of Higgs CP-properties therefore provides important
information for solving the BAU puzzle.

Motivated by this, the CP-properties of the Higgs boson discovered in 2012
have been extensively studied by both theorists and experimental groups since
its discovery, using methods of direct measurements at the LHC. However, given
the limited statistics, the sensitivity of the LHC at this stage is still low. On
the other hand, fast progress has been made in indirect measurements. Using
polar molecules of thorium monoxide (ThO), the ACME collaboration recently
reported an upper limit on the eEDM of |d,| < 8.7x107?%ecm at 90% confidence
level—an order of magnitude stronger than the previous best limit. This limit
severely constrains the allowed magnitude of CP-phases in Higgs couplings via
Barr-Zee diagrams, causing tension between the observation and the CP-phase
required for successful EWBG.

In this letter we point out that these studies have more or less ignored a crucial
effect that can dramatically change the conclusions. This is due to the fact that

chinarxiv.org/items/chinaxiv-201708.00129 Machine Translation


https://chinarxiv.org/items/chinaxiv-201708.00129

ChinaRxiv [$X]

generally both the CP-odd Higgs-photon-photon and the CP-odd Higgs-electron-
positron couplings can be or tend to be turned on simultaneously. These two
couplings contribute to the eEDM separately and at the same time. If a cancel-
lation exists between their contributions (as we will show below in two different
contexts: the type-II two Higgs Doublet Model (2HDM) where the tree-level
CP-phase arises from the pure Higgs sector, and the Minimal Supersymmet-
ric Standard Model (MSSM) where the tree-level CP-phase arises from Higgs-
superparticle interaction sectors), then even if the magnitudes of the CP-phases
in Higgs couplings are large, the current ACME bound can be well-satisfied. In
such a case, EWBG can still be successfully implemented.

General Analysis

In an effective Lagrangian for a Higgs sector, the relevant operators are given
by:

Lon =Y fle] +idls) o+ Y (GIF, P +EF, Fw)%

where F, is the field strength of the photon, with Frv=1 S€MPoF, ,V,, is the

Nz posr ¥ pv
field strength of the photon and Z boson, with V/ = ée’“’””Vpo, and 0; defines
the CP-phase of the Yukawa couplings. These operators can be inserted in the
Barr-Zee EDM diagrams. Integrating out the internal degrees of freedom, we

have £ ¢ = —id €0, ;0" A”, with its contribution to the eEDM given by:

2 e
de 47r31)2

Here v = 246 GeV is the normalized vacuum expectation value (VEV) of the
Higgs fields, and A, (]\1) is the relevant scale for the h,F*'F,, (hiF’“’FW)
operator. It is clear that the Barr-Zee contributions depend not only on the
CP-odd Higgs di-photon coupling ¢, but also on the CP-even one ¢ if the
Higgs bosons have a CP-odd coupling with electrons (&§ # 0).

Z 7
’L

The ACME measurement greatly improved the current bound on the eEDM,
leading to:

~

<0.14

ZC log——i—c

This strongly constrains the allowed CP-violation in a single Higgs coupling,
e.g., in the case with one (SM-like) Higgs only and meanwhile ¢, = 0, unless
this Higgs boson is decoupled. However, if a cancellation occurs among these
interference terms, CP symmetry is allowed to be significantly violated without

Z
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contradicting the current eEDM bound. Below we will use the type I 2HDM
and the MSSM to show two different cancellation mechanisms, both of which are
mainly motivated by EWBG: (1) cancellation occurs between the contributions
of a CP-mixing Higgs boson, while the other Higgs bosons are decoupled (see the
upper diagrams in Fig. 1); and (2) cancellation occurs between the contributions
of a CP-even and a CP-odd Higgs boson (see the bottom diagrams in Fig. 1).

Type II 2HDM

As an illustration, we consider type II 2HDM with a softly broken Z, symmetry
(¢ — —¢; and ¢y — ¢5). Its tree-level Higgs potential is given by:

A A A
V = mii (8161)+m3,(61)—[miy (9] 6) Thic ]+ 5 (6161)°+ 5 (9265)*+23(6101) (93 62)+Xa (6] 62) (8 61) + |-

where m?, and \; are complex parameters. Their relative phase Arg(A;mis)
leads to CP violation in the Higgs sector. We take the convention that both
Higgs doublets ¢, 5 carry a hypercharge of one unit and that the general Higgs

VEVs are:
@r= (1) @n={,0%)

with sin® 8 = |vy|2/(Jvy |2 + |vg|?), v, = vcos B, |vy| = vsin B. The unitary ma-
trix R, defined to diagonalize the Higgs mass matrix M? and satisfy RM?RT =
diag(Mle,M,i,M?Ls) in the mass eigenstate basis (hq, hs, hs), can be easily fig-
ured out and is given by:

“Calay SaCay Sa,
R= Sacac - cocsabsac cacac + Sasabsac _Cabsac
SaSa, + CaSa,Ca, CaSa, ~ SaSa,Ca, Cay Ca,

with ¢, = cosa;, s; = since,;. Here a, o, o, are mixing angles between two
CP-even Higgs bosons, between the light CP-even and CP-odd Higgs bosons,
and between the heavy CP-even and CP-odd Higgs bosons, respectively. The
angular range, beyond which R is repeated, can be chosen as 0 < a < T,
—m <oy <mand —7/2 < o, < 7/2.

The tree-level h; couplings rescaled by the SM values are given by:

sin av cos « - . :
¢ =c, = _Tﬁb’ ¢, = —cot fsinay, ay, = cosaysin(f — )
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~

é, = ¢, = —tanfsinq,

where h; is SM-like and ay, represents the hyWW and h,ZZ couplings. The
CP-phase of the top Yukawa coupling 6, is given by tan 6, = — cos 5 cos o tan a,.

These tree-level effective couplings further contribute to ¢, and EA/ at loop level:

Y
2
C,y _ Z chf _ QCt 7(ZV

7 2 9 8

Note that the signs of ¢ are derived in the convention of Eq. (3). To achieve
the cancellation indicated by Eq. (5), we require ¢ ¢, ~ &/¢, /¢, or tan 8 ~ 1.

In this setup, the lightest Higgs boson h; leads to a leading-order contribution
to the eEDM via the Barr-Zee diagrams:

2aG gm, ~ 5
dlc}m — ﬁ [Bf(2)Cecy + g(2)Esc,]

200G pm, -
i = ﬁ [3f(zw) + 5g(zw)] ayC.

where z, = mf/m%l, 2y = m%v/mil, and the loop functions f(z) and g(z) are
given in [?]. Numerically, we have f(z,) = 1.0 and g(z,) = 1.4. These quantities
depend on three free parameters «, oy and . For simplicity we work in the
alignment limit 8 = a + 7/2, where the free parameters are reduced to 3, ay,
with tan§, = — cot Btan oy, and the 125 GeV Higgs boson is SM-like if there is
no CP-violation. The overall contribution to the eEDM is:

20Ggm, , ,
i = ST sinay cos [ (2, an 8) — o (ay tan )

with f'(z,2) = =8(zf(2) + g(2)/x)/3 and ¢'(z,2) = (3f(z) + 5g(z))z. The
contributions from neutral Higgs with the Z gauge boson and charged Higgs
with W gauge boson as propagators are generally smaller, so we neglect them
in the calculation.

The fitting results are presented in Fig. 2, where the inclusive LHC data pub-
lished in March 2013 and the most recent ACME results are applied. In the
presence of CP-even and CP-odd Higgs mixing, both the current ACME con-
straints and the Higgs global fits favor the region with tan3 ~ 1, where we
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have tanf, ~ —tanay. The former is easy to understand since a cancellation
between f’(z;,tan3) and ¢’(zy, tan §) in Eq. (15) requires tan 3 = 1.04. The
latter is because a relatively small tan 8 can help avoid too large a signal rate
of h — bb, and hence an over-suppressed h — ~v rate. In this cancellation
region, a CP-violation effect with |tan cyl, |tand,| > 0.1 is allowed while the
most stringent constraints are from the nEDM.

MSSM

Though the MSSM is of type II 2HDM, there is no tree-level CP-violation in
the Higgs sector either explicitly or spontaneously, due to a vanishing Ay term
in the Higgs potential. The CP-phases used for EWBG mostly arise in the tree-
level superparticle sectors, such as the chargino, neutralino, squark and slepton
sectors. The explicit CP-violation in these sectors can break CP symmetry in
the Higgs sector at loop level, leading to CP-even and CP-odd mixing terms
in the Higgs squared mass matrix. However, the Higgs CP-mixture caused by
this effect is small due to loop suppression. For nonstandard Higgs bosons we
notice that the CP-mixture is typically below 10%, consistent with previous
studies, even if the CP-phase arises from the stop sector, while for the SM-like
Higgs boson, the CP-mixture is suppressed further by an extra tan 3 factor. So
the Higgs eigenstates are approximately CP-eigenstates, with their couplings to
electrons being either |c,| > |¢,| (for CP-even Higgs bosons) or |c.| <« |é,.| (for
CP-odd Higgs bosons). On the other hand, a relatively large tan 8 is favored in
the MSSM, given that the tree-level mass of the SM-like Higgs boson is larger
in this case. This leads to |c,| < [cy 4], and hence a small contribution from
h to the eEDM (mainly via the c.c, term). So in the MSSM with EWBG
implemented, the main contributions to the eEDM are made by nonstandard
Higgs bosons unless they are highly decoupled.

Among these CP-violating sources, the one arising in the chargino sector is
of particular interest because of its high efficiency in generating the BAU via
EWBG. The charginos enter the H~~y and Ay loops as new mediators, inducing
non-trivial contributions to the eEDM via the cecﬂnY and 5607 terms, respectively.
Though these two contributions are comparable in magnitude, their signs are
typically different. Given an extra minus sign for the term ¢ in Eq. (5), this
scenario is strongly constrained by the ACME eEDM bound. However, recall
that charged particles like stau leptons also enter the Ay~ loop. If a non-trivial
CP-phase is turned on in the stau sector, new contributions to the eEDM will be
introduced via the ¢,c, term. (Note that such a CP-violating coupling will not
induce non-trivial contributions to the eEDM via the H~v+y loop or the c,¢, term,
since stau leptons are scalar particles.) This provides a potential cancellation
mechanism such that a CP-phase in the Higgs-chargino couplings large enough
for implementing the EWBG mechanism remains allowed.

With CP-violation turned on in the stau sector, the main contributions to the
eEDM are then given by:
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i} M mZ

d, ~Cc, E;Yzi log —5- + Céy 2 log —
j k2

j=t,2 7 A i=1,2 My

with the terms in the first and second lines mediated by A and H, respectively.
Here C = am,/(473v?), and:

2 2 ~
Qﬁtc".: Q;_i 7,

XX

&l =— § Lot E = —

X 2 Ti 4
i=1,2 i=1,2

As for my. and ¢g. (CP-odd interaction between H and charginos), we refer to
the literature for details.

Fig. 3 depicts all low-energy experimental constraints calculated by CPsuperH.
Note, however, that the CPsuperH codes used in the analysis were revised by
the authors of this letter (for details, see Appendix C), in which we corrected a
sign error in the anomalous dimension of the dipole operators, updated the QCD
hadron matrix elements, incorporated the mixing effects between the dipole and
pseudo-scalar operators during renormalization group running, and added the
previously missed contributions to the eEDM from the W-mediated h~vy~y loop
in the Barr-Zee diagrams. With these corrections, we notice that the neutron
and mercury bounds may become substantially weaker than those given by the
original CPsuperH.

As indicated in Fig. 3, the charginos have a negative contribution to the eEDM
(black-dashed contours) by coupling with both A and H. The staus, on the
other hand, have a positive contribution to the eEDM (blue-dashed contours)
by mainly coupling with A. Both contributions are enhanced by tan 5 because
of ¢ o< 1/ cos 8. Their dependences on the y parameter, however, are different.
For charginos, the H/A-chargino-chargino couplings gp x —i(Cp);1(CL)ia/2 —
h.c., i =1,2. With p > M, assumed here, a small y value will increase the off-
diagonal terms in the chargino mixing matrices, (C} )5 and (Cg)q;, and hence
the overall eEDM contribution. As for staus, a larger u leads to a lighter 7;
because of a larger mixing term o< |putan 8 — A_|. Therefore, their contribution
to the eEDM increases for larger p values. Due to their cancellation, there
exists a blank region in Fig. 3 where the total eEDM is below the current
ACME bound. This region overlaps with the EWBG-favored region that would
have been excluded by the ACME bound if only the chargino contribution were
taken into account. One benchmark point is presented in Table II.

In the MSSM, a large tan is favored by the LHC Higgs bounds, and the
contributions of the Barr-Zee diagrams to the eEDM are mainly mediated by
nonstandard CP-even and CP-odd neutral Higgs bosons (if they are not as heavy
as the 10 TeV scale or above). With a cancellation between them, a maximal
CP-phase in their couplings with superparticles like charginos is still allowed.
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In both cases, successful EWBG is possible, which turns out to be challenging
without the assistance of these cancellation mechanisms.

The EWPT, another key element for EWBG, is not addressed in this letter since
it is “orthogonal” to the discussions above. It is straightforward to generalize
the discussions on eEDM cancellation to the 2HDM plus a singlet, or MSSM ex-
tensions with an extra singlet superfield or gauge group, where a strong enough
EWPT is not difficult to achieve. Furthermore, in the MSSM, while an ex-
tremely light right-handed stop scenario (~ 110 GeV) has been ruled out by
Higgs global fits and direct searches, a moderately light stop with other light
scalar particles (like sbottom or stau) may still be viable. Detailed discussions
in this regard will be left for future studies.
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Discussion and Conclusion

Neutron and Mercury EDMs in the MSSM: CPsuperH vs. Our Anal-
ysis

In this letter, we present a class of cancellation mechanisms to suppress the
total contributions of Barr-Zee diagrams to the eEDM, which may occur either
between the contributions of a CP-mixing Higgs boson (with the other Higgs
bosons decoupled) or between the contributions of a CP-even and a CP-odd
Higgs boson.

As an illustration, we study two scenarios: the type-II 2HDM where the tree-
level CP-phase arises from the Higgs sector, and the MSSM where the tree-level
CP-phase arises from Higgs-superparticle interaction sectors. In the 2HDM,
tan 8 ~ 1 is favored by the LHC Higgs bounds, and the contributions of the Barr-
Zee diagrams to the eEDM are mainly mediated by a CP-mixed SM-like Higgs
boson. With a cancellation between them, a CP-phase as large as (0.1 — 1) is
still allowed for the top Yukawa coupling, induced by Higgs CP mixing.

In the MSSM, a large tan is favored by the LHC Higgs bounds, and the
contributions of the Barr-Zee diagrams to the eEDM are mainly mediated by
nonstandard CP-even and CP-odd neutral Higgs bosons (if they are not as heavy
as the 10 TeV scale or above). With a cancellation between them, a maximal
CP-phase in their couplings with superparticles like charginos is still allowed.
In both cases, successful EWBG is possible, which turns out to be challenging
without the assistance of these cancellation mechanisms.
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In the Appendix, we introduce the modifications and corrections made to CPsu-
perH in our analysis. We then compare the constraints on neutron and mercury
EDMs given by the original CPsuperH and the modified version. To begin,
we briefly introduce the theoretical methods used for calculating neutron and
mercury EDMs, basically following refs [?, ?].

(1) Renormalization Group Running of Wilson Coefficients The EDM
of a fermion (d}E ; electron EDM is an exception denoted by d, in this letter),
the chromo-EDM of a quark (dY), and the Weinberg operator coupling (d) are
defined by the Lagrangian:

i £ i Py 137 a 1 abc pvo a c
’CEDM = _id?Funy#V’Y5f_§d(?gsGZu s 75T Q+6dcgsf b e g G;U/Gl;\pGO'

These can be generated through CP-violating neutral Higgs-boson mixing in the
t-channel and CP-violating Yukawa threshold corrections. The corresponding
CP-odd coefficients are given by:

Zlemf ~ < 2gs/rnq ~ 39 ~
op=— A2 e 0y = — A2 Cao Co=— Azs Zcch
q

where m; and A denote the fermion masses and the MSSM scale, respectively.
The Lagrangian can be rewritten as:

39
A2

abc v a b c
CafreeGy,G3 G,

. m Q € £ v . Me9s « a v a

Lopn = 1) 5570 F, fo s iy —E526,Gh a0 s T g
f q

with gg) = Mgy)/v and v = 2My;, /g. The last CP-odd four-fermion opera-

tor (93, = cj;crwq’gq_ﬂz’a“”%qa, on the other hand, is generated from operator

mixing effects of C’;,q which follow Eq. (27) below.

To calculate the Wilson coefficients 4, gq, and Cg at a GeV scale, we need
to evolve them from the MSSM scale A down to the GeV scale based on the
Renormalization Group Equations (RGE) [?, ?]:

(Eq g

q 6q

d Cé _ C G
dInp C;’q ! O;’q
aq aq
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The one-loop anomalous dimension matrix is given by the standard results in
the literature.

During this process, flavor-conserving CP-odd four-fermion operators may lead
to non-trivial corrections to the Wilson coefficients of the CEDM and Weinberg
operators via mixing. A more complete Lagrangian for calculating neutron and
mercury EDMs should include these operators.

Besides the RG running and operator mixing effects, there are two additional
important bottom quark threshold effects. First, the Weinberg operator receives
a shift from the bottom quark CEDM after the bottom quark is integrated out
at my,:

ACy(my) = 28U 5 ()

where (5b(mb) = 50(mb) + Aéb(mb) is the b-quark CEDM at the m,;, scale, with
59 5 (my,) being the direct CEDM from two-loop Barr-Zee graphs. The Aéb(mb)
is the bottom quark CEDM correction from RG running and operator mixing.
Keeping the leading logarithmic terms that contribute to Agb(mb) at the match-
ing scale 1 = my, we have:

= 82 m
Ay (my,) ~ ?Cl}q<mH> log mif

S

which could be figured out from the RGE and arises from integrating out the b
quark at one-loop level.

The second important correction from integrating out the bottom quark is the
shift to CEDMs of other quarks:

2
~ m ~ ~ m
88, m3) % (Clymn) + Cplomsp) (22
s q

which are actually two-loop effects where the operator C’Nblq first mixes into (‘)3 7

and then mixes into qu(mb). Numerically, the suppression from one additional
loop is compensated by the my/ m, enhancement.

(2) Neutron and Mercury EDMs The neutron EDM is calculated by:
dyy = eGlid, + eGidy + e0ib, + eCidg + BT C
In our analysis, we updated hadronic matrix elements with (% = 0.82 x 1078,

¢4 =1.63x1078, = —33x 1078, {4 =082 x 1078, and 8¢ = 2x 1072 ¢
cim.
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Compared to the electron EDM d, and CP-odd electron-nucleon interactions,
the nuclear Schiff moment has a larger contribution to the mercury EDM. The
Schiff moment is generated by long-range, pion-exchange mediated P- and T-
violating nucleon-nucleon interactions:

Lonn =N [307 7+ 5070 + g2 (2ryn® — 7 - #)| N

In a general context, the isoscalar and isovector couplings gﬁf” and §£rl

over the isotensor coupling §5r2), so the mercury EDM is approximately given

by:

)

dominate

—(0 —(1

with g4 =~ 1.26, F, = 186 MeV. To calculate the gﬁ,“ couplings, we need the

Wilson coefficients {C'g, gu, gd} at the hadron scale. In our analysis, we updated

hadronic matrix elements with (%) = —2x 107, f1) = —4 x 1077, 'y(c(;) ~ 'yg) =
2 x 107%; updated nuclear matrix elements with a, = 0.01 e fm? a; = +0.02
e fm?; and assumed a new atomic sensitivity coefficient kg = —2.8 x 1074 fm 2.
We emphasize again that both the sign correction of the anomalous dimension
coeflicient v, and the mixing effect of the RGE operators have been incorporated
in calculating {d,,,d,, Su, gd, Cs} at the hadron scale in our analysis, which may
cause an important change in the bounds of both neutron and mercury EDMs
compared to the original CPsuperH.

(3) The CPsuperH vs. Our Analysis In CPsuperH, we made the following
corrections and modifications:

1. Sign error in anomalous-dimension coefficient: A sign error in -,
was fixed, which corresponds to the (1,1) component of the anomalous
dimension matrix. CPsuperH follows Ref. [?] where v, = 8/3 is defined.
As pointed out in Refs. [?, ?], however, 7, should be —8/3 rather than
8/3 in that notation.

2. Mixing effects: The mixing effects between the Weinberg gluonic op-
erator, quark color dipole operator, quark electric dipole operator, and
CP-odd four-fermion operators have been incorporated.

3. Barr-Zee diagrams with Higgs-photon-photon(Z) loop mediated
by W boson: These contributions have been added.

These corrections and modifications to CPsuperH may significantly change the
neutron and mercury EDM bounds for CP-violation in the MSSM. As a com-
parison, the neutron and mercury EDM bounds after and before the revision
of CPsuperH are shown in Fig. 3 and Fig. 4 [Figure 4: see original paper],
respectively, with a chiral model assumed for hadrons and the same parameter
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values in both plots. The comparison indicates that both the neutron and mer-
cury EDM bounds are overestimated by the original CPsuperH for the assumed
parameter values.

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv —Machine translation. Verify with original.
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