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We study the new physics related to the recently discovered 125 GeV Higgs by employing an important
subset of the standard model (SM) gauge-invariant dimension-6 operators constructed by the SM Higgs
and gauge fields. Explicitly, we perform a model-independent study on the production and decays of
the Higgs, the electric dipole moments (EDMs) of the neutron and the electron, and we take into account
the anomalous magnetic dipole moments of the muon and electron as well. We find that, even if all Higgs
decay channels agree with the SM predictions, the SM theoretical uncertainties provide a lot of room to
host new phyiscs associated with the 125 GeV boson. A linear relation is revealed in our numerical study
that wz; = uyw and 0.6 = wzz ww = 1.4 at 95% C.L. with or without the EDM constraints. The neutron
and electron EDMs severely constrain the relevant Wilson coefficients. Therefore the CP-violating
components in the h — WW, ZZ channels are too small, ~O(1073), to be detected at the LHC.
However, we point out that, even though the parity of the 125 GeV boson has been largely determined
to be even in the &7 — ZZ channel, one should pay special attention to the potentially large CP violation
in the & — yvy and h — yZ channels. This should be seriously checked in the future spin correlation

experiments.
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I. INTRODUCTION

The high-energy physics community has been excited
about the recent finding of a standard model (SM)-like
Higgs boson 4, the final piece of the SM we had long
craved, at the mass around 125 GeV at the LHC [1,2]. So
far, except the Higgs diphoton decay, which is ~1lo
higher than its SM prediction, all other Higgs decay
modes agree with the SM predictions within the experi-
mental accuracies [3—20]. The diphoton excess could be
just the statistical fluctuation or due to some unknown
systematic error, or it indicates the existence of new
physics (NP), especially those connecting the Higgs and
gauge sectors. Since last year, there has been much dis-
cussion and speculation about the diphoton excess; see,
for example, Ref. [21]. Whether the diphoton excess is
due to new physics or not will be settled by more experi-
mental efforts in the coming years. Although the statistics
is still weak, the current Higgs decay data have already
set some limits to the NP associated with the Higgs
boson. On the other hand, we should also bear in mind
that the uncertainty of the SM theoretical prediction for
the Higgs productions range from ~2% for the vector
boson fusion (VBF) to ~15% for the gluon-gluon fusion
(GF) [22], the dominate Higgs production mechanism at
the LHC; see Table II. As for the decay branching ratios,
the theoretical uncertainties range from ~3% for h — bb
to ~12% for h — cc¢ [22]; see Table III. So even the
experimental precision can be improved to reach the few
percent level in the future; still, we will not be able to
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conclude the total absence of NP associated with the
~125 GeV boson. The interesting question will then be
the following: How much room for new physics is still
allowed due to the intrinsic SM theoretical uncertainty?
The main purpose of this paper is to aim for a model-
independent constraint on the new physics associated with
the Higgs based on the current and future data.

Meanwhile, the mass scale of exotic degrees of freedom
(DOF) has been pushed to be greater than around (0.4-8) TeV
in various scenarios with different assumptions [23,24].
Although a general analysis is lacking, it is now wildly
believed that the cutoff scale, A, for physics beyond
SM which begins to show up, should be much greater than
the electroweak symmetry breaking scale, v ~ 250 GeV.
Motivated by the diphoton excess and the exotic DOF(s)
that is (are) heavier than the electroweak scale, it is reason-
able to assume that the new physics effects can be captured
and described by the dimension-6 (dim-6) gauge-Higgs
operators. We assume that the NP decouples at A >> v where
the SM electroweak symmetry is not yet broken. Below the
cutoff, there are only SM DOFs, and the SM gauge symmetry
is still honored by the low-energy effective theory. The
information and effects of NP are encoded in the form of
the effective operators and their corresponding Wilson co-
efficients; see Refs. [25,26] for the early general discussion.
It is not new to study the Higgs physics by using the gauge-
Higgs operators; see Refs. [27-31] for the previous studies
along the same line and Ref. [32] for recent update including
the Moriond 2013 data. However, some constraints have
been overlooked by those authors. The current analysis is
so far the most comprehensive one to our best knowledge.
We found that those contributions that had been overlooked
indeed play a significant role to constrain NP.
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In this work we shall perform a model-independent
analysis based on a subset of SM gauge-invariant dim-6
gauge-Higgs operators. The presence of these dim-6 op-
erators modifies the gauge-Higgs couplings, leading to
different Higgs decay and production at the tree-level.
We should discuss the constraints on the relevant Wilson
coefficients based on the LHC Higgs data and compare
them to a benchmark case in which all Higgs decay chan-
nels sit at the predicted SM values and the SM theoretical
uncertainties are used as the experimental errors. We shall
show that indeed the parasitic NP can live comfortably
within the SM theoretical uncertainties without much up-
setting of the global fit.

In addition to the tree-level processes, the coefficients of
CP-odd operators can be further constrained by estimating
the loop-induced electric dipole moment (EDM) at low
energy. The apparent drawback of using effective operators
is that we do not have a sensible prediction of the quantum
effects at the loop level. The dim-6 gauge-Higgs operators
do not close under the renormalization group (RG) running
[30]. To proceed, we consider the class of new physics in
which the fermion EDM operators can be ignored at A'
and the divergent part of loop integral can be removed by
the counter terms. Practically, we use dimensional regu-
larization to calculate the leading contribution of the
CP-odd operator to the fermion EDM in the modified
minimal subtraction (MS) scheme. Similarly, just for a
ballpark estimation of how the (g — 2) will limit the NP,
without any better argument, we also assume the charged
lepton (g — 2) is negligible at A. We calculate the loop-
induced muon and electron (g — 2) by using the gauge-
Higgs operators at low energy and further constrain the
relevant CP-even Wilson coefficients. At the end, we will
discuss a UV-complete toy model as an example for this
assumption to work. But we should keep in mind that this
assumption is not valid for the general case.

The paper is organized as follows. In Sec. II, we will lay
out the important subset of the dim-6 gauge-Higgs opera-
tors. The needed Feynman rules for later calculation will
be summarized there. The modifications to the Higgs decay
and production due to these gauge-Higgs operators at the
tree level will be discussed in Sec. III. The 1-loop contri-
butions to EDM and g — 2 will be given in Sec. IV. In
Sec. V, we present the numerical results and some remarks
from the global fitting. In Sec. VI, we briefly discuss how a
degenerate solution can be resolved by the Higgs pair-
production cross section. As an example of the UV origin
of the gauge-Higgs operators and to illustrate in what

"This working assumption is also reasonable from phenome-
nology point of view. The current experimental limits require
that the cutoff scale of these EDM operators to be greater than
10* TeV if the corresponding Wilson coefficients are all ~O(1).
Here, we further assume the relevant Wilson coefficients for
fermion EDMs generated by higher loops at A or RG running are
negligible.
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condition our analysis is valid, two simple models with a
scalar color octet, but in different SU(2) representations,
will be discussed. A brief summary will be given there as
well. Finally, some technical details will be collected in the
Appendix.

II. EFFECTIVE LAGRANGIAN

As discussed in the previous section, we assume that
the NP associated with the SM Higgs production and
decay could be largely captured and described by a set of
SU@3)c X SUQ2), X U(1)y-invariant dim-6 gauge-Higgs
effective operators and their Wilson coefficients [28,33]:

Lo =0, +50) (=12123). (2.1
The relevant effective gauge-Higgs operators are
0, = H*HB ,B*?,
b 2A2
M — gl DLy
0, = 5 A2 H'HB,, B"",
O H*HW“ S Wary,
27 2A2
(2.2)

0, = H*HW“ JWarr,
2 A

_ 8182
0, =222 H't*HB,,, WL,
127 9A2

=~ _ 8182
0, = 22> H't*HB ,, Wk,
12 ZA

0, == HTHGA LGARY,

A
0O, = H*HGA LGARY,
3 2A

where the dual field strength tensor is defined as F wr =
3 €unaoF*” (F =B, W, G) and the others are in the stan-
dard notations. Note that we have absorbed the SM gauge
couplings and the cutoff A into the definition of the
operators. The operator @, gives the direct SU(2)-U(1)y
gauge mixing and modifies the oblique parameter S [34]
at the tree level [33],
8mrv?

AS:TCQ,

when the two Higgs fields are replaced by their vacuum
expectation values (VEVs). The current S parameter
bound, S = 0.00731} [35], already sets a strong limit on

(2.3)

c1p. Similarly, the (~93 operator yields an effective QCD
Oqcp-term and thus ¢; is strongly constrained by the
neutron EDM. Therefore, we will set ¢, = ¢; = 0 in our
global analysis, which will be discussed in the numerical
section.

There are three more dim-6 gauge-Higgs operators that
give rise to the tree-level modification to the coupling
between Higgs and gauge fields:
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(D, H)"(D,H)B"",
(D*H)t o (D" H)WS,,, (2.4)
|HTD, H|>.

However, these operators are severely constrained by
electroweak precision tests; for example, the SM gauge
boson mass matrix will be altered by these operators at tree
level. Since we are focusing on the Higgs physics at the
LHC and it is safe to ignore these operators, we confine our
analysis with six out of the eight gauge-Higgs operators
given in Eq. (2.2).

The relevant hV*(k,)V'*(k,) Feynman rules are sum-
marized in Table I, where (kj, k,) are the 4-momentum
carried by the gauge bosons and (u, v) are the correspond-
ing Lorentz indices. The two gauge-invariant form factors
are defined as

SHY(ky, ko) = K5 kY — ky - kog*?,

2.5
P”'V(kl,kz) = Eaﬂ’uljklakzlg. ( )

Also, we define
ap=cptcp—cp=epto

ap = El +52_512,
1
— 2 2 ~ _ 2
a, = Szw(cz — iy — 5012(1 - fw)) = sy — ¢tiy),

s I
a, = SQW(Cz — &ty — 5012(1 - f%v)),
ay = ckcy + oty + ciptdy) = cky(cy + oy tyy),

ay = (&) + &1ty + Eathy), (2.6)

where sin 8y, is denoted as sy, for notational convenience.
Similarly, we adopt the following abbreviations: cos 6y —
Cw, sin26y — sy, tan @y — ty, etc. From Table I, one
can easily obtain the corresponding 22V V' Feynman rules
by replacing the VEV, v, by the Higgs field. Because of the
non-Abelian nature of SU(2),, the operators O,, O, |, also
give rise to the tree-level yWW coupling when both SM
Higgs fields take their VEVs. The extra yWW interaction
has been overlooked in the previous studies. However,
it gives nonzero contributions to the fermion EDM and

TABLE I. Feynman rules for the hV*(k,)V'”(k,) vertices,
where (k,, k,) are entering the vertices.

S (ky, ky) P (ky, ky)
hyy izuj’;ﬁal izui?%”dl
hyZ ] IX’? a, lfzz dy
hgg 12113’303 12A—2~3=0
hzZ7Z i 2/1;'52 ay i 2/1;’52 ay
hWw 2A€2 cy 2A€2 ¢y
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(g — 2). Explicitly, after electroweak spontaneous symme-
try breaking, the relevant Lagrangian is

2 2

8Ly Wi, Wer? + 2383 Wi, Wk

S s
2

- v
12818272 BW

Wher,
4A

2.7

The ¢, term is equivalent to a total derivative that has no
effect in the local perturbation calculation. The ¢, term
modifies the canonical normalization of the kinematic term
of SU(2) gauge fields. Thus the c,-corresponding yWW
form factor is same as in the SM, but the coupling is now
the SM one times —c,g3v%/A2.

For the triple y*(k;)W*8(ky)W ~*(k3) coupling, where
all three momenta are entering the vertex, the correspond-
ing Feynman rules for ¢, can be spelled out:

faBA _ gzswv
6 2A2

126”’ B/\kl (28)

III. HIGGS PRODUCTION AND DECAY

The SM Higgs production cross sections and their
branching ratios have been calculated and maintained by
the LHC Higgs Cross Section Working Group [22]. For
later convenience, we collect the SM results in Tables 11
and III. Note that the inherent theoretical uncertainties of
the SM prediction for both Higgs production and decays
range from a few percents to about ~20%.

Both CP-even and CP-odd operators affect the Higgs
production and decay at tree level, and the two kinds of
contributions do not mix. It is useful to define the following
ratios to characterize different production and decay chan-
nels of the SM Higgs

T(h— ij)

ajj —m, Yxy =

7;\(4” " @
M(XY — h)

where (i, j) and (X, Y) stand for the final states and the
initial particles respectively. At tree-level, the gauge-Higgs
operators have no effects on the SM Yukawa couplings
so that a; = 1. Since the gluon-gluon fusion(GF) is the
dominate contribution to the Higgs production at LHC, for
simplicity we will ignore the change to the other produc-
tion channels due to the presence of the gauge-Higgs
operators. Next, we discuss how the gauge-Higgs operators
modify y,, and the relevant «;;.

A. Gluon fusion

The effective operators that describe short-distance fea-
tures will not change the gluon parton distribution function
and kinematics, so we just need to focus on the partonic
cross section, which is

033004-3



WE-FU CHANG, WEI-PING PAN, AND FANRONG XU

PHYSICAL REVIEW D 88, 033004 (2013)

TABLE II. Cross sections of the SM Higgs boson at 125 GeV [22], where WH and ZH stand
for the associated production with W and Z, respectively. The uncertainties are shown in
percentages.
o (pb)

LHC 7 TeV (%) LHC 8 TeV (%) LHC 14 TeV (%)
GF 15321143 19.521147 49.85%13¢
VBF 1.205%3] 1578138 4.1807%8
WH 0.5729+37 0.6966-37 1.504+4}
ZH 0.31587%7 0.3943%3) 0.88307%¢
TABLE III. Branching ratios of different decay channels for the SM Higgs boson at 125 GeV

[22]. The uncertainties are shown in percentages.

102 X B(h — ij)

bb (%)  cc (%) 7 (%) vy (%) 22 (%)  WW (%) gg (%) YZ (%)
577732 2911132 632737 0228739 264743 215733 8571152 0.1547%9
& —h)=0o!m28(§ —m 16272
1o(gg ) omy 6 ( h) Yoo = |1+ 4\2/_"7 3 3.7
GFA Al(Tt)
= S—F(h — gg)8(8 —m?). (3.2) .
my,
Then, the ratio of the cross section is
B. Diphoton decay
Voo = Ao'(gg —h) = I'(h— gg) . (3.3) The h — 27y decay width relates to the amplitude
Gsmlgg — h)  Tgylh— gg)
In the SM, the Higgs decays to two gluons via a heavy T = | M2, (3.8)
quark loop, and the decay width is well-known [36], 327Tmh )
GFCY mh 2
I'h—gg) = 4o |AL(7)I%, (3.4)  where
_ mzl . . N 2
where 7, = W and Al is given by MY = ,’Mh Y 4 Uiz a,5%F(k,, k2)61a62ﬂ
Ayr) =2[r + (= Df(D]7 72, 2ugss
: M 3, P Ky, k)€ o €3 (3.9)
arcsin 2,/7 r=1
= T 35
f) 4[ i*\/'—T 177'] r>1 (3-5) with the SM contribution [36,37]
Incorporating the CP-even and CP-odd effective opera- j\/lgﬁ” =M,S ;w(kl’ kz)ell‘* 65*, 3.10
tor contributions, the total decay width can be calculated (3.10)

to be

Gra’m; 161272 2
r(h — =75h( Ailr) + 1OV
(= g0 = S (| () + 125
163272 _ |2
+ |WC‘3 ), (36)

which agrees with Ref. [29]. But as already stated, the ¢; is
severely constrained by the neutron EDM; only the
CP-even operator O is relevant to the ratio of the gluon-
gluon fusion cross section,

My = S WG (i) + 4,5,

where A% is from top quark loop as given in the GF section
and A, is from the W boson loop,
Ay(r) =

—[272 + 374327 - D@D (3D

_m
and parameter 7; = k.
i

the ratio of decay rates:

It is straightforward to calculate
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o — M=yl
T | Mem(h — yy)l?
= |1+ 8v2may
GrN2[A (1) +3A,(7)]
GFAZ[Al(TW)

2

8\/5#2&1
+ %A%(Tz)]

(3.12)

C.h—yZ

The decay rate for 1 — yZ in the rest frame of the Higgs
boson is

r- 1 (1—7)|3\4ﬂ|2
167rm,, mh

The amplitude including high-dimensional operators’
contributions is

(3.13)

2
MYz = JMUI’\;VZ) + /f aS* €}, €,

ng ~

A2 aP*" e}, €, (3.14)
and the SM contribution [36,38,39] is given as
.7\/1(5}1’\?72) = M,S* €}, 6,
M, = E(\/EGF)i(AF + Ay),
20 3.15
Ap = — LAZZ(H )tt); ( )
CwSw 2
1
Ay = — —AlyZ(TW» /\w),
Sw

m2 m
where 7; = 5, A; = ;% (1= 1, W) and fermion vector

coupling ¥, = 21; — 4QfsW. The relevant functions are

[11(7, ) = Iy(7, V)],

AV (7, Q) = cyld(B — B)L(1, ) + [(1 + 278,

= +20]L(r M},
1 1

AV (7, ) =
2

Ii(1, ) = =7 + 20— T)ZU(T) - f]
A
+ﬁ[8(7) - g
Iy, A) = 2()\ U(T) F]
NG —larcsm\/_f <1
8r) = m[ln“‘/l—::— i7r:| =1 .10
2 1-V1—771
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Then, the ratio of the decay rates is

M= y2)P
" Mew(h— yZ))?
8\/5772612
GrAN*(Ar + Ay)
8\/5772512
GrA*(Ap + Ay)

2
= |1+

2

+ (3.17)

D. h — WW*, ZZ*

Unlike the cases of h — gg, vy, vZ, which are 1-loop
processes in the SM, the leading contributions to
h— WW?*, ZZ" start at tree level in the SM. Moreover,
the SM tree-level hV#V" vertex is ~g*”, which mixes
nontrivially with the form factor S#” when squaring the
amplitude. So, aywz, cannot be expressed as |1 +
€Coyen|? + 1€ Coqal?, Where €, € are some small numbers,
as in the previous cases. To obtain the h — VV*(V = W,
Z) decay, one needs to perform a straightforward tree-
level calculation and take care of the phase-space inte-
gration of the 3-body final state. When the decay final
states of the gauge boson V* are massless, the expression
can be largely simplified but is still not very illustrating.
The details can be found in the Appendix. With the
presence of the gauge-Higgs operators, the ratio of
h — VV* decay rates is

_ RiOmy/my, aw) |, 32mmyy,  Ro(my/my)

aww Ry (my/my, 0) QTN R, (my /my, 0)’
gy = Ry(mz/my, az) 2 32mymicy, Ry(mgz/my) ’
R, (mz/my, 0) 4 A* Ry (mz/my, 0)
(3.18)

where the relevant CP-even NP is encoded by two
parameters:

2
8myy

AZ

2
8myy

awy = 762’ ay; = ay.

Our results for a,, ,,, ,z agree with Ref. [29], and the
explicit expression for ayy 77 is, however, new. Now, we
are fully equipped for the later numerical analysis on the
LHC Higgs decay data.

E. Numerical expressions for a’s

Taking A = 1 TeV as a reference point, numerically, we
have
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gy = Voo = (1 +13.90¢3)%,

@y, =[1—148(c; + ) +2.18(¢) + &, — &1p)%
a,; =[1 4 0.46¢, — 1.54¢,* + 0.71[0.55¢,
— 1.82¢, + 0.64¢,, %,
ayw =1 —=0.019¢, + 1.3 X 1074c3 + 5.2 X 107363,
az; =1—0.86 X 1073¢; — 0.0096¢, + 2.6 X 10772
+5.8 X 107%¢;cy + 3.0 X 1075¢3

+ 1.3 X 1075(&, + 0.09¢, + 0.28¢1,)%  (3.19)

By rescaling ¢; — ¢; X (A/1 TeV)?, one can easily obtain
the numerical expression for the cutoff scale, which differs
from 1 TeV. Since the h — yy, Zy, gg are the loop
precesses in the SM, these modes are more sensitive to
the NP. One can see that the prefactors associated with ¢’s
and ¢’s in a,, .,z are all around 1.0. On the other hand,
the leading contributions for # — WW, ZZ begin at tree
level in the SM. The NP modification to these modes is
relatively 2 orders weaker, by a loop factor ~1/1672,
compared to h — gg, vy, yZ.

IVVEDM AND g — 2

First, we set our convention. The EDM of a fermion, d,
is defined by the low-energy effective Lagrangian

Lepm = — %dfﬁ(pz)iwaw,u(pl)FW, 4.1)
where u and # are the spinor wave function. It is well-
known that the fermion EDM starts at least at the 3-loop
level for quarks and the 4-loop level for leptons in the SM.
However, with the CP-odd operators in the effective
Lagrangian (2.1), the fermion EDM can be generated at
the one-loop level, and there are three possible contribu-
tions from the CP-odd hyvy, hyZ, and yWW interactions;
see Fig. 1. We note in passing that quarks can acquire a
nonvanishing chromoEDM if ¢; # 0. A similar considera-
tion of using the EDM to constrain the CP-odd Wilson
coefficients can be found in Refs. [27,28], in which only
the contributions from Fig. 1(a) have been taken into
account. As discussed in the introduction, we perform the
1-loop calculation by dimensional regularization and

N

. N
o h “h
N .

N N

FIG. 1. The 1-loop contributions to the electron and quark
EDMs and charged lepton g — 2. The gray bulbs represent the
effective gauge-Higgs operators. Note that the mirror image
diagrams are not displayed.
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extract the finite part by the MS scheme. Our result for
the complete 1-loop contributions is summarized as

I s
d}‘ = _6% —I:QfalK (A mh) + azw

2
SwSaw

X Ky(A, my, my) + 46‘2 K (A, mw)] 4.2)
where the definition of @, d, has been given in Eq. (2.6), I,
is the fermion’s isospin, and, in our convention, e = |e|
and Q, = —1. In the bracket, the first, second, and third
terms represent the contributions from Figs. 1(a)-1(c),
respectively. In the limit in which m; << m,, the functions
K, , take the form

TP
K =__ —InZ
1, x) = A2[4 3 x2:|
22 [3 | (*In “——y21n¢,—§)]
+ - i
AZl4 2 (x> —y?)
where w is the dimensional regularization scale. A similar
result for the 4y7y contribution can be found in Ref. [28];

our result is different from Ref. [27] up to a finite term. For
the neutron EDM, we adopt the QCD sum rule estimation

0.25d,)],
(4.4)

(4.3)

Ky(u, x,y) =

d,=(1*0.5)[1.1e(d, +0.5d,) + 1.4(d,; —

given in Ref. [40] to relate the quark EDM and neutron
EDM.? We take m, = 2.3 MeV, m; = 4.8 MeV, and o =
1/128.0 for our numerical study. The quark chromoEDMs
are ignored due to the focp constraint. In terms of the
Wilson coefficients, we obatin

d, = (1.00¢, + 7.39¢, — 16.07¢,,) X 10726 ecm,

4.5)
d, = (191, + 10.04Z, — 16.25¢1,) X 1072 ecm

From the latest bounds, |d,| <1.05X 10">’ecm
(90% C.L.) [43] and |d,,| < 2.9 X 1072 ecm (90% C.L.)
[44], we obtain two inequalities:

166.69¢, +70.37¢, — 153.01¢1,| <1  (L.60),
(1+0.5) X |6.60¢, + 34.64¢, — 56.028,| <1 (L.60).
(4.6)

When combining the above two conditions together, the
allowed region is a solid tube with a tiny parallelogram
cross section passing through the origin along the
{0.735, 1.478, 1.0} direction in the {¢;, &,, ¢|,} space.

’In principle, when RG running is taken into account, one gets
a better estimation of the neutron EDM. See Ref. [41] for the
discussion of the RG running of dimension-5, dim-6 CP-odd
operators and the bound on the left-right model scale from the
neutron EDM. For a recent study on the RG running of dim-6
CP-o0dd operators and the neutron EDM bound, see Ref. [42].
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The same 1-loop diagrams in Fig. 1 with CP-even
operators give rise to a, the anomalous magnetic dipole
moment (AMDM) of charged leptons. The AMDM can be
extracted from the charged lepton’s photon form factor,

i
iM = ieﬁ(pz)[v"Fl(qz) + %Fz(qz)]u(m),

g—2 4.7)
ar = - = F,(0),

where the momentum transfer ¢ = p, — p,. Again, we
perform the 1-loop calculation, in the unitary gauge,
with dimensional regularization and in the MS scheme.
We obtain the following result:

a m.?[ 31— Qysiy

le = ;7 2aleK1(A, mh) +2(122 S%VS2W
5 cv?
X Ky(A, ma, my) + 2 s%j,T] 4.8)
The first and second term in the bracket are the finite parts of
Figs. 1(a) and 1(b), respectively. The third term, which has
no divergence, stems from the effective dimension-4 (WW1y)
interaction introduced by the operator ©,. The contribution
to ay from this new (WW ) interaction can be obtained by
multiplying the factor —(c,g3v?/A?) with the well-known
SM WW 'y contribution [45]. Numerically, we obtain Aa,, =
1.61(c; + 0.41c,) X 10710 for A = 1 TeV.
For the charged lepton anomalous magnetic diploe
moment, the deviation of the experimental measurement
from the SM prediction [35,46,47] is

Aa, = ap® —aM = (2.39 £ 0.79) X 10°(10),

(4.9)
Aa, = a;® — aSM = —10.6(8.1) X 10~ 3(10).

Since the gauge-Higgs operators are flavor blind, the
resulting Aay scales as m} so Aa, = (m,/m,)*Aa,.
Assuming that Aa,, are solely attributed to the gauge-
Higgs operators and using the latest data, Eq. (4.9), we

obtain a best fit at AaM =237 X 107° from the least-
square fit, and

¢y + 0.41c, = 15.25 + 5.09. (4.10)

The allowed region is basically a wide infinite strip away
from the origin on the c;-c, plane.

V. NUMERICAL ANALYSIS

To quantify how each Higgs decay channel differs from
its SM prediction at the LHC, we follow Ref. [48] and use
the signal strength parameter (i, which is defined as

o(X — h)B(h — ij)

o(X = MsyBh — ij)sm’

A

Mij =

(5.1

where X stands for the initial partons in the proton and i, j
represent the decay products. The branching fractions

PHYSICAL REVIEW D 88, 033004 (2013)

are given by B;; = B(h — ij) =1I';;/I', and [ is the
actual total Higgs decay width. The I, is related to the SM
prediction by 'y, = Co, M. Then, in terms of a’s and
B’s, Cyo can be expressed as the sum of all contributions
from the major decay channels,

BM + o, ,BM

Cror ~ 315711\)/[ + BR + B + XyyDyy gggg
+ ayw By + az; By + CVnyB%\y/I
~0.67 + 0.0023a,, + 0.086y,, + 0.026a

+0.215ayy + 0.0015a,, (5.2)

where the SM branching ratios for a 125 GeV Higgs are
adopted from Ref. [22] and we note that a;r = 1 at tree
level since the gauge-Higgs operators do not modify the
Yukawa interactions. Because of the parton distribution
function, the loop-induced gluon fusion is the dominant
production mechanism (~ 87-88%) at the LHC for a
Higgs with mass around 125 GeV. And among all produc-
tion channels, it is the most sensitive to new physics.
Therefore, it is a fairly good approximation to take
o(gg — h)/o(gg — h)sm ~ V- Therefore, we have

g~ Yeeii

53
i Cor (5.3)

As the common practice, a function )(2 is defined for
multiparameters fitting
AL =2

V= Z(Mz Bzu,) , 5.4)
] l
where f; is the mean experimental value, §; is the com-
bined uncertainty from both the experimental and theoreti-
cal sides, and fi; is the theoretic prediction either from a
specific model or determined by the effective gauge-Higgs
operators. We use the most updated Higgs data collected
and analyzed by the ATLAS and CMS groups, see
Table IV. Since we explicitly take o(gg — h)/o(gg —
h)sm ~ Ygg = @gq» in the CMS h — ZZ* channels, we
only use the gluon-gluon fusion data. We drop fi,, from
the global fitting for both groups have large uncertainties
and both are via the VH production.

A. Pseudoglobal fit of ATLAS and CMS results

To proceed, we first treat the five a’s in Eq. (5.2) as
mutually independent free parameters and conduct a
pseudoglobal fit by using the current LHC data listed in
Table IV. The best fit is located at

YHC =099, alHC =126 ol = 0.84,

vy
@€ =130, ¢ = 1.00, (5-5)
with minimum 3 = 4.94, and the 1o boundary corre-
sponds to the contour of x3, = x3 +5.89 for a five-

parameters fit. And the 10 model-independent correlations

033004-7
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TABLE IV. The signal strength & from Moriond 2013.

Qi) CMS ATLAS
zZ* 0.91%93% (inclusive) 17123 (inclusive) [3,9]
1035 (qgH, VH)
0.9%23 (GF) [13,17]
ww* 0.76793} (inclusive) [13,18] 1.01 = 0.31 (inclusive) [4,10]
vy 0.781028 (MVA) 1.6570:3% (inclusive) [3,8]
1117032 (cut based) [14,16]
yZ <9 [20] <18.2 [3,7]
bb HCP12: 1.3797 (VH) [6] 1.09 = 0.20 = 0.22 (VH) [5,12]
T 11304 (inclusive) [15,19] 0.7 = 0.7 (inclusive) [6,11]

between «;; and v,, are displayed in Fig. 2. Basically, the
message from doing this trivial exercise is clear and sim-
ple: (1) The current LHC data more or less agree with the
SM, and (2) the larger the Higgs gluon-gluon fusion pro-
duction, the smaller the Higgs decay widths and vice versa.
We see that the global fit prefers a SM-like Higgs gluon
fusion production. However, this still introduces a degen-
erate solution to c¢3, (1 + 13.92¢3) = =+/1.0 = 0.7. And
the two corresponding 1o allowed regions for c; are €
[-0.167, —0.114] and € [—0.029,0.023]. This degener-
acy for c; also inevitably exists in the later global fitting.
We will discuss how to lift this degeneracy phenomeno-
logically in Sec. VI.

B. Limits on the gauge-Higgs Wilson coefficient
by using the Higgs data alone

Next, we do the global fit by using the current LHC
data in terms of c;,3 and ¢,,. For a 6-dimensional
parameter fitting, the 95% C.L. (68% C.L.) contour
corresponds 10 X35 = Xmin T+ 12.59(7.01). To have
an idea how the Wilson coefficients will be constrained
when the experimental sensitivity is improved and even-
tually compatible with the SM theoretical uncertainties,
we also consider a ‘“‘fake” data set that all signal
strengths equal one, 2 = 1.0. And we take the combined

SM theoretical uncertainties, oy = ‘[o-zBR + o-éF, from
Tables IT and III, as the “experimental” errors. The

aww
S = N W s U o

95% C.L. results are shown in Fig. 3. Some features of
our results are as follows:

(I) The CP-even Wilson coefficients are well-

constrained by the current LHC data. The LHC
limits on c¢;, ¢,, and c3 are basically compatible,
around two times bigger, with the benchmark ex-
perimental sensitivity by using the SM theoretical
predictions and uncertainties as input.
On the other hand, the constraints on the CP-odd
Wilson coefficients ¢, 1, are poor by using the
Higgs decays data alone. However, they seem to fall
on a long line segment in the parameter space. This
linear relation can be easily understood as roughly the
solution to make the CP-odd contributions vanish
simultaneously in .y, and ayz, Eq. (3.19), since the
two are most sensitive to the presence of CP-odd
contributions.

The most important message from this drill is that there
still is the allowance for NP with ¢, ~a few and ¢’s
~0O(100) for A = 1 TeV hiding in the SM theoretical
uncertainties.

Interestingly, from our numerical study, we find a linear
correlation among ayyw VS a7 and the signal strength gy
Vs Wzz; see Fig. 4. Our results show that at 95% C.L., a, ~
IL.5Saww and 1.0 = az; =< 1.6. However, when converted
to signal strength, it becomes wyy; ~ uww and 0.6 <
Mzzww < 1.4. The best-fit values for both cases are
SM-like.

@)

40
30
20
10

az,

-10
. -20
0 -30

1.5

FIG. 2 (color online).
The best-fit locations are marked by dots.

1.0 1.5 20 0.0
Veg

(c)

0.5

The 1o correlations between: (a) a,, and y,,, (b) ayw and y,,, () @zz and vy,,, and (d) a,; and y,,.
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FIG. 3 (color online). The 95% C.L. allowed region in (a—f) the Wilson coefficient space, and (g—i) the 2ZVV couplings, by
using the LHC data (blue/darker) and the SM predictions(light brown/lighter). The best fit location is shown at the dot(cross)
for LHC data (SM). The minimum y? = 6.413(0.0) for LHC data(SM). In subdiagram(b), we only display the SM like allowed region
for c;.

2.0 T T T T 1.6
1.8F 1.4F
1.6F 1.2F
=3 =
= 14r =z 1.0r
S X
1.2F 0.8F
Lor 0.6f
0.3 : : - - 04 : : : - -
0.8 1.0 1.2 1.4 1.6 1.8 0.4 0.6 0.8 1.0 1.2 1.4 1.6
azz Hzz

(a) (b)

FIG. 4 (color online). The 95% C.L. correlations between the h — WW* and h — ZZ* decay rate ratios, subdiagram (a), and signal
strength, subdiagram (b). The best-fit point is marked by the dot/cross, and the blue (darker)/ brown (lighter) region is used for the
LHC/SM data.
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FIG. 5 (color online). The 95% C.L. allowed region in (a—f) the Wilson coefficient space and (g—i) in the Higgs-gauge couplings
space by using Higgs data, the EDM, and the AMDM. The blue (darker) and light brown (lighter) regions are for using the LHC data
and SM predictions, respectively. The best-fit location is shown at the dot (cross) for LHC data (SM). The corresponding minimum
x> = 15.89(9.63) for LHC data (SM). In subdiagram (b), only the SM-like c; region is shown.
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FIG. 6 (color online). The 95% C.L. decay rate ratios correlation between (a) h — WW and h — yZ and (b) h — ZZ and h — yZ.
The best-fit point is marked by the dot/cross, and the blue (darker)/brown (lighter) region is for using the LHC/SM data.
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FIG. 7 (color online).

C. Constraints on the gauge-Higgs Wilson coefficient by
using the Higgs data plus EMDs and AMDMs

Finally, we include four more data points, d,, d,,, Aa,,
and Aa,,, into the global fitting. And the 95% C.L. results
are shown in Fig. 5. One can clearly see that, when the
electron and neutron EDM are included in the global
fitting, the limits on the CP-odd Wilson coefficients are
dramatically improved. Even giving extra, say ~O(10),
uncertainties to the 1-loop EDM estimations by using the
effective operators, the inclusion of EDMs into the analysis
still plays an important role to limit the CP properties of
the 125 GeV boson. More implications of including the
EDM constraints will be discussed in Sec. VIC.

Some interesting correlations emerge among &,z 77 ww;
see Figs. 6 and 7(a). Roughly, we observe that

(aww — 1) ~2(azz — 1),
(a,yz - 1) -~ 65 X 103(aWW - 1)2

These relations can be easily understood. Since the EDMs
strongly constrain the CP-odd Wilson coefficients, the a’s
will be dominated by the CP-even Wilson coefficients c;
and ¢,. From Eq. (3.19), we see that a7 yw 7z are more
sensitive to ¢, than c;; thus, the approximate relations
follow. However, when translated into the signal strength,
only the relation between w,; and uww holds; see
Fig. 7(b). Therefore, we find that ©;; ~ wyw and 0.6 <
Mzzww = 1.4 are quite robust with or without taking
EDM constraints into account. Better than = 1% accuracy
of determination the individual absolute Higgs decay width
is required to test the relations given in Eq. (5.6).
This will be very challenging at the LHC but could be
done at the precision Higgs machines in the future.

VI. DISCUSSION AND CONCLUSION

A. Discriminate the degenerate solutions

From the global fit of the latest LHC Higgs data, in
the presence of effective gauge-Higgs operators, we

PHYSICAL REVIEW D 88, 033004 (2013)

14F
1.2F

1.0 L

Hww

0.8F

0.6

04 1 1 1 1 1
0.4 0.6 0.8 1.0 1.2 1.4 1.6

Mzz.

(b)

This plot is similar to Fig. 4 but with additional constraints from EDMs and AMDMs.

obtain y,, =~ 1.0 = 0.4. This introduces a degenerate

solution to c3, 1 + 13.92¢3 = £4/1.0 = 0.4. One solution
is SM-like with c; centers around zero. Another possible
solution, c3 ~ —0.14, corresponds to the fact that the
NP gluon-gluon fusion amplitude equals minus two
times the SM amplitude. We would like to point out
that this degeneracy can be easily lifted once the LHC
has enough Higgs pair production data in the high-
luminosity phase. The Higgs pair production by gluon-
gluon fusion in the SM, G*(p,)G*(py,) — h(p.)h(py),
has been analyzed in Ref. [49] and summarized in the
review paper [36]. In the SM, the two gluons must carry
the same color, and this process receives contributions
from the triangle diagram and box diagram. Both dia-
grams yield the spin-O form factor while the box
diagram contributes an additional spin-2 form factor.
The SM amplitude is

2
3my,

M(G*G” — H°H) =

G
2 I: FTAO/.LV

2\/577'

+ (FpAopy + GBAzw)]foE};,

— 2
s — my

6.1)

where s = (p, + p,)* and the spin-0/2 form factors
Al (e S#7) JAY” are given by

A = gur — pipa ,
Pa’ Pb
2 v M . v M
AB? = guv . _PPaPh 2(1?5 P)Pape
ri(pa-ps)  P(Pa Pb)
3 2(1?; PPy DY 2pé‘2p5‘ 6.2)
P#(Pa - Pp) Pr

For more details, see Ref. [49]. The operator O; pro-
vides an additional contribution to the spin-0 amplitude,
and the amplitude square becomes
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8272
GAZ

jup = CEE(

872

3m;
s—szT+FB_
h

2
+|GB|2).
(6.3)

If taking A = 1 TeV, the exotic solution, ¢3 ~ —0.14,
_Gg;%f ¢c3 ~ +1.34 inside the spin-0 amplitude
square. Because of the cancelation between the contribu-
tions from F; and Fp, this exotic solution generates a
sizable deviation from the SM prediction. Therefore, this

gives

PHYSICAL REVIEW D 88, 033004 (2013)

two-fold degeneracy could be resolved by the future Higgs
pair production data.

B. UV complete models

Here, we discuss and make comparisons of the validity
of our effective operator analysis of two UV complete toy
models. Let us first examine the model that contains an
additional color octet scalar S for which the SM quantum
number is (8, 2, 1/2) [33] on top of the SM. The most
general scalar potential is

A . . . . .
V= Z(HT’H,-)2 + 2m3 TeSTS, + A HY H, TeSTS; + \HY H; TeS1S;

+ (AHVHU TS, S + AHY TeSTS S, + AsHT TeS1iS,S; + Hee))
+ Ag TeSTS,STS; + A7 TeSTIS STS; + Ag TrSTS, TrSTS; + A9 TrSTiS; TrS1S,

+ Ayo TrS;S; TeSTiST/ + Ay TrS; S, STiST,

where i, j are the SU(2) indices and myg is the mass of the
color octet scalar. The custodial symmetry requires the
following relations to hold: 2A; = A,, 2Ag = 2A7 = Ay,
Ag = Ay for the real couplings [33] and A, = A for the
complex ones [50]. And the SM quarks can now couple to
both H and S by

— Ly = yY0,Hug; + y0 0y Hdg; + Y018 T  ug;
+ YgQL,»SATAde + H.c., (6.5)

where T4 is the SU(3) generator and A is the color index.
The Yukawa couplings y and Y are, in general, complex.
In Fig. 8 we show how we can generate these effective
gauge-Higgs operators. One typical diagram to produce
CP-even operator is Fig. 8(a), which is at one-loop level.
Based on a naive dimensional analysis, the Wilson coef-
ficients are given [33]:

¢ _3a_3a_2hth
64m*m}’

c2_ M
A% 487*mE’
(6.6)

2 A2

And the CP-violating operators are generated at the two-
loop level; see Fig. 8(b). A ballpark estimation gives

C12123 _ Z
A2 >

& (167°)*  mgmax{myg, , my}’

Im[ujv;;] my,my.

6.7)

where g, ; are in the mass basis and the octet Yukawas are
parameterized as g,7*(u;; + v;;7°)q;S*. Even though the
CP-violating phase is of order 1, the strength of the ¢’s
are roughly 2 orders smaller than the CP-even Wilson
coefficients in this model.

3In the large quark mass limit, Fy =2+ @(s/sz), Fp=
— % + (Q(S/sz), and G = (f)(s/mZQ) [49].

(6.4)

Since this model is UV complete, we are able to discuss
the fermion EDM and AMDM at above the electroweak
scale without encountering any divergence. The charged
lepton (g — 2) starts at the two-loop level; see Figs. 9(a)
and 9(b).4 Both Figs. 9(a) and 9(b) can be related to the
diagram shown in Fig. 8(a) by substituting VEV(s) for
either one or two of the external H legs. And this is exactly
what we have performed in the gauge-Higgs operator
analysis for Aa, and Aa,,.

For the most general Yukawa coupling, Eq. (6.5), SM
quarks receive a nonzero EDM at the 2-loop level; see
Figs. 9(c) and 9(d).5 Both Figs. 9(c) and 9(d) are independent
of Fig. 8(b), and our gauge-Higgs operator estimations for
quark EDMs are subleading. On the other hand, there are two
kinds of contributions to the SM lepton EDM: (1) 3-loop
diagrams, by connecting Fig. 8(b) to the lepton line by either
the SM Higgs or gauge bosons. These leading contributions
have been taken care of by our gauge-Higgs operator analysis.
(2) 4-loop diagrams, first by joining the two external quark
lines to form a loop in Figs. 9(c) or 9(d), and then connecting
the resulting bulb to the lepton lines via either SM Higgs or
gauge bosons. These are 4-loop diagrams. So our gauge-Higgs
operator estimation for lepton EDMs are indeed the leading
contribution. Nevertheless, in the case that Yukawa couplings
are most general, one needs to incorporate the Fermion EDM/
AMDM effective operators in the analysis; see Ref. [53] for an
earlier study on the interplay of the four-fermion operators and
the electric and magnetic diploe operators.

To avoid the flavor-changing neutral current and other
phenomenological problems, it is a common practice to

“The resulting 2-loop (g — 2) can be read and translated from
Ref. [51], in which the similar diagrams due to exotic scalars
have been considered.

5The formulas in Ref. [52], in which EDMs are generated via
the similar diagrams in supersymmetry models, can be easily
translated for use in this octet model.
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FIG. 8 (color online). Some typical loop diagrams that gener-
ate the effective gauge-Higgs operators in the color octet scalar
model. Where S’s, the red (thick) dashed lines, are the color octet
scalars, ¢’s are the SM quarks, H is the SM Higgs doublet, and V
and V' are the SM vector bosons. Note there are many other
ways to attach the V and V’ if gauge symmetry allowed. Diagram
(a) is the leading contribution to the CP-even gauge-Higgs
operators. The CP-odd gauge-Higgs operators begin at the
two-loop level, diagram (b).

assume that Yg /D — gu/D ylel/ D where BY/P are real. In that

case, both Yukawas are real in the fermion mass basis, and
the contributions from Figs. 9(c) and 9(d) vanish. However,
the CP-violating gauge-Higgs operators, Fig. 8(b), vanish
as well, and we do not have any say about the CP-violation
constraint. Assuming that A = mg = 1 TeV, our numeri-
cal study gives 3¢, =4, 25=c¢, =3, 025 =
c1p = 0.25 (from the § parameter) and —0.02 < ¢3 <
0.015; if we take the SM-like solution, then

=118 = A, = 118, —12.6 =2A; + X, = 9.5. (6.8)
In addition to the positivity conditions for the scalar poten-
tial, Eq. (6.4), the above limits provide further nontrivial
constrains on the parameter space of this model.

Based on the above discussion, one can tailor a modified
UV-complete model in which our gauge-Higgs operator
analysis is applicable. In one of the modified versions, the
octet scalar is replaced by a real SU(2) triplet, S,, which
carries the SM quantum number (8, 3, 0). Because of the
SU(2) representation, it has no Yukawa couplings to all
SM fermions, and thus there is neither flavor-changing
neutral current problems nor the EDM contributions
from Figs. 9(c) and 9(d). The most general renormalizable
potential of the octet-triplet scalar is

PHYSICAL REVIEW D 88, 033004 (2013)
V(s, = Z(HTH)2 + m3 Tr(S}S}) + ip, €/ Tr(SiS]Sf)
+ A HTHTr(SIS)) + A, Tr(SiSis’s))
+ A Tr(SiS{SiS]) + Ay Tr(SiS?) Tr(S7S7)

+ A5 Tr(SiSY) Tr(SiS)), (6.9)
where i, j, k =1, 2, 3 are the SU(2) indices for adjoint
representation. Moreover, we introduce a pair of exotic
vector fermions, ¢ g, for which the SM quantum numbers
are (6, 2, 1/2). The vector fermions admit a Dirac mass and
a Yukawa coupling to S,

LOmyppg+ nihS,g+ He

The Dirac mass m,, is taken to be real without losing any
generality and assumed to be much larger than v so that the
exotic fermions decouple as S; does when energy is below the
electroweak scale. The Yukawa 7, is complex, in general.
The CP-violating gauge-Higgs operators can be generated at
two-loop levels, by replacing (S, g) — (S,, ) in Fig. 8(b),
and a rough estimation for the Wilson coefficients are

(6.10)

Cions 1 Ren, Imn,
A? (167%)* max {mg , m3,}’

6.11)

For mg ~m, ~ 1 TeV, the Oycp gives the strongest con-
straint that |7,|?|sin26,] < 1.01 X 107%. The CP-even
Wilson coefficients are generated at the 1-loop level [by
replacing S by S, in Fig. 8(a)],

46
3 A2

_ 3 ¢y A
1677'2m§1’

1A (6.12)

but nonzero c; and c;, need to be generated at the higher-
loop level since S, carries no hypercharge. And our global fit
yields that —4.2 = A,; = 3.2.

C. Predictions for the CP-odd decays

The spin and parity of the 125 GeV boson have been
largely determined to be J¥ = 0" from the analysis of the
polar angular distribution in the # — 2y mode [8,16] (for
spin) and the polarization correlation in the 1 — ZZ — 4l

‘J‘\\Ly? g

S
Vi

S l
W§"'47W
f=ql

FIG. 9 (color online).

f=q

Some typical leading loop diagrams that generate quark or lepton AMDMs, (a) and (b), and quark EDMs and

chromoEDM, (c) and (d), in the color octet scalar model. S’s, the red (thick) dashed lines, are the color octet scalars, and f is the SM
fermion, either lepton or quark. Note there are many other ways to attach the external photon if gauge symmetry allowed.
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FIG. 10 (color online).

The 95% C.L. CP-violation fraction correlations between (a) h — ZZ and h — yvy and (b) h — WW and

h — vyvy. The constraints are from EDMs, AMDMs, and the LHC data (blue, darker) or SM predictions (brown, lighter).
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FIG. 11 (color online).
constraints are from EDMs, AMDMs, and the SM predictions.

decay [9,17] (for parity). However, the current spin-parity
analyses are all based on a limited number of events and
simple working assumptions; namely, the boson is assumed
to be either purely scalar, pseudoscalar, a spin-2 object, etc.
But we have to keep in mind that even though the 125 GeV
boson is an elementary scalar, the CP-violation decays can
still be generated by quantum corrections. For a given
model, whether we have the required experimental sensi-
tivity to detect the CP-odd composition is the question.

If at low energy the new physics can be indeed described
by the gauge-Higgs operators alone, our numerical study
predicts interesting model-independent relations among
the Higgs CP-odd decay modes. As was discussed in
Sec. 1V, also in Figs. 5(e) and 5(f), the three CP-odd
Wilson coefficients follow a linear relation on a line seg-
ment with end points at &7, ~ 0.56/1.0 for using the SM
predictions/ LHC data as input. For A = 1 TeV, we have
[c.f. Eq. (3.19)]

~3. 21(:12, ~1. 92C12,

aWW~1 13X 107482,

aZZ ~43X10" 56‘12,
(6.13)

0.0 1 1 1 1
0.2 0.4 0.6 0.8

CPV,,

(b)

1.0

(a) The 68% C.L. and (b) the 95% C.L. CP-violation fraction correlations between 7 — yy and h — yZ. The

Note that both 7 — WW and h — ZZ channels are not
sensitive to the presence of the CP-odd gauge-Higgs
operators.

We are interested in the CP-violation fraction, CPV;; =

C / p/ I/, which is more relevant for the parity determi-

nation. In Fig. 10, we show the 95% C.L. CP-violation
fraction correlations between (a) h — ZZ and h — y7y and
(b) h— WW and h — yvy. Note the possible large CP-
violating fractions due to the gauge-Higgs effective opera-
tors in the 7 — y7y and h — yZ modes, which are not
constrained at all by the global fit.

Apparently, it is not likely to probe the CP-violation
fractions, at the level of < (a few) X 1077, in the h —
WW, ZZ channels at the LHC.® This agrees with the
current parity determination results [9,17]. And, hypotheti-
cally, any future observation of the approximately few
percent level CP-violation fraction in the & — ZZ mode
will definitely indicate the existence of new physics

®See Ref. [54] for other proposals of measuring the CP nature
of the Higgs at the LHC.
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beyond the gauge-Higgs sector, and additional effective
operators must be included.

For making use of 4 — 2+, yZ channels to probe the
CP-odd components of the 125 GeV boson, we need to
study the vector boson spin correlation. This could be
neatly done in the future e*e™, ey, or yy colliders; see,
for example, Ref. [55]. For that we have a model-
independent prediction: a)):als ~ 1.67:1. However, as
shown in Fig. 11, when the above relation is converted
into the CP-violating fraction, the relation is smeared but
more or less follows a linear relation. From the plot, the
CP-violating fraction correlation between these two modes
is roughly
CPV,, ~ (0.65 = 0.35)CPV,,, (68% C.L.). (6.14)
However, the slope becomes (0.92 = 0.7) for the 95% C.L.
fit. Although not very predictive, this prediction can be
checked once the experimental sensitivities meet the SM
theoretical uncertainties and the CP-violating fractions in
vy and yZ modes are measured in the future.

Nevertheless, from our numerical study, we found po-
tentially large CP-violating compositions in the 7 — 7y,
vZ decays.

D. Summary

We have studied the new physics associated with the
125 GeV boson for which the NP is assumed to be char-
acterized by the effective gauge-Higgs operators. By
global fitting, we studied the correlations among various
Higgs to diboson decay modes. In addition to the updated
Higgs measurements accumulated at the LHC, we also
considered the case in which the experimental sensitivities
are compatible with the SM theoretical uncertainties. We
found that there is plenty of room for new physics to hide in
the shadow of the inherent SM theoretical uncertainties.
From the global fit, we found a robust prediction that
Mzz = uyw and 0.6 = uzzww < 1.4 at 95% C.L.; see
Figs. 4 and 7. This can be tested at the LHC with more
data in the near future.

Moreover, we take into account the constraints of EDMs
and AMDMSs under the assumption that the gauge-Higgs
operators give the dominate contributions to them. We found
very strong constraints on the CP-odd Wilson coefficients,
and our numerical study indicated that the CP-violating
hVV interactions in the h — WW and h — ZZ modes are
too small, ~O(1073) at most, to be detected at the LHC; see
Fig. 10. However, the CP-odd fraction in the Ay7y and hyZ
channels could be as large as O(1).

Two more intriguing relations are predicted if the EDM
constraints are included: (1) (aww — 1) ~ 2(azz — 1) and
(2) (a7 —1)~6500(cyw — 1)*. These predictions could
be tested at the future precision Higgs machines.

The caveats are that we should keep in mind that
our results are valid only for the class of NP which

PHYSICAL REVIEW D 88, 033004 (2013)

manifests itself in the form of the gauge-Higgs operators
discussed in this work. So, our results are not applicable
if (1) the existence of any light exotic degree of freedom
below the electroweak scale that interacts with the
Higgs boson or (2) the NP is beyond the realm that
can be largely charted by the gauge-Higgs operators.
On the other hand, any violation of our above predic-
tions will indicate that the new physics must go beyond
the gauge-Higgs sector.
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APPENDIX: DECAY WIDTH OF h — WW*, ZZ*

Details of calculating the widthof h — VV* (V = W, Z)
are collected in this section. We consider the case that the
virtute gauge boson V* subsequently decays into two fer-
mions f and f’ with their momentums labeled as h(P) —
V(p;) + f(pa) + f'(ps). In the center-of-mass frame of f
and f’, the three-body decay width is given by the follow-
ing phase integral:

1 (M—m,)? $24
[( U ds, j s (M + M),

2567T3m2 my+ms)?

(AD)

1
Sy =m3 +mj +§[(s — 51 —m3)(s; +m}—ml)
1

+ A3(sy, m3, m3)A3(sy, M2, m3)),

Ma, b, c)=a?*+ b*>+ 2 —2ab — 2ac — 2bc, (A2)

where the kinematical variables are defined as s = P2,
pa=(pa+p3). s =p; s5=_(p;+p3)? and s3=
(py + pp)? and M, and M, are the CP-even and
CP-odd amplitudes, respectively. The phase space integral
is largely simplified when the final-state fermions are
massless, which is a good approximation in our case.

Besides the SM contribution, the CP-even amplitude
also receives contributions from O, and O, and

ANL(gy + &5

2 = Y E 8D s 02436 - ais)
(Sl - mv)

X (2py - pap1 - Py — Pipa- p3) + (m32(V2G )

—aypi - pa)*2py- psl (A3)
where ay = 2c,v82/A%  dl, = 2a,vgl/A%, NI s
the color factor of the final state fermions and
(v, 8a) = (82/2cw)U5 — 2Qys3, —1;) for  Z° and
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gv = —81 = £/232 for W*. And M, is completely
beyond the SM,

ay

)

|M,12 = 8(g2 + gA>( ;

\%4
X [(p1 - pa)(p3 - pap1 - P2+ P2 Pap1 - P3)

S
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with 6, = (7 — L5}, + 15},); the phase space factor R,
will be given in below The 67 factor is different from
Ref. [36] and differs by a factor of 3 for the W case, but our
results are consistent with Ref. [47].

For the CP-odd part, the decay widths for W and Z
bosons are

2 2
_ . . — . . . (A4 . 9m3 g%
P3Py PaPi " P3 ~ PiP2" PaP3 " P4l Y =& 32;15;2[\4 Ry(e)
where @}, = 2¢,vg5/A? and a@), = 2a,vg3/A*. Summing 92 0
up all massless final states, the corresponding CP-even =5t m‘:,mh mh4mWR (e),
decay widths are 8 5 A
5 3Gimim, 32mEmics
9GLmiym), I = a0, — 5 = Rl (AG)
IV = —LX =R (my/my, aly)  (for W),
8 (AS5)
3GZmim, The two functions Ry, R, can be expressed in the form of
If = # 87R (mz/my, ay) (for Z), integrals, b
J
(1-ep 5t 1 a2y 1
R (e a| 562[ dif d§7{<1— U )(1—5 —5 §—62——§)
1( V) 0 1 5. 2(5 _62)2 4\/—Gp ( 1 2)(2 )62 1
1 2 _
+ 2§1<1 € sl) }
4(\/_GF)ZE
(1—-e)? Sl 2 1 . o -
m(@= [ as [T [f0 @ msp g 16 - @ -5 -5
0 ) 2°¢
with the relevant parameters introduced as € =7%, § =;5 § =23 and §. = a+e—-5)=xix
JVI(1 + €)?> = 5,][(1 — €)> — §,]. The analytical form for R, , can be obtained:
) /4 2 _ 1
R/(e,a) = Ty [A + Barctan 161 3:2 + Cln e], (A7)
A= (1—€)36ae’(—5+9€?) + 6(2 — 13€*> + 47€*) + a*(17 — 82€> + 89¢%)],
6
= 7[6(6 — 8e* + 20€°) + 12a(e? — 8€* + 14€%) + a*(—1 + 11€> — 40€* + 54€9)],
Vae? — (A3)
C = 6[6(e® — 6€* + 4€°) + 12a(e? — 6€* + 2€%) + a?(—1 + 9€* — 30€* + 6€%)],
1 - 72 — 1 2~ WA — 1
Ry(e) =L —€ )( 17 + 64€2 + €*) +—(1 +6€* — 9€2) +(667)\/462 " arctan € . 1 El :
&2 —
where
8m€‘,
c,, forW
0= {8“2 ? : (A9)
%aéb for Z
One can check that, when aj, = 0, the SM result is recovered, and 6R; = F(e) as defined in Ref. [56].
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