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I. INTRODUCTION

Since the 125 GeV /c* Higgs boson was discovered at the Large Hadron Collider (LHC)
in 2012 [1, 2], its properties have been tested more and more precisely [3-5]. Even though
no new physics beyond Standard Model (SM) has been confirmed so far, it is still necessary
and meaningful to search for new physics. In this paper we study the anomalous HZZ

couplings.

The new physics beyond the SM in the SM effective field theory (SMEFT) is shown
as higher-dimensional operators in the Lagrangian which later supply non-SM interactions.
In this analysis we note these non-SM HV'V (V represents Z, W, ~) interactions from six-
dimensional operators as anomalous HV'V couplings, and consider them separately from
SM loop contributions. To scrutinize the Lorentz structures from several anomalous cou-
plings, we calculate the scattering amplitudes in the spinor helicity method, and the analytic

formulas are shown symmetrically and elegantly in the spinor notations.

HV'V couplings can be probed at the LHC through processes including V* — V H or
H — V'V decays. Among these processes, the gg — H — ZZ — 4{ process, which is called
the golden channel, is the most precise and has been studied extensively in both theoretical
studies [6-41] and experiments at LHC [42-50]. Thus, we also choose this golden channel
to study anomalous HV'V couplings. To reach a more precise result, both on-shell and off-
shell Higgs regions can be exploited. At the same time, the interference effects between this
process and the SM processes should be included. Especially in the off-shell Higgs region,
the interference between this process and the continuum process gg — ZZ — 4¢ should
not be ignored [51, 52|. Based on a modified MCFM [51, 53] package with anomalous HZZ
couplings, we study the interference effects quantitatively. Furthermore, we estimate the

constraints on the anomalous coupling using CMS experimental data at LHC.

The rest of the paper is organized as follows. In Section II, the spinor helicity amplitudes
with anomalous couplings are calculated. In Section III, the analytic formulas are embedded
into the MCFM8.0 package and the cross sections for proton - proton collision, especially the
interference effects, are shown numerically. In Section IV, the constraints on the HZZ

anomalous couplings are estimated. Section V is the conclusion and discussion.



II. THEORETICAL CALCULATION

In this section firstly we introduce the HZZ anomalous couplings, and then we calculate

the spinor helicity amplitudes.

A. HZZ anomalous couplings

In the SM effective field theory [54, 55] the complete form of higher-dimensional operators

can be written as
1 Z 515 1 Z 6 16 1

where A is the new physics energy scale, and C} with i = 5,6 are Wilson loop coefficients.
As the dimension-five operators O} have no contribution to anomalous HZZ couplings, the
dimension-six operators OY have leading contributions. The relative dimension-six operators

in the Warsaw basis [55] are

O4p = (21D"®)* (@' D D),
Ogy = STOW, W 04 = ®'OB,, B", O4yp = 1! OW, B,
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where @ is a doublet representation under the SU(2), group and the aforementioned Higgs

field H is one of its four components; D, = 0, — igWJTI —1g'Y B, where g and ¢’ are

coupling constants, 7! = 77/2, where 7!
Wl = 0w} — o,W! — ge""WIW[K, B,, = 0,B, — 0,B., W}, = LeucW', By, =
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are Pauli matrices, Y is the U(1)y generator;

For the H — 4/ process that we are going to take to constrain the anomalous HZZ
couplings numerically, there are dimension-six operators include HZ/¢{¢ contact interac-

tion [56, 57| that can also contribute non-SM effects, which are
g — I(—> — I 6 g
Oy = (<I>TD#<I>)(L%L), Oy = ('T Dy®@)(Ly,T°L), Og, = ((I)TDuq))(é%‘f)7 (3)

where ®1D,® = 7D, & — D,did, ®ITD,& = &7 D& — D, ST D, Le represent left-
and right-handed charged leptons. One may worry about the pollution caused by the H Z/¢¢

contact interaction from these operators to the 4/ final state when probing HZZ couplings.

3



Nevertheless, we can use certain additional methods to distinguish them. In the off-shell
Higgs region, the on-shell Z boson selection cut can reduce much of the H Z/¢¢ background. In
on-shell Higgs region, the non-leptonic Z decay channel can also be adopted in constraining
HZZ couplings. These discussions are not the focus of the current paper and we are not
going to examine them in detail here.

After spontaneous symmetry breaking, we get the anomalous HZZ interactions

L, = %MgHZ“ZH — %HZ“”ZW - %HZ’“’ZW ) (4)
with
ay = A2 C<I>D7
02
ag = _A_(OGWC2 + Caps” + Caypes),
a3:_ﬁ(06~c +CG~S +C§>WB 5); (5)

where ¢ and s stand for the cosine and sine of the weak mixing angle respectively, aq, as, as
are dimensionless complex numbers and v = 246 GeV is the electroweak vacuum expectation
value. Notice that the signs before as and ag are same as in [6, 43, 47|, but have an additional
minus sign from the definition in [10]. Z, is Z boson field, Z,, = 0,4, — 0,Z,, is the field
strength tensor of the Z boson and Z;w = EWPC,Z”U represents its dual field strength. The
loop corrections in SM can contribute similarly as the ay and asg terms. Quantitatively,
the one-loop correction can contribute to as term with small contributions O(1072 — 107?),
while the as term appear in SM only at a three-loop level and thus has a even smaller
contribution [43]. Therefore, only if the contributions from the as and a3 terms are larger
than these loop contributions can we consider them as from new physics.

The HZZ interaction vertex from Eq. (4) is
2
T (k k') = i~ Zazrﬂ” (k,K) = i=[as M2g" — 2as(K'K"™ — k- K'g") — 2a3¢"*" kK] , (6)
v

where k,k' are the momenta of the two Z bosons. It is worthy to notice that the HZZ
vertices in the SM are

v ! 2 174
G (k, &) = i=Mzg™ (7)



so the Lorentz structure of the a; term is same as the SM case. While the ay and as
terms have different Lorentz structures, which represent non-SM CP-even and CP-odd

cases respectively.

B. Helicity amplitude of the process g9 - H — ZZ — 2e2u

g(k1, h) S
Z
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Z*
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FIG. 1: Feynman diagram of the Higgs-mediated process gg - H — ZZ — 2e2pu. The

black dot represents an effective ggH coupling from loop contributions.

The total helicity amplitude for the process gg - H — ZZ — 2e2p in Fig. 1 is composed
of three individual amplitudes A%, AZ, . .. and AZ, _,,, which have the same production
process but different Higgs decay modes according to the three kinds of HZZ vertices in
Eq. (6). The specific formulas are

AT EEZRR( 202, 30 404,52 6,%) (8)
= [alAé{M + CLQ'AgP—evem + a3AgP—odd] (1317 2];2’ 323 ) 4:17 52577 62&) ) (9>
3
P
= A9 H (1 2ty —Hs(l‘z”) X Y @ A[TEETR (s 4l 5he 6l ) (10)

i=1
where h; (i = 1---6) are helicity indices of external particles, s;; = (k; + k;)* and Py (s) =
m is the Higgs propagator.

The production part A9~ (1;“, 2}9’2) is the helicity amplitude of gluon-gluon fusion to
Higgs process, in which hq, hy represent the helicities of gluons with outgoing momenta.
For all the other helicity amplitudes in this paper, we also keep the convention that the

momentum of each external particle is outgoing. When writing the helicity amplitudes, we

adopt the conventions used in [51, 58]:
(i) = u_(pi)ui(p;), lij] = wy(pi)u—(p;) ,
(i7)[7i] = 2pi - pj, si = (i +pj)?, (11)
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and we have

As(1¥ oy = Xy
v
A9 (1= 97y = 2 19)2 (12)
g g v

To keep the ggH coupling consistent with SM, we make

9 _ lz 0 i g2e m L o4 s1a(1 = m) O (m2)] (13)
v 2442 16727 2Mysw s e
with
CY'(m?) = 215 f(T) /4m? |7 = 4m* /M, (14)
arcsin®y/1/71 T>1
fr) = —i [logi\/—‘/g — iW]Z r<1 (15)

where a,b = 1,...,8 are SU(3). adjoint representation indices for the gluons, the index f
represents quark flavor and C7”(m?) is the Passarino-Veltman three-point scalar function
(59, 60].

The decay part AY ﬁZZHQeQ”(B:E,ZLZi, 52"1, GZi) is the helicity amplitude of the process

H — Z7Z — e etp~p™, which have three sources according to the three types of vertices

as written in Eq. (6). Correspondingly we write it as

3

AHT 77722 (ghs ght 5o 6he ) =" a A7 EETRR (3l alt 5he 6 (16)
with
AR g 5 ) = g5 (17)
e e TR cos? Oy
A TEETRER B A5 6Y) = f X 12 x
|2k 1(35)[46] + ((35)[45] + (36)[46]) ((35)[36] + (45)[46]) . (18)
AGTEERR(3 T 4 5 6T) = f X 12 x (—i) X
[2(k -k’ + (46)[46]) (35) [46] + (35)[45] ((35)[36] + (45)[46])
+(36)[46]({35)[36] — (45)[46]) | . (19)
and
F— —2ie? 1 Pz (834) Pz(s56) 7 (20)

MW sin QW S34 S56



where Py(s) = is the Z boson propagator, Mz, My, are the masses of the Z,W

s—M%—iiMZFZ
bosons, Oy is the Weinberg angle, [, and r. ( will appear for other helicity combinations)
are the coupling factors of the Z boson to left-handed and right-handed leptons:

—1+ 2sin? 0y, 2sin? Oy
— Te = X .
sin(20y,) sin(20y,)

(21)

In Eq.s (17)(18)(19), we only show the case in which the helicities of the four leptons
(hs, hy, hs, hg) are equal to (—,+,—,+). As for the other three non-zero helicity com-
binations (—,4+,+,—), (+,—,—,+), (+,—,+,—), their helicity amplitudes are similar to
Eq.s (17)(18)(19), but with some exchanges such as

le>re, 446,35, [[<(). (22)

Their specific formulas are shown in Appendix A.

C. Helicity amplitude of the box process gg — 27 — 2e2u
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FIG. 2: Feynman diagram of the box process gg — ZZ — 2e2p .

The box process gg — ZZ — 2e2yu is a continuum background of the Higgs-mediated
g9 — H — 2e2u process. The interference between these two kinds of processes can
have nonnegligible contribution in the off-shell Higgs region. The Feynman diagram of the

process gg — ZZ — 2e2y is a box diagram which is induced by fermion loops (see Fig. 2).

ZZ—2e2
Agg—> ©
box

The helicity amplitude has been calculated analytically and coded in MCFM8.0
package. Another similar calculation that using a different method can be found in gg2vv

code [61].



D. Helicity amplitude of the process g9 — H — ZZ — 4/

The process g9 - H — ZZ — 4¢ with identical 4e or 4u final states can also be used
to probe the anomalous HZZ couplings. In SM the differential cross sections of the 4/ (in-
clude both 4e and 4y ) and 2e2u processes are nearly the same in both on-shell and off-shell
Higgs regions [53], which indicates adding the 4e/4u process can almost double experimental
statistics. This situation can probably be similar for the anomalous Higgs-mediated pro-
cesses. The 4e/4p Feynman diagrams consist of two different topology structures as shown
in Fig. 3. Fig. 3(b) is different from Fig. 3(a) just by swapping the positive charged leptons
(4<>6). The helicity amplitude of each diagram is similar to the former 2e2yu cases but

need to be multiplied by a symmetry factor % While calculating the total cross section
the interference term between Fig. 3(a) and (b) need an extra factor of -1 comparing to
the self-conjugated terms because it connects all of the decayed leptons in one fermion loop
while each self-conjugated term has two fermion loops. After considering these details, the
summed cross section of 4e and 4y processes is comparable to the 2e2u process. More details

are shown in the following numerical results.

g(k1, hy) €7 ks, hg) g(ky, hy) € (kg )
A A4
£+(}i74, h4) f (lu(), h())
}} ----- 67(}"75’ h5) [} ----- € (}”07 h )
z* z*
g(k2, ho) (kg he) 9(ka, h2) 0 (ky, hy)
(a) (b)

FIG. 3: The Feynman diagrams of the process gg - H — ZZ — 4{, where 4¢ = 4e or 4p.
Note that diagram (b) is obtained by swapping the two positive charged leptons (44+6) in

diagram (a).

III. NUMERICAL RESULT

In this section we present the integrated cross sections and differential distributions in
both on-shell and off-shell Higgs regions, especially the interference between anomalous

Higgs-mediated processes and SM processes.



A. The cross sections

To compare theoretical calculation with experimental observation at LHC, we need to
further calculate the cross sections at hadron level. From helicity amplitude to the cross
section, there need two more steps. Firstly we should sum and square the amplitudes to
get the differential cross section at parton level, then integrate phase space and parton
distribution function (PDF) to get the cross section at hadron level. As following we show
these two steps conceptually.

The squared amplitude in the differential cross section at parton level do(sy2) is

) ‘Agb(g;:ZZ—)M 4 A99H—ZZ4L 2 (23)
2
= ’Aggox—}ZZ_m + Ay + a1 Ay + a2 Alp_ven + a3 ALP_oaa| (24)

After expanding it, there left self-conjugated terms and interference terms that have different
amplitude sources. As in the next step the integral of phase space and PDF are same for
each term, we note the integrated cross sections separately by the amplitude sources, which

are

A%, k=1
oes~ 3 1 (25)
Re(ALA), k#1

where k,1 = {box, SM, C'P-even, C'P-odd}. The superscripts of A are omitted for brevity.

B. Numerical results for gg — 2e2u process

We make the integral of phase space and the PDF in the MCFM 8.0 package [62, 63].
The simulation is performed for the proton-proton collision at the center-of-mass energy
/s = 13 TeV. The Higgs mass is set to be My = 125 GeV. The renormalization pu, and
factorization scale ps are set as the dynamic scale myp/2. For PDF we choose the leading-
order MSTW 2008 PDFs MSTWO0SLO [64]. Some basic phase space cuts are exerted as

follows, which are similar to the event selection cuts used in CMS experiment [65].
PT,H > 5 GeV, |77M| <24,

Pr.>7GeV, || <25, (26)
myee > 4 GeV, my, > 100 GeV .



Besides, for the 2e2u channel, the hardest (second-hardest) lepton should satisfy Pr >
20 (10) GeV; one pair of leptons with the same flavour and opposite charge is required to have
40 GeV < my+,- < 120 GeV and the other pair needs to fulfill 12 GeV < my+,- < 120 GeV.
For the 4e or 4 channel, four oppositely charge lepton pairs exist as Z boson candidates.
The selection strategy is to first choose one pair nearest to the Z boson mass as one Z boson,

then consider the left two leptons as the other Z boson. The other requirements are similar

to the 2e2p channel.

13 TeV, maez, < 130 GeV, on-shell 13 TeV, maea, > 220 GeV, off-shell
Higgs-med. Higgs-med.
O'le(fb) box UkJ(fb) box
SM |C P-even|C P-odd SM |CP-even|C P-odd
box  [0.024] 0 0 0 box 1.2831-0.174] -0.571 0
2| SM 0 10.503| 0.558 0 2| SM |-0.174/0.100| 0.137 0
= =
§0P-even 0 [0.558 0.202 0 ;fgcp-even -0.571/0.137| 0.720 0
Tlopodd| 0 | 0 0 |0.075 FloPodd| 0 | 0 0 |0.716

TABLE I: The cross sections of gg — 2e2u processes in proton-proton collision at

center-of-mass energy /s = 13 TeV with a; = 0,ay = a3 = 1 in Eq. (6).

Table I shows the cross sections oy, with k,1 = {box, SM, CP-even, C'P-odd} while
ai, as,asz are all set to 1 for convinience. The cross section values can be converted easily
by multiplying a scale factor for small a;s. In the left and right panels, the integral regions
of my, are separately set as myy < 130 GeV and my, > 220 GeV, which correspond to
the on-shell and off-shell Higgs regions, respectively. Next we focus on two kinds of inter-
ference effects: the interference between each Higgs-mediated process and box continuum
background, denoted as opox; (Or 07 pex) With [ # box; and the interference between different

Higgs-mediated processes, denoted as oy,; with k, [ # box.

The interference terms between Higgs-mediated processes and the continuum background
Obox, are all zeros in on-shell Higgs region, but relatively sizeble in the off-shell regions except

for the cases with the C'P-odd Higgs-mediated process as shown in Table I. There is an
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interesting reason for it. As from Eq. (9)(10)(25),

Ohox,| ~ 2Re(A§0X.Al) ,

~ 2Re (Ao A7 Py (s12) A
) (s12 — M3)Re(A; A9 A) + MpT yIm (Af, A997H A,
(s12 — M)* + M3 ’

(27)

which means the integrand of oy,0c; consists of two parts, one is antisymmetric around
MZ%, the other is proportional to MgT HIm(A?;OXAgg_)H Ai). The first part can be largely
suppressed almost to zero in the integral with an integral region symmetric around My. The
second part is also suppressed not only by the small factor of I'y; /My but also by a small
value of Im (A;;OXAQQHH Al-) in the on-shell Higgs region. By contrary, in the off-shell Higgs
region the integral regions are not symmetric around Mg but in one side larger than My,
which makes the first term have some non-zero contribution. Both the first and the second
terms can also be enhanced when /sy is a little larger than twice of the top quark mass.
That is because the gg — H process is induced mainly by top quark loop, both the real
part and the imaginary part of the amplitude (ReA%~ and ImA%~#) can be enhanced
when /S5 is just larger than the 2M; threshold (see Eq. (13)). Then Im(Aj A% # A;)
can have a larger value, even though the relative contribution from the second term can be
still suppressed by the smallness of the factor I'y /Mpy. In conclusion, mainly due to the
nonsymmetric integral region and some enhancement of A% ~7H  the interferece contribution
in the off-shell Higgs region becomes comparable with the self-conjugated contributions.

It is also worthwhile to point out there is no cross section contribution from the interfer-
ence between the C'P-odd Higgs-mediated process and other three processes, which include
the continuumm background process, SM Higgs-mediated process and anomalous C'P-even
Higgs-mediated process. It is because there is an antisymmetric tensor e#*#? in the C'P-odd
HZZ interaction vertex (see last term in Eq. (6)), while in the other three processes, the two
indices are symmetrically paired and so the contract of the indices makes the interference
term zero. Nevertheless, these C'P-odd interference term can show angular distributions, in-
clude polar angle distribution of £ in Z boson rest frame and azimuthal angular distribution
between two z decay planes [33, 36], even though its contribution to the total cross scetion
is still zero.

The interference between C'P-even Higgs-mediated process and SM Higgs-mediated pro-

cess is nonnegligible both in on-shell and off-shell Higgs regions. In on-shell Higgs region,
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the contribution from interfernce terms is larger than that from the self-conjugated terms.
Furthermore, for a; = 0,as = —1 choice(as in [10]), the interference terms would have a
minus sign, comparing to the relative values in Table I, which makes the total contribution
of C'P-even Higgs-mediated process beyond SM a destructive effect. In the off-shell region,
the C'P-even Higgs-mediated process have two interference terms, separately between SM
Higgs-mediated process and the box process. These two interference terms have opposite
sign, which means they cancel each other partly. Even though, the summed interfernce effect

is still comparable to the self-conjugated contribution.
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FIG. 4: Differential cross sections of the gg — 2e2pu processes and qq — 2e2p process in

proton-proton collision at y/s = 13 TeV with ay = 1,a; = az = 0 in Eq. (6).

Fig. 4 shows the differential cross sections. The black histogram is from its main back-
ground process q¢ — 2e2, which is a huge background but still controllable. The red dashed
histogram is from the SM gg — 2e2u processes including contributions from both the box
and SM Higgs-mediated amplitudes. The blue dotted histogram adds contribution from the
C P-even Higgs-mediated amplitude to the SM signal and background amplitudes. There-

fore three kinds of interference terms are included. For comparison, we also show the green
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dashed-dotted histogram without interference terms from C'P-even Higgs amplitudes with
others, so the interference contribution can be calculated by the difference between blue and
green histograms. In the on-shell region we can see the C'P-even Higgs-mediated process have
a total positive contribution (blue histogram) compare to the SM process(red histogram),
while the green histogram shows the main positive contribution is from the interference term.
In the off-shell region, the interference contribution is obvious in 200 GeV < my, < 600 GeV
region. There is a bump in blue and green histograms when my, &~ 350 GeV, which is caused
by the total cross section of the C'P-even Higgs-mediated process increase suddenly beyond
the 2M; (twice of the top quark mass) threshold. The differential cross section for the CP-
odd Higgs-mediated process is similar to the green histogram in off-shell region since it has
no interference contribution after the angular distributions being integrated.

The numerical results at center-of-mass energy /s = 8 TeV are shown in Table III in
Appendix B. By comparing them to the results at y/s = 13 TeV in Table I, we can find that
each cross section is decreased by about one or two times and their relative ratios have some

minor changes. That can be caused by both PDF functions and kinematic distributions.

C. Numerical results for gg — 4e/4pu processes

13 TeV, mye 4, < 130 GeV, on-shell 13 TeV, mye 4, > 220 GeV, off-shell
Higgs-med. Higgs-med.
o, (fb) | box or,1(fb) | box
SM |C P-even|C P-odd SM |CP-even|C P-odd
box  [0.045] 0 0 0 box 1.303|-0.176| -0.575 | 0
2| SM 0 ]0.540| 0.568 0 2| SM |-0.176/0.101| 0.137 0
g =
::Bcp-even 0 10.568| 0.186 0 :’uBCP—even -0.575/0.137| 0.740 0
Flcpodd| 0 | 0 0 0.060 = cP-odd| 0 0 0 0.708

TABLE II: Cross sections of gg — 4e/4u processes in proton-proton collisions at

center-of-mass energy /s = 13 TeV with a; = 0,ay = a3 = 1 in Eq. (6).

The cross sections of gg — 4e/4p processes are listed in Table IT (Table IV in Appendix B)
for comparison and next use. Here gg — 4e/4 represents the sum of gg — 4e and gg — 4u.

Comparing Table IT with Table I, the numbers in the right panels are similar, while the
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numbers in the left panels have relatively large differences. That is mainly because the
different selection cuts [53]. If apply the 4e/4u selection cuts to the gg — 2e2u process,

Obox,box 11 the left panels can become similar.

IV. CONSTRAINTS: A NAIVE ESTIMATION

In this section we show a naive estimation to constrain a;, a; and az by using the data
in both the on-shell and off-shell Higgs regions.

First, we estimate the expected number of events NP (ay, as, a3) in the off-shell Higgs
region, which is defined as the contribution from the processes with anomalous couplings
after excluding the pure SM contributions.

A theoretical observed total number of events should be
N™(ay, a2, a3) = oot X L X k X €, (28)

where oy, is the total cross section, £ is the integrated luminosity, k represents the k-factor
and e is the total efficiency.

The simulation in the CMS experiment [47] with an integrated luminosity of £ ~ 80 fb™!
at /s = 13 TeV shows that for the gg — 4¢ process, the expected numbers of events in the
off-shell Higgs region (m4e > 220 GeV) can be divided into two categories: Ny signal = 20.3
and Nyg interference = —34.4, where the subscript “gg signal” represents the SM Higgs-
mediated signal term, “gg interference” represents the interference term between SM Higgs-
mediated process and the box process. For high-order corrections that may change the
k-factor, some existing studies [66-69] show that the loop corrections on the box dia-
gram (Fig.2) and the Higgs-mediated diagram are different. Therefore, we also group the

expected event number contributed from the anomalous couplings into two categories.

Nexp(ab az, Clg)

N,, o .
__ “*Vgg signal 2 _H H 2 _H 2 _H int
=T H X [(ar + 1)°085) — Osp + A206p_even T A30Cp_oad + (a1 + 1)@20C8p _oyen.sul
SM
N, gg interference int int 29
+ int X [alUSM,box + a200P—eV6n,box]> ( )

Ism
where NP (ay, aq, a3) represents the expected number of events from anomalous C' P-even

int

and C'P-odd processes, of is the self-conjugate Higgs-mediated cross section, and og 18

the interference cross section with k,1 = {box, SM, C'P-even, C'P-odd}. The first term on
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the right-hand side of the equation is the contribution from the s-channel processes, and the
second part is the contribution from the interference between the s-channel processes and the
box diagram. For each category with the same topological Feynman diagrams, it is assumed
to have the same k-factor and total efficiency €, which are equal to the corresponding values
for the SM process. These coefficients are extracted from experimental measurements, which
are similar as the treatment in the experiments [47, 53].

The cross section of 4¢ final states is the sum of the cross sections of 2e2u, 4e and 4u
final states. NP (aq, as, az) can be obtained by combining the corresponding cross sections
from both Table. I and Table. II.

The experimental observed number N°*(ay, as, az) that corresponds to NP (ay, as, a3) is

defined as N°*(ay, az, az) = Niotal observed — Nony, expected = 38.7 in the CMS experiment [47].

Its fluctuation is estimated as the dog_shet = v/ Niotal observed = V1325 (including both signal
and background).

Second, the observed signal strength of the gg — H — 4l process measured by CMS [70]
is ponsy = 0.9710:95 (stat.) oo (syst.). Its fluctuation is dou_spen = 0.127 after a combination
of both statistical and systematic errors. Theoretically, the signal strength with anomalous
couplings can be estimated as

lu;);;](a’h a2, Clg) = O'T [(al + 1)2U§IM + a’go-ngeven + a’go-ngodd + ((1,1 + 1)a2aicr'l}’feven,SM]7 (30)
SM

where oi' and 0}"} are same as in Eq.(29) except in the on-shell region. Equation (30) is
shorter than Eq.(29) because in the on-shell Higgs region the interference term with box
diagram ogm box and Ocp—even,box are Zero.

The survival parameter regions of a;, as and as can be obtained by a global 2 fit, which
can be constructed as

2
Nexp _ Nobs 2 exXp _ , obs
Y2 = ( ) + (l“ggH Fggrr ' (31)

5off—shell 5on—shell

The adoption of the x? fit here can be controversial, as we only have two input data
points (on-shell and off-shell) and have to find parameter regions for three variables (ay, as
and az). We claim that the result here is just for a complete analysis including both the-
oretical calculation and experimental constraints and it is very preliminary. The situation
can be improved if experimental collaborations can collect sufficient statistics in the future.

Nevertheless, the y? fit can also provide some interesting results.
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FIG. 5: Two-dimensional constraints on the new physics coefficients a1,a; and a3 from y?
fits. To illustrate the constraints from different energy regions, three lo regions (green
concentric circles, blue concentric circles, and red region) from three individual x? fits
(on-shell, off-shell, and both) are drawn here. CMS 20 constraints (95% confidence

level) [47] are drawn as the lines (magenta for a; when a; = ag = 0 and grey for a3 when

a; = ag = 0) in the right zoom in plots.

Fig.5 shows the two dimensional contour diagram of the anomalous couplings. There are
three colored regions (green, blue, and red) in each small plot and the red areas are the
final 1o survival parameter regions from the global y? fit. In the actual two dimensional

fitting procedure, we take two anomalous couplings to be free and fix the third one to be
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zero. Three individual x? fits are operated, constraint only from the off-region (first part
in Eq. (31)), constraint from the on-shell region (second part in Eq. (31)) and both of the
two. The purpose is to show how the irregular overlap red regions come from. As discussed
in above sections, we have equal number of experimental data points and free parameters
here and the 2 fit degenerates to an equation solving problem. Survival parameter regions
from either on-shell or off-shell constraint come to be concentric circles and the global fitting
results are almost the overlap region between them.

In the recently updated CMS experiment [47], it use both on-shell and off-shell data,
construct kinematic discriminants, and get the limit (at 95% confidence level) of the pa-
rameters ay C [—0.09,0.19], a3 C [—0.21,0.18] (there is no corresponding constraint on ay).
This experimental analysis is based on one free parameter-fitting schedule so we draw them
as the line segments in the right plots of Fig. 5 (magenta for ay and grey for az). Our global
fit results is roughly consistent with the CMS’s, although within a first glance the two seems
have some tension(Pay attention that we draw lo contour while CMS’s results are the limit
at 95% confidence level which corresponds to 20 intervals in the hypothesis of Gaussian
distribution). The CMS’s results seems to be more stringent than ours. This maybe caused
by more kinematic information in detail they used in their analysis. Besides, we have some
parameter regions with a; ~ —2 or ay approaching 1. These regions show the correlations
of each pairs of parameters. There is cancellation on the cross sections when the parameters
coexist. In principle, the anomalous couplings should be much smaller than 1 to validate the
operator expansion. Therefore, these parameter regions should be ruled out. Nevertheless,
our global fit provides a complementary perspective of how the final anomalous coupling
parameters contour regions are obtained from the individual on-shell /off-shell energy region
constraints. These preliminary fitting results can be optimized in the case of more statistics

in the future.

V. CONCLUSION AND DISCUSSION

When considering the anomalous HZZ couplings, we calculate the cross sections induced
by these new couplings, and special attention is focused on the interference effects. In
principle, there are three kinds of interference: 1. the interference between anomalous C'P-

even Higgs-mediated process and the continuum background box process ¢ p-even,box; 2. the
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interference between anomalous C'P-even Higgs-mediated process and SM Higgs-mediated
process o¢p-even,sm; and 3. the interference between the anomalous C'P-odd Higgs-mediated
process and all other processes o¢p.oqq,r With k = box, SM, C' P-even. The numerical results
of the integrated cross sections show that the first kind of interference can be neglected in
the on-shell Higgs region but is nonnegligible in the off-shell Higgs region, the second kind
of interference is important in both the on-shell and off-shell Higgs regions, and the third

kind of interference has zero contribution for the total cross section in both regions.

By using the theoretical calculation together with both on-shell and off-shell Higgs experi-
mental data, we estimate the constraints on the anomalous HZ Z couplings. The correlations
of the different kinds of anomalous couplings are shown in contour plots, which illustrate
how the anomalous contributions cancel each other out and the extra parameter regions

survive when they coexist.

In this research we only use the numerical results of integrated cross sections, whereas in
fact more information can be fetched from the differential cross sections (kinematic distribu-
tions). Furthermore, the k-factors and total efficiencies should also be estimated separately

according to different sources. We leave them for our future work.

ACKNOWLEDGMENTS

We thank John M. Campbell for his helpful explanation of the code in the MCFM package.
The work is supported by the National Natural Science Foundation of China under Grant
No.11847168, the Fundamental Research Funds for the Central Universities of China under
Grant No. GK201803019, GK202003018, 1301031995, and the Natural Science Foundation
of Shannxi Province, China (2019JM-431, 2019JQ-739).

Appendix A: Helicity amplitudes for the process H —+ ZZ — e eTppu™

The helicity amplitudes A;, As and Az are shown separately. The common factor f is
defined as

1 Pz (834) Pz(s56)
MW sin ‘9W S34 S56 )




2

M
H—Z7Z—2e2 — + — + . 2 w
A, H(B s 4 5 6) = [ 1 — 0 (35)[46],

2

M,
H—=Z7Z—=2e2u (q— + + -\ w
Al (3 450,51, 6) = X Lere 5l (36) [45),

2

M
H—ZZ—2e2pu o+ — — + 0\ w
A (85 40,5,-,6,) = f X lere— . (45)[36],

2

M,
H—ZZ—2e2u o+ - + -\ 2 w
Al (337 ’ 4e+7 5#7 ) 6“+) - f X Te cos2 QW <46> [35] :

A TEETRER 3 A5 6Y) = [ x I2x

AgIaZZ%2e2,u<3;’4;r+’5:_76;+) = f X lerex

H—Z7Z—=2e2u o+ — — + 0y
5 (36,,46+,5M,,6M+) = [ X rd.x

H—ZZ—2e2p (o+ — + -\ 2
A2 (367,4e+,5#,,6‘u+)—f><7"6><

AF A7 AN 5 65) = f x 12 x (—i)x

[Q(k: - k' + (46)[46]) (35) [46] + (35)[45] ((35)[36] + (45)[46])
+ (36)[46] ((35)[36] — (45)[46]) | .

AT EERA(B T A 5 6) = f X lere X (—i) X

[z(k; -k’ + (45)[45]) (36)[45] + (36)[46] ((36)[35] + (46)[45])
+ (35)[45) ((36)[35] — (46)[45]) |.

AT EERABE 4 5 68) = f X rele x (—i)

[Q(k - k' 4 (36)[36]) (45)[36] + (45)[35] ((45)[46] + (35)[36])
+ (46)[36)((45)[46] — (35)[36])]

AFTPIAEE AT 5 6) = f x 12 x (—i)x

[Q(k: <K'+ (35)[35]) (46)[35] 4 (46)[36] ((46)[45] + (36)[35])

+ (45)[35) ((46)[45] — (36)[35]) |
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:2/c - k'(35)[46] + ((35)[45] + (36)[46]) ((35)[36] + <45>[46]): :
:2/@ - K'(36)[45] + ((35)[45] + (36)[46]) ((36)[35] + <46>[45]): :
:214; - K'(45)[36] + ((45)[35] 4 (46)[36]) ((35)[36] + (45}[46]): :

:2/@  }/(46)[35] + ((45)[35] + (46)[36]) ((36)[35] + <46>[45]): .

(A1)
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Appendix B: The cross sections at /s =8 TeV

8 TeV , maeg,, > 220 GeV, off-shell

8 TeV, maeoy < 130 GeV, on-shell

Higgs-med. Higgs-med.
O’kJ(fb) box O’k’l(fb) box
SM |C P-even|C P-odd SM |CP-even|C P-odd

box  [0.011] 0 0 0 box  |0.479|-0.056| -0.198 | 0
2| SM 0 10.232] 0.257 0 g SM |-0.056/0.031| 0.047 0
g =

%C’P—even 0 10.257| 0.093 0 %CP—even-O.lQS 0.047| 0.228 0
TloPodd| 0 | 0 0 |0.035 FloPodd| 0 | 0 0 |0.219

TABLE III: Cross sections of gg — 2e2u process in proton-proton collision at /s = 8 TeV

with a1 = 0,a2 = a3 = 1 in Eq. (6).

8 TeV , mye y, < 130 GeV, on-shell 8 TeV , mye 4y > 220 GeV, off-shell

Higgs-med. Higgs-med.

UkJ(fb) box O'k’l(fb) box
SM |C P-even|C P-odd SM |CP-even|C P-odd

box 0.4851-0.056| -0.199 0

box  {0.021] 0 0 0
2| SM 0 0.248| 0.261 0 2| SM  |-0.056|0.031| 0.047 0
L?BCP—even 0 |0.261| 0.086 | 0 ;.BCP—even—O.199 0.047| 0.229 | 0
Flcpodd 0 | 0 0 |0.028 Flcpodd| 0 0 0 |0.215

TABLE IV: The cross sections of gg — 4e/4pu processes in proton-proton collision at

center-of-mass energy /s = 8 TeV with a; = 0,as = a3 = 1 in Eq. (6).
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