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Abstract: The magnetic moment (a,) and weak magnetic moment (ayw ) of charged leptons and quarks are sensit-
ive to quantum effects of new physics heavy resonances. In effective field theory, a, and aw are induced by two in-
dependent operators. Therefore, one has to measure both a, and aw to shed light on new physics. The aw's of the
SM fermions are measured at the LEP. In this work, we analyze the contributions from magnetic and weak magnetic
moment operators in the processes of pp — Hy and gg — H — 777"y at the High-Luminosity Large Hadron Col-
lider. We demonstrate that the two processes can cover most of the parameter space that cannot be probed at the
LEP.
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I. INTRODUCTION Lerr = Lowi+ 5 ) (COi+he) +O(1/A°), (1)

Searching for new physics (NP) beyond the standard
model (SM) is the key mission of particle physics. Al-
though no heavy resonances have been discovered at the

where C; are the Wilson coefficients. In the Warsaw
basis, the dimension-6 operators Ofw's and Oyp's that
generate a, and ay are given by [5, 6]

LHC, one can probe the quantum effects of those heavy _

Ocw =(Lic*" ' e))p W},
Oc =(Lio*"e))pByy,
Ouw =(0i** 7' up)pW,,,,
0.8 =(Qi0*" u;)$Byy,
Ouw =(Qic*" ' d)¢W,,,

Oy =(Qic""d)¢Byy, 2

resonances by measuring the magnetic moment ( a,) and
weak magnetic moment (ay ) of the SM fermions [1-4].
When NP resonances are too heavy to be directly probed
at the current colliders, one can describe the unknown NP
effects through high-dimensional operators constructed
with the SM fields on the NP scale A, obeying the well-
established gauge structure of the SM, ie,
SUR)w®U(1)y. The Lagrangian of effective field the-
ory (EFT) is

where L; and Q; denote the left-handed weak doublet of
the i-th generation in the SM, and e;(u;,d;) the right-
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Fig. 1.

handed weak singlet of charged leptons (up-type and
down-type quarks), respectively. Figure 1(a) and 1(b)
show Feynman diagrams of the dimension-6 operators.
After spontaneously breaking symmetry, the operator
yields ffV and ffVV anomalous couplings; see (c) and
(d). The ffV anomalous couplings give rise to the mag-
netic moment (a§ ) and weak magnetic moment ( a{v) of
the fermion f'as follows:

5a£="’c” =-2 \5% é(c‘w Crp+sw Crw),

6a€V=”’C” =+2 ‘/5% é(SW Crg—cw Crw),
6a§:£’d"§’b =-2 ‘5% éf(Cw Crp—sw Crw),
5a{;,:‘7’d’5’b =+2 \/5% ﬁ(SW Crg+cw Crw),  (3)

where Q¢ and my denote the charge and mass of the fer-
mion f; respectively. v =246 GeV is the vacuum expecta-
tion value of the Higgs doublet after symmetry breaking,
and sy and cy denote sine and cosine of the Weinberg
angle, respectively. As a’; and a{v are orthogonal in the
parameter space of Cyp and Cyw, one has to measure
both af; and a(jv to probe the NP effects.

The magnetic moments of up-quarks and down-
quarks aﬁ’d and a";’,d (corresponding to the operators
Ouwjaw and O,p4p) are tightly constrained through Drell-
Yan processes, VV pair production, and VH associated
production at the LHC [7, 8]. The operators O, and O,
of top quarks can be examined in single-top productions
or top-quark decays [9-13]. a;‘,’”’b is bounded by the pre-
cise measurements at the LEP [14-17], which yield

1Tev\
'sWCs(b)B”WCs(b)W'( A ) <4.2,
2
1TeV
)SWCCB_CWCCW( © ) <42. 4)

s,c,b

In this work, we show that a;“” induced by the two
operators can be tested in the process of pp — Hy at the
LHC with an integrated luminosity of 3000 fb~! (HL-
LHC).

One cannot separate the Wilson coefficients C;'s and

Feynman diagrams of dimension-6 operators before (a, b) and after electroweak symmetry breaking (c, d).

the NP scale A when evaluating the contributions of di-
mension-6 operators in physical observables. Therefore,
we choose 1 TeV as a reference of NP scale A to obtain
dimensionless constraints of the magnetic moment oper-
ators. A general choice of scale A can be obtained from
our results.

The magnetic moments of electrons and muons are
severely constrained by the Z-boson width measurement
at the LEP [17] and the measurements of the magnetic
moment [18-25]; therefore, we do not consider the elec-
tron or muon in this work. The LEP constraint on aj, of
the 7-lepton reads as [14-17, 26, 27]

2
swCrp+cwCrw ) <0.28, 5)

(1 TeV

while the constraint on a, is

1 TeV
A

2
-12.8< (CWcTB - SWcrw)( ) <3.2. (6)

We demonstrate that aj, can be measured in the process of
gg = H — v~y at the HL-LHC.

II. Hy-ASSOCIATED PRODUCTION

In this section, we examine the effects of magnetic-
moment operators in the pp — Hy process at the HL-
LHC, which has been studied extensively in the literature
[28-32]. We consider one flavor at a time throughout this
work. Figure 2(a) and (b, c¢) display Feynman diagrams of
the Hy production induced by the operators Osp and
Osw. The SM process is shown in Fig. 2(d, e). There are

\
3
~H

Fig. 2. Feynman diagrams of Hy production.
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non-zero interference effects between the operator-in-
duced diagrams and the SM diagrams. Therefore, we also
treat the interference effect as the signal. However, as ex-
plained below, only the first diagram contributes after ap-
plying hard kinematic cuts, and the interference effects
are negligible.

In our simulation, the Higgs bosons are required to
decay into a pair of bottom quarks. This is the predomin-
ant decay mode of the Higgs boson. The event topology
of the signal process is two bottom quarks plus a photon.
The SM backgrounds are

pp =y +jets,

pp — tty,

pp — 2y,

pp — ty/ty +]jets, @)

with the Z boson and top quark hadronic decay. It is
noted that background y +jets consist of y+bb, y+ct,
v + light flavor jets and etc.

We generate signal and background events utilizing
MadEvent [33] and pass those to Pythia [34] and Del-
phes [35] for parton showering, hadronization, and col-
lider simulation. Both the renormalization and factoriza-
tion scales are chosen as the dynamics scale g, defined
as the scalar sum of the transverse momentum of the fi-
nal state objects. In order to avoid collinear and soft di-
vergences in the process of pp — y+jets, we apply the
kinematic cuts at the generator level as follows:

pL>30GeV, Ipjl<2.5,
ARjj >04, ARjy >04, 8)

pr>30GeV, In,|<2.5,
J
T

where p%:/ / and ") are the transverse momentum and
pseudo-rapidity of y and jet, respectively, and AR;; =

\/(q)i —¢;)? +(n;—n,)* is the angular distance between ob-

jects i and j in the azimuthal angle ( ¢)-pseudurapidity (7)
plane. At the detector level, two b-jets are required in the
final state to suppress the SM backgrounds. In the simula-
tion, we utilize b-tagging technology [36, 37] to distin-
guish the jet flavor. The b-tagging efficiency is chosen as
70%, the mistagging rate of c-quarks and light flavor
quarks is 10% and 1%, respectively. We require at least
one photon in the final state, i.e.,

Pt =2 p? > 1. )

Figure 3 displays the normalized distributions of pX
(@), 77 (b), My (¢), and My, (d) after imposing the ba-
sic cuts given in Eq. (8) and Eq. (9). For demonstration,
we plot the distributions of the signal events induced by

:E — bb— hy (a)
|}

i — cc— hy

||

:!'. -= jets+ry

i] - Iy

H _

i -ty

i

i

1

i

1 oL

f i |
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T mma T T T T
100 150 200 250 300 0 200 400 600 800 1000
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Fig. 3.  (color online) Normalized distributions of p (a), 1"
(b), My; (), and My, (d). Black (red) solid curve denotes dis-
tributions of signal events induced by operator Oy (O.p), re-
spectively. Operator Opy (O.w) yields exactly same normal-
ized distributions as operator Opp (O.p), respectively. Dashed
curves indicate SM backgrounds from y+jets (blue), Zy
(magenta), and #fy (green), respectively.

operators O.p and O,p, respectively. This shows that the
photons in the signal events exhibit a hard pr and mainly
appear in the central region of the detector; see the black-
solid and the red-solid curves. The reason can be under-
stood as follows. In the signal events, the two fermions in
the initial state are in different chirality states and thus are
in the s-wave state. In order to respect the angular mo-
mentum conservation, the particles in the final state are in
the p-wave state such that the matrix element is propor-
tional to pJ. As a result, the matrix element of the signal
process is proportional to sinf, where 0 is the polar angle
of the photon with respect to the beam line in the center
of mass frame. On the other hand, the photons in the
background mainly arise from the QED radiation and
tend to be soft.

For illustration, we present the leading contributions

of the squared matrix elements of the ff — Hy process:
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2Nc(cw Crp+ sw Crw)*(s—m%)? sin?

M, = X n”o,
16N:(cw Crp £ sw Crw)*m?s
M+ M,J2 = = L
16N.Q%*m>(s* + m?)
Mg+ M,* = AR A
v2(s—mpyg)?sin~6
Re(MT(Md + M) = 4 \/ENCQfemfm%{(cW Crp+xsw Crw)

A2y ’
(10)
where N. =3 is the color factor, and +/s is the collision
energy. The subscript of the matrix element denotes the
corresponding Feynman diagram in Fig. 2. In the region
of large colliding energy, only |M,|* contributes, while
the others' contributions are negligible. Indeed, |M,|*> is
proportional to sin® 6.

Taking advantage of the hard photon in the signal
events, we impose a hard pr cut on the photon with the
largest pr as follows:

Py >300GeV, (11)

to suppress the SM backgrounds.

Figure 3(c) displays the normalized distributions of
the invariant mass of two b-jets (M,;). The two b-jets in
the signal event originate from the Higgs boson decay;
therefore, their invariant mass is around my; see the
black-solid and the red-solid curves. Similarly, there is a
peak around my in the Zy backgrounds. The two b-jets in
other SM backgrounds are not from a resonance decay
and yield a flat M,; distribution. We impose a mass win-
dow cut on the two b-jets,

|My5 —mpy| <15 GeV, (12)

to suppress the SM backgrounds.

Figure 3(d) displays the normalized distributions of
the invariant mass of two b-jets and a photon (M, ). The
signal events tend to have a large invariant mass, while
the background events prefer the small invariant mass re-
gion. In order to suppress the SM backgrounds, we fur-
ther impose a hard cut on M,;,, as following:

My, > 700 GeV. (13)

Table 1 lists the numbers of the signal events and
background events after the basic cuts and optimal cuts
(i.e., py, My, and My, cuts) at the HL-LHC. Note that
the NP scale A is set to be 1 TeV. The major SM back-
ground comes from the y +jets process in which the ybb
channel dominates. As both the Oyp and Oy operators
contribute to the signal process through the same ffVH

Table 1. Number of signal and background events at HL-
LHC for A=1TeV.

Signal processes Basic cuts Optimal cuts
Cop=1,Cow =0 9.38x 103 815
Cpp =0, Cpw =1 2.82x103 245
Cp=1,Cw=0 2.78 x 10* 3.17x 103
Cep=0,Cew =1 8.37x103 953
Cap=1,Cw=0 3.86x 10* 479x10°
Cep=0,Cow =1 1.16x 10* 1.44x 103
Background processes Basic Cuts Optimal cuts
ytjets 3.32x 108 9.90x 10*
Zy 5.80%10° 828
1ty 4.85x10° 1.25x 10
ty [ty +jets 2.40x 107 106

vertex, they generate the same differential distributions
and therefore have the same cut efficiencies. The Oy
and Oyp operators differ in the cross section by a total
factor tan? 6y, .

Equipped with the optimal cuts shown above, we vary
the Wilson coefficients to obtain a 5 standard deviation
(o) statistical significance using

E

where n;, and n, represent the numbers of the signal and

np

(np +ny)log +ng| =35, (14)

ng+nyp

background events, respectively. The number of signal
events in Table 1 is calculated with the choice of Cyy =1
or Crp=1 (f=c,s,b), and A =1TeV. Denote the num-
ber of the signal events in the last column of Table 1 after
all cuts as n?. nf for a general choice of Cyw, Oyp, and A

can be obtained as follows:

=0 % (cwCsp—swCyw)* (1 TeV 4
s T s C=1 C2 A s
' 14
c_ 0 (cwCep+ swCew)? (1 TeV)4
nS =n X - ’
Cop= cr A
(cwChs — swCpw)? (1 TeV\*
=] ; =) ay
bB— CW

Using Eq. (14), we determine that a 50~ discovery signi-

ficance requires
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Fig. 4.

(color online) Yellow-meshed bands denote 5o discovery region of Csz and Cyw for s-quark (a), c-quark (b), and b-quark (c)

in Hy production with A =1TeV at HL-LHC, respectively, while yellow bounds denote allowed regions by 20 bounds at LEP. Gray
band denotes allowed region at 20 significance if no NP effects are observed in Hy production. Black line in (c) denotes 20 constraint

of b — sy measurement.

2
1 TeV
|CwCsB—Swaw ( Ae ) > 0-506i8:8846v

(1 TeV

2
0.016
) > 0.62270016

‘CWCCB +swCew

1 TeV
A

2
|cwch3—swc,,w|( ) > 12280979 (16)

where the superscripts and subscripts shows the results of
the choices of the renormalization and factorization scales
as uo/2 and 2ug, respectively.

Figure 4 displays the 50 discovery region in the plane
of Cyw and Cyp for the strange-quark (a), charm-quark
(c), and bottom-quark (c) in the Hy production at the HL-
LHC (yellow-meshed band). The yellow bound denotes
the allowed 20~ parameter space by the Z-boson width
measurement at the LEP. We consider one flavor at a
time. The HL-LHC has a great potential of probing
Osc.»yp and Oy pyw in comparison with the LEP. The op-
erator Oy is highly constrained by the b — sy measure-
ment [11, 12], i.e.,

—0.008 < Cpyy <0.011. (17)
We plot the constraint of » — sy on O,y at a 95% confid-
ence level in Fig. 4(c); see the black line. Obviously, the
constraints from the b — sy measurement are much more
stringent; however, these can constrain Opy but not Opp.

If no deviation is observed in the Hy production, then
we can set an upper limit on the Wilson coefficients at the
20 confidence level in terms of

95% confidence level as follows:

2
1 TeV
|CWCsB_SWCsW ( - ) < 0.320%703,
1 TeV\?
|chC3+swccw ( n ) <0.39473:909.
1 TeV

2
X )<o.776+g;gg§, (19)

|CWCbB - SWCbW|(

see the gray bands in Fig. 4. The slope of the gray bands
is —cotfy for the up-type quarks and +cotdy for the
down-type quarks. The gray bands are perpendicular to
the yellow bounds owing to the mixing of the weak and
hypercharge fields; see Eq. (3).

III. RARE DECAY OF H — t*17y

The potential to detect the magnetic momentum of the
7 lepton has been discussed for future lepton colliders
[38]. In this section, we explore the HL-LHC potential of
searching for O;p and O;y through the rare decay of
H — "1 in the single Higgs-boson production process

Table 2. Decay width and branching ratio of H - rt*77y
with choice of C.3=1 or C,w =1 for A =1TeV after demand-
ing pX>10GeV. SM contribution, pure NP contribution
(square), and interference between SM and NP effects are lis-
ted separately.

which yields bounds on the Wilson coefficients at the

(18)

+
\/—Z(nb Jn 2
np

—ns) =2.0,

Operators Processes Width/GeV BR
Interference 2.51x10°° 6.27x107*
OTB
Square 9.71x 1077 2.43%x107*
Interference -1.35%x107° -3.38x 1074
OTW
Square 2.81x1077 7.04x107°
SM H-t* " 1"ty 868x107° 2.17x1073
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of gg — H. There are two final 7 leptons. The case when
one final 7 lepton decays in the leptonic mode and the
other in the hadronic mode has been discussed [39]. In
this paper, we explore the case when the two 7 leptons
decay into the hadronic modes.

The partial decay width of H — t*77y in the SM is
tiny at ~ 8.68 x 10~ GeV [40] in comparison with the full
width of the Higgs boson at ~ 4 MeV [41]. Table 2 shows
the partial decay width and the branching ratio of the rare
decay of H — t*77y induced by operators O.p and O,y
after the cut of p% > 10 GeV, which is used to trigger the
signal event and suppress the SM backgrounds. To be
more specific, we present the interference effect and the
pure NP contribution (square) separately. The NP operat-
or effects are comparable to the SM contribution.

In the collider simulation, we require that the 7*-
leptons decay hadronically; therefore, the signal process
of pp — H — ™17y yields a collider signature of two 7-
jets plus a hard photon. Figure 5 displays representative
Feynman diagrams for the signal and background pro-
cesses. The irreduciable backgrounds in the SM are

pp—Zy -1y,
pp—H— 117y, (20)

and the reducible QCD backgrounds are

pp — v +jets, (21)

when at least two of the QCD jets are mistagged as 7-jets.
The jet in the event is reconstructed using an anti- kt jet
algorithm [42] with R =0.4. The 7-tagging efficiency of
the hadronic decay 7* is chosen to be 60% with the mis-
tagging rate e(j — 1) = 1%.

To tigger the signal event, we require a set of basic

g T g T
H H
- ~ . 5
g Tt g Tt
(a) (b)
f 0l
f z Tt J
(c) (d)

Fig. 5. (color online) Feynman diagrams of signal process of
gg — H - 777y (a) and representative diagrams of SM back-
grounds (b, c, d).

cuts as follows:

pr>10GeV, |n|<25,
ph>20GeV, [pjl<25,
ARW'/jj >04. (22)

Denote j, as the 7-jet with a larger pr. Figure 6 dis-
plays the normalized distributions of pI (a), p%‘ (b) and
M+, (c). In the signal event, the photon exhibits a pr
distribution harder than the 7-jet. On the other hand, the
photons in the background processes tend to be soft as
they arise predominantly from the radiation of the
charged leptons. In order to further suppress the SM
backgrounds, we demand hard cuts on the pr of the
photons and 7-jets as follows:

Pl >30GeV, pl>30GeV. (23)

Figure 6(c) shows the normalized distributions of the
invariant mass M., in which the signal process peaks
around my and one of the background processes of
pp — Zy peaks around myz. The 7-jets in the QCD back-
ground mainly arise from the faked r-tagging and do not
exhibit any resonance effect. Therefore, we require

|Mrory —my| < 15 GeV (24)

to suppress the SM background from the process of
pp— Zy.

Table 3 lists the numbers of the signal and the back-
ground events at the HL-LHC after the hard cuts and the
mass window cut of Mr-,. We separate the signal con-
tribution into the pure NP effect (square) and the interfer-
ence effect. Again, O,5 and O,y yield exactly the same
cut efficiencies. As a result, the number of signal events
for a general choice of C;p and C.y can be expressed as
follows:

sqr (CWCTB - SWC‘,-W)2 ( 1 TeV )4
ng X

ng =
0‘24, A
4 Cri—swCew) (1 TeV )
+n1Sntx(CW TBCWYW TW)( Ae ) , (25)

where n}" is the signal event number from the pure NP
contribution (square), and n™ is the signal event number
from the interference effect (interference) for C.5 =1 and
Cw =0.

Using Eq. (14), we determine that a 50~ discovery sig-
nificance in the process of gg —» H — t*17y requires
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— Squared (EL)
— Interference

1

l, == w—H— Ty
I.I = pp—=Zy =TTy

-= jets+vy

i ()

H
0 20 40 60 80 100 120 0 20 40
pr (GeV)

pr (GeV)

80 100 120 100 200 300
M, (GeV)

Fig. 6. (color online) Normalized distributions of pJ (a), pél (b), and invariant mass M+, (c) after basic cuts given in Eq. (22). Sold
black and solid red curves denote pure NP contribution (squared) and interference effect (interference) in signal event, respectively.
Blue-dashed, magenta-dashed, and the green-dashed curves represent SM background processes.

Table 3. Numbers of signal and background events after

hard cuts and M+, mass window cut at HL-LHC for
A=1TeV.

Operators Process Hard cuts M-y,
Interference 1.16x 103 331
Cg=1,Crw=0
Square 470 139
Interference -624 -178
Cp=0,Crw=1
Square 136 40.2
ppoH-T 1ty 575x10°  1.63x10°
Backgrounds pp—oZy—->1itTy  440x10* 1.01x 10*
pp = yHjets 8.11x10°  1.85x10°
Fy 1
2F " -
- L j
T - _
S O _
LEP 20 |
_2f I HL-LHC 24| 7
(2222 HL-LHC 54 ]
-4 e e b b 15T

-8 -6-4-20 2 4 6 8
C‘[‘B
Fig. 7. (color online) Yellow-meshed bands denote 50 dis-
covery region of C,p and C,w in process of gg > H —» 777y at
HL-LHC with A=1TeV. Yellow bounds denote 20~ paramet-
er space allowed by Z-pole measurement at LEP. Region
between two dashed lines is allowed at 20 significance if no
NP effects are observed at HL-LHC, where overlapped gray
band satisfies both LEP and HL-LHC bounds.

1TeV

2
(ewCep- swc,w)( ) < -4.73, (26)

or

1 TeV

2
(ewCes- chTW)( ) >2.62. 27)

Figure 7 shows the parameter space of 50~ discovery
in the plane of C.p and C,y obtained from the process of
gg —» H— 11t~y at the HL-LHC (yellow-meshed band)
with A =1TeV. The yellow bound denotes the 20 para-
meter space allowed by the LEP measurement [17]. The
HL-LHC can cover the most of the parameter space that
cannot be accessed at the LEP.

If no deviation is found in the process of
gg¢ — H — 17y, then we obtain a bound on the Wilson
coefficients at the 95% confidence level as

1 TeV

2
=351 < (cwCrs - sWC,W)( ) <141, (28)

see the region between the two dashed lines. The over-
lapped gray band satisfies both the LEP and the HL-LHC
bounds.

IV. CONCLUSION

The magnetic moment and weak magnetic moment of
SM fermions are sensitive to quantum effects of new
physics resonances. For each fermion f there are two in-
dependent operators that generate the magnetic moment
and weak magnetic moment: Ofp involving the hyper-
charge field and Oy involving the weak field. After
symmetry breaking, the magnetic moment and the weak
magnetic moment depend on the orthogonal combina-
tions of the two operators. Therefore, at least two inde-
pendent experiments are needed to probe Oyp and Oy

The weak magnetic moment of the strange-quark (s),
charm-quark (c), or bottom-quark (b) is bounded by the
width measurement of the Z-boson at the LEP, but the
magnetic moments of the three quarks are less con-
strained. In this paper, we explored the potential of the
HL-LHC on probing the operators O and Oy
(f = s,¢,b) in the process of pp — Hy, in which the mag-
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netic moment of the quarks dominates. We consider one
flavor of quarks at a time. We showed that in most of the
parameter space that cannot be accessed at the LEP, a 5o
significance discovery can be reached in the Hy produc-
tion at the HL-LHC.

The magnetic moment and weak magnetic moment of
the electron or muon have been accurately measured and
thus severely constrained. In analogue to the electron and
muon leptons, the weak magnetic moment of the 7 lepton
is also bounded at the LEP; however, the magnetic mo-
ment of the 7 lepton is less bounded. In this work, we
considered the rare decay of H — "1™y induced by O;p
and O,y and examined the potential of probing the two
operators in the process of gg —» H — t*7~y. Similar to
the case of quark operators, in most of the parameter
space that cannot be accessed at the LEP, a 5o signific-
ance discovery can be reached in the process of
gg — H — vty at the HL-LHC.

In summary, one can probe the magnetic moment of
the s(c,b) quarks in the process of pp — Hy and the mag-
netic moment of the v* lepton in the gg » H —» 7777y at
the HL-LHC.

APPENDIX A: UNITARITY BOUND ON
COLLISION ENERGY

In the simulation of the process of pp — Hy, we re-
quire a hard cut on the invariant mass of final state
particles, namely, M,;, > 700 GeV, which corresponds to
the collision energy of initial state quark pairs and is
close to the benchmark NP scale A =1TeV. In the Ap-
pendix, we discuss the validity domain of these operators
by using unitarity constraints, especially to validate the
hard cuts used in our analysis.

Considering the contributions of the magnetic mo-
ment operators in the process of ff — Hy, the first pro-
cess in Fig. 2(a) dominates as stated above. Therefore, we
calculate the unitarity bound from the matrix element M,
following Refs. [43-46]. The high energy helicity amp-
litudes can be projected to partial wave amplitudes as fol-
lows:

M(A7,47,,) = 16712(2./ + DA Oar,, (A1
J

where Ay, is the helicity of the quark (anti-quark,
photon), respectively. The aik is the partial wave amp-
litude of the J wave, where 4= 17— 4; and « = 4,. Utiliz-
ing the completeness relation of Wigner d-functions, the
partial wave amplitude @/, is given by

1

1
al, = or ) dcosfd] (O)Ma(As, Af, 1) (A2)

With the normalization Im(a},) = |a] |

dition for each partial wave reads

, the unitarity con-

1
IRe(a )l < o8 (A3)

The non-zero helicity amplitudes of the process of
ff — Hy are

1 1 cw Crp+ sw Crw)(s —m%)siné
Ma(__ __7+1)=(W /B W/<2W)( %) ,

Crp+sw Crw)(s —my)sing
M, +l,+l,—1 __lew Crptsw Crw)(s —my) ,
22 A2
(A4)
where “+” and “—" on the right-hand side corresponds

to up-type and down-type quarks, respectively. The 4-
momenta of the four external particles are chosen as

p’ =§<1,o,0,1>,

p =Lw.0.0.-1).

2

v =2"H (1 ing,0,cos6)
p’ = ,sin6,0,cos),
24/s
2 2 2
S+m S—m S—m
pH:( 2\/}”,— 2\/§H Sin@,O,—z—\/EHCOSQ), (AS)

where +/s is the center-of-mass energy. With the helicity
amplitudes, the J = 1 partial wave amplitudes are

(cw Crp = sw Cpw)(s—m%)
24\27A?

J=1 _ J=1 _
Ao =Gp-1 =

(A6)

)

from which one can obtain the unitarity bound on center-
of-mass energy as follows:

12V2rA2

(A7)

s < .
‘CW CfB + Sw wa‘

We thus get the allowed range for the CM energies of
the process of ff — Hy such that they lie below the point
where unitarity effects show up. This saturation energy is
obviously of the order of A. For example, +/s <7.8 TeV
for Cyp=1, Cpw=0,and A=1TeV; /s <10.5TeV for
CfBZO, wa= 1 ,andA: 1 TeV.

The bounds on the CM energies from the unitarity re-
quirement are much higher than A, i.e., the effective field
theory validates up to about 10 TeV even in the case of
A=1TeV. At the 14 TeV LHC, the effective collision

093108-8
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energy of the signal events cannot reach the unitarity
bound of +/s; therefore, the hard cut of M,;, >700 GeV

does not violate the unitarity constraint.
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