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A sensitive way to test the anomalous HVV (V = Wi,ZO) couplings via pp — WTWT jj —
£Tultyjj at LHC was proposed by Bin Zhang, Yu-Ping Kuang, Hong-Jian He and C.-P. Yuan in
Ref. [1]. We studied the sensitivity to measure the anomalous gauge couplings of Higgs boson with
optimized cuts. In this way, the sensitivity can be enhanced. Based on the optimized cuts and
distribution of AP¢(¢¢), the measurement of the couplings can be further improved via maximum
likelihood fit. It shows that, with an integrated luminosity of 300fb~!, the anomalous HWW and
HZZ couplings can be measured at the level of 0.007 - 0.032 TeV~" and 0.007 - 0.013 TeV ™',
respectively, for the linearly realized effective Lagrangian.

PACS numbers: 14.70.Fm, 14.70.Hp, 12.60.Bn

I. INTRODUCTION

The standard mode (SM) of the electroweak interac-
tions has proven to be very successful in explaining all
available experimental data at the scale < O (100)GeV.
However, the mechanism of electroweak symmetry break-
ing (EWSB) is still one of the most profound puzzles
in particle physics. If a light Higgs boson candidate
H is found in the future collider experiments, the next
important task is to experimentally measure the gauge
interactions of this Higgs scalar and explore the na-
ture of the electroweak symmetry breaking mechanism
(EWSBM). The detection of the anomalous HVV cou-
plings (AHVVC) will point to new physics beyond the
SM underlying the EWSBM. Also, testing the effective
anomalous gauge couplings of the Higgs boson can dis-
criminate the EWSB sector of the new physics model
from that of the SM.

The anomalous HV'V couplings of the Higgs boson can
arise from the dimension-3 effective operator in a nonlin-
early realized Higgs sector or from the dimension-6 ef-
fective operators in a linearly realized Higgs sector [1].
Compared to them, that rising from the latter one is
more sensitive [1, 2]. So the following study of AHVVC
concentrates on the sector of linearly realized effective
Lagrangians. In a linearly realized Higgs sector, the C
and P conserving effective Lagrangian up to dimension-
6 operators containing a Higgs doublet ® and the weak
bosons V¢ is given by

fn
Leff = pona (1)
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where O,,’s are dim-6 operators composed of ® and the
EW gauge field (cf. Ref. [3]), f.’s are the anomalous
coupling constants. The anomalous coupling constants
are related to the following AHVVC in terms of H, W#,

Z, vy [3]:
v 1 "
LIy = gHyyHA, A" + g3, A, 240" H
8y HAW 2 + 851 7 2,0 240" H
+g(13)ZZHZ#VZNV + gg%/VWHWJLW_MV

g (WA W HOY H + h.c.), (2)
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with s= sinfy,,c= cosfy. Detailed calculations show
that the contributions of fp and fpp to the pp —
WTW™jj — £Tvltvjj channel are small even if they
are of the same order of magnitude as the anomalous
coupling constants fyyw and fy [1]. Hence, we shall
ignore their contributions in the following analysis, and
discuss only the sensitivity to the measurement of fy vy



and fy separately, i.e., assuming only one of the anoma-
lous coupling constants is dominant at a time as done in
Ref. [1].

In order to improve the measurement of fyw and
fw, the applied cuts [4] in Ref. [1] are optimized
and the method of a maximum likelihood fit is used
to extract these constants. In addition to the jet
cuts and leptonic cuts [4], we find the Pt(vv), ie.,
VIP:(v1) + P,(v2)]?2 + [Py (v1) + P, (v2)]2, is an effec-
tive cut to suppress backgrounds, so the cut is also ap-
plied. After optimizing cuts, the APt(¢¢) distribution is
still sensitive to the values of anomalous gauge coupling
constants, so it is used to further enhance the measure-
ment of the AHVVC constants by maximum likelihood
fit.

II. EVENT SELECTION

The matrix element generator of the pp — WTW*jj
— {tultyjj is developed based on Ref. [1], and the par-
ton shower is done with PYTHIA [5]. So the events of
the channel can be produced. In this channel, the sig-
nal is defined as Ns = Nyonsym — Nsar, where Nyonsy
is the number of events correponding to the values of
anomalous coupling constants are not zero and Ngj is
the number of SM events correponding to the values of
anomalous couplings constant are zero. The SM events
are considered to be intrinsic electroweak background as
in Ref. [1].

In order to avoid large hadronic backgrounds at the
LHC, the “gold-plated” pure leptonic decay modes of the
final state W are chosen. Even in this case, there are
still other backgrounds to be eliminated [6-9]. The main
backgrounds are listed in Table I.

Some of the backgrounds are copious at the LHC and
Monte Carlo samples that correspond to 300 fb~! are
much too large to be fully produced by computer. Selec-
tions at generator-level have been applied in order to be
able to select high transverse momentum leptons and tag
jet events, and reject events that have negligible chance
of producing background to the signal.

The generator-level pre-selection of events that con-
tribute to the signal is straightforward. Cuts are applied
on the transverse momentum of positive charged leptons,
on their pseudorapidity, on the invariant mass of the two
leptons and on cos ¢(¢¢). In addition, transverse momen-
tus and direction of jet are applied on the events pro-
duced with ALPGEN [10]. All the cuts are listed in Ta-
ble II. With pre-selection, there are enough background
events produced for the integrated luminosity of 300 fb~!
as shown in Table 1.

In order to suppress these backgrounds, the following
cuts [4] are suggested by J. Bager:

Leptonic cuts Jet cuts

[ y(£) [< 2.0,

pr(t) > 0GeV, 3.0 < [y(jrag)] < 5.0,

Apt(£6) > 200GeV,
cos p(00) < —0.8,
M (20) > 250GeV,

pT(jtag) > 4OG€V:
pT(juetO) > GOGBM
1Y (Jveto)| < 3.0,

where the forward tag jet corresponds to the j in
pp — WHTWTj55 — £Tvltvjj and the requirement of
vetoing the central jet can be used to suppress top quark
background.

In addition, we also ask the events have not a mi-
nus charged lepton whose transverse momentum is larger
than 5 GeV. Even with all the above cuts, the intrinsic
electroweak backgrounds are still much more than sig-
nal when the values of anomalous gauge couplings con-
stants are not very large. So we produced an intrin-
sic electroweak background sample and two samples cor-
responding the values of fyw/A? are 1.6 TeV~2 and
3.0 TeV~2 separately to study them. Each of the three
samples corresponds to 10000 events. Through studying
them, we find that a cut applied on Pt(vv) can effectively
suppress the intrinsic electroweak background. In addi-
tion, the Pt(vv) corresponds to missing transverse energy
(MET), i.e., B = \/ (Eiss)? 4 (Eqiss)?, which can
be measured in experiment. The distributions of Pt(vv)
are shown in Fig. 1(a). With the MET cut being used,
some leptonic cuts listed in Ref. [4] are slightly adjusted
in order to get a larger S/v/S + B. The cut applied on
pseudorapidity of lepton is released and the cut applied
on the transverse momentum of leptons is tightened. The
optimized cuts can be found in Table III.

With the optimized cuts, the remaining background
events are listed in Table IV with an integrated luminos-
ity of 300fb ~1. For the W* Z+njets channel, we assume
the tag cut, veto cut and MET cut are independent to
approximately estimate the cross section after no events
left using leptonic cuts. Because the g exhange channel is
a subprocess of WHW+ — WHW+ in PYTHIA and it is
not easy to only produce the events of the subprocess, we
use the cross sections listed in Ref. [6, 7] to estimate the
events for g exhange channel with different cuts except
MET cut. But the MET efficience of WTW+ — WTW+
instead of MET efficience of g exhange channel was used

to estimate cross section of g exhange channel in Ta-
ble TV.

III. EVENT COUNTING EXPERIMENT

The AHVVC constants can be measured through event
counting. With optimized cuts, the number of events
with an integrated luminosity of 300fb~!, for various
values of my and fyyw /A2, can be obtained as shown
in Table V when fyw dominates. Compared to the Ta-
ble IX-B in Ref. [1], the number of intrinsic electroweak
backgrounds decreases by one third, but the number of
signal events slightly increases. Since the event number is
rather small for the case of fyyw = 0, the Poisson statis-
tics was used for setting the exclusion limit which is only
based on the Ng. We find that Ng = 9 in Table V, so



TABLE I: Main backgrounds and produced events after pre-selections at generator level.

channels generator produced events integrated luminosity
W=EZ+njets (n=1,2,3) ALPGEN 138000 300fb*
Z Z+njets (n=1,2,3) ALPGEN 94000 660 fb*
it PYTHIA 50300 310fb*
it Z° ALPGEN 1000 590fb*
W ALPGEN 1000 330fb !
TABLE II: The cuts used for pre-selection.
channels Leptonic cuts Jet cuts MET cut

WEZ+njets (n=1,2,3) [y(fT)]|< 2.4
ZZ4+njets (n=1,2,3) | y(£T) |< 2.4, pr(£*) > 5GeV

t 40GeV, cos (LT < —0.5
it Z2° | y(£1) |< 2.4, pr(£T) > 5GeV
TwW+ | y(€Y) |< 2.4, pr(€*) > 5GeV

pr(j) > 30GeV, 3.0 < [y(jrag)| < 5.0 MET > 25GeV
3.0 < |y(jtag)| < 5.0

| y(£h) |< 2.4, pr(£T) > 40GeV, M(£1e1) >

TABLE III: The optimized cuts for the process pp —
WHIW+t4j — etvetvsy.

Leptonic cuts Jet cuts MET cut

[y(€7) 1< 2.4
pr(f*) > 80GeV 3.0 < |y(jiag)| < 5.0
Apt(£Tet) > 250GeV  pr(jtag) > 40GeV MET > 50GeV
cos p(0T4T) < —0.8  pr(jveto) > 60GeV
M) > 200GeV  |y(jveto)| < 3.0
pT(z;eto) > 5GeV

the 95% C.L. bounds on fyw/A? can be determined in
Eq. (4).

—1.5 < fyw/A* < 1.3, (4)

for 115GeV < my < 300GeV.

In the case that fyr dominates, the results are listed
in Table VI. If no anomalous coupling effect is found
via the process, the corresponding 95% C.L. bounds on
fw/A? (inunits of TeV~—2) can also be set:

—1.0 < fw /A% < 0.9, (5)

for 115GeV < my < 300GeV.

From the Egs. (3), (4), (5), we can obtain the 95% C.L.
bounds on giyy,, i= 1, 2 (in units of TeV~2) as shown
in Eq. (6).

—0.026 < g\H < 0.023,
—0.026 <g'),, < 0.023,
~0.014 < gl < 0.013,
—0.067 < g\2). < 0.078,
—0.026 < g\?) < 0.030,
~0.015 < g, < 0.017. (6)

IV. EXTRACTION OF ANOMALOUS GAUGE
COUPLINGS CONSTANTS VIA MAXIMUM
LIKELIHOOD FIT

The total number of events and normalized A Pt(¢¢)
are functions of the value of the anomalous gauge cou-
pling constants for a given mass of Higgs boson, so the
values of the constants can be extracted with the two
pieces of information. As done in Sec. III, we will discuss
the sensitivity of the W W scattering to the measure-
ment of fyyw and fy separately, and ignore the contri-
bution of fp and fpp. We assume the mass of Higgs is
115 GeV. Because the sign of fy and fyw can not be
discriminated by theory and experiment and the distri-
bution of the total number of events is asymmetric for
all of the fyr and fyw range, we will consider their plus
and minus sides separately.

In the case that fyyw dominates and fyw > 0, the
distribution of the total number of events as a function
of fyww in Fig. 2(a) can be described by

Niot(fww /A?) = 4.9 X fyrw /A 4 8.4. (7)

The normalized distribution of APt(¢¢) is very sensitive
to the value of fy17/A? as shown in Fig. 1(b). In order



TABLE IV: Number of events at the LHC, with an integrated luminosity of 300fb ~*, for pp — WTW 155 — ¢Tvetvjj (0 =€t

or i+).
channels Leptonic cuts only/eff. +tag only/tag eff. + tag +Veto/Veto eff. +Veto + tag +MET/MET eff.
WEZ+njets (n=1,2,3) 97/7 x 1077 <1/1% <0.15 /15% <0.12 /75%
Z7Z +njets (n=1,2,3) 10/2 x 1074 0.5 /5% 0.4 /85% 0.02 /5%
tt 151/3 x 1073 1/7x1073 < 0.075 /7.5% <0.06 /85%
tt Z° <1/ <1078 < 0.01 /<1% <0.001 /<10% <0.001 /<100%
awr <1/<107® <0.01 /<1% <0.001 /<10% <0.001 /<100%
g exhange 45 3.5 /7.7% 0.2 /6% 0.13 /66%

TABLE V: Number of events at the LHC, with an integrated luminosity of 300fb™*, for pp — WTW Tjj— £TvlTvjj (0T =T
or #7) in the linearly realized effective Lagrangian with various values of mpy and fuw /A%

mi (GeV) fww/A2 (TeViQ)
-4.0 -3.0 -1.9 -1.5 0.0 1.3 1.9 3.0 4.0
115 40 26 18 14 9 14 18 28 42
130 41 26 18 14 9 14 18 29 42
200 42 27 18 14 9 14 18 29 43
300 44 27 19 15 9 15 19 30 45

to extract the value of fyrw /A2 with the piece of infor-
mation, we divide the total range of APt(¢) into tree
bins, i.e., 0 GeV - 600 GeV, 600 GeV - 1000 GeV and
1000 GeV - oco. The percentage of events as a function
of the values of fy1 /A% can be got from produced large
samples in each bin. Figures 2(b) (c¢) (d) show these per-
centages which are described by P (i, fyyw ) in Egs. (8) for
three bins respectively,

P(1, fww/A?) = —0.099 x fyw /A +0.901,
P(2, fww /A2%) = 0.055 X firw /A% +0.088,

P(3, fww/A?) =0.040 x fyrw /A% 40.014, (8)
where 7 = 1, 2, 3, respect to 3 bins.

Then, the expected number of events in each bin is
expressed as:

NE(furw /D) = Neot (fiww /A2) x P(i, fww /A?). (9)

Finally, the log maximum likelihood function is written
as:

n
InL = In ][ PN, Ni*P)

i=1
n

where N2 is the observed number of events in the ith
bin, where i = 1, 2, 3. The value of fy1/A? can be
extracted by minimizing the -In L with Minuit in ROOT
[11].

There are 1000 SM MC samples, each corresponding
to an integrated luminosity of 300 fb~!, used to perform
the fit. The extracted values of fyyy-/A? will be shown in
Fig. 3(a) which can be well-fitted by a Gaussian function.
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Similarly, when fiyw < 0, the values of fyyy /A% can
be obtained in the same way as shown in Fig. 3(b). The
bounds on fyw are:

lo: —0.62 < fyw/A? < 0.58. (11)

In the case that fy; dominates, with the same method,

the extracted values of fyr/A? are shown in Fig. 4. The
bounds on fi /A? are:

lo: —0.27 < fw /A% < 0.33. (12)

Based on Egs. (3), (9), (10), we obtain the correspond—
ing bounds on g4y, i= 1, 2 (in units of TeV~1):

o :—0.007 < g\ < 0.008,
—0.007 <g'7),, < 0.008,
~0.004 < gy), < 0.005,
—0.030 < gy, < 0.032,
—0.011 <g%),, < 0.013,

~0.007 < g7y, < 0.006. (13)

From the above constraints on gg)vv, 1=
see that the bounds on 91(;)\/\/ are at the level of O (1073
- 1072) TeV—!. The constraints on gg)WW are tighter
than that obtained via event counting. Compared to
Ref. [1], the predicted precision of the measurements in-
creases by a factor of two. According to Ref. [12], the
anomalous HZZ coupling constants gg)z , and gg)z 5 can
be tested rather sensitively at the Linear Collider (LC)
via Higgs-strahlung process ete™ — Z* — Z + H with
Z — ff. By our study, the bounds on g'7}, and ¢'2),,
obtained through W W™ scattering at the LHC could
almost reach the same level of O (1072 - 1072) TeV~! as

that obtained from the LC [1, 12].

1, 2, we can



TABLE VI: Number of events at the LHC, with an integrated luminosity of 300fb ~*, for pp — WTW 155 — £Tvetvjj (0 =€t
or u7) in the linearly realized effective Lagrangia with various values of my and fu /A2

mpy(GeV) fw /A% (TeV™2)
-3.0 -2.0 -1.3 -1.0 0.0 0.9 1.1 2.0 3.0
115 70 38 18 14 9 14 18 45 78
130 70 38 18 14 9 14 18 45 79
200 72 38 18 14 9 14 18 46 79
300 73 39 19 15 9 15 19 47 80

V. CONCLUSIONS

The process pp — WTWTjj — £Tvitvjj is sensitive
for testing anomalous HV'V couplings in the linearly re-
alized Higgs sector. The two parameters fyr and fyw
are studied separately neglecting the contributions of fg

and fpp. The limits of gg)vv, i=1, 2, are set as shown
in Egs. (13). If the SM is correct, the measurement on
gg)WW is two times more sensitive than that given in
Ref. [1]. The bounds of gg)z 5 and gg)z 4 are at the level
of (1073 - 1072) TeV~! which is almost at the same order

predicted at the LC.
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FIG. 1: (a) The normalized distributions of Pt(vv) with suggested cuts, (b) the normalized distributions of AP¢(4f) with

optimized cuts.
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