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We examine the potentiality of both CERN LEP and Fermilab Tevatron colliders to establish bounds on new
couplings involving the bosonic sector of the standard model. We pay particular attention to the anomalous
Higgs interactions withy, W=, andZ®. A combined exclusion plot for the coefficients of different anomalous
operators is presented. The sensitivity that can be achieved at the Next Linear Collider and at the upgraded
Tevatron is briefly discusseflS0556-282(199)01607-(

PACS numbdrs): 14.80.Cp

I. INTRODUCTION: EFFECTIVE LAGRANGIANS where® is the Higgs field doubleﬂéwzi(g’IZ)B
FOR HIGGS INTERACTIONS

We certainly expect the standard mod8M), despite its

uvy and
W,,=i(9/2)o®W3, with B,, and W2, being the field

strength tensors of thd (1) andSU(2) gauge fields respec-

astonlshlng success in describing a!l the precision high enfively. It is also possible to construct dimension-6 operators
ergy exper_lmental datgl], to be an_lncomplete_plcture of that modify the Higgs coupling to fermions, such as
nature at high energy scales. In particular, the Higgs sector OP '

T — . -
the model, responsible for the spontaneous electroweak syrh® ®)(Ff®), whereF(f) is the left (right) -handed fer-

metry breaking and for the mass generation, is introduced ifion doublet(singled. These operators do not alter the fer-
anad hocway and has not yet been directly probed. mionic interaction of the vector boson which is quite well

Although we do not know the specific theory which will meagured. However, one expects that operato.rs cont-aining
eventually supersede the SM, we can always parametrize if§"Mions are suppressed by powersngf/ A, making their
effects by means of an effective Lagrangj2hthat contains contribution negligible, with the exception of those involving
operators with dimension higher than four and involves théh€ top quark which do not contribute to the processes stud-
fields and symmetries of the low energy theory. The effecied here.
tive Lagrangian approach is a model-independent way to de- AnomalousHyy, HZy, andHZZ and HWW and cou-
scribe new physics that is expected to manifest itself directlyP!iNgs are generated by E¢1), which modify the Higgs
at an energy scald, larger than the scale where the experi- 200N production and dec4$]. In the unitary gauge they
ments are performed. are given by

The effective Lagrangian depends on the particle content.y v (1) v 2) v
at low energies. We consider here the possibility of having akeﬁ_gHWHAWA Oz, A 2" HE Griz, HA, 2
Iight Higgs boson that should be pres.ent in the h!gher dimen- +9£|1z)zZ,wZ“ﬁ”H +g='|2%ZHZMVZMV+ gﬁz&vvxﬂ"W;VW’fV
sional operators. Hence, we use a linearly reali3édl (2)

X Uy(1) invariant effective Lagrangia8,4] to describe the +gHww(W , W* 9"H+H.c) 2
bosonic sector of the SM, keeping the fermionic sector un-
changed. where A(Z),,=d,A(Z),—3d,A(Z),. The effective cou-

A general set of dimension-6 operators that involve gaug®lings gy, » gﬁlzzjt and g5 and g{{iZ) are related to the

bosons and the Higgs scalar field, respecting |&#d] (2) coefficients of the operators appearing in Ef.and can be
X Uy(1) symmetry, andC andP conserving, contains eleven found elsewherg5]. In particular the Higgs couplings to two
operatord 3]. Some of these operators either affect only thephotons is given by
Higgs self-interactions or contribute to the gauge boson two-

point functions at tree level and is strongly constrained from _ [9Mw s*(fga+fww)

low energy physics below the present sensitivity of high en- GHyy™ ~ A2 2 )

ergy experiment§4]. The remaining five “blind” operators

can be written a3,4] with g being the electroweak coupling constant, a{d)
=sin(cospy.

Equation(1) also generates new contributions to the triple
gauge boson vertg8,4]. The operatorg),, andOg give rise
to both anomalous Higgs-gauge boson couplings and to new

o1 o
‘Ceff: ZI PO| = P[fWWW Tr[WMVWVpr]

+fW(D#(I))T\7\/MV(DV(I))+fB(DM(I))TéMV(DV(I)) triple and quartic self-couplings amongst the gauge bosons,
o o while the operatoiOy solely modifies the gauge boson
+ @ W, WD + fopd B, BH D] (1)  self-interactions. On the other haid,,, and Ogg only af-
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fect HVV couplings, since their contribution to th& Wy  effect of all interferences between the anomalous signature
and WWZ tree-point couplings can be completely absorbedand the SM background. The SM Feynman diagrams corre-
in the redefinition of the SM fields and gauge couplingssponding to the background subprocess were generated by
[4,5]. Therefore, one cannot obtain any constraint on thes®1ADGRAPH [21] in the framework of Helaf22]. The anoma-
couplings from the study of anomalous trilinear gauge bosotous couplings arising from the Lagrangiéh) were imple-
couplings. mented iNFORTRAN routines and were included accordingly.

Anomalous Higgs boson couplings have been studied ifFor the pp processes, we have used the Martin-Roberts-
Higgs andz°® boson decay$5], and inete™ [6-10, pp  Stirling set G[MRS (G)] [23] set of proton structure func-
[11-13 and yy colliders [14]. In this work, we make a tions with the scal€?=s.
combined analysis, based on several experimental searches atall processes listed in Eq4) have been the object of
the CERNe"e™ collider LEP collider and at the Fermilab direct experimental searches. In our analysis we have closely
Tevatron collider, in order to establish the attainable boundsollowed theses searches in order to make our study as real-
on the coefficient of the effective operators describing théstic as possible. In order to establish bounds on the values of
anomalous bosonic sector. Our results are presented in S@ge anomalous coefficients ,i=WW,BB,W,B, we have
Il. In Sec. Il we discuss the sensitivity that can be achievedmposed an upper limit on the number of sigfahomalous
at the Fermilab Tevatron upgrade and at the Next Lineaevents based on Poisson statistics. In the absence of back-
Collider (NLC). Finally, in Sec. IV, we compare our results ground this implieNgigna<1(3) at 64%(95%) C.L. In the
with existing limits on the coefficients of dimension-six op- presence of background events, we employed the modified
erators based on searches for anomalous triple gauge bospgisson analysif24].
couplings. For events containing three photons in the final state at

electron-positron collisiong3],
II. BOUNDS FROM THE RECENT LEP
AND TEVATRON SEARCHES e'e" —y+H(—=vyy), 5

In this section, we derive combined bounds on anomalouge have used the recent OPAL d&i&] where data taken at
Higgs boson interactions taking into account both LIEB]  gayeral energy points in the range=130-172 GeV, were
and Tevatrori16-1§ data on the following signatures: combined. They have established an upper limit at 95% C.L.
for (et e” — y+X) X BR(X— yvy) whereX is a scalar par-

+ —
e e =YYy ticle. These results were used to derive our limits.
— . The process
pp—jjyy (4)
Dp— yy+E PP—W(Z)(—jj)+H(—vyy) (6)
- T

_ can also be employed to further constrain the anomalous
pp—vyyy. Higgs boson couplings described in ) [11]. DO Col-

laboration reported the results for the search of high

Events containing two photons plus missing energy, addi- . L .
. . ) invariant-mass photon pairs {mp— yyjj events[16] at /s
tional photons or charged fermions represent a signature fOLl.S TeV and 100 pbt of integrated luminosity. In our

several theories involving physi_cs beyond the SM, such a%\nalysis we applied the same cuts of Re6] and included
some classes of supersymmetric moddl] and they have the particle identification and trigger efficiencies. We have

been extensn{ely searched {d5-18. In the framework of searched for Higgs boson with mass in the range<lQ,
anomalous Higgs couplings presented before, they can alsg220 since after thaVW(ZZ2) threshold is reached the

arise from the production of a Higgs boson which SUbse'diphoton branching ratio of Higgs boson is quite reduced.

quently _decays In two photqns. In thg SM, the decay WldthSince no event with two-photon invariant mass in the range
H~yy is very small since it occurs just at one-loop level ;5o "y, _550 were observed, a 95% C.L. in the determi-
s , L.

[20]. However, the existence of the new interacti¢®scan . T ; e
L . L ation of the anomalous coefficieftis attained requiring 3
enhance this width in a significant way. Recent analyses o ; Lo
events coming only from the anomalous contributions.

these signatures presented a good agreement with the expec-For events containing two photons plus large missing

tations from the SM. Thus we can employ these negativ
experimental results to constrain new anomalous Coup”ng%ansverse energy/yEr) [12] we have used the results from

in the bosonic sector of the SM. @ Collaborations[17]. Anomalous Higgs couplings can

We have included in our calculations all S{QCD plus give rise to this final state via
electroweak and anomalous contributions that lead to these
final states. The SM one-loop contributions to they and
HZvy vertices were introduced through the use of the effec- o
tive operators with the corresponding form factors in the pp—W(—lv)+H(—yy)+X )
coupling. Neither the narrow-width approximation for the
Higgs boson contributions, nor the effectivVé boson ap- where in the latter case the charged leptbaé, 1) escapes
proximation were employed. We consistently included theundetected.

pEHZO(H V;)‘l' H(—vyy)+X

075008-2



NEW HIGGS COUPLINGS ATe*e™ AND HADRONIC ... PHYSICAL REVIEW D 59 075008

TABLE I. 95% C.L. allowed range fof/ A2, from y+y~ production at LEP OPAL data and Tevatron CDF
data analysis, fromyy+ E; Tevatron DOdata analysis, and fromyjj Tevatron DOdata analysis assuming

all f; to be equal. We denote by “—” limits worse thaf| =200 TeV 2.
My(GeV) fIA%(TeV™?)

e'e"—yyyatLEP  pp—yyyatCDF pp—yy+E;atD@ pp— yyjj at DO
100 (-64, 57 (-62, 65 (-28,57 (—16, 42
120 (82,70 (—76,79 (—37,62 (—19, 46
140 (-192, 175 (-92, 93 (—48, 72 (—26, 49
160 — (-113, 115 (-62, 89 (—33,56
180 — — (-103, 123 (—63, 8]
200 — — (- 160 , 164 (—96, 99
220 — — — (—126, 120

In order to compare our predictions with the results df DOHiggs interactions have a common couplifgi.e., f="fy
Collaboration, we have applied the same cuts of last article= fz=f\,w=fgg [4,5,26. We present in Table | the 95%
in Ref.[17]. After these cuts we find that 80% to 90% of the C.L. allowed regions of the anomalous couplings in this sce-
signal comes from associated Higg%-production while  nario, for different Higgs boson mass.
10% to 20% arises from Higga.t We also include in our These results obtained from the analysis of the four reac-
analysis the particle identification and trigger efficienciestions (4) can be statistically combined in order to obtain a
which vary from 40% to 70% per photg25]. Since no better bound on the coefficient of the effective operatiys
event with two-photon invariant mass in the range 100We exhibit in Fig. 1b) the 95% C.L. exclusion region in the
<M,,=2M,, were observed, a 95% C.L. in the determina-plane fggX f\yy obtained from combined results. In Fig. 2,
tion of the anomalous coefficierf,i=WW,BB,W,B is at- we present the combined limits for the coupling constant
tained requiring 3 events coming only from the anomalous=fgg=f\yw= fg=fw (upper scalgfor Higgs boson masses
contributions. Table | shows the 95% C.L. allowed region ofin the range of 1086 M <220 GeV.
the anomalous couplings in the above scenario. We exhibit
in Fig. 1 the 95% C.L. exclusion region in the plafgg
X fyw obtained from the DQlata onyy+E [17].

Finally we have also analyzed events with three photons
in the final statd 13]

lll. FUTURE PERSPECTIVES

The effect of the anomalous operators becomes more evi-
dent with the increase of energy, and higher sensitivity to
— smaller values of the anomalous coefficients can be achieved
PP—y+H(=7y), (8) by studying their contribution to different processes at the
graded Tevatron collider or at new machines, like the Next
near Collider.
We first extend our analysis of thep— yyE; and pp
—yvjj reactions for the upgraded Tevatron collider. We
have considered the run Il upgrade with a luminosity of
fb~1, and for the TeV33 upgrade we assumed 10'fb

and compare our results with the recent search reported tfl
CDF Collaboration 18] for this signature. They looked for

yvy7y events requiring two photons in the central region of
the detector, with a minimum transverse energy of 12 GeV
plus an additional photon witk{>25 GeV. The photons

were required to be separated by more than 15°. In the )
conditions they were able to establish that the signal shou‘lﬁﬂ‘ In our estimates we have taken the same cuts and de-

have less than 3 events, in the 85 phcollected data, at tection eff|C|enc!es given in our previous analy3|s.
95% C.L. For theyyvy final state we have studied the improvement

toly the sensitivity to the anomalous coefficients by imple-
menting additional kinematical cuf&3]. Best results are ob-

involves fyyy and fgg [5], and in consequence, the anoma—ta'ned for the following set of cutsEr >40 GeV, with

lous signatureffyy is only possible when those couplings ET.~ 12 GeV vvhere we have ordereq the three photons
are not vanishing. The couplings and fy,, on the other according to their transverse energy, iB; >Er >Er.
hand, affect the production mechanisms for the Higgs bosorWWe always require the photons to be in the central region of
In Fig. 1(a) we present our results for the excluded region inthe detector |(;| <1) where there is sensitivity for electro-
the fyww,fgg plane from the different channels studied for magnetic showering. In our estimates we assume the same
My=100 GeV assuming that these are the only nonvanishdetection efficiency for photons as considered by Collider
ing couplings. Since the anomalous contributionHey is  Detector at FermilafCDF) Collaboration[18].
zero forfgg= —fyw, the bounds become very weak close to In Table Il we present the 95% C.L. limit on the anoma-
this line, as is clearly shown in Fig. 1. lous couplings for Tevatron run Il and for TeV33 for each
In order to reduce the number of free parameters one caimdividual process. All couplings are assumed equl (
make the assumption that all blind operators affecting the= fgg=fyww=fg="fw) and the Higgs boson mass is varied

We have used the results described above to constrain t
value of the coefficient$; of Eq. (1). The couplingH yy (3)
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, T~ ] details.
40 - T~ ]
I ] efe  —W'W vy 9
201 1z ete —797%. (10
| 3
ol 17~ We studied the sensitivity of NLC to these processes as-
S 3 suming a energy in the center-of-mass\ef=500 GeV and
I T ] 2 an integrated luminosity. =50 fb™!. We adopted a cut in
—20 - ™ i \>', the photon energy oE,>20 GeV and required the angle
r 1 between any two particles to be larger than 15°. We have
I ] analyzed these processes for different values of the Higgs
—40 - . boson mass.
[ ~_ |
L C TABLE II. 95% C.L. allowed range fof/A2, from yyy,yy

=100 TeV 2

+E+,yyjj production at Tevatron run (ITeV33] assuming allf;

(®) to be equal. We denote by “—" limits worse thanf]|

FIG. 1. (a) Exclusion region outside the curves in tligg

X fyww plane, in TeV'2, based on the CDF analydi$8] of yyy  Mu(GeV)

fIA%(Tev™?)

production, on the D@nalysig 16] of yvjj production, on the DO pp—yyy Pp—yy+Er pp—ryyjj Combined
analysis[17] of yyEs, and on the OPAL analysigl5] of yyy
production, always assumirld,; =100 GeV. The curves show the 1 (—24,24 (-16,30 (-92,22 (-76,19
95% C.L. deviations from the SM total cross sectidm) Same as [-13,15] [-9.4,26] [-3.3,56] [-3,54
(a) for the combined analysis. 120 (-26,26 (—-20,39 (—-86,2) (—7.4,18
[-14,14] [-15,27] [-3.4,59] [-3.3,59
in the range 108 My <220 GeV. Combination of the re- ,,, (=30,3) (-25,49 (-10,23 (-91,20
sults obtained from the analysis of the three reactit@)s [-15,16 [-14,30 [-45,89 [-4.0,817
(7), (8) leads to the improved bounds given in the last coI-160 (—36,38 (—29,50 (—11,29 (—9.9,22
umn of Table Il. Comparing these results with those in Table [-17,19 [—-14,33 [-6.0,14 [-5.1,13
I (or with the upper scale of Fig.)2ve observe an improve- 180 — (—63,72 (—26,34 (—24,33
ment of about a factor~-2-3 [~4-6] for the combined — [—46,53] [—16,24] [—16, 24]
limits at run 11 [TeV33]. — (-87,90 (-33,40 (-32,39
The Next Linear electron-positron Collider will open an 200 — [-50,53 [-17,23 [-17, 23]

important opportunity to further improve the search for new
physics. In particular, the anomalous Higgs boson couplingg20

(—42 ,45 (=42, 45
[-19,26 [—19, 26

can be investigated in the proces$@d0]:
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2 -2 TABLE Ill. 95% C.L. allowed range fof/A?, from WHW ™y
el —— fB?/A ‘(Te\/‘ ) _ - andz°Z%y production at NLC, assuming & to be equal.
: My(GeV) fIA%(TeV™?)
15 : E ete " —W'W yatNLC e'e —Zz°Z% at NLC
10 b W'W™y at NLC . 170 (-2.3,3.7 —
g 1 200 (-3.2,4.0 (-2.6,39
5t 12 250 (-43,4.8 (-3.2,43
[ ] > 300 (-6.3,6.3 (-4.7,5.2
Orf / . /j’ 350 (-12,95 (-7.1,83
-5F Z°Z°% at NLC ] 2‘
[ 1 IV. DISCUSSION
—10 3 B So far we have estimated the limits on anomalous
r 1 dimension-six Higgs boson interactions that can be derived
=15 i ] from the study of several signatures at LEP and Tevatron
i ] colliders. Combined results from the different reactions were
20 bk . . s .
—20-15—-10-=5 0 5 10 15 20 established. We compare now these results with existing lim-
its on the coefficients of other dimension-six operators.
FIG. 3. Contour plot offggX fyy, fromeTe”—W* W~y and As discussed in Sec. |, for linearly realized effective

e'e —Z°2% at NLC, for My=200 GeV with a cut ofpr  Lagrangians, the modifications introduced in the Higgs and
>100 GeV. The curves show the 95% C.L. deviations from thein the vector boson sector are related to each other. In con-
SM total cross section. sequence, the bounds on the new Higgs couplings should

also restrict the anomalous gauge-boson self interactions.

We have investigated different distributions of the final Under the assumption of equal coefficients for all anomalous

state particles in order to search for kinematical cuts thaf!!99S Operators, we can relate the common Higgs boson
could improve the NLC sensitivity. The most promising vari- anomalous coupling with the conventional parametrization

— >0
able is the photon transverse momentum. We observe thgtf the vertexWWV (V=2",7) [28],

the contribution of the anomalous couplings is larger in the

high Pr, region. Since the anomalous signal is dominated by Ax.= %f,

on-mass-shell Higgs production with the subsequemi TOA?

—W*W~ or z°Z° decay, the photon transverse momentum

is distributed around the monochromatic peBk°"=(s M3 )

—ME,)/(Z\/E). In consequence for Higgs boson masses in sz=ﬁ(l—23\,\,)f, (1D
the range My, ;<My<(Js—EJ" GeV, where on-shell

production is allowed, a cut quyz 100 drastically reduces M%

the background. For lighter Higgs bosons, e.¢iy Agi= ﬁf'

<2My 7z, thepr_cut is ineffective since the Higgs boson is

off-mass-shell and the peak in the photon transverse mome djfferent set of three independent couplings has been also
tum distribution disappears. This makes the bounds on thgsed by the LEP Collaboratio89]: agg,aws, anday.
anomalous coefficients obtained from te" W~ (Z2°Z%y  These parameters are related to the parametrization of Ref.
production to be very loose. [28] through an,EAKy—Agfc\zlv,aW@EAgfc\zN,aWE)\y,

In Fig. 3 we show the 95% C.L. exclusion region in the or in terms of the anomalous Higgs boson couplirzy
planefggX fyw for My=200 GeV from the study of reac-
tions (9) and (10). Notice that for these two reactions the M\%V Ak,
exclusion region closes the gap &ig=—fww Since the a=aB¢=aW¢=—2f= 5 (12)
anomalous decay widthd —W*"W~(Z2°Z°% do not vanish 2A

along this axiq5]. The current experimental limit on these couplings from

- - . - - 2
We present in Table I”. the I|m|ts on the coefﬁmefnl-tA combined results on double gauge boson production at Teva-
based on a 95% C.L. deviation in the total cross section for on and LEP 11[30] is

Higgs mass in the range 1¥M <350 GeV. The results

coming from thez®z%y production are a little better than the —0.15<Ak,=2a<0.41 (13
ones obtained fronW* W~y production, and they are one

order of magnitude better than the actual limits derived fromat 95 % C.L. This limit is derived under the relations given
LEP and Tevatron data analyses. in Eq. (12) [4].
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TABLE IV. 95% C.L. allowed range for the anomalous triple gauge boson couplings derived from the
limits obtained for the anomalous Higgs boson coupfing

Process My (GeV) Ak, =2a=2agp=2,aye
Combined Tevatron rurd- LEPII 100 (—0.084 , 0.20%
Combined Tevatron runll 100 -0.048 , 0.122
Combined Tevatron TeV33 100 —0.020, 0.03B
efe"—=W"W vy at NLC 200 (~=0.020, 0.02p
ete —7%2% at NLC 200 (-0.016, 0.02%

In Table 1V, we present the 95% C.L. limit of the anoma- study can give rise to a significant indirect limit on anoma-
lous couplingA «, using the limits orf/A2 obtained through lous WWYV couplings. We have also studied the expected
the analysis of the processes considered in Sec. Il. We aldgmprovement on the sensitivity to Higgs anomalous cou-
present the expected bounds that will be reachable at thglings at the Fermilab Tevatron upgrades and at the Next
upgraded Tevatron and at the NLC. Our results show that theinear Collider.
present combined limit from the Higgs production analysis

obtained in this paper is cor_nparable with the existing bound ACKNOWLEDGMENTS
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