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Search for the lepton flavor violating decayA% H°— 7=u* at hadron colliders
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In the two Higgs doublet model type Il and in several other extensions of the standard model, there are no
discrete symmetries that suppress flavor changing couplings at the tree level. The experimental observation of
the v,—v, flavor oscillation may suggest the non-conservation of the lepton number. This would lead to the
decay of the typd%/H%— 7= ™. We determine the present low energy limit on lepton flavor violatirigV)
couplings from the muomy—2 measurement and discuss the prospects for detecting lepton flavor violating
decays at the Fermilab Tevatron and at the CERN Large Hadron Collider. The achievable bounds on the LFV
coupling parametex ,,, are presented.
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I. MOTIVATION In general, in models with several Higgs doublets, the
up-type quarks and the down-type quarks can simultaneously
In the standard modglSM), lepton flavor is conserved couple to more than a single scalar doublet. As a result, the
separately for each generation. The diagonalization of theame operators do not diagonalize the mass matrices and the
up-type and down-type mass matrices ensures the diagond#iggs-fermion couplings, leading to the prediction of flavor
ization of the Higgs-fermion coupling matricgs|: the inter-  changing neutral curreFCNC) at the tree level. For in-
action term of the neutral fields in the SM can be written asstance, in the two Higgs doublet mod2HDM), the Yukawa
interaction Lagrangiaffor the neutral fieldscan be written

Ly=—hih; . (1) as
The spontaneous electroweak symmetry breaking gives the Ly= _fij%%@l_gij%%% (3)
mass matrix
M, =hi () 2 which gives, after spontaneous electroweak symmetry break-
i =hij()- ing, @ mass matrix of the form

DiagonalizingM;; also diagonalizes the Yukawa coupling
matrix h;; . The severe experimental limits on the existence Mij=fij(e1) + ij(¢2)- (4)
of flavor changing neutral currents place stringent constraints
on the flavor changing sector of extended mod@lswhere ~ When this matrixM;; is diagonalized, the coupling matrices
lepton flavor violation(LFV) may appear at the tree level or f;; andg;; are not, in general, diagonalized. To suppress the
may be induced at higher orders. In the minimal supersymtree level FCNC in the theory so as not to be in conflict with
metric standard modéMSSM) the flavor problem is related known experimental limits, aad hocdiscrete symmetry is
to the soft supersymmetry breaking mass terms. In the basisvoked[12] whereby the fermions of a given electric charge
where the lepton mass matrix is diagonalized, if there areould couple to no more than one Higgs doublet. In the
non-zero off-diagonal matrix elements in the slepton mas2HDM, the up-type and the down-type quarks couple either
matrix, LFV is introduced via loop contributions involving to the same Higgs doubléhis is known as the 2HDM} or
slepton mixing. There are many ways to avoid LFV, for ex-they could couple to different double(@HDM-II). One of
ample gravity [3] or gauge-mediated4]| supersymmetry the most stringent tests of the 2HDM type | and type I
breaking, or flavor symmetri¢§]. In the minimal supergrav- comes from the measurement of the>sy decay rate which
ity (SUGRA) model the supersymmetry breaking mass termgeceives substantial enhancem@ner the SM predictionin
have a universal structure at a high scale of the order of ththe 2HDM in a large region of thenfy=, tanB) parameter
Planck scale. However, LFV effects can be induced by radiaspacq 13—15. The measured— sy decay rate from CLEO
tive corrections[6]. Large LFV effects can arise in super- [16] and ALEPH[17] leads to a model-dependent indirect
symmetric modelSUSY) with a right-handed Majorana lower bound of the charged Higgs mass as function ofstan
neutrino[7-10] and in SUSY withR-parity violation[11]. [18].
In the 2HDM-III, no discrete symmetries are present and
in general FCNC exist in this modgl9,20. As an example
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— coda—p)

_‘CLFV:hij |I]h+HC:§|Jm|—|IJh+HC

©)

where« is the mixing angle of the neutral Higgs sectéy,
the Yukawa LFV couplings anidj are the generation indices
(in the following the notatiorh;; will be used to indicate the
generic Yukawa coupling, including the mixing angleo

be consistent with experimental data KA-K°, D°-D° and

B%-B® mixing, which put stringent constraints on flavor
changing couplings with the first generation index, and since
one might expect the biggest contribution to come from the FIG. 1. The one-loop contributions of the Higgs sectomjp.
LFV couplings of the second and the third generatidg, ( HO stands for a generic neutral Higgs bosbiis a lepton. Withf
grlu, &.1), these couplings have been parametrized as a func=x we obtain the flavor conserving contribution, witk 7 the
tion of the masses of the fermions involved since a naturalFV one. As explained in the text we neglect the LFV contribution

hierarchy is found in the fermion masses: with f=e.
Recently, the standard model calculation was revised in order
vmim; to take into account the correct sign for the light by light
&ij =Nij v (6) hadronic contributiorj24] and the standard model expecta-
tion is
wherev =246 GeV and the residual arbitrariness of flavor aiM:116591777)>< 107, (8

changing couplings is expressed by the parametgrahich

is constrained by experimental bounds on FCNC and LF
processes. A similar hierarchy will be assumed for the LFV aSM=116591868) X 10~ 10 9
coupling ;; of 2HDM-III type a—see the Appendix. In the # €8) ©

charged Higgs boson decays this implies a zero LFV couwhich gives only slightly more restrictive figures if used to
pling if the neutrino is massless and in general a suppressiafound the LFV couplings. In the following we shall use the
proportional to the square root of the small neutrino massyajue of Eq.(8). Note that a recent evaluation of the light by
We also consider an alternative case in which we drop th@ght hadronic correctiof25] based on chiral perturbation
neutrino mass dependence for the charged Higgs LFV couheory suggests that the theoretical error due to unknown low
plings and adopt instead the same parametrization as in theéhergy constants from sub-leading contributions may in-

neutral Higgs sector. In the numerical analysis of the muonyrease the estimated error. The difference between experi-
anomalous magnetic moment, this distinction is not imporment and the SM theoretical calculation is

tant as the charged Higgs contribution is small in both cases
and can be neglected in comparison to the neutral ones for Aa#:affp— ai’\"=26(11)><10‘1°. (10)
the range of masses and mixing angles considered.

\Another often quoted value is

We obtain the 90% confidence lev&.L.) range onAa,,

Il. LOW ENERGY BOUNDS 8x10 °<Aa,<44x10 *° (11)

In the purely leptonic sector, the— ey conversion pro- to constrain new physics. In the following we shall consider
cess givesy\ ,,A,<5 [21]. It would be desirable to exam- the effect of flavor violating Higgs-leptons interactions plus
ine a process that depends only on a single coupling. Ththe flavor conserving Higgs bosons contributions as the only
K%-K°, D°-D° and B%-B® mixing depend on a single cou- additional ones with respect to the SM. At the one-loop level
pling and data on these processes giye<0.2, A 4,<0.25 the Feynman _d|agrams are those of Fig. 1 and the contribu-
and\ ,.<0.6, assuming 500 GeV for the mass of the pseudotion to a, is given for a large class of models bg6] (see
scalar which gives the strongest boui®]. One sees that also the erratum ifl] concerning other results in fche Iltera-_
LFV coupling with the first generation indices is severelyturé), and can be used to obtain the one-loop Higgs contri-
constrained. Another process with a single LFV coupling isPutions toa,, for the model considered in this paper:
the muon anomalous magnetic moment=(g,,—2)/2[22]

2 2
where high precision daf@3] can be used to constrain,, , N_ hmmﬂjl X*(1-x) =x3(m¢/m,,) dx
by comparing the measureg, to the theoretical prediction * 8m? Jo mix2+x(mf2_mi)+(1_x)ma
of the SM. The new experimental world average ref@8: (12)

oxp 10 for a neutral Higgs boson and the sign-is(—) for the
a;,"=116592088)x 10 ™. (7)) scalar(pseudo-scalarh;; is here a generic Yukawa coupling,
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TABLE I. The four sets of parameters used to obtain bounds on 100 |
the LFV couplings. Sets 1-3 are consistent with the relations be-
tween the masses and mixing angles obtained at one loop within th
MSSM[27] in order to allow for a comparison. Note, however, that
the 2HDM-III is not constrained by the symmetries imposed on ]

sof |

MSSM in order to avoid the tree-level LFV. Set 4 corresponds to a &0
choice of parameters that is not allowed in MSSM. Masses are in B
GeV and the angler in rad. 40
Set my, my My M+ a tang 20
(1) 93 134 100 127 0.4 5
(2 127 131 129 160 -0.58 45 o > P & P 1o
(3) 128 500 496 509 0 50
(4) 125 200 200 250 0.2 10 tanp

FIG. 2. Aa, in units of 10 % as a function of tag using set 2

L of parameters for the 2HDM-III type a modélashed ling and
whose expression in terms gf; or &; and the angle®, 8 >ppm.l type b model (continuous ling The region above the

can be read in the Lagrangian given in the Appendixis  horizontal line is excluded at 90% C.L. by the mugn 2 data.
the mass of the muon for the flavor conserving contribution

with couplingh,,,, andm¢=m_ for the LFV contribution IIl. COLLIDER EXPERIMENTS
with couplingh,,,. We neglect the electron contribution as ) . )
the couplingh,,. is more constrained and because of the Bounds obtained from the following processes would in-
natural hierarchy assumed in formul@). For the charged Volve two LFV couplings as in the case gfi—ey: B
Higgs boson we have the same coupling for the scalar ang®## and B—Xsuu (Nsph ., <9 and Agph ., <4, using
pseudoscalar contributions in the Lagrangian, therefore w00 GeV for the scalar and the pseudo-scalar masses
give the sum of the two in one formula: ete —tevere, e'e —ttee; utu —te; Be—(K)tu
and Bs—(K)77 (VAgph;,<10); Bg—77 and B—Krr
(VA sph,,<30) [19]. The flavor changing procegs—H%
c hfwmi 1 2x2(x—1) has been extensively studied for the CERN Large Hadron
Aa;= 8.2 j dx (13)  collider (LHC) [28]; in the context of the 2HDM-I and -l
top quark decays beyond the SM,

2,2 2 2
0 My, X“+X(Mi—my,)

_ . t—ch(h=h%H°A%), (14)
where we neglected terms proportional to the neutrino mass.

In order to give the bounds coming from tge-2 measure- were studied in29] and it is shown that these processes
ment we chose the sets of mass and mixing angle parametearsuld be accessible at the LHC and at the linear collider; the
of Table I. By calculating the contribution ta, from the  prospects for detecting the decty-cH at thee™e™ linear
Higgs sector we obtain limits on the LFV couplings of collider have also been investigated[B0].

2HDM-III types a and b—we use only the upper limits of ~ Thew,-», flavor mixing observed in the atmospheric neu-
Eq. (11) to derive the muorg—2 bounds on the LFV cou- trino experiment$31] would lead to the flavor violating de-
plings. The results are in Table Il. In Fig. 2 we show thecays

values ofAa, given by the 2HDM-III using the se) of

parameters of Table | with ,,= 10 as a function of tag. In = pTy, (15
model type a,Aa, is almost flat for targ>2, while in . L.
model type b it is a growing function of tgh The same is (g SO U (16)
true for the other sets of parameters. In both models the L
Higgs sector contribution tda, is a growing function of Xg—>x(1)7',u, (17)
the LFV couplings.
h—7mu*. (18
TABLE Il. The 90% C.L. limits on the LFV couplings.,,,, SUSY can accommodate the observed flavor mixig10]

Ers 77 from the experimental measurementayf. and thus, the LFV processé€b), (16) and(17) would arise

in these models. A study conducted at the LHC showed that

Set ZHDM-Il Type a ZHDM-II type b an upper bound of 0610 ® on the 7" — u*y branching

(1 \.,<31 (7,,<0.06) \.,<6.3 (¢,,<0.012) ratio can be achieved with an integrated luminosity of
) \,,<38 (7,,<0.07) \.,<0.8 (¢,,<0.002) 30 fb~! while theoretical estimates are at the level of 10
©) ., <123 (n,,<0.24) \,,<2.5 (£,,<0.005) or less[10,32. Direct evidence of LFV in the slepton sector
(4) \,,<53 (7,,<0.10) \,,<5.3 (£,,<0.010) of SUSY would be inferred in the observation of the process

(17) which has also been studied for the LH83]. It was
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shown that in some cases, the direct evidence would offer TABLE lll. The correspondence between the parameieesd

better sensitivity than the™ — u ™y process. \ using set X(set 2 of Table | for the LFV couplings of the Higgs
The decayh—r*u* can be accommodated in the bosonsH® andA®.

2HDM-III where no discrete symmetry suppresses the LFV

couplings at the tree level, and the partial decay width is A=1 A=5 A=10
parametrized by the LFV coupling,,. The decayH?° Type a

—1;"1;7 (SM-like) will be used in the following as a com- K(HO) 11(1.2 9.4(6.2 78(12.2

parison for the LFV decays. Its partial width is K(A%) 3.3(30.7) 16.6(68) 7(72.6
R Type b

Fsm(H =171 )_mHﬁﬁ’ 19 L (Ho 1.1(0.7) 5(3.3 7.6(6.5

k(A0 0.1(0.00) 0.5(0.006 1 (0.0

where we neglect small terms of the typg/m,—see the
Appendix for complete expressions. The partial width of the

decayH?—I;"l;" (wherel =e, u, 7 andi#]) is for 2HDM- .\ sin(a—B) sV o
Il type a Cr o B cosg VTR 4
2 .
0=y Ty N Mim sirf(a—p) whereI'$™ is the total SM-like width and"2" is the total
F(H" =171 )=my - (20 o ERT ) T
! 8T 2 2sifB width in modelsa andb, respectively. Similar formulas can
be written for theh® andA° Higgs bosons. Fan® one has to
and replace sing— ) in Egs.(23) and(24) with cos@— ). For
A% one has to replace simf 8) with 1.
A2 mm sift(a— B) In Table Il we give examples of the correspondence be-
F(H0—>|ii|ji):mHJ '2 I~ (21 tween the parametrization in terms)ofand the one in terms
87 o 2 cosp of « for set 1 and set 2 of Table I. We shall discuss the

achievable bounds ok, and\ ., in the following sections.
for 2HDM-III type b.

Hadron colliders may be sensitive to the proceskes
—e"u" andh— 7-e" [34], particularly at high luminosity,
but these decays are not considered in the present study We consider the production of the neutral Higgs bosons
which is further motivated by a favorable interpretation of A° and H® through gluon fusiongg— A%H° (see Fig. 3,
the atmospheric neutrino mixing experiments. It is shown inand the LFV decayA®’ H°— 7~ u* (Fig. 4). We restrict the
[35] that the muon collider would be sensitive td°  present work to the low mass region, ¥20,<160 GeV,
—7-p”. The non-observation of this process fomy  primarily because the SM decay?,,— 77", hence
<140 GeV at the muon collider, in addition to the failure to A%/H°—, 7+ ;,~—see Eq.(22)—becomes negligibl¢37] as
detect the top quark decay-cH? at the LHC[28], would  the SM modeH2,,—W"W~ opens up around 160 GeV as
rule out the 2HDM-III[35]. __shown in Fig. 5 where we assume,=1. We take as a

In this paper we é)resgnt_the prospects for the detection qkference the parameters of set 2 in Table | for comparison
the LFV decayA™/H"— 7= u™ at the LHC and Tevatron. We  yjth the MSSM case without loss of generality. The events
shall consider the 2HDM-IIl and we shall parametrize thegre generated iRYTHIA6.2 [38] with CTEQS5L [39] parton
A°/H®— =™ branching ratio(BR) by the LFV coupling  distribution function parametrization, and with the detector
parameterx, [36] with respect to the SM-like decaly”  resolution and efficiencies parametrization Aot FAST [40]

— 7" 7" given in formula(19): from full detector simulations.

We search for a final state where thdepton decays to

hadrons,r—jet v, with a branching ratio of-65% or to an

IV. SEARCH FOR A%H%—

2m
BR(AO/HO—> TH)= Kf_’u(#) BRSM(H0—> ) (22

g
where the dependence an B, the ratio of the total widths T
and\,, is absorbed into the LFV coupling parametey, .
For example, for the decay and the model considered in for- f =
mula (20) we have

f HY A®
sina—p) _[I'7"
K=\ _ (23 g
2sinB rs
FIG. 3. Higgs boson production mechanism through gluon
while from formula(21) we obtain fusion.
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TABLE IV. The rates,o X BR(pb), for the signag— A%H°

—7 u"+7 ut, and the backgrounds at the LHC. The dominant

T backgrounds arg— rr andW* + jets whereW* — n“ v, and a jet
is misidentified as a jet. We assume the coupling parametey,
=1 and tanB=45 in the estimate of the signal rates. An additional
background comegg— A% H%— 7t 7~ with one r decaying tou,
7—uv,v, and the otherr decays to hadrons. At tg=45, the
scalar and the pseudo-scalar Higgs bosons are degenerate in mass
for m,=130 GeV, and the relative strengthsad— A°— ru and
gg—H%— ru are not important. Fam,=120 GeV, theA® and the

p‘ H® bosons have comparable strengths.
. .. P XBR
FIG. 4. The Higgs decay through the lepton flavor violating C e > ((;n;\/) (CI‘;T::V) U( b

couplingH 7. p
. g9 AYH st Tt 119.3 128.4 7.5
electron,r—ev.v,. (BR~18%). The main backgrounds—in 1293 1301 45
both final states—include th&/*W~ pair production, the 1392 1402 21
Drell-Yan type procesZ®(y*)— "7~ . For the hadronicr 1491  150.0 0.8
decays, an add-|t|o.nal .bf'ickgr(.)und comes froliT + jets 1591  160.0 0.1

events where a jet is misidentified ag get:

gg—AYH— 77 119.3 128.4 99.5

") +-0 + + -
pp(p) =W Z —pu~v,7 7, 129.3 1301  76.4

139.2 140.2 54.3
149.1 150.0 39.0
159.1 160.0 285

—W'W —u'v,7 v,

—>tt_—>,u,t vMbTI V,.E

+-0 * + -

0/ % + - + T - pp—W-Z—u~v, 7" 7 0.2

—Z(yY ) =TT —u V,V,T pp—>WJrW_—>M+V,ﬂ'_;T 167
—W*+jets—u“ v, +jets. (25)  pp—tt—piybrivb 1.37 16
0/140 . . pp—’zo(y*)—>7+7’_—>,u+vuvTr_ 1.39 1d
The gg— A"/H" cross sections are calculated using the PrOpp— W= +jets— u* v, +jets 175 16

gramHIGLU [41]. The signal cross sections have been calcu
lated at next-to-leading ordeiNLO) and next-to-next-to-
leading order(NNLO) [41,42). For the bacligrqunds, NLO  packground cross sections. Unless explicitly stated other-
estimates are availab[é3—49, except forW™ +jets where \yise “the normalizations of the figures referenced in Secs.
NLO calculations have been performed for a vector bosoiy, po_ v C are that of three years at low luminosity for one

production with two jets at the Tevatr¢a6]. We have there- experiment at the LHC using the rates shown in Table IV.
fore used the leading ordé€rO) estimates of the signal and

5 1 bbl T T T T T A. Hadronic = decay
co T — W The event selection for the hadronic final state of the

lepton is carried as described below:

(1) Search for one isolated muorp4>20 GeV, |7"|
<2.5) to provide the experimental trigger, and one hadronic
7 jet (pF>20 GeV,| 57| <2.5). We further require a jet veto
and ab-jet veto—no other jet wittp;>20 GeV within| 7|

<2.5—to reduceW~ +jets andtt—bu" v, b7 v, back-
grounds. Ar jet identification efficiency of 30% is assumed.

(2) The 4-momentum of ther lepton is reconstructed
from the 7 jet and the missing transverse moment(using
the prescription 0f47,48) as follows:

10

10

S T ~ T~ Tjet miss
100 110 120 130 140 150 160 Pr=Pr HpPr
my, (GeV)
FIG. 5. The Higgs boson decay branching ratios as a function of pmiSS
0/40 + . - -+ ; T_ ~Tjet T
my . For theA%H®— 7"~ + 7 u* channel, the coupling param- p;=p; et (26)
eterx,, is taken to be one. Pt
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£22800F T T T T e g T CHTr aaarnsnannannanann B R e e
500002 ——Generated 3 Beoo [A/H =T 3 : R/ > 1
: E = 500 [140 GeV e s
0175005 ;500 E g m, = 140 GeV ]
C15000F. <v-vee Reconstructed N 1 200 E s = E
2 E \N400 — o 1
112500 3 E ] 150 3 E
10000 g300 - 3 b E
7500F- @200 £ 3 100 | 3
50001 1 : 3
25002_ 100 3 50 : —:
00 10 20 30 40 50 80 70 I80I I 90 100 01 5 2 25 3 3I5 4 0 I_4
Pr (GeV)

7000F T T T T T 20000 prerprTTIITIIIIIITTIT 5000 =
so0of 3 17500 EPP —> Z(Y) 3 ]
s000f E 15000 £ 4 40 E
4000 3 12500 - 3 3000 3
E 10000 E ]
30005 3 7500 £ 4 2000 3
2000F — E 5 1
: E 5000 £ E . ]
1000F E 1 1000 [ 3

: | | | L = 2500 = : 3 .
o'l 1 I 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 I I I b | F L | IEIIII I.IIII.: _IIEI 1
0 50 100 1%0 200 280 '(Ges\;»)o %5 2 25 3 35 4+ Yo 1 2 3 y!
P: 8¢ (pt.p’ ™) rad. 8¢ (P™,p™) rad.

FIG. 6. The reconstructed and the genergtedtop plo) andp,
(bottom plo} of the 7 lepton. Equation$26) are used for the recon-
structed quantities.

FIG. 8. The azimuthal opening angi between the muon
track and ther jet (left plots), and between thpT"°vector and the

7 jet (right plots. The pp(p)—Z°(y*) background is further re-
R duced by a factor of two while the signal suffers only a 35% reduc-
Efz pT2+ mf. tion. The dashed lines indicate the level of the cuts.

The reconstructed momenta of thdepton using Eqs(26) 7 lepton energy and the coeR= /A 7°+ A ¢? between the
are shown in Fig. 6 together with the generated momentar jet axis and ther lepton direction be less than 0.2 rad:
We demand that the hadroniget carries at least 60% of the

prfjet
r
2 N I L IR IULRL W ot L I I I pI >0.6,
= r 7 T
g 2500/~ m, = 120 Gev__ 2500 m, = 130 cev__ | 27)
2000~ —Signal 7 2000 4 AR(pT ¥, p7)<0.2 rad.
1500 ---Background| 1500_— - ) .
i 1 3 This cut reduces the background from~ +jets events by
1000t 1 1eor 7 more than one order of magnitude while it costs only a mod-
500 4 so0l- . est~40% rejection of signal events.
ok L] oF | O (3) Using the tracker information in the off-line identi-
o 25 5 75 10 o 25 5 75 10 fication, we require that the jet candidate contains a single
charged track withidR<0.3 rad around the jet axis. This
3000 T T T T3

cut would select one prong hadronicdecay events, and as
shown in Fig. 7, it reduces th&/~ + jets events by an addi-
tional factor of ten while costing only-50% reduction in
the signal reconstruction efficiencies.
(4) The 7 lepton from the signal is ultrarelativistic, and as
a result, the missing momentum from- (7 jet)v is collin-
; 3 ear with ther jet. Further, as a consequence of the two-body
e T S decay, ther jet and theu track are back to back. We there-
I S ST fore require a large azimuthal opening angle betweenuthe
Number of  tracks and ther jet and a small opening angle betwggf**and the

T jet:

T
=
+
N
& 1
& ]
®

Lonluady

2500
2000

1500

T
ulucdoolon i

1000

500

FIG. 7. The number of reconstructed charged tra@kbitrary
normalization within AR<0.3 rad of the calorimeter jet axis. By

T-jet
requiring a single reconstructed charged track so as to select one 8¢(pr,pr™)>2.75 rad,

prong 7 decays, th&V™ + jets background is further reduced by one _ _ (28)
order of magnitude while the signal suffers approximately a factor S(pT*,pF)<0.6 rad.

of two reduction consistent with the one prong hadronidecay

branching fraction. As can be seen from Fig. 8, this cut reduces the signal by
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> EI LELENL N L L L L B L B T T T IE 10 »—I LA L ! LI L L I—_ AO/HC _) f}l«
3225;_ = »pp—)w‘w': ] -~ R B B BRI L SRR B T —
~200 EA/H = 7, E R 8900 Epope 5 1y 3 18F pp>tib 3
~N175 B E C 1 o800 E 4 18F E
9150 £ 130 Gev E R ] 700 £120GeV 3§ 4E E
§125 | = C 1 Leoo £ 3 12f 3
@100 E E R ] @500 £ 4 1F E
75 E E r h w400 £ 4 o8 i
s0 £ 3 2 [ 1 300 £ 4 06
25 E 3 N ] 200 E 3 04 F
o E ! 3 o Lvunl A e 100 £ : 4 02 F
~100 50 50 100 -100 -50 O 50 100 0 Eiis Lobute, 1 bl i
0 20 40 60 80 100 0 20 40 60 80 100
RERRE T e
6000 - 3 - J . T T ] 4000 oo T
Fpp —> Z(y ] 2500 12000 [ E [ "op = Wijets
5000 | 3 [ ] g ] ¥ ]
E 1 2000 - - 10000 | PP > 20N 3000 [ ]
4000 E r 1 £ ‘ r ]
E 3 1500 - 8000 [ 3 2500 -
3000 | E - E o b L 4
g 1 1000 - . 6000 - q 20 1
2000 £ 3 L i F 3 1500 .
E 4000 | L
1000 E 3 so00 [ — : 1 1000 | .
. o 0_....|.. L 2000 q s00 - : ]
-100 -50 100 -100 -50 0 50 100 PR ATV I WUPE: P WP R W S TP . A
0 20 40 60 80 100 0 20 40 60 80 100

Apric

pr (GeV)
FIG. 9. The momentum imbalandegy; between the muon track

and ther jet. In the signal, this quantity is expected to be positive as FIG. 10. The recoqstructeq transverse momentum Ofrthfp'_
a result of the two-body kinematics from%H%— 7= 4 * and the ton. We require that this quantity be greater than 50 GeV, leading to

subsequent decay— (rjet)v. This is indeed mostly the case as additional suppression factors of two and ten in the domiisit

. 0 . X .
shown in the top left plot. Therefore, demandid@,>0 sup- +jets andZ”(y*)— 7" 7~ backgrounds, whereas the signal is re-

presses the backgrounds further, particularly the Drell-Yan type produced by at most 20%.

cesspp(ﬁ)—io(y*), which is reduced by as much as 50% with ] ]
this cut alone as can be seen from the bottom left plot. We required thatm;>85 GeV. This cut suppresses the
Z°%(y*)— 777 background more than the other back-
~35% while the pp(p)—Z°(y*) background is further 9rounds. _ .
supprgssed bySl&;p(p)—) () g The efficiencies of the cuts discussed above are shown in
X Table V where one sees that the analysis steps described here

(5) The u track is monoenergetic because of the two-body. A : ;
decayHO— 7= 47 but the 7 jet in 7— (rjet)» would be is effective in reducing the two main backgrounds, namely

somewhat softer. As a result, one would expect the momen-

tum difference § : ;:WH”"'T"" '15069"':; 0012 _ P e I—>wz_
N E E £ 3
A pr= p#_ ij]El (29) ) : ;: : 0.01 E_ ——
4&4 5 ; _% 0.008 :— ]
to be positive for the signal. Indeed, as noted48] and as :>: 4« F 3 o006 3
shown in Fig. 9, this quantity is very powerful in suppressing 3E 4 o004 [
the pp(p)—Z°(y*) background further. f 3 3 o002 |
(6) We now cut on the transverse momentum of the o £ ok L !
reconstructed according to Eq&6). The distribution of this 50 20 %000 10 200
variable is shown in Fig. 10 where one sees that demanding
p7>50 GeV leads to at most 20% reduction in the signal— 18 £ _') Iz& ',)'—; so T 'P:I’ N 'wﬂm‘
the 7 gets harder at highen, so the reduction in the signal :i 3 PP 77 5 E E
due to this cut is highest at the lowest mass considered, i.e. , E
ma=120 GeV—while theW=*+jets and Z°(y*)— "7~ 0 £ o b E
backgrounds are suppressed by additional factors of two ani 8 £ 20 [ E
ten, respectively. 6 F E 3
(7) The effective transverse mass of the system ; 3 10 - 1 E
o Bl N S AL Y. | T'E
mr=y2pfp7°[(1-cossep)] (30) . R

is reconstructed. In the signal, one would expect this quantity F|G. 11. The reconstructed effective transverse mass of the

to peak toward the Higgs mass whereas in the backgroundsystem. This distribution peaks at low values in the backgrounds
because the final state may contain several neutrinosnthe while in signal the peak is closer to the actual Higgs boson mass.
distribution would peak at low values as shown in Fig. 11.The dashed lines indicate the cut applied on this quantity.
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TABLE V. The efficienciegin percent of the cuts used in the current analysis. The first three cuts are effective in reducing the dominant
W= +jets events while the other cuts suppress the rest of the backgrounds efficiently.

Cut A%/HO — ™t

120 130 140 150 160 GeV tt w=2z0° WHW- Z9%(v*) W* +jets
) 16.3 17.0 16.9 17.2 20.9 3a0t 7.2 16.3 0.2 0.5
) 9.1 9.6 9.7 9.9 12.1 15102 0.50 1.3 0.09 2.21072
©) 4.4 4.8 4.6 4.9 5.9 0X10°2 0.25 0.65 0.04 221072
4 2.7 3.0 2.9 3.1 3.8 24103 0.10 0.40 0.02 191032
(5) 2.4 2.7 2.6 2.8 35 224103 0.10 0.40 0.01 141073
(6) 1.7 2.1 2.2 2.5 3.2 222108 0.05 0.20 24104 5.3x1074
(7 1.2 2.0 2.2 2.5 3.1 22108 0.05 0.20 1.&10 4 4.3x10°*

W= +jets andz®— 7" 7~. The most effective cuts are the where in the middle—while in the backgrounds the, dis-
ones imposed for the identification of thdepton—cuts(2)  tribution gives a continuum spectrum dominated A
and (3)—and some kinematic cuts such as the momentumtjets events.
imbalance defined in cub).

With the 7 4-momentump” obtained in Eqs(26), the B. AYH - 7*p7 versusAYH— 7t 7~

invariant mass of the Higgs boson is reconstructed, The HO— 7 7~ of the SM is not expected to yield a sig-

nificant signal at the LHC due to a low signal rate and sub-
mfﬂ:(pmr pH)2. (31 stantial backgro_unds from various sourcp49]. In the
MSSM, for a Higgs boson of the same mass, &¥H°

o . ) — 7777 rates are significantly larger than the SM case. The
Distributions ofm_, are shown in Fig. 12 for the signal and ao;qo_, .+ - process has been studied extensively for the

the backgroun_ds_. We see in this figure that the _signal is 'f&HC, and it is demonstrated that such a signal can be ob-
constructed within one GeV of the expected Higgs bosorygpeq with a significance exceeding %n a large area of

mass—except ah,=120 GeV where thé\® and theH® are (Ma, tang) plane[50,51].
not degenerate in mass and their summed signal peaks some--rheA ’final state of b<,)th processe@®/H%— 7" r~ and
A%HO— 7= ™ are very similar, namely an isolated, a

A/H = Tu hadronicr jet and missing energy. The observation of these
%m [ 'ma= 1246 GeV J = 7.5 Gel ] 90 Elmn=130GeV ' d = 7.0 GeV3 signals would rely on two crucial detector performance pa-
< ] :g 3 E rameters, namely a very goqu"* resolution and a very
) 80 1 et 3 good 7 jet identification with excellent rejection of non-
f‘e, 60 L 1 sof 3 jets. The former performance parameter is necessary for the
o F ] wF 3 reconstruction of therw invariant mass inPA%H%— 7™
9 1 dF 3 (as demonstrated in the above analysisd also for therr
20 [ J 2F E invariant mass if\%/H%— 7" 7~ [50,51] while the latter per-
o L o 'g Y . formance parameter allows for the suppression of various
50 200 50 100 150 200 backgrounds containing fakejets. We show in this section
that the reconstruction procedures presented in this paper for
16 o s T e F T T TR A%HO— 74 and described if50,51] for A% H%— 77 allow
14 |F 1 »E SM Backgrounds for the identification of each of these processes, although
12 fo=810ev 1 »F 3 their final states are similar.
10 F 4 25E E
s b 3 2E 3 1. Optimization for A/H%— 7
j 3 E :z 3 E We generatedh’/H°— 77 events and analyzed them ac-
. F E R 3 cording the analysis procedure described in Sec. IV A. The
o , i T relative efficiencies of the cuts described in Sec. IV A for

so 100 10 200 100 125 180 1786 200 AY/HO— ru andA%H— 77 final states are shown in Table
m,, (GeV) VI. From Fig. 13 we see that at the same Higgs boson mass,
the reconstructedy invariant mass for thé\%H%— 7+ 7~

FIG. 12. The invariant masm,, distributions of the signal
g£vents peaks at lower values.

A%HO— 7= 1. for several values of the Higgs boson mass and als
of the backgrounds, after an integrated luminosity of 30%fdThe
LFV coupling parameterKE#:l. The signal is reconstructed to
within 5 GeV of the Higgs boson mass above the residval It is also important to show that the analysis technique
+jets continuum. optimized for the search for th&%/H°— 77 signal is capable

2. Optimization for A/H— 77
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TABLE VI. The relative efficiencieqin percent of the cuts

PHYSICAL REVIEW D57, 035001 (2003

TABLE VII. The relative efficienciesin percent of the cuts

used in the current analysis &% H%— 7 events, to be compared used in the search f&x%/ H°— 77 [50,51] and restated briefly in the
to Table V where the efficiencies féx®/H°— 7u are shown.

text (my=130 GeV).

Cut AYHO— 77 Cut AYHO— 7 AYHO— 77
120 130 140 150 160 GeV
(@ 15.1 3.1
(1) 2.0 4.2 2.1 1.95 1.77 (b) 5.3 1.9
2 0.6 1.1 0.6 0.52 0.47 (0 0.2 15
3 0.3 0.6 0.3 0.26 0.23 (d) 0.02 0.3
4 0.1 0.24 0.12 0.11 0.10
(5 0.09 0.18 0.09 0.08 0.08
(6) 001 0.04 0.02 0.03 0.03 can be reconstructed assuming that=0, that ther de-
@) 08x102 002 002 002 0.03 tected productén this case the jet and theu) are not back

to back, and also that the direction of the neutrino system
from each r decay coincides with that of the detected

of separating ther final state from theru events. We have product:
therefore examinedA’/H°— 7 events according to the
A%H°— 77 analysis technique which we recall succinctly as
follows [50,51]:

(@) One isolatedu with pr>24 GeV and|7|<2.5, one
hadronic jet with EX**>40 and| 7| >2.5 andb-jet veto.

(b) ET'®>>18 GeV. .

(c) The transverse mass(leptonET"*%) <25 GeV.

(d) 1.8<A¢p<2.9 rad or 3.4 A ¢p<4.9 rad, where\ ¢ is
the azimuthal opening angle between thgt and the iso-
lated . This cut is needed for the reconstruction of the
invariant masam,_.. Indeed, the invariant mass,, of the
pair of 7 leptons produced in the process

m,.= \/2(E1+Evl)(E2+Ev2)(1_Cose)- (32)

E; andE, are the visible energies from thedecaysy is the
angle between the directions of the detected products, and
E,. andE,, are the energies of the two neutrino systems,
obtained by solving the system of equations

pQ"liSS(pg‘iss) =[ Eplal]x(y) +[ EVZUZ]X(V) '

whereu, andu; are the directions of the detected products,
andpy'**andpy''**the components of theT'** vector. The
above system of equations can be solved if the determinant,
which is proportional to sid ¢, is not zero. Further details of

AYHO— rr—jet VUV, the m,_, reconstruction are well documented elsewhere

[50,51.
390__'”'”””'IIIH'HHIH”I”H”HI_ %10IIIIIHlIHI”'lIHI”'lIHI”'
C ] O [ A0 /0 B
Lo fF—A/H = 14 my=130Gev - A/ =7 = vt
£ K,=1.0 1 P m, = 130 GeV
St tanp=45 $ s tanp =45 -
q w
P A/H =1 m, = 130 GeV ]
tang = 45 1
50 |- - T ]
] A /H = Tu
w0 [ ] m, = 130 GeV
] 4 i
30 [ ] L £,=1.0
: 3 i tang=45
20 3
i ] 2 .
10 - 3
0 bt F R e L W P il = Cu 1] oLttty 1 PN L e st e TED]
90 100 110 120 130 140 150 160 170 [ 20 40 60 80 100 120 140 160 180 200

m,, (GeV)

FIG. 13. The reconstructedn,, invariant mass forA%/HO FIG. 14. The reconstructem,, invariant mass foA%H%— 77
—7u and A%H%— 7" 7~ ma=130 GeV andk,,=1 (tang=45  andA%H°—ru, for my=130 GeV andk,,=1 (tanp=45, a=
a=—0.58 rad), i.e. set 2 of Table | using the analysis procedure-0.58 rad), i.e. set 2 of Table | using the analysis procedure pre-
presented above. The existence of &%H°— r* 7~ signal would  sented in[50,51]. The existence of thé%H%— ru signal would
constitute an additional background for tR&H®— 7“1 process.  constitute a negligible background for tA8/H°— 7+ process.

m,, (GeV)
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A/H = (1 = er)

> g e LR o
3 60 F My = 140.3 GeV] 14 SM background 3
2505_ o =79 Gev _f 12 _;
2 wkE ERE
- F ]
¢ F Signol E 8
w3 ER)
20 & E
10 E 2
oE [ . - Py A IR I B
100 125 150 175 200 100 125 150 175 200
:|||v|l|||||v||ll||t 16 vvlllllllllvllllll-t
3 N> s Totol backgrgund
25 ERRR: =
2 B e 10 ]
15 F 4 8 :
E E 6
1 -
E 4
0.5 3 2
;PP ol o bttty
100 125 150 175 200 100 125 150 175 200
m,, (GeV)

FIG. 15. The reconstructed invariant mass, in the leptonic
decay of ther (—ewwv) for the signal (ny=140 GeV, taB=45,
k=1), the SM backgrounds and t#/H°— 77 background.

The relative efficiencies of the cuta)—(d) for the ru and

77 final states are shown in Table VII. Figure 14 shows thegengification efficiency of 30%, corresponding to a jet rejec-
reconstructedn,, invariant mass distribution for both final i5n factor of ~ 400—sed50] for details.

states. Theru events would contribute a negligible back-

ground under the 7 signal.

The reconstruction procedure foh%H%— 77" de-

scribed in[50,51] and the analysis steps presented above for
A%HO— 7= 1 would allow for the separation of both sig-
nals, with each contributing a small residual background un- < COF+DO

der the peak of the other as shown in Figs. 13 and 14.

TABLE VIII.

We assumec,,=1 and tan3=45.

The rates, o XBR(pb), for the signalgg
—AYHO'— 7t u~+7 ", and the backgrounds at the Tevatron.

Process My my oXBR
(Gev) (Gev) (pb)
gg—AYH -7t + 7t 119.3 1284 1.4%x10°?
129.3 1301 078101
139.2 140.2 038101
149.1 150.0 0.1x10°!
159.1 160.0 0.1510°2
gg—AYH'— 77 119.3 1284 3.90
129.3  130.1 2.84
139.2  140.2 1.79
149.1  150.0 1.16
159.1  160.0 0.75
PP—Z°(y*) =7 T —p 3.24x10°
3.21x16°

pp—W* +jets—u* v,+jets

PHYSICAL REVIEW D67, 035001 (2003

TABLE IX. The expected signal-to-background ratios and sig-
nal significances {—jetv/r—evv) for two experiments at the
Tevatron, assumingiﬂz 1 and 5% systematic uncertainty on the
background shape and normalization.

my (GeV) — 120 130 140 150
Signal (S) 10/29 7119 3/13 1/5
Backgrounds B) 4/42 4/44 3/51 2/62
S/B 2.4/0.7 1.8/0.4 1.0/03 0.5/0.1
SVB 5.0/43 3527 1717 1.2/0.6
Combineds/ B 6.6 4.4 2.4 1.3

C. Leptonic 7 decay

Thus far, we have considered the hadronic final state of
the 7 lepton, and the major irreducible background comes
from W+ jets events where a jet is mis-identified as a had-
ronic 7 jet. Indeed, the residual SM background shown in
Fig. 12 is dominated byV+ jets events whose rate is several
orders of magnitude higher than the signal rates as shown in
Table IV. In this section we examine the leptonic decay of

the 7, namelyr—>evez. Although the branching fraction of

T—evey, IS only ~18% compared to 65% forr
—(jet)v,, the identification of the electron is easier with an
efficiency of 90% whereas thejet identification efficiency
is much lower: in the above analysis, we assume pet

Furthermore, the leptonic decay of thewill not be sen-
sitive to theW+ jets background. We search for a signal final

gg > A/H = 1

1 = . -
0.9 50 . ]
08 [ e 1
0.7 foweeemem™ 30 1
06 tonf=45 1
0'5 oo b e b e e by e e by oy oy by

120 125 130 135 140 145 150

a 3
x =
(] i
~ 3
S =1 3
el ]
tang = 45
S T N T [N T T T S [N T T S [N TN S T N AT T T W I T S T W

120 125 130 135 140 145 150
m, (GeV)

FIG. 16. The discovery reach at the Tevatron in the combined
T—jetv, and 7—evv, channels. The signal would yield as5
significance for 0.8% «,,=<2.0 and for a Higgs boson mass 120
=m,=<150 GeV. The luminosity needed for a 95% C.L. exclusion
is shown in the bottom plot.
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Lower Bounds on Atu ot the TeVatron

PHYSICAL REVIEW D57, 035001 (2003

A/H = Tu(t = ew)

OSSOV SR SO Bk T e B e 1500eV]
10 A= T - ~ F ) ; ]
__________ na-2 3 ~\100 —Signal 4 s [ 3
""""""""""""""""""""""""""""""""""""" E ‘2 80 — - Bockgroundsl _ _
10 £ tong=45 a=-0.58 rod ] L% 60 - m, = 120 GeV 1 b ]
2 3 40 F 3 ¥ 1
=2F - L B r ]
10 ¥ E 2 [ 4 2F 7
~3F 3 E ' [ .. ]
10 o b b b by v by by by Ll L 0 e o by by by 1
120 125 130 135 140 145 150 155 160 175 200 100 125 150 175 200
m, (GeV)
102%""""'"""'"""""""""""? - - g ANRARRRRAMRSY senpn:
55 7 E 1 3 EF = eV
10k ] I m, = 140 GeV ] 3 ) 3
H = 1u 60 | 3 ¥F E
| e e — 50 | 3 BE 3
i 0 £ 1 2F E
10 & 2HDM—IIl type a 3 30 F 1 »E 3
10 L 2HDM—II type b 2 20 ¢ i °r e E
E 3 LT Y T S——_ E E E
10 Lovv et b b b b b 1] 0',,,,|,,,,|,,,,|,,,, PR S A I I
120 125 130 135 140 145 150 155 160 100 125 150 175 200 100 1256 150 175 200
my (GeV) m,, (GeV)

FIG. 17. The achievable lower bounds on the LFV couphling FIG. 19. The same as Fig. 18 but with the leptonic decay of the
at the Tevatron (CDfF DO) obtained from the summed signal inthe 7 (—ep,v.).
hadronic and leptonic decays of the lepton. To obtain these
bounds, we use the values of, at 5¢ shown in Fig. 16—20 fb'  state containing two isolated leptons, one electron and the
per experiment. The current bounds)oy), obtained from the muon  other au with no hadronic activity. The major SM back-
g—2 data are also shown. For the mugr 2 data, the curves at grounds in this case are shown in Table IV—the processes

higherX ;, values correspond to the 2HDM-III type a and the lower |isted in Eq. (25—except for theW-+jets background, in

curves to the 2HDM-III type b. This trend is the same fd addition to
— 7u (bottom plo} but it is reversed foA°— ru (top plob.
0 /1 g0
, g9 > A/H = 1u
AO/HO%T“gT%JetV) ’ |||||||||||||||||||||||||||||||||ll"
3 Fr e 120 e e ¥ ATLAS4+CMS i
2'” 3 — Signal | 100 | M, = 130 GeV] 07 /Exp. SF ]
)100 _ ..........Backgroundg_ 80 [ 3 s LI T,
€Or me=1206ev 1 g | 3
G s 1 ;
40 [ EE .
zo—/,,.w- b 3 zo:—./ E Frr T
o B i1y, Py A A I e 120 125 130 135 140 145 150 155 160
100 125 150 175 200 100 125 150 175 200
" g 10
E T IR A LN SR ] E O —— E
6 [ ma=140Gev] B F = 150 GeV_E <10 [ tCIﬂﬂ—10 ..................... ]
o | b E N
3 E E 3 2 ]
40 B E % E M, E ~ 1L Koy = 1 E
g ] ©E E S E e
30 E_ o _E 15 ;_ _Q‘ _; 10_1: .............. ]
»E 1 nf ; E OB = 45 e
10 E ) E E R i AN B BN R
N AT A e N T R T 120 125 130 135 140 145 150
100 125 150 175 200 100 125 150 175 200 m, (Ge
m,, (GeV)

FIG. 20. The % discovery reach in thenf,, «,,) plane, using
FIG. 18. The reconstructed invariant masg, , after cut(7), of the combinedr—jet v, and 7—ev,v, signals, for ATLAS+ CMS
the signal plus the backgrounds in the hadranitecay channel for  (top plot. TheA%H%— 7* 1™ signal would yield a & significance
ma= 120, 130, 140 and 150 GeV, and for an integrated luminosityfor 0.18<«,,<1.0 and for a Higgs boson mass X0,
of 30 fb~?! at the LHC. For the assumed value of the LFV coupling <160 GeV. The bottom plot shows the luminosity needed for a
parameter @fﬂzl), the signal can be observed with a significance95% C.L. exclusion as a function @f, for low and high tarB
exceeding o up tom,=150 GeV. assuminge,,=1.
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TABLE X. The signal-to-background ratios and signal significances calculated witBin of the reconstructed Higgs boson méss, )
for 7—jetv/r—evv—one experiment at the LHC—with an integrated luminosity of 301fbassuming;<f#=l and 5% systematic
uncertainty from the residual background shape and normalization.

my (GeV) — 120 130 140 150 160

(mp) (GeV) 124.6/125.2 130.0/130.7 139.9/140.6 149.7/150.0 159.4/159.8
o (GeV) 7.517.3 7.0/7.0 7.6/8.2 8.1/9.1 8.4/10.4
Signal (S) 943/1142 687/816 349/624 144/279 23/57
Backgrounds B) 360/134 397/140 376/163 296/198 223/226
S/B 2.6/8.5 1.7/5.8 0.9/3.8 0.5/1.4 0.1/0.3
s/\B 36.1/85.4 24.4/59.4 12.9/41.2 6.3/16.2 1.2/3.0
Combineds/ VB 92.7 64.2 43.2 17.4 3.2

As shown in Fig. 17, the bounds an, would be differ-

tt——>,u,vﬂb6veg, X 0 110 4 .
33) ent for the Higgs bosons”, H” and h” because of their
different LFV Yukawa couplings—see Secs. Il and Il and
WW=—puv, eve. the Appendix.
The reconstruction of the signal is exactly as described in E. Prospects at the LHC
Sec. IV A, except for the cute?) and (3) which were imple- The signal and background rates at the LHC are shown in

mented for the suppression of tié+jets events and for the  1ap1e v, In Figs. 18 and 19 we show the reconstructeg)
selection of the one prong hadroniaecays. These cuts are j,ariant mass for several values of the Higgs boson mass,
no longer necessary and are not used in the search for thgq tor an integrated luminosity of 30 b, and for the LFV
leptonic decay of the. Fig. 15 shows the reconstructeg coupling parametek?, =1

. . . 0 O _ . T/J, . i . . .
invariant mass for the signak /H '—7u, the SM back The signal-to-background ratios and the signal significan-

0 0 H . . )
grounds and for thé&\"/H"— 7 background with oner de- .5 a6 calculated with the events reconstructed witt@ar
caying to leptonsr—evwv. In this channel, too, the signal

can be observed with significances exceeding 8epending

on the LFV coupling parametex, , Lower Bounds on Aty ot the LHC

& F-LALIIIIIILS AN S UL B R

W —A > 4 10 [ ZHDM—Iil type a 4

D. Prospects at the Tevatron - £g-2 Frnnanaenes s

Table VIII shows the estimated signal and background ' Fr=r T ' oMomyper

rates at the Tevatron where we propose to search for 4¢7'[ tang=45 1 o'

A%HO— 7= 1™ with the neutral Higgs bosons of the 2HDM ot I _f tong=10

produced through gluon fusiogg— A%H°. The signal-to- 10 a=-058 rod 3 10°F 4e—0.58rad 1
background ratios and the signal significances calculatec | -3 N 3, - N

S . 10 oo Lo b 10 s bl b
within =20 of the reconstructed Higgs mass peak, for an 120 130 140 150 160 120 130 140 150 160

integrated luminosity of 20 fb! per experiment, are shown s (GeV) My (GeV)
in Table IX for K72_M=1 and tarB=45. At the Tevatron, a
significant signal £50) can be detected for Higgs boson
masses around 120 GeV and high g~ 45), assuming
k.,~1. We show in Fig. 16 the discovery reach at the Teva- : : E
tron ar_1d the luminosity required for a 95% confidence level ,0-1;_ tong=45 ] ,0-1;_ S ]
exclusion for large tap. For low tanB values 10), the o . 3
signal production rate decreases by more than an order ¢ 10 g %=-0.58r0d 4 10 tonf=10 3
magnitude compared to the case shown in Table Vlllsothat s 1 _s a=-058rod 3
the detection of this process at the Tevatron would require 19,20 130 140 150 160 0120 130 140 150 160
very large values of the LFV coupling,,. However, one my (GeV) my (GeV)

would expect the LFV COUp“ngaiJ’ ~0(1) [35'4?3—536 FIG. 21. The achievable bounds on the LHV coupling at the
Egs.(23 ar_ld (24). Th_erefore, at the Tevatron, this channel LHC (ATLAS + CMS) from the combined hadronic and leptonic
would be viable only in the event of a large tarvalue and decay channels—100 & per experiment. For low or high ta

for x,,~1—see Table IIl for the correspondence betweenne jower bounds om.,, at the LHC would be extended beyond
K., and\ ., . Figure 17 shows the corresponding expectednat of the muong—2 experiment. For the muog—2 data, the

limits on X, at the Tevatron: the reach ., would be  curves at highek ,, values correspond to the 2HDM-IlI type a and
extended, at large tg8, beyond that obtained from the muon the lower curves to the 2HDM-IIl type b. This trend is the same for

g—2 experiment, forA®— T in the 2HDM-III type a. H°— 7. (bottom plots but it is reversed foA°— . (top plots.

035001-12



SEARCH FOR THE LEPTON FLAVOR VIOLATING . .. PHYSICAL REVIEW D57, 035001 (2003

of the reconstructed Higgs boson mass. As shown in Table Xgrders of magnitude higher than the signal rate, three main
a significant signal can be observed at the LHC for Higgsdetector performance parameters have been crucial in ex-
masses in the range 120 to 150 GeV for the LFV couplingracting a significant signal: a goodjet identification and

parameter «,,~O(1). Around 160 GeV, as theHgM rejection against non-jets, the tracking capability for the
—W*W~ channel opens up, the rate #af/H°— 7= 4~ de- identification of the charged tracks in one prong hadranic

creases so drastically that the observation of a significarf€cays, and the missing momentum resolution.
signal would be possible only in the eventf,>1. We also investigated the leptonic decay of the

The constraints on this LFV coupling,,, from low en- (—evv) where theW+jets event do not contribute a sig-

ergy experiments are rather weak—see the discussion in S&lflcant background. In this case we require a final state con-

Il on low energy bounds. From E(@2) the signal rate scales nN9 One |sglate¢L and one isolated electron, and we use
like Kiﬂ and we show in Fig. 20 the value af,, at which jet veto andb-jet veto to suppress the background. The

the signal yields a & significance around the Higgs boson Ie_ptqfnic decay of th?. gi\t/eds s betéer sensitivtit)g The :iig_naL th
mass peak. The LFV coupling 048,,<1.0 can be significances are estimated based on expected events in bo

reached at the LHC, combining ATLAS and CMS data forthe.r?]id;?]n; ;I;dsigeslegzosréﬁggga;b%rz/aenrrlglcsc;nstructrﬁhe
Higgs boson masses 120n,<160 GeV. Fig. 20 also Y P

h in the bott lot. the luminosit ded at th I_|_|Cinvariant mass to within~1 GeV of the Higgs boson mass
shows in the bottom piot, the luminosity needed at the (except atm,=120 GeV where theA® and theH® bosons

to achieve a & (95% C.L) exclusion. At the LHC, assuming 46 ot degenerate and the summed signal peaks somewhere
the LFV coupling parameter,,~O(1), a fewyears of low j; the middle as a resultand also differentiate tha®%/H°
luminosity data would be enough to exclude this model in_, .+ - ayvents from theA®/HO— 75 u* signal.
the mass range 120m,<150 GeV and at low tag. For With an integrated luminosity of 20 f at the Tevatron,
high tang values, a 95% C.L. exclusion can be established; signa| for 0.8% x,=2.0 could be detected with a signifi-
in one year of data taking or less for the mass range consi¢sance of & for Higgs boson masses 120n,=<150 GeV,
ered. In Fig. 21 we show the expected bounds\opat the  ¢orresponding to a reach i, of the order 0.03/1.0 for the
LHC using the values ok, at 5o from Fig. 20 and we see 2HpM-II| type a/type b. In case the signal is not observed
that the reach in,, would be extended beyond the muon gnq assumingc,,~O(1), a 95%C.L. exclusion can be set
g—2 limits. with <14 fb! of data for 126 m,=<140 GeV.
The sensitivity will be improved at the LHC where,,
V. CONCLUSIONS ~0.18 could be reached with 100 fhb—this would corre-
In models with several Higgs doublets, FCNC and LFVSpond to a lower bound iR, ~0.01/0.1 for the ZHDM-II

0 . .
couplings exist at the tree level because the diagonalizatio pe aftype b. A 95./0 C.L. exclus!on qou!d be sgt afte.r Justa
w years of running at low luminosity if the signal is not

of the up-type and the down-type mass matrices does n t

. o : . . _observed.
ensure the diagonalization of the Higgs-fermion coupllngO . .
matrices. In the 2HDM-I and -II, a discrete symmetry sup- At the LHC, the reach in the LFV couplirg,,, would be

ECN LEV l h level extended beyond that expected at the Tevatron and also be-
presses FCNC and couplings at the tree level by re ond that obtained from the muan-2 data: a factor of 10

stricting fermions of a given electric charge to couple to at/ .
most o?we Higgs double%. In the 2HDM-III,gn0 discre?e sym-t0 100 better, depending on tgnand a.
metry is invoked and the flavor changing couplings are pa-

rametrized in terms of the fermion mass hierarchy to be in ACKNOWLEDGMENTS
agreement with the severe experimental constraints on

FCNC and LFV couplings with the first generation index. This work was partially performed within the ATLAS

N . Collaboration and we thank collaboration members for help-
The arbitrariness of the FCNC and LFV couplings of thefuI comments. We have used the physics analysis framework

second and the. third generations can be _co.nstramed n |0\Qtlnd tools which are the results of the collaboration’s wide
energy and collider experiments. The deviation of the Meagt s The authors would like to thank E. Richter-$\and

Sl.”?d muon anomalous magnetic moment frqm the SM P'es. Azuelos for discussions and comments, and also to T.
glctlon offers weak bounds on the LFV coupling parametersj-és,[ranol for helpful correspondence.

T

We have investigated the achievable bound«gp and
\,, at hadron colliders by studying thgg—A%H?°
— 75" signal observabil_ity. Considering the_hadronic de- In this appendix we give the Lagrangian of the lepton
cay of ther lepton, the main backgrounds of this process aréflavor conserving and violating Yukawa couplings of the
Z°(y)— 7" 7~ andW™ +jets events wher®V" —u* v, and  2HDM type IIl using the results df52] with the addition of

a jet is misidentified as a jet. We search for an isolatgd  the charged Higgs part. The leptonic Yukawa Lagrangian

and oner jet, and we applied a jet veto andbget veto to  reads

reject multi-jet final states fromit and W=+ jets. Further

reduction of the backgrounds is achieved by exploiting the — L= ;i1 1l o+ &1 @al |+ H.C. (A1)
differences in the event topology of the signal and the vari-

ous backgrounds. Although the background rates are severahere¢, , are the two Higgs doublets
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P11 g2

b2

with vacuum expectation values

1

~ o) 0=
<<P1>0—E vy)’ <€02>0—E vyl (A3)

where in the following we se®?=0 and therefore we con-

¢+
<p2=( E) B2 L
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0 0
USIn’B|,||(COSa h”+sina H®)

mcotﬂ_ m;cot8—
—i —— 1 y5liA®— ———n;(1+ ys)liH™
v liysli \/Ev i ¥s)li

1 |
+ \/ETinﬁli77ij|j[COiC¥_B)hO+S|n(C(_ﬁ)HO]

i 1
|77|]75|JA +2$|nﬂ |77|J(1+75)| H*

sider aCP-conserving Higgs sector. The parametgrsand —\/5 sing
&; are non-diagonal 8 3 matrices and, j are family indi-
ces. The neutral and charged mass eigenstates are related to +H.c. (A9)

the states of EqA2) by
while in terms of¢ the leptonic Lagrangian readt/pe b

(cos,B —sinﬁ)(GJ\,) ((;SI)
sing cosp JIH" 2 [o=— |.l:(sina h°—cosa HO)
v cospB
cosp —sing\ (G IS _mitanB— m;tanS—
- +i liysl A%+ ———n;(1+ ys)l H*
(sin,B cospB )(AO V2 Jpo (A4) v & J2v Ayl
- 0 0 __t 1,1 [cog a— B)h%+sin(a— B)HO]
(COSa —sma)(H )=\/§ R —v,/\2 Zoosp Y
sina cosa |\h° RS —v,/\2 _ .
i

wherefR¢ andJ¢ are the real and imaginary parts of the \/Ec Bl 1€ vsliA - 2co ,Bn g”(l+75) H*
complex scalar fieldsp, tanB=v,/v,, a is the CP-even
neutral Higgs sector mixing angléGS and Gy, are the +H.c. (A10)

would-be Goldstone bosons @fand W vector bosons, and o
H=, A% H°, h° are the physical Higgs bosons of the 2HDM. Wheren is the neutrino fieldp = (2 Gg) ~*?=246 GeV is
The LagranglamAl) in terms of the mass eigenstates is ob- the SM vacuum expectation value, relatecbtoandv, by

tained by a unitary transformation
v= \/vlz+vzz.

Note that the Lagrangiai®9) corresponds in the lepton fla-
and one can write the diagonal mass matrix for the thre&or conserving part to 2HDM-I, while the Lagrangiéh10)
leptons to 2HDM-II.

The couplings for lepton flavor conserving and violating
Yukawa interactionsh;; can be read directly from the La-
grangian(A9) and (A10). As an example the lepton flavor
conserving charged Higgs coupling squared from &d.0)
(which is the same as in 2HDM)lis

(A1)
L r=ViR lE,R (A5)

MdRI=\/ Vh (A6)

NAaR Al

and either solve fo€ (rotation of type &

m’tarf3 _ Gemitart

2 _

= A12)
V2 0 g, U1 m 22 2 (
§= 5, VIM Ve =y (A7) v V2

in agreement with the erratum [t] (see the discussion there
for a comment on other results in the literafure
We give in the following the complete expressions for the
5 widths used in the analysis. For the tree-level widths we do
i v2 not give here loop contributions and threshold effects, but
7= VIMPe— e (A8) g P

or for 7 (rotation of type b

those effects are taken into account in the numerical calcu-
lation of the branching ratios. The decays oCR-even or
In terms of 5 the leptonic Lagrangian readtype a -odd neutral Higgs boson to a pair of fermions are

035001-14



SEARCH FOR THE LEPTON FLAVOR VIOLATING . ..

PHYSICAL REVIEW D57, 035001 (2003

TABLE Xl. The mixing angles for the neutral Higgs bosons decays to fermiangfers to up-type

quarks,d to down-type quarks and leptons.

MSSM 2HDM-III type a 2HDM-III type b
6(h°— uﬂ) cosa/sin B cosa/sin B sina/cosp
0(h°—>d€) sina/cosp cosa/sin B sina/cosp
(= 7u) 0 cos—pB)I(v2 sinpB) cos@—pB)/(\2cosp)
6(H°—uu) sina/sinB sinal/sin B cosalcosp
6(H°—dd) cosa/cosp sina/sin B cosalcosf
O(HO— 7u) 0 sin(a—B)/(\2 sinp) sin(a—B)/(\/2 cosp)
6(A%—uvu) cotp cotB tang
0(A°—dd) tang cotp tanpB
(A% T 0 1/(\/2 sing) 1/(\/2 cosp)
NAZ mm Sir?(B— a)
T(HO=1 1) =my—— —~ X(a, —27)= —————(mf—4mZm2+ 12mj
( (| ) H 8'77' U2 ( ﬁ) ) 327T1)2mh ( h h'''z Z)
312 m2\ "
( (mi+mj)2) x(1—4—z) , (A16)
X|1-——— 2
m? Mh
H

and the corresponding expressions Ft can be obtained
replacing siR(8—a) with cog(8—«). The loop-induced de-
cays togg andyy can be obtained from Chap. 2 and Appen-
dix C of the first reference ifl] for the MSSM. For a ge-
neric neutral Higgs bosow they are given by

o N2 1/2
x(l_M) A

2
0 -y ciMij (R 2
(A= 1f17) = Fap) p ,
I(¢°—gg)=————m3> 3¢ | A17
(¢°=09)= IR (A17)
me+m2\ ¥2
X( C(m 21)) p 2
em
A (@ yn= e immy 2 1) (A18)

M2 3/2
x(l——(m' zmj)) . (AL4)

to down-type quarks and leptons.

TABLE XII. The coefficientsC?; u refers to up-type quarks

whereN.= 3 for quarks andN.= 1 for leptons. For a flavor

2HDM-1II type a 2HDM-III type b
conserving decay;; =1 andm, . 8(a,pB) is a function : :
of the mixing parameters, glven |n Table XI. The Higgs cou- o cosalsin —sina/cospB
plings to gauge bosons follow from gauge invariance and ar@d cosafsing —sina/cosp
therefore model independent. There are no tree-level cousl, sin(B—a) sin(8—a)
plings of vector boson pairs to the charged Higgs bddén  C,. g(h®H*H") g(h®H"H")
and to theCP-odd neutral Higgs bosoA. For the neutral
CP-even sector: (o sina/sin B cosa/cosp
ch sinalsinB cosa/cosp
2 (o1 cos(B—a) cos(B—a)
SI — H Ooyg+H-— Oy+H-—
(0w w) = P e ez vaomdy G- g(HHTH) g(HTHTHT)
167v-m;,
ch —cotpB tang
ch cotp —tang
m2,\ " Cly 0 0
x| 1=4—| (A15) Cﬁ: 0 0
Mh
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where the sum over the indéxs limited to quarks forgg Fo=11—79(7)] (A23)
h_ ~o
Ja= CaFud 7o) (AL9) Fyo=— 276+ (1~ 67)9(7)] (A24)
while it runs over fermionsy, H* for yy:
F1=2+37+37(2—7)g(7) (A25)
¥ =Nc€’C{Fy(7) (A20)
wheres=1 forh®, H®, and5=0 for A. The functiong(x) is
18 =C2&F(1w) (A21)
v asirt (Y1), x=1,
2 - _
m2, g(x) 1| 1+V1-x (A26)
10.=Cl.Fo(rhs)— (A22) 7|09 —=—=-im|, x<L
Z. 1-v1-—x

wherer;=4m?/m3, N.=3 for quarksN.=1 for leptonse  The coefficient<C{” are given in Table XIl and the couplings
is the electric charge in units of the charge of the electrong(h®H™H ™), g(H°H™H™) of Table XII can be found in

the functionsF are given by

Appendix A of the last paper if27].
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