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DESY 06-055Distinguishing Little-Higgs Produ
t and Simple Group modelsat the LHC and ILCW. Kilian,1,2, � D. Rainwater,3, y and J. Reuter2, z1Fa
hberei
h Physik, University of Siegen, D{57068 Siegen, Germany2Deuts
hes Elektronen-Syn
hrotron DESY, D{22603 Hamburg, Germany3Department of Physi
s and Astronomy,University of Ro
hester, Ro
hester, NY 14627, USA(Dated: September 12, 2006)Abstra
tWe propose a means to dis
riminate between the two basi
 variants of Little Higgs models, theProdu
t Group and Simple Group models, at the next generation of 
olliders. It relies on a spe
ial
oupling of light pseudos
alar parti
les present in Little Higgs models, the pseudo-axions, to theZ and the Higgs boson, whi
h is present only in Simple Group models. We dis
uss the 
olliderphenomenology of the pseudo-axion in the presen
e of su
h a 
oupling at the LHC, where resonantprodu
tion and de
ay of either the Higgs or the pseudo-axion indu
ed by that 
oupling 
an beobserved for mu
h of parameter spa
e. The full allowed range of parameters, in
luding regionswhere the observability is limited at the LHC, is 
overed by a future ILC, where double s
alarprodu
tion would be a golden 
hannel to look for.
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I. INTRODUCTIONLittle Higgs models [1℄ have been proposed as a solution to the hierar
hy problem, thevast di�eren
e between the s
ales of ele
troweak symmetry breaking and the s
ale wherequantum e�e
ts of gravity 
an no longer be negle
ted. The Higgs boson emerges as apseudo-Goldstone boson of spontaneously broken 
hiral symmetries of a strongly intera
tingtheory in the multi-TeV regime. The quadrati
ally divergent 
ontributions to the Higgsmass are 
an
eled { unlike in supersymmetry { by parti
les of like statisti
s, 
hiral multipletpartners of the Standard Model (SM) fermions. The 
olle
tive breaking of these symmetriesgenerates a quadrati
ally-divergent 
orre
tion to the Higgs mass only at two-loop order, su
hthat the models remain weakly intera
ting at the TeV s
ale, thereby satisfying ele
troweakpre
ision data 
onstraints.Ideas about possible UV 
ompletions exist [2, 3, 4℄, but we ignore them in this paper andtake Little Higgs models as low-energy e�e
tive theories. Various realizations of the LittleHiggs symmetry stru
ture have been proposed [5, 6, 7, 8, 9℄, grouped quite generally intotwo 
lasses (
f. e.g. [10, 11℄). The original models are mostly Produ
t Group Models, wherethe ele
troweak gauge group is extended to a produ
t gauge group that 
ontains SU(2)subgroups in at least two distin
t fa
tors. The physi
alW and Z bosons are mixtures of thegauge bosons from both fa
tors. The global symmetry group is a simple group that in
ludesthe full gauge stru
ture [e.g., SU(5) � SU(2) � SU(2) � U(1)℄, and the Higgs is part of anirredu
ible multiplet of pseudo-Goldstone bosons. In Simple Group Models, the ele
troweakSU(2) gauge group is embedded in a simple (e.g., SU(N)) gauge group, while the globalsymmetry group has a produ
t stru
ture, and the Higgs is a mixture of the 
omponents ofseveral (at least two) independent irredu
ible representations of the fa
tor groups.Although these models remain weakly intera
ting at the TeV s
ale, nevertheless ele
-troweak pre
ision observables pose 
onstraints on their parameter spa
e [12, 13, 14, 15℄ 1.The de
ay 
onstant F of the Pseudo-Goldstone bosons whi
h sets the mass s
ale for theadditional ve
tor bosons, s
alars and fermions in Little Higgs models, has to lie in the range� 1 � 4 TeV, where the upper bound 
omes from naturalness 
onsiderations. Usually themasses of the additional parti
les lie in the range of several hundred GeV up to a few TeV,and are therefore (partly) dire
tly a

essible at the LHC (for an overview about Little Higgsphenomenology, 
f. Ref. [18℄). The proof of the Little Higgs me
hanism within these modelsrelies on the dis
overy of the nonlinear Goldstone boson stru
ture of the Higgs and the 
an-
ellation me
hanism of the quadrati
 divergen
es based on measurements of the 
ouplings.This will not be possible in all 
ases at the LHC, but should be at a future internationale+e� 
ollider (ILC). An ILC would in any 
ase be ne
essary for pre
ision measurements.To reveal a spe
ial group theoreti
al realization of Little Higgs models is also quite diÆ
ultand relies on pre
ise bran
hing ratio measurements for the Higgs, the extra gauge bosonsand fermioni
 states. A method to distinguish between Simple and Produ
t Group Models,maybe even already at the LHC, would be highly wel
ome.We propose a method based on the dis
overy and the properties of light pseudos
alarstates in the spe
trum, the Little Higgs pseudo-axions [19℄. We �rst re
all their properties,then show that a spe
i�
 pseudo-axion 
oupling, to the Higgs and the Z bosons, 
an o

uronly in Simple Group Models. It 
ould thus be used as a dis
riminator between the twoLittle Higgs model 
lasses. We then dis
uss relevant phenomenology at the LHC and ILC.1 There are signi�
ant 
orre
tions to mass terms and 
ouplings in the Littlest Higgs model [16, 17℄.2



II. A DISCRIMINATOR FOR SIMPLE AND PRODUCT GROUP MODELSIn Little Higgs models, there 
an o

ur spontaneously broken (approximate) global U(1)symmetries, 
orresponding to diagonal generators of the overall non-abelian global symme-try group [19℄. To ea
h of these U(1) fa
tors, whi
h might well be anomalous, 
orresponds a(pseudo-) Goldstone boson whi
h 
ouples to fermions like a pseudos
alar, analogous to the�(0) meson in 
hiral symmetry breaking of QCD. Su
h a parti
le is an ele
troweak singlet,whi
h gets a mass through expli
it symmetry breaking terms and the Coleman-Weinbergpotential. All 
ouplings to SM parti
les are therefore suppressed by the ratio of the ele
-troweak and the Little Higgs s
ale, v=F . All 
ouplings to SM gauge bosons are indu
ed byanomalous triangle loops. As a typi
al example for these parti
les, we show the situationfor the so-
alled Simplest Little Higgs or �{model [9℄ in Fig. 1. Sin
e this is a Simple GroupModel, there are two multiplets of Goldstone bosons 
onne
ted by a mixing angle tan � asin two-Higgs-doublet models. Furthermore, there is an expli
it breaking of the global LittleHiggs symmetries, analogous to the � term in the MSSM. Pseudo-Axion phenomenology atthe LHC and future ILC and photon 
olliders was dis
ussed in [19℄. There it was shownthat in the Simplest Little Higgs there is a tree-level 
oupling Z{H{� of the pseudo-axionto the Higgs and the Z, whi
h 
an only arise by ele
troweak symmetry breaking, and isenhan
ed by tan �. On the other hand, it was shown that this 
oupling is absent in thesimplest 
andidate of the Produ
t Group Models, the Littlest Higgs.We now show that the existen
e of su
h a Z{H{� 
oupling is a property of SimpleGroup models, and that it 
annot appear in Produ
t Group models. Hen
e, it serves asa dis
riminator between the two 
ategories. The 
ru
ial observation is that the matrix-representation embedding of the two non-Abelian SU(2) gauge groups, and espe
ially ofthe two U(1) fa
tors within the irredu
ible multiplet of the pseudo-Goldstone bosons of onesimple group (e.g. SU(5) in the Littlest Higgs), is responsible for the non-existen
e of this
oupling in Produ
t Group models. It is exa
tly the me
hanism whi
h 
an
els the quadrati
one-loop divergen
es between the ele
troweak and heavy SU(2) gauge bosons whi
h 
an
elsthis 
oupling. In Simple Group models the Higgs mass term 
an
ellation is taken overby enlarging SU(2) to SU(N), and the enlarged non-Abelian rank stru
ture 
an
els thequadrati
 divergen
es in the gauge se
tor { but no longer forbids the Z{H{� 
oupling.To leading order in the pseudo-axion �eld �, the parameterization of the Goldstone bosonmanifold in the e�e
tive Lagrangian does not depend on the basis 
hoi
e of the brokengenerators [20℄. Therefore one 
an take it proportional to the unit matrix, i.e. fa
tor it outfrom the matrix of pseudo-Goldstone boson. This 
orresponds to a separation of the spe
ialU(1)� group (
f. also the dis
ussion in Refs. [9℄ and [19℄). Here we use � = exp [i�=F ℄ for thepseudo-axion �eld and � = exp [i�=F ℄ for the non-linear representation of the remainingGoldstone multiplet � of Higgs and other heavy s
alars. Then, for Produ
t Group Models,the kineti
 term may be expanded asLkin. � F 2Tr �(D�(��)y(D�(��))� = : : :+ F 2(���)�yTr �(D��)y��+ h.
.= : : :� 2F (���) ImTr �(D��)y��+O(�2); (1)where we write only the term with one derivative a
ting on � and one derivative a
ting on�. This term, if nonzero, is the only one that 
an yield a Z{H{� 
oupling.We now use the spe
ial stru
ture of the 
ovariant derivatives in Produ
t Group Models,whi
h is the key to the Little Higgs me
hanism:D�� = ��� +Aa1;� �T a1� + �(T a1 )T�+Aa2;� �T a2� + �(T a2 )T � ; (2)3



where T ai ; i = 1; 2 are the generators of the two independent SU(2) groups (extra gaugestru
ture does not matter), and Aai;� = W a� + heavy �elds in a suitable normalization (
f.Ref. [14℄). Negle
ting the heavy gauge �elds and extra
ting the ele
troweak gauge bosons,we have Tr �(D��)y�� �W a� Tr �(�y(T a1 + T a2 )� + (T a1 + T a2 )��=W a� Tr [(T a1 + T a2 ) + (T a1 + T a2 )�℄ = 0: (3)This vanishes due to the zero tra
e of SU(2) generators. The same is true when we in
ludeadditional U(1) gauge group generators su
h as hyper
harge, sin
e their embedding in theglobal simple group for
es them to be tra
eless as well. We 
on
lude that the 
oeÆ
ient ofthe Z{H{� 
oupling vanishes to all orders in the 1=F expansion.Next, we 
onsider the kineti
 term for Simple Group Models, where we use the followingnotation for the nonlinear sigma �elds: ��, where � = exp[i�=F ℄ and � = (0; : : : 0; F )Tis the va
uum expe
tation ve
tor dire
ting in the N dire
tion for an SU(N) simple gaugegroup extension of the weak group. Thus, in Simple Group Models the result is the N;N
omponent of a matrix:Lkin. � F 2D�(�y�y)D�(��) = : : :+ iF (���)�y ��y(D��)� (D��y)�� �= : : :+ iF (���) ��y(D��)� (D��y)��N;N : (4)To further evaluate this term, we separate the last row and 
olumn in the matrix represen-tations of the Goldstone �elds � and gauge boson �elds V�:� = � 0 hhy 0� ; V� = �W� 00 0�+ heavy ve
tor �elds (5)The Higgs boson in Simple Group Models sits in the o�-diagonal entries (one doublet forthe Simplest LH and a pair of doublets for the Original Simple Group model), while theele
troweak gauge bosons reside in the upper left 
orner.With the Baker-Campbell-Hausdor� identity, one gets for the term in parentheses inEq. (4):V� + iF [�;V�℄� 12F 2 [�; [�;V�℄℄ + : : := �W� 00 0�+ iF � 0 �W�hhyW� 0 �� 12F 2 �hhyW +Whhy 00 �2hyWh�+ : : : (6)The N;N entry 
an only be nonzero from the third term on. This 
an be understood asfollows. In the �rst term, the N;N 
omponent 
an
els by the help of the multiple Goldstonemultiplets present in the Simple Group Models; it would be a mixing between the � andthe Goldstone boson(s) for the Z 0 state(s). If the N;N 
omponent of the se
ond term werenonzero, it would indu
e a Z{H{� 
oupling without insertion of a fa
tor v. This is forbiddenby ele
troweak symmetry. To see this, it is important to note that W 3 � A3 in the SimpleGroup Models while the hyper
harge boson B is a mixture of the diagonal U(1) generatorand the left-over diagonal generators in SU(N) (T8 in SU(3), T12; T15 in SU(4), et
.). Theembedding of the Standard Model gauge group always works in su
h a way that hyper
harge4



is a linear 
ombination of the TN2�1 and U(1) generators. This has the e�e
t of 
an
elingthe 
 and Z from the diagonal elements beyond the �rst two positions, and preventing thediagonal part of W� from being proportional to � 3. By using Eq. (5) one easily sees that[�;V�℄N;N is zero.The third term in the expansion yields a 
ontribution to the Z{H{� 
oupling,(���)hyW�h � vHZ���� : (7)Sin
e in Simple Group models the nonlinear Goldstone boson multiplets always 
ome inpairs, there may still be a 
an
ellation between parameters that makes the prefa
tor vanish;however, this o

urs only for degenerate parameter sets. By 
ontrast, in Produ
t Groupmodels, the absen
e of this 
oupling is a property of the symmetry stru
ture and o

urs forall possible parameter values.As a 
on
rete example, we derive the Z{H{� 
oupling in the Simplest Little Higgs or�{model [9℄. In this model, the EW group is enlarged to a gauged SU(3)�U(1). There aretwo nonlinear sigma �elds, ea
h of whi
h parameterizes a 
oset spa
e U(3)=U(2):�1 = exp [i tan ��℄0� 00F11A �2 = exp [�i 
ot��℄0� 00F21A (8)where � = 1F 8<: �p2 +0� 0 00 0 h�hT 01A9=; ; F 2 = F 21 + F 22 ; and tan � = F2F1 : (9)The gauge boson multiplet V� 
onsists of the SU(3)w gauge bosons and the U(1) gaugeboson Bx. It de
omposes into the ele
troweak gauge bosons W�, Z, the photon A, and heavyve
tor bosons X�;X0; Y 0; Z 00. In the 
ovariant derivative a
ting on the Higgs multiplets,they enter via the matrix [9℄12gAa�a � 13gxBx =0B�eA+ g2
w (2� 3s2w)Z + g2p3
x (1 � 3s2x)Z 0 p2W� ip2X�p2W+ � g2
wZ + g2p3
x (1 � 3s2x)Z 0 Y 0 + iX0�ip2X+ Y 0 � iX0 � gp3
xZ 01CA ; (10)whi
h results in the following 
ouplings of the pseudo-axion �:LVH� = (� $��H) � mZp2F N2(Z� + 
w
xZ 0�) + g2N2
�s�X0�� : (11)N2 is de�ned as in Ref. [19℄: N2 = F 22 � F 21F1F2 = tan � � 
ot� (12)As long as F1 6= F2, or tan � 6= 1, there is a Z{H{� 
oupling as anti
ipated.5



To 
al
ulate the � produ
tion rates via gluon-gluon fusion at hadron 
olliders, and the� bran
hing ratio to observable �nal states, we also need its fermion 
ouplings. In the �model, these are as follows. The 
ouplings to top quark and heavy top partner fermion T areg�tt = mtN2p2F � m2tN1vMT and g�TT = N1mtv , where N1 = F1F2F 2 �21��22�1�2 and �1,�2 are the top Yukawa
ouplings of the model, 
hosen to produ
e the observed top quark mass and minimize mT(
f. Ref. [19℄). The �b�b 
oupling is g�bb = �N2mb=p2F , and has two interesting properties:it appears only at higher orders in the expansion of �1;2 (yet remains O(v=F )), and it isdriven rapidly to zero the 
loser F1 and F2 are (as tan � ! 1).III. PHENOMENOLOGY AT THE LHCTo dis
uss the possible LHC Z{H{� 
oupling phenomenology, we study the SimplestLittle Higgs and adopt the parameter set of Ref. [9℄, 
onsistent with existing EW and 
avordata and the preferen
e for a light Higgs boson. The relevant parameters are F1, F2, � and�. For a generi
 s
ale of � = 5 TeV at whi
h the Little Higgs e�e
tive theory breaks down,our only free parameters are then F1;2 and �, with the 
onstraint that F1 not be as small asthe EW s
ale, F & 2 TeV from EW pre
ision 
onstraints (primarily �T and four-fermionoperators), and F2 & F1 (tan � & 1) to avoid too mu
h mixing whi
h would lead to fermionnon-universality. F1 = F2 (tan� = 1) lies right at the edge of the limits on the latter, butthis point zeroes the Z{H{� 
oupling and is of trivial interest. We vary � over a slightlybroader range than the 
al
ulated mH would suggest is allowed or favored by data.We begin with the so 
alled \Golden Point" dis
ussed in Ref. [9℄, whereF1 = 0:5TeV; F2 = 2TeV (tan� = 4); � = 5TeV (13)whi
h yields mT = 1000 GeV (relevant for 
al
ulating the gg ! � rate). The Higgs and� masses as a fun
tion of � are shown by the tan� = 4 
urves on the upper pair of andlower left panels of Fig. 1, respe
tively. In the lower right panel of the same �gure are the �bran
hing ratios. For large masses, the de
ay to ZH utterly dominates, with a very sharptransition to this regime. For most other mass values the b�b de
ay dominates, although thereis a 
orridor where gg is large, for � masses between 200 and 250 GeV. Also, 
ompared tothe Higgs, 

 is sizable over almost all of the parameter range. This is due to the enhan
edloop fa
tors from the pseudo-axion{top quark 
ouplings. For more details, 
f. Se
. 7.4. ofRef. [11℄, and Ref. [19℄.There are three s
enarios to 
onsider at LHC:1. mH > m� + mZ: resonant heavy Higgs produ
tion with de
ay to on-shell � and Z.The only likely 
hannel whi
h 
ould be reliably seen above QCD ba
kgrounds and stillyield re
onstru
tion of the Higgs boson would be � ! b�b and Z ! `+`�. Leptoni
 Zde
ay would be ne
essary for triggering and 
lean identi�
ation of the Z resonan
e.The �nal state is then b�b`+`� (` = e; �).2. m� > mH + mZ, mH . 145 GeV: resonant pseudo-axion produ
tion with de
ay toon-shell Higgs and Z. A light Higgs boson will de
ay primarily to b�b, ne
essitatingon
e again leptoni
 Z de
ay. Thus, the �nal state signature is the same as 
ase #1,and the same analysis will apply. 6



3. m� > mH + mZ, mH & 145 GeV: as in 
ase #2, but the Higgs preferentially de
aysto a W boson pair, whi
h further de
ay to SM fermions. The dual-hadroni
 de
ay
hannel is overwhelmed by QCD ba
kground (Z+jets), but the bran
hing ratio forone leptoni
 and one hadroni
 de
ay is almost as large as the dual-hadroni
 mode,but su�ers from very little QCD ba
kground. The �nal state is then jj`+`�`�, witha same-
avor opposite-sign pair re
onstru
ting to the Z mass.We perform analyses to 
over the two dominant �nal state s
enarios, 
onsidering only res-onant produ
tion. While there is signi�
ant parameter spa
e where neither the � nor theHiggs boson 
an be resonant, the large-QCD ba
kground environment of LHC would pro-hibit its observation. If Little Higgs is realized in nature and parameter spa
e lies in thisregime, only a future ILC would be able to dete
t this 
oupling. We study this in Se
. IV.
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FIG. 1: Typi
al values for the pseudo-axion and Higgs masses in the Simplest Little Higgs modelas a fun
tion of the expli
it symmetry breaking parameter �. Upper pair: left, Higgs mass for�xed F2 = 2 TeV; right, for �xed tan� = 4. Lower pair: left, � mass; right, � bran
hing fra
tions.7



A. The b�b`+`� �nal state analysisThis analysis 
overs both s
enarios #1 and #2 above, where the Z boson de
ays to ane or � pair and the daughter Higgs boson or pseudo-axion de
ays to b�b. If the Higgs bosonis the daughter, it must be quite light so will likely require many tens of inverse femtobarnintegrated luminosity (several years running) to dis
over in a standard produ
tion 
han-nel [21℄. This is a fairly 
lean signature, as 
harged leptons are identi�able with extremelyhigh eÆ
ien
y and are well-measured, while the b quarks give displa
ed verti
es whi
h aretaggable by the dete
tor, largely separating them from general QCD jet ba
kgrounds. Ex-
ept for typi
ally small missing transverse momentum from the b de
ays, the �nal state isfully re
onstru
tible, yielding a lepton pair and the very narrow Z boson peak (no dilep-ton 
ontinuum), a Higgs boson or pseudo-axion daughter resonan
e in b jet pairs, and aresonan
e in the b�b`+`� invariant mass.We must 
onsider ba
kgrounds from any pro
ess whi
h produ
es the same �nal state. Thisis dominantly 
ontinuum QCD b�b`+`� produ
tion, and the small fra
tion of t�t produ
tionwhi
h has very little missing momentum. We 
al
ulate both of these using matrix elementsgenerated by madgraph [22℄, whi
h in
ludes all spin 
orrelations through produ
tion andde
ay, although both in
lusive rates are known to at next-to-leading order at LHC [23, 24℄and we will later apply K-fa
tors to a

ount for the 
orresponding rate enhan
ements.To satisfy the basi
 dete
tor requirements of observability and trigger, we impose thefollowing kinemati
 
uts [25, 26℄:pT (b) > 25 GeV ; j�(b)j < 2:5 (14)pT (`) > 15 GeV ; j�(`)j < 2:54R(bb; b`) > 0:4 ; 4R(``) > 0:2 :To identify the Z peak we furthermore require that89:6 < m`` < 92:8 GeV ; (15)whi
h 
orresponds to 68% 
apture of an on-shell Z de
ay. To redu
e the top quark ba
k-ground we require very little observed missing transverse momentum,=pT < 30 GeV : (16)To roughly simulate dete
tor e�e
ts, we apply Gaussian smearing of the b jets and 
hargedleptons a

ording to CMS expe
tations [26℄, as well as missing energy in b jet de
ays a
-
ording to a known distribution. This does not repla
e a full dete
tor simulation, but doesmake our estimates more realisti
, espe
ially in terms of smeared-out invariant masses, towhi
h we will apply a �xed window to isolate the b�b`+`� resonan
e peak.Together these 
uts result in a QCD b�b`+`� ba
kground of 297 fb and a top quarkba
kground of 10.8 fb. Clearly, the QCD 
ontinuum dominates, as expe
ted, due to thestringent missing transverse momentum restri
tion. The signal 
ross se
tion is a�e
ted bythe 
uts, typi
ally with something like a 1/4{1/3 loss, but this varies depending on parameter
hoi
es (Higgs and pseudo-axion masses) and is not ne
essary to detail. As an example, forthe Golden Point with � = 150 GeV, whi
h results in mH = 132 GeV and m� = 309 GeV,the 
ross se
tion with 
uts is 20.5 fb. For all our results we 
ount Z boson de
ays to bothe+e� and �+��. To illustrate the resonan
e feature we show in Fig. 2 the di�erential 
ross8



se
tions (without ID eÆ
ien
ies) with respe
t to the visible invariant mass for signal andba
kground, using the Golden Point parameterization and with 147 < � < 152 GeV. Forthese 
hoi
es the pseudo-axion is the parent. Re
all from Fig. 1 that m� / �, while theHiggs mass is inversely proportional, but in a more 
ompli
ated way that in
ludes a plateauregion in mass at low �. For � = 147 GeV, the Higgs mass is 158 GeV, where there is almostno bran
hing ratio (BR) to b�b, resulting in a very small rate. This is 
learly in the regionwhere one should perform instead an jj`+`�`� analysis, looking for the H ! W+W� de
ay;we address this 
hannel in the next subse
tion.
FIG. 2: Total invariant mass distribution at the LHC of the b�b`+`� �nal state for the Little Higgssignal (red), QCD 
ontinuum (blue) and top quark pair (green) ba
kgrounds, using the 
uts ofEqs. (14-16). Signal results are for the Golden Point with � varying between 147 and 152 GeV.It is possible to perform a simple \bump-hunting" analysis, although it is far from op-timum. We observe signi�
ant angular 
orrelations in the leptons and b jets whi
h 
an beused to reje
t the ba
kgrounds further. Fig. 3 shows the two most important 
orrelations,the b � b and ` � ` lego plot separations. There are distin
t di�eren
es between resonantand 
ontinuum produ
tion. For the Golden Point and � = 150 GeV, it is possible to redu
ethe QCD ba
kground by a fa
tor 3 while losing only 15% of the signal. This does s
ulptthe total invariant mass distribution somewhat, but redu
es by about half the amount ofluminosity required for dis
overy. In general, though, the angular 
ut 
hoi
e needed 
hangeswith 
hoi
e of input parameters, as it depends ultimately on the de
ay kinemati
s { howboosted the daughters are. We don't attempt su
h a 
ompli
ated analysis here, but pointout the 
orrelations for future detailed work at the dete
tor level.We present our overall results then, without optimization using angular 
orrelations, inFig. 4 in terms of the required luminosity for one LHC dete
tor to make a 5� observation ofthe b�b`+`� �nal state above QCD ba
kgrounds. To obtain this we used ID eÆ
ien
y fa
torsof 50% for ea
h b jet and 95% for ea
h 
harged lepton, and a 
apture eÆ
ien
y of 68% for thedilepton mass window (signal only). We also in
lude K-fa
tors for signal and ba
kground totake into a

ount the large QCD rate 
orre
tions: 2.3 for the signal [27℄, 1.3 for the QCDZb�b [23℄ ba
kground, and 1.4 for t�t [24℄. Our results are only estimates, not the optimalrea
h, and not 
omprehensive over parameter spa
e. In addition to the Golden Point, weshow two other 
ases for di�erent 
hoi
es of F1;2. For F1;2 = 1:0; 2:0 TeV (tan� = 2), the
olle
tive s
ale F 2 = F 21 + F 22 is approximately the same, but the Z{H{� 
oupling squared9



is redu
ed by an order of magnitude. For F1;2 = 1:0; 4:0 TeV (tan � = 4, same as the GoldenPoint), the s
ale F is about twi
e as large, but the 
oupling strength is un
hanged.For H ! Z�, shown by 
rosses, large F values drive mH to several hundred GeV. TheZ� BR drops rapidly with in
reasing Higgs mass, as it is out-
ompeted by the V V modes'double longitudinal-polarization enhan
ement. Thus a heavy Higgs boson de
aying to Z�would likely be observable with LHC luminosity only for fairly small values of F1;2 and �.The � ! ZH 
ase su�ers a somewhat di�erent fate, as shown by the diamonds. Typi
allyfor any given F1;2 there is only a very small range of � whi
h 
an be addressed. If � is toolarge, mH is smaller than the LEP limit. Only a few GeV lower than this limit, the Higgsboson mass lies in the region where de
ays to weak bosons dominate, thus the BR to b�b dropsto zero and the jjjj`+`� analysis takes over. For larger F1;2 than at the Golden Point, m�in
reases, lowering the produ
tion rate, even though the BR to ZH is still large.B. The jj`+`�`� �nal state analysisFor mH & 140 GeV, the BR to b�b drops o� dramati
ally, being repla
ed mostly byW+W�. This requires a di�erent analysis. Be
ause the W boson leptoni
 BR is smallerthan that to quarks (jets), and we already have trigger leptons in the �nal state from thevery sharp Z boson resonan
e, the obvious �nal state to 
onsider is the largest in terms ofBR: W+W� ! jjjj. It is fully re
onstru
tible, and typi
ally better so than the b�b`+`�
ase, be
ause light-
avor jets typi
ally give mu
h less missing energy. However, this 
hannelsu�ers from a QCD Z+jets ba
kground of several hundred fb [28℄. A qui
k analysis of this
hannel shows that in prin
iple it would be statisti
ally possible for some parameter spa
e,but the pseudo-axion resonan
e would peak at about the same pla
es the QCD 
ontinuumdoes, with a S=B ratio of about 1/50, whi
h makes prospe
ts dodgy.Instead, we investigate the H ! WW ! `�jj 
hannel, whi
h has 2/3 the BR of theall-hadroni
 
hannel, but about 1/100 the ba
kground, whi
h 
omes almost ex
lusively fromZWjj produ
tion [29℄. The �nal state is then three 
harged leptons, two jets and missing
FIG. 3: Normalized angular 
orrelations in the lego plot separation for the b jet pair (left) andlepton pair (right). The signal is shown in red for the Golden point and � = 147; 150; 152 GeVusing dotted, solid and dashed lines, respe
tively. The QCD 
ontinuum ba
kgrounds is shown inblue (dot-dashed). Verti
al lines represent 
uts used for the � = 150 
ase as des
ribed in the text.10



FIG. 4: Required integrated luminosity for one LHC dete
tor to make a 5� observation of the LittleHiggs pseudo-axion. The Golden Point is green, while blue (red) are for F1;2 = 1; 2 (1; 4) TeV.Crosses represent the b�b`+`� analysis for gg ! H ! �Z, while diamonds are the same for gg !� ! HZ (
f. Subse
. III A), and X symbols are for gg ! �! HZ where the Higgs boson is heavierand de
ays to jj`� (
f. Subse
. III B). Crosses for the larger F1;2 
hoi
es are above 104.transverse momentum. The basi
 kinemati
s 
uts for dete
tor a

eptan
e and trigger are:pT (j) > 20 GeV ; j�(j)j < 4:5 ; (17)pT (`) > 15 GeV ; j�(`)j < 2:5 ;4R(jj; j`) > 0:4 ; 4R(``) > 0:2 ;89:6 < m`` < 92:8 GeV ; =pT < 30 GeV :The Z-pole 
ut is the same as before, applied on the Z de
ay produ
ts expli
itly (
ombina-tori
s will be a very minor 
orre
tion). Typi
ally only about 25% of the signal survives, butthe total 
ontinuum ba
kground is now only a fa
tor of two larger than the signal for theGolden Point and � = 145 GeV.With only one neutrino, it is straightforward to 
onstru
t a transverse mass for the entiresystem, whi
h peaks very 
lose to the pseudo-axion mass as expe
ted, with only minorsmearing due to dete
tor e�e
ts. We show examples for illustration in Fig. 5 for the GoldenPoint and F1;2 = 1:0; 2:0 TeV, for a few values of �. Sin
e m� / �, larger peak values of mTare for larger values of �. The Golden Point would produ
e a signal far above the ba
kground,trivially observable, at least in the region of 142 < � < 150 GeV where the � 
an be resonantand the Higgs boson has at least a modest BR to WW . The F1;2 = 1:0; 2:0 TeV 
ases yield asignal of the same size as the ba
kground, also quite easy to observe but naturally requiringmore statisti
s.This analysis is generally powerful wherever there is a de
ent signal rate, due to the smallba
kground. Using the same ID eÆ
ien
ies and signal K-fa
tor as in Se
. IIIA and a generi
QCD K-fa
tor of 1.3 for the ba
kground (WZjj is not known at NLO), we summarize our11



results again in Fig. 4 with points using an X symbol. The left edge of ea
h 
urve is 
uto� by values of � for whi
h the � 
annot be resonant, so the rate is hopelessly small. As� in
reases, m� in
reases and mH de
reases, opening up more phase spa
e for the de
ay,resulting in more events passing the 
uts, whi
h in turn means less luminosity required.However, below H ! WW threshold the BR to WW begins to falls o� steeply, resultinginstead in an in
rease in required luminosity with in
reasing �. At some point, the H ! b�banalysis be
omes more powerful, and the 
urves 
ross those with the diamond points.
FIG. 5: Transverse mass distribution of the visible `+`+`�jj=pT system in gg ! � ! ZH;H !WW resonant produ
tion at the LHC. Red and magenta 
urves are for the Golden Point andF1;2 = 1:0; 2:0 TeV, respe
tively, and the dashed blue 
urve is the W+Zjj ba
kground.IV. PHENOMENOLOGY AT AN ILCAt a future ILC, one would not have to rely on on-shell produ
tion to prove or pla
e alimit on the existen
e of a Z{H{� 
oupling. As long as it is present and H� pair produ
tionis kinemati
ally allowed, the pseudo-axion 
ould be seen. Fig. 6 shows the total 
ross se
tionat an ILC for various ps for this 
hannel at the Golden Point for three di�erent values of � =24:2=97=150 GeV, for whi
h m� = 309:2=200=50 GeV and mH = 131:7=368:4=451:3 GeV,respe
tively. The maximum 
ross se
tion is of the order of 0.4{1.2 fb � tan2 �, as shown inthe left panel of Fig. 6. Sin
e in the Simplest Little Higgs there is a destru
tive interferen
ebetween the SM Z boson and the Z 0 boson, the maximum total 
ross se
tion in the fullmodel goes down by roughly a quarter, as shown in the right panel.Depending on the mass of the pseudo-axion, the main de
ay 
hannel for the � varies from(
f. Fig. 1) b�b when fairly light, to two gluons (jets) for intermediate masses, and �nally onlyZH for masses above that threshold, about m� & 290 GeV at the Golden Point. For su
hheavy pseudo-axions, one would look into the ZHH �nal state. The 
ross se
tion for thispro
ess is shown in the left panel of Fig. 7 (this and the other ILC simulations were performedby the BSM extensions of the event generator O'Mega/Whizard [32, 33℄). The dashed
urve is the SM 
ross se
tion, the dotted line shows the signal pro
ess without a Z 0 resonan
eor with one above 1.5 TeV, while the solid line is the predi
tion forMZ0 = 1:15 TeV. For theparameter values 
onsidered here the Higgs mass is 131:7 GeV, so that the six-fermion �nal12
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tion forH� produ
tion at an ILC for di�erent values of �;m�; mh: the GoldenPoint with 150=309:2=131:7 GeV (solid), 97=200:0=368:4 GeV (dashed), and 24:2=50:0=451:3 GeV(dotted). The left panel is without the presen
e of a Z0 resonan
e, while the right panel in
ludesdestru
tive Z{Z 0 interferen
e for mZ0 = 1152 GeV.
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s [GeV]FIG. 7: Cross se
tion in the � model pseudo-axion with (solid line) and without (dotted line) theZ 0 resonan
e at the Golden Point. The dashed line is the SM predi
tion. On the left is the ZHH�nal state for � = 150 GeV, while the right is the Hjj �nal state for � = 97 GeV.state of interest 
onsists of four b jets and a lepton pair. The SM e+e� ! ZHH pro
ess wasextensively studied to analyze the triple Higgs 
oupling measurability at an ILC [30, 31℄. Itwas found that the sear
h limit for this pro
ess is severely statisti
s-limited and hen
e hardto analyze. Fig. 7 shows that even for the presen
e of a destru
tive interferen
e with a Z 0boson, the 
ross se
tion in the Simplest Little Higgs is larger than in the SM by a fa
tor of�ve, allowing for a reliable analysis of the �nal state. The pseudo-axion shows up as a sharpspike in the bb`` spe
trum, sin
e even if the ZH de
ay is kinemati
ally allowed the widthis of the order of a few hundred MeV and hen
e far smaller than any 
on
eivable dete
torresolution. 13



no Z ′

with Z ′

SM

σ(e+e− → Hη∗ → Hbb̄) [fb]

Mbb > 150 GeV

µ = 97 GeV

500 600 700 800 900 1000

0.2

0.4

0.6

0.8

1

√
s [GeV]

no Z ′

with Z ′

SM

σ(e+e− → Hη∗ → Hbb̄) [fb]

30 < Mbb < 70 GeV

µ = 24 GeV

500 600 700 800 900 1000

0.2

0.4

0.6

0.8

1

1.2

√
s [GeV]FIG. 8: Cross se
tion forHb�b produ
tion in the �{model pseudo-axion with (solid line) and without(dotted line) the Z 0 resonan
e at the Golden Point. The dashed line is the SM predi
tion. On theleft is � = 97 GeV, right � = 24:2 GeV.If the pseudo-axion mass lies between roughly 200 and 290 GeV, the � has a large bran
h-ing fra
tion into a gluon pair, of the order of 30 � 50%, whi
h 
an even be
ome dominant
lose to the ZH threshold. For this parameter range, the Higgs boson de
ays 
ompletelyto WW or ZZ, so the 
omplete �nal states are jj````, jjjj`` or six jets. Higgs bosons inan intermediate mass range 
ould be re
onstru
ted at an ILC [30℄ fairly well, and althoughthere would be 
ombinatorial ba
kground in the H ! 4j 
hannel, this would not degradethe pseudo-axion sear
h. The right panel of Fig. 7 shows the 
ross se
tion to Hjj, wherea 
ut on the dijet invariant mass has been applied to redu
e the SM Higgsstrahlung ba
k-ground whi
h is shown as a dashed line. Again, the dotted line is the predi
tion without alow-lying Z 0, while the solid line shows the destru
tive Z{Z 0 interferen
e. For the GoldenPoint with F2 = 2 TeV and tan � = 4, there is a 
riti
al point at � � 128 GeV where thepseudo-axion and Higgs boson are degenerate (at � 264 GeV). But ve
tor boson-mediatedprodu
tion 
annot yield two identi
al parti
les (under the assumption of CP 
onservation);hen
e this must be either a s
alar and a pseudos
alar or a s
alar and a ve
tor. From thenormalization of the b�b peak, whi
h does not �t to the Higgs boson, one 
ould dedu
e thaton one side of the event there must be a degenerate pseudos
alar present.The best 
ase is where b�b is the dominant � de
ay mode, i.e. for pseudos
alar massesbelow 250 GeV. The SM ba
kground is mainly Higgsstrahlung with Z ! b�b de
ay, whi
h
an be distinguished from the signal by applying a 
ut to the b�b invariant mass. For theparameter spa
e under 
onsideration, the Higgs de
ays to a ve
tor boson pair whi
h 
anbe measured semi-leptoni
ally. Fig. 8 shows the 
ross se
tion for the produ
tion of a Higgsboson in asso
iation with a b�b pair, on the left for a pseudo-axion mass of 200 GeV, on theright for an extremely light � with m� = 50 GeV. For the former 
ase one 
an 
ut out allbottom quark pairs below 150 GeV to get rid of the Z ba
kground; while this is not a veryrigorous 
ut, it already redu
es the SM ba
kground to a negligible level. To extra
t the lightpseudos
alar we adopt a window between 30 and 70 GeV for mbb. Again, Fig. 8 shows asa dotted line the 
ross se
tion without Z 0 interferen
e, and solid with the mZ0 = 1:15 TeV.In both 
ases a few hundred fb�1 should suÆ
e to observe H{� produ
tion in that 
hanneland thus establish the presen
e of a Z{H{� 
oupling.14



V. CONCLUSIONSWe have identi�ed an important distin
tion between Produ
t Group and Simple GroupLittle Higgs models 
ru
ially involving the pseudo-axion 
orresponding to ungauged diagonalgenerators in the former 
ase, and the pseudos
alar 
ombination of anomalous U(1) diagonalgenerators in the latter. By 
onsideration of quantum numbers alone, a 
oupling between thepseudo-axion, Higgs boson and Z gauge boson is allowed. However, by 
onstru
tion su
h a
oupling must vanish to all orders in Produ
t (Gauge) Group models, where the global LittleHiggs symmetry group is simple. In Simple Group models it is proportional to the di�eren
ebetween the vevs of the 
hiral �eld whi
h o

ur in pairs. Observing resonant produ
tionat the LHC, either � ! ZH or H ! Z�, or Drell-Yan H� produ
tion in e+e� 
ollisions,would 
on
lusively rule out a Produ
t Group realization of the Little Higgs me
hanism werea 
andidate Little Higgs found at the LHC. Note, however, that this 
oupling would alsovanish in Simple Group models with an imposed T-parity [34℄, as the dis
rete symmetryfor
es F1 = F2.The phenomenology at LHC is in prin
iple straightforward, breaking down into three
lasses, depending on whether the pseudo-axion or Higgs boson is heavier, and whether theHiggs boson de
ays primarily to a pair of bottom quarks or W gauge bosons. We �nd thatobservation of gg ! � ! ZH ! `+`�b�b is in general possible only for a very small rangein �, where the Higgs boson is light enough to de
ay to bottom quarks but is not yet ruledout by the LEP results. For small values of F , 1{2 TeV, this 
ould be a
hieved at LHCwith a reasonable few hundred inverse femtobarn of luminosity, but for large values of F ,a few TeV, the � is more massive thus harder to produ
e, so only the luminosity-upgradedLHC (SLHC) would have a 
han
e of observation of this 
oupling. (This would furthermoreprobably require di�erent 
uts, su
h as a less restri
tive =pT 
ut in the b�b`+`� analysis, whi
hlikely would allow mu
h more ba
kground from t�t.) For similar values of F1 and F2, the
oupling is too small. If the Higgs boson is heavier, one generally loses as it preferentiallyde
ays to two longitudinal gauge bosons rather than Z�, so the BR drops to negligiblevalues. If the pseudo-axion is resonant but the Higgs boson de
ays to gauge bosons, a multi-lepton analysis works extremely well, espe
ially for F around 1{2 TeV: even a few inversefemtobarn 
over mu
h of the possible parameter spa
e. However, we �nd that LHC haslarge gaps in 
overage, for regions where neither the Higgs boson nor the pseudo-axion 
anbe resonant. This is pre
isely where a linear 
ollider would be 
ru
ial.At a future linear 
ollider the dete
tion of the pseudo-axion would be quite easy using theZ{H{� 
oupling in s
alar pair produ
tion. The 
ross se
tion for the whole parameter spa
eis large enough to give several hundred pseudo-axions for reasonable luminosity, irrespe
tiveof any of � ! ZH or H ! Z� being on-shell. This 
loses the holes in the LHC dis
overyrange. An important point is a destru
tive Z=Z 0 interferen
e in that 
hannel whi
h is mostsevere for the lowest F s
ales but does not jeopardize the signal. In the 
ase of an on-shell de
ay � ! ZH the ZHH �nal state is enhan
ed 
ompared to the SM by a fa
torof at least two for the region favored by ele
troweak pre
ision data and up to an order ofmagnitude for large tan �. The same holds for the b�b de
ay mode of the pseudo-axion wherethe enhan
ement over the SM is less pronoun
ed. But here the pseudo-axion is easily visibleeven for bad signal to ba
kground ratio as a sharp peak in the bb invariant mass spe
trum,whose width is 
ompletely given by the dete
tor resolution. So even for mixing angles assmall as tan � � 1:5 the pseudo-axion 
oupling Z{H{� 
oupling 
an be dete
ted at an ILC.15
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