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THE STRONGLY-INTERACTING LIGHT HIGGS 

ALEX POMAROL 
/PAE, Un.Uier.rilat AtaOOoma de BOJY::dona, 08193 Bellaterru, 80fCl11rma 

\Ve ptci'lel•t l he effective low.entqD' l:igr.ingi:i.u :u is ing rrom 1hco1~ where t he c li:ctroweok 

symmetry brc:iking i.s t 1iggcn:d by :i light con1poai tc Hi~ whieh eine 1gcs from a JL1011gly. 
intc1:icting ~lor :iJ :a pacudo.Gol&touc bllllOn. T hiJ l~1augi:in pl'O'.'C$ lo be U$Crul ror LHC 
:ind ILC phc:norneuology t h:at incl11deJ t he s tudy or h igh.energy b ugit ud in::il VCCIOI bllllOn 
11eatler ing, 11trong d o11blo.Higg:s product ion :u1d :u1orn:ib11.s H iggJ ooupling:s. 

1 lt1troduction 

'fhe Standa rd ?\tlodal (8~1.'I ) of e le me ntary pa rlicle.s, as \\'ll knO\\· it today, is not a complete theory . 

. !\s it is well kno,vn, if we calculate the amplit ude of t he process 'V L~llL - 'V L~llL "'e find tha t '1 t 

g:t\1\\'S "·ith the e ne rgj' a.s g'2E2/!tf1\, v'1ola ting unitarity at e ne rg'1es a round 4;rv -v I 'ThV. \Vhat 
un·1tar·1ze this a mplitud e at hig h e ne rgy? T his is the Arst priori ty q uestion to be addraosocl at 

t he LHC . 
. 4 n rucample or a po...~ib le UV-complit ion or t he S~1cl can be round in QCD. T he p·1on a mpli­

t udes are unitarized by extra. resona nces a ris ·1ng rro m the .strongly inte racting SU(3)c· Ne~'9r­

t he lass, this H·1ggsle.ss approach has to race the present e lectro\\'eak precis ·1on test (E\VPT) and, 
in its simple incar na tion, ~hn·1color mode ls, it rai ls to pass t he m. T he reason is t hat the nG'\\· 
ra&>nances responsible ror unitariz ing the S~,1 a mplitudes have rn.asses at around 1 T eV a nd g·1ve 
la rge (tre~level ) oont ribution to e lectro\\'eak obser vables tha t have not bean obser ved . 

. 4 seoond o ption a rises rrom t he Higgi> mechan ism. T he presence o r a scala r Bigg:; c ures the 
SA•I a mplit udes rrom the bad high-e ne rgy be haviour a nd, the1'9ro re, allow the SA•I to be e xt raper 
lated to w ry hig h energies. It is ha rd to believe that nature is not usingsuch a.simple mechanism 
to give us a UV oomplated theory of electroweak interact·1ons . Neverthelees, natura lness c ri teria, 
s top us rrom consider·1ng the Higgi> mecha nis m as the last ing red·1e nt to be inoor porated to the 
SA•I at t he e lectro\\'eak scale . Why the H·1ggs mass, t hat det.ermines the e lectro\\·eak scale, ·IS 

so s ma ll compare "·ith, ror example, the P la nck scale? If we want to a nswer this q uest ion, we 
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must postulate new dynamics at t he a lectrO\\'eak scale, F'or example supersymmetry can g'1va 
an explanat'1on to the s mallness of the e lectro\\'eak scale , Navarthela;s, no super-part ne r of the 
S~•I par tic les have been found at. the present. coll'1de rs ma.k'1ng t he s uparsymmetic solution lass 
and lass naturaL 

.4 third poe:i1b'11'1 ty that has r~:aivad a. big boa>t in the racsnt years is the compos'1 ta Higgs 
idea. Simila r ly as p'1ons in QCD, the H'1ggs is a.esu mad to be a. com pos'1 ta par ticle and therefore 
not s uffe ring from any natura lness problem. T he role of this H iggi> is, ho\\'evar , la;s ambitious 
t han ihi orig ina l motivation. S'1nca the Higw; is composite, its ooupl'1ng to the S~1cl partic les 
will be d ifferent. from thase of a point-1'1ka sca la r. T herefo re the 8~•1 ampl'1 tudes a re o nly par tly 
un'1 tar'1zocl by the compasite Higgi> a nd extra. resonances must be present in t hese models to 
oomple te ly unitariza the S~,1 amplitudes . . 4t t his point, one could ask: \Vhat a re \\'e gaining? 
\Vall, the presence of a oomposite H'1w makes the S~1 " iable up to a h'1ghe r enargtr' than in 
models \\' itho ut a. Higgs, imply ing that the extra resonances can be heav'1ar. Hance, the ir affects 
on the E\tV obser vables a re s malle r and these models can be able to safe ly pass a ll t he E\tVPT. 

ln the first models ol' compasite Higgs 1 the H'1ggs appeared as a. Pseudo-Goldstone boson 
(PGB) from a. s tro ng 'interacting theory, vary s '1m'1la.r to pions in QCD. T hese first proposals, 
hov.'aVer, lacked severa l ingred'1anhi. Flrsl, it d id not. incorporate a heavy top (s '1nca 'i ts mass \\'&S 

not known at that time). T he aut hors of Raf. 1 had to en la rge the S~1cl gauge group to obtain 
E\VSB. Second, the contribut'1on to E\tV obser vables \\'are not calculatocl due, ma '1nly, to the 
s trong regime of the thoo1y . . 41so Aavor was a lro not. successfully '1ncorpora.t.Ed. Reoantly there 
has been various attempts to rea lize the compasite Higgi> idea. avoid ing the above problems. 
T his includes the Little Higgi>2 , Holographic H'1ggs3•4 and other variations. 

Hara \\'El want. to study the genera.I properties and t.he phenomenology o f scana.rias '1n which 
a lig ht H'1w is a."'Sociated "'ith s trong dynam'1cs at a h'1ghe r sca le, focusing on features that a.re 
quite independent o f the par ticula r mod el realizat ion~. We w'1ll re fe r to t his scana r'10 as to the 
Strongly-Lntera.cting L'1ght H'1ggs (SlhH) . Of course, in many specific models, the best experi­
menta l sig nals \\' ill be provided by d irect production of new states, \\'hile hara we concentrate 
on deviations from S~•I properties '1n Higgs a nd lo ngitud '1na.I gauge boson processes. Sf1ll, we 
ba r.ave that our modal-independent. approach is usef uL T he tests we propose hara on H i~ and 
gauge-boson inte ract'1ons \\' ill help, in case of Oll\\' discoveries, to establis h if the OS\\' partic les 
indeed be long to a. strong ly-inte ra.ct'1ng sector ultimate ly respons '1bla for e lect1'0\\'eak symmetry 
breaking. Lf no new states a1\l obser ved, or if t he resonances are too broad to be id entified, 
t han our t.EShi can be used to 'investigate \\'hather the Higgs is \\'eakly couplocl or is an affective 
particle emerging from a strongly-interacting sector, whose discovery has bean barely m'IS>ed b)• 
d'u\lct saarche.s at. the LHC. 

2 The structure of SILH 

2.J Defmition of SIL/.f 

T he structure of the thoories we want. to cons'1da r is the following . In add'1 t ion to the vector bosons 
and fer mions of the S~•I , there exishi a new sector responsible for E\tV symmetry break'1ng, wh '1ch 
is broadly characte rized by two parameters, a. coupl'1ng 9p and a sea.le mp describing the mass 
of haa.\'y phys '1cal states. Collect'1valy ind '1cating by gsM the S~•I gauge and Yukawa couplinp 
( basically the weak gauge coupl'1ng and t he top q uar k Yuka.\\·a.), \\'a assume 9SM ;S gp ~ 4:t". T he 
upper bound on gp ensures that the loop axpalls ion parameter -v (gp/4'K)2 is le.ss than unity, 
while the limit gp -v 4rr oorresponds to a. maximally s trongly-ooupled theory in the s pirit of na'1ve 
d'1mansional ana lysis (NOA). Because of the first inequa lity, by a. slight abuse of language, we 
s ha ll refe r to t he new sector as .e.:t ha s trong sector11

• T he Higgs mult'1ple t is &$Urned to belo ng 
to the strong sector. T he S~·I vector bosons a nd fe rmions a re weakly coupled to the s trong 
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sector by means of the SU(3) x SU(2) x U( l)y gauge coupling a nd by means of proto-Yuka,va 
interac tions, na me ly ·interactions t ha.t in the lm,·-anarg,'r' ~tiva fie ld theory will give rise to the 

S?"'I Yu knwas . 
. !\ second c ruc ia l assumption \\'e are go·1ng to ma ke is that in t he limit 9SM = 0, 9p f: 0 the 

H·1ggs doublet H is a n exact Goldstone boson, living in the 9/'H casei space of a sponta neously 
b roken symmetry of t he st rong ia:tor. Two m·1nima l possibilit ies in "·hic h the oomplex Higgs 
doublet s pans t he "·hole easel space a re SU(3)/SU(2) x U(l ) a nd the cus todia lly symme tric 
S0(5)/S0(4). T he O'- model scale J will be8.S6umocl to be rala.tad to 9p and m.p by the equa tion 

m'P = 9p/ . (I) 

T he gauging of SU(2) x U(l )y and the non-ze ro Yuka.was exp r1cit ly brea k the Golds tone sym­
mat1y of the strong sector leading to ter ms in the (affective) action that a re not invaria nt unde r 
t he acf1on o f g on the easel s pace . In pa r t ic ula r a mass ter m for t he Biggs is gene rated at 
1-loop. If the new dyna mics is addrarsing the h·1e ra rchy proble m, it s hou Id soft.en t he sensit ivity 
of the H·1ggs ITl8S8 to short distances, tha.t is to say be low I /mp. In in ter~sting mode ls, t he Higgs 

mass para meter is thus expectocl to scale like (a·5 ,,, /4rr)m~. Obsar vat·1on a.t the LBC of the nmv 
s tates \Vith rrui....;s mp \\:Ill be the k6)' s ·1gna.tutlJ of the vas ious reali:t.ations of SJLH. He ra, as stated 
be fore , \\'e a1lJ inte restocl ·1n the mode l-·1nde pe nde nt e ffects, wh·1ch cou ld be visible in processes 
involv·1ng the Biggs b05on a.nd/or lo ngitud ·1na.I gauge bosons, a nd \\'hic h wou ld unm·isla kably 
revea l nS\\· physics in the electroweak break·1ng ia:tor. 

2.2 TJie S IL// effeclive Lagro·ngion 

Belo\\· mp, the Ae ld conte nt of these thoo1:1as consists ·1n the S~·I par t icles plus the Higgi>. Devi­
a t ions from t he 8~1.'I a.re e ncoded in the hig he r d ime nsio na l opera.tors of t he lm\•-anarg:r' affective 
lagra.ngian . T he d ime nsio n-6 ope rators involving the Biggs fie ld ca.n be sepa rated in t h me pa r ts, 
depe nding on the 01 .. 1gin of t he ope rators : 

1. At tree-level t// 2 orde r: 

;;,&/' ( HIH) &µ ( HIH) + ;;, ( H llYH) ( H IDµH) 

- fr (H 1H)
3 

+ (c}'V H 'H /LH/R + hc) 

2. At t ree-level I/mi o rder: 

3. At one-loop ord er: 

-kmv9(D"H) I '(D"H )W' + ic11B!f(D"H J'(D"H )El 
16'X'f.I f1 O' JUI 16rr2 f f.I 'JU' 

e,l' d' HtH a ~• c,dl, mHtH~ ~µv 
+ 16rr> J' if, µv<>' + 16rr0 J' if, "'µv"' · 

(2) 

(3) 

(4) 

T he coupling constan ts c, a.re pure numbe rs of o rde r unity. Fbr phenome nologica l a ppr1cations, 
we have switched to a nota t ion in which gauge Ae lds a re canonica lly no rma lizocl, a1~ga.uge 
oouplings sxpr1c·1 t ly a ppea r ·,n cova1 .. 1a.nt de rivatives . . l\lso, we recall the daAnif1on H f Dµ H = 
H IDµH -(DµH l)H . 
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'fhe fu'St c lass or ope rators (thc:ee of order 1//1) a re t he most sizable . Among them only 
t he ope rator propo rtiona l to er is constra·1ned rrom the exper'1mantal data. Since '1 t vio lat$ the 
cu.stod'1a l symmetry, it gives a contribut'1on 'f to the p paramete r 

tJ.p = 'f = er{, (5) 

( )
_,,, 

• = ,ficF = 246GeV. (6) 

From the S?"'I At of electroweak data 6, we And - I . I x 10- 3 <er( < 1.3 x 10-3 at 95% C L 
( letting a lso S to vary one Ands instead - 1.7 x 10- 3 <er! < l .9x 10- 3 at 95% CL). '['his.strong 
lim '1 t on er suggests that new physics relevant ror a lactro\\•eak break'1ng must be approx·1mately 
cu.stod'1a l-·1nvnrian t. In our Goldstone Biggs scenario this corresponds to assuming t he ooset 
S0(5)/S0(4). \Vhen 9sM is turnocl o n, er receives a. model dependent cont ribution, wh'1ch 
.should be s mall enough to make the mode l acceptable . T he rest o f t he coefficient C//,,. and CG 
are practically unconstra inOO and their implicaf1ons will be d i10X:ussad in the next section . 

. 4 linear combina f1on or the operators '" ith coefficients av and cs contributes to the S par 
rameter or electroweak precision data: 

(7) 

where S is defined in rar. 6. Using the S~,1 fl t o f el~trm,•aak data. 6, we o btain the bound 
mp~ (c1v + c8) l/ 'J 2.5 TeV at 95% CL. (this bound cor responds to 8S6uming a lig ht H'1ggs and 

ll.p = T = O; by re la.xing th ·IS request t.he bound b~omes mp~ (civ + cg)112 1.6 T eV). In ter ms 
of the pa rameter € defined in eq. (6), this bound becomes 

{ < 1.5 (9p)' 
~ civ +cs 4rr · 

(8) 

.4.s "'e .sho"· later, new effects ·1n Higgi> physics at the LHC appea r only for s izable values or €. 
T hen eq. (8) requires a rathe r large vnlue o f gp, unless civ +cs happens to be acc'1dentally small. 

T he ope rators "·ith ooeffic'1ants cuiv a nd c11g orig'1nate rro m the I-loop action C(J) , unde r 
our assumptio n or minimal cou pf1 ng for the classical action. ..\It houg h thll)· are N2 D1 ter ms, 
like c1v,cs, thll)· cannot be enhanced above their I-loop s ize b.r the excha nge or any .sp'1n 0 
or 1 massive Aald . T he operators p roport'1ona l to c,. and Cg a re s uppressed by an extra. power 
(gs1o1/9pf with respect to thase propo rtiona l to c111v and C/-JB· t"'loreover , "·hile c11 and Cy 
ind'1mc tly correct the physical Biggs coupling to gl uons and quar ks by O(t12 / / 2) \\;1th respect to 
t he st ... 1, the d irect cont r'1butio n or c-y and Cg .IS or orde r (v2/J2)(gs1o1/9p)P. T heir effect .IS then 
impor tant only ·1n the \\'eakly coupled f1 mit gp -v 9SM· Notice that from t he point of vill\\' of the 
Gold.stone symmetry, Oss and O~ a re likes. Biggs mass term with extra field strength insertions. 
ln the simplest models m~ - (gs1o1/t6rr2)mi . \Ve have hare assumed this simplest possibility, 
which accounts ror the extra 9~M/g; appearing in aq. (4). ~·lore precisely, ror phenomanolog'1cal 
p urposes, we have chosen 9sM as t he ooupling of the la rgest contribution in the correspond'1ng 
S~•I loop , i.e., gjM = d2 (Yl) ror the operator ·involving photons (gluons), resp~tively. 

a P he oo o1e 11o lo&}' o f SCLH 

In this section we ana lyze the affects of t he SJLH inte ract'1ons and study ho"· thll)• can be 
tested at fu ture colliders. Let us sta1t by oonside ring the nll\\' interaction te rms ·involving the 
p h)•sicaJ Biggs ho.son . For s implic ity, "·e "'ork in the u n'1 tary gauge a nd \\·ri te the S ILB affective 
l,agrangian in aqs. (2)- (d) on ly for the rea l Higgs Aeld h (sh'1fted such that {h) = 0). \Ve reabsorb 
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t he oontributions from CJ a nd CG to the S~,1 ·1nput. para meters (fermion masses m1, Higgs mass 
m 11, and vacuum expectatio n value v = 246Ge\i). S imila rly, \\'ll redefine t he g.auge fie lds a nd 
t he gauge coupling constan ts and we ma ke the gauge k·1nef1c te rms canonical. In this way, the 
SILH afS:t iva Lagra ngia n is comp05ed by the usua l S~1.'I pa r t, wr·1 tte n ·,n ter ms of the usua l SP.1 
input para meters (physical m8S!ies a nd gauge coup f1 ng:;), by new H·1ggs inte ract.ions (.Ch), a nd 
new inte ractions involving only gauge bosons (.Cv) "·hic h, at leading orde r, a re g·1ven by 

. (g' )' . . 'o [ (g' )' ] c1v = civ + 
4

X" C/11v , cz = c1v + tan 1v cs+ Jrr C/I B 
c11 B - c111v 

Cyz -
' - 4sin 2<Av 

.Cv = - tan
2
0iv S' ~ti) BJW - igc050av!/fzµ (~tr.f.V,Vµ-;_ - ,V-~lj;t) 

( 10) 

-ig (c0591v"2ZJW + sin 91vK1.AIW) 'v;,v .. - ( It) 

.... m
2 z mg m

2 
( g )' 

S = ~(civ +cs), g 1 = 3- <.v, • 7 = ~ i:l:..
4 

(cmv + cus) , •z = gf - tan2 Biv"r· 
mp mp mp rr 

( 12) 
In .Cv we ha.ve ·inc luded only t r·1r1nea r te rms ·,n gauge bosons a nd d ropped the afflX:ts of °'21v, 
02s, 031v . In .Ch "'a have kept only the fi rst pm''a1-s in the H·1ggs fie ld hand t he gauge fie lds. 
\Va have de fined ~I~ = 8µ~V.,± - 8.,'Vi (and s imila r ly for the Zµ a nd t he p hoton Aµ) a nd 
Vµ., = 8µB.. - OgJW. Nof1ce that ror on~hell gauge bosons Vµ...-AP-' = All A~. 1'he rafore C1v a nd 
Cs generate a H·1ggs coupling to gauge bosons w h·1ch is propor tiona l to mass, as ·,n the S~·I , a nd 
do not. generate a ny Higgs ooupling to photons. 

T he new interactions in .Ch, sea eq. (9), mod·1ry theSP.,I pred·1cf1ons ror Higgi> produc tion a nd 
decay. At quadratic order in h, t he ooeffic·1ent c11 generate> an extra contribu tion to the Higgs 
kinetic te rm. T his can be reabsor bed by rede fin ing the H iggi> fie ld according to h - h/ ,/I + lc,1 . 
T he affect. of c11 is than to re:norma liza b.r a factor t -f,,c11/ 2, thecouplingi> of t ha canonical fie ld 
h to a ll other fi elds . \Ve CIUl express t he mod ified Higgi> couplinp in te rms of t he d~ay widths 
in un·1ts of the St"'I pred ic t ion, m ptl!ESad in te rms o f ph.rs ·1cal pole masses, 

r (h- J/)51 Ul = f (h - J.1)5., 11 - { (2c,, + cu)I ( 13) 

r (h- w•w-)51LH = r (h- w•wC•I-)"'' [1-{ (•u -:;•iv)] ( 14) 

r(h - ZZ)siUl = r (h- zzC•1)
5
., [ 1 -{ ( c11 - ~<z)] ( 15) 

f (h - gg)s iLH = f (h- gg).,.1 [1 - { Re (2c, + <11 + ~II:)] ( 16) 
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-. (Gov) 

o(\'tlf') llli(ll~U.U) 

o(b) POa- n) 
ll{l·Ur.) 111(11 .. ltlt} 
" ( \ 'llf') llR(h ...... ). 

\tth) .11111)-••,i'J 

... 
Pigurc 1: T l1e d.evi::iLbu$ rron1 1hc S~I pmdict b u$ o r Higp prod11cLim1 c:11lU ..:ciion J (" ) and dec:ay br:indiing 
r:iLiQS (BR) defined :is 6 (0 BR)/(o BR) = (o- 8R)sn.H/ (tt 8R)n1 - 1. The piedicLDu.s :ire ,ho.vn ro1 110n1e or 
Lhc rn::iin Higp di:scove1y cha unc:l.s at. the LHC v.-it h p1od 11c tion v i:i. vecto1.bo110n rus ion (VBF), gl110 11 ru:Mon (h.), 

:ind lopirlr:ihlung (tlh.). ThcSILH l.:igr::ingian p:i.""'n1etcrs ::ire $el- by dlt = 1/4, q/dl = I. 

( 17) 

( 18) 

Here we have neglactocl in r(h - ~1r+-~1r-. ZZ)s1LH t he s ub leading e ffects rrom C/JIV a nd c11 B: 
which a.re pa.ra me t.ricaJly smalle r tha n a S~1.'I one-loop oontr ·1butio n. T he loop functions I a nd J 
are given in Ref. S. 

T he leading effects on Higgs phys·1cs, relative to the Sli.•1, come rrom the three ooeffic·1ents 
c11, ey, o,·z, alt houg h o.,·z has lass phenomenolog·1cal re le\"8.nce s ince it affects only the decay 
Ii - 1·Z . Thererore, we belie .,.a that an impor tant experimental task to understand the nature 
of the Higgi> boson will be the extraction of c11 and ey rrom p recise measurements o r the Higgs 
p roduction rate (O'h) and branch·1ng rat.ice (BR11.). T he contribution from c11 is universal for 
all Higgs couplingi> and t hererore it does not afflX:t the B iggi> branch·1ng ratios, but only the 
tolal d~ay width and t he production crass secf1on. T he measure of the Higgs decay \Vidth at 
t he J...HC is ~llry d ifficult and it can be reasona bly d one o nly for rather heavy Higgs bosons, 
well above the two gauge boson t hreshold , "·hile t he s p·1 r.i t of our analysis is to oonsider the 
H·1ggs as a pseudcrGoldstone boson, and therefo re mlaf1ve]y light. Ho\\'aver , for a light Higgs, 
LHC ex:per·1ments can measure the product O'h x BRt. ·1n many different channels: product.ion 
t hrough gluon, gaug~ba;on fus ion, and toi:rstrahlung; decay into b, T, ; and (vir tual) weak 
gauge bosons. At the LHC "·ith about 300 lb- 1, it is possib le to mea.su1'9 H·1gg:s production rate 
t ·1mas branching raf10 in the various channels "·ith 20-40 % p mcis·1on;, although a. determ·1nation 
of the b coupling ·is q uite challenging 8 . T his will t ranslate into a sansif1vity o n lc11.EI and ler€1 
up to 0.2-0.4. 

ln Ag. I, we shm,· ou r prOOic tio n ror the relative deviation rrom the S?"I expectatio n in the 
main channels fo r Higgs d iscovery at t he J...HC, in the case c11.E = 1/ 4 and cr/c11 = 1 (as in the 
Holograph.1c H·1ggs). F'or ey/C/1 = 0, the d aviaf1on is uniw rsaJ in every production channel and 
is g ivsn by il(• BR)/(• BR) = -cu€. 

Cleaner ex:per·1mental ·1nlOrmaf1on can be extractocl from raf1os between t he rates of processes 
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wit h the.same H iggi> productio n mechanism, but d ifferent decay modes. In measurements of these 
ratia.s of decay rates, many syst.emAf1c unca1taintie.s drop out.. Our lead'1ng:-order (gp > 9sM) 
prediction is that il!f(h - ZZ)/ f(k - IV• W- )J = 0, il!f(k - J]) /f(h - W• IV- JI = 
-~c,, C.!r(k - 1-r)/f(h - 1V• 1V- JI = -2€l\<(I + J1/I1)- t . However, t he Bigg:; coupl'mg 
determinations at the LHC 'viii still be limited by s tatist ics, and t hererore t hey can benefi t 
f1\')m a. lum·1nosity upgrading, like the SLHC. At a. linea r colr1der, like the ILC, precisions on 
" h x BR,, can reach the percent laval 9, provid ing a va1y sensitive probe on the new- physics 
scale. ?\•loroove:r , a linear collider can test the existence of cc, since t he triple Higgs ooupling: can 
be measured wit h an acx:uracy of a.bou t llm ror J8 = 500 Ge\i and an ·integrated lumin0>ity or 
1000 1b - 1 '°. 

Deviations from the S~11 pred ictions of H'1ggs product'1on and d..x:ay rates, could be a. hint 
towards models "·ith strong dynamics, especially if no new lig ht parf1cles are d iscovered at the 
LHC. However, they do not unamb'1guously ·imply the exis tence of a new strong interaction. T he 
m0>t characterisf1c s ignals of a SILH have to be IOund ·1n t he w ry hig h-energy regime. lndeocl, 
a pecuflarity of S IL8 ·IS that, in sp'1 te o r the lig ht H'1gg:s, longit udinal gaug~boson scattering 
amplitudes gro\\· "•ith energy and the corresponding interact.ion b~omes strong, evant uall1· 
vio lating tree-level unitarity at the cu toff scale. 1 ndeocl, the extra H'1ggs kinetic term propo rtio nal 
to c11£. ·1n eq. (9) p revents Higgi> excha nge d iagrams rrom accomplish·1ng the exact cancellatio n. 
pre.sent in t he S?\•1, o r the terms growing "·ith enarg)' in t he amplit ude.s. T hererore, although the 
H·1ggs ·IS lig ht, we obtain s trong ~V'V scattering at hig h anarg ie.s. 

From the operator 011 :;;;: a'(H fH )8µ(H fH ) ·1n eq. (2), using t he equivalence theorem 11 , 

it is easy to derive the follo"·ing hig h-energy lim '1 t of the scattering amplitudes for longitudinal 
gauge bosons 

A (zl'.zi- w,;w,;-) =A (II',; w,;- - zj'.zi) =-A (wfwt- wfwf) = c;,s, ( 19) 

A(w•z2-w•z2) =c;'f, A(ll',;w,;--wtwi') =c"(; +t)' (at) 

A (zl'.zi - z2zl'.> = o. (21) 

'fhis result ·IS corr..x:t to lead·1ng order in s/ / 12, and to all orders ·1n ! in the lim.1t 9sM = 0, "·hen 
t he '1-model is exact. The a.bsance of oorr~:t ions ·1n £. follo"·s from the non-linear symmetry or 
t he a-model, cor responding to the actio n o f the generator Th, associated \\:1th the neut ral Higgs. 
under wh·1ch tJ shifts. T herefore we expect that correct.ions can arisa only at O(s/m';J. T he 
g roi.,·th \\;1th energy of the amplitudes in eqs. (19)- (21) is s trictly valid only up to t he maximum 
energy or our eff..x:tive theory, namely mp. T he behaviour above mp depends on the s pecific 
modal realization. In the case of the Little Higgi>, \\'e expect that the amplitudes continue to 
g roi.,· wit h s up to t he cu t-off scale A. ln SD models, like t he Holographic Golds tone, the gro\\•th 
of the elastic amplitude is softened by KK exchange, but t he inelastic channel dominate and 
s trong coupling ·IS reached at a scale~ 4.rrmp/9p· Notice that the result in eqs. (19)- (21) is 
exactly propor t·1orwJ to the scattering 8.lllplitudes obtained ·1n a Higgi;less S~•l 11• T herefore, in 
t heories wit h a S IL8, the cross .sect·1on at the LH C for producing long.1tudina l gauge borons "·ith 
large invasiant ITl&$ES can be written a.s 

(22) 

where t1(pp - Vt.l'[X ~I is t he cre65 section ·1n the S~1 \\·ithout 8 igg'>, at the leading order in 
a/(4rrv)12. \tVith 200 tb- 1 of integrated lum·1nosity, it s hou ld be possib le to idantil)' the s·1gnaJ of 
a H·1ggsle.ss Sf\1 ":1th about ~-50% acx:uracy 12• 13, ·1.e., to a sensitivity up to CIJE. z 0.5-0.7. 

ln t he SILH framework, the Higgi> is viS\\'ed as a. pseudcrGoldstone boson and therefore 
its properties a re d·u'\'lctly related to those of t he exact (ea.ten) Goldstone.s, corresponding to 
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t he longit ud ina l gauge bosons. 'l'hus, a. gene ric predic tio n of SIL8 is that the strong g.auge 
boson scattering is acoompanied by strong prod uc tion of Higgs pairs. indeed \\'e find that, as a 
consequence of t he 0(4) symmet1y of the H multiplet, t he amplit ude.s for Higgs pa ir-prod ucf1on 
g t"O\\' ";1th the cente r-of-mass energy a& aq. (19), 

A (zZzE - hh) = A (w,;w;; - hh) = •71• . (23) 

Notice that scattering amplit ude.s involving long itud ina l g.auge bOEOnsand a sing le H·1w vanish. 
T h is is a consequence of the Z~ parity embedded in the 0(4) symmet1y of the operator 0 11, 
u oder \\'hich each Goldstone change s ign . Non-vanis hing amplit ude.s neceesarily involve an even 
nu mber of each sp~·,B!i of Coldstone.s. 

Using eqs. (19), (20) and (23), \\'e can re late the Higgs pair prod uction rate a.t the LHC to 
t he longitud·1na l gauge boson cross sections 

211d,ilt (pp - hhX )en = O'd,ilt (pp - 'y t 'Y1::-X) en + i ( 9 - tanh2 ~) <7d.;lt (pp - Z2,Z~X) en . 

(24) 
H(l:ra a ll cross sections <76,,,lt are comp uted wit h a.cut on the psaud orap.1d.1 ty sepa ration between 
t he two Anal~tate par f1c lB!i (a. boost-·1nva.rian t q uantity) of lll11I < t5, and w·1th a. cut on the twcr 
particle invar·1ant mass ; > J\f2. T he sum rule in eq. (24) is a characteristic of SILH. Ho\\•ewr , 
t he s ignal from 8i~pa·1r prod uction at t he LHC ·is not so prominent. It \\·as s uggasted that, 
fo:r a light Higgs, this p1uc6:!is is bB!it stud ied in the channel b°b); l.t, but the s rrwJI branch·1ng 
ratio of Ii - ;i· makes t he S ILH rate u nobser va.ble. HO\\•ewr, in Sl LH, one can take advantage 
of the growth or the crms section w·1th energy. Altho ugh "'e do not pe rform here a detailed 
st·udy, it may be possible that, w·1 th sufficient luminosity, t he s ·1gnaJ of tlJIJJ wit h h·1gh invar·1ant 
m a.ssB!i could be dis tinguished from t he S~1cl background . 
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