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THE STRONGLY-INTERACTING LIGHT HIGGS

ALEX PORAROL
TFAE, Uriversital Awtinoma de Sarcelong, 08195 Hellaterra, Sarcelona

We present the efective low-energy lagrangian arising from theories whers the alectrowek
symmetry breaking is triggered by a light compesite Higgs, which emerges from a stromgly-
interacting sector as a peeudo-Goldstone beson, This lagrangian proves to be uss=ful for LHC
and [LC phenomenalogy that includes the study of high-=mergy bngitudinal vecior boson
sratiering, strong double-Higes prodoction and anomalous Higgs couplings.

1 Introduction

The Standard Model (5M) of elementary particlas, as we know it today, is not a complete theory.
As it is well known, if we caleulate the amplitude of the process Wi W — W W we find that it
grows with the energy as gEEEI."Mﬂ,- violating unitarty at enersies around dxv ~ 1 TeV, What
unitarize this amplitude at high energy? Thi= is the first priority question to be addressed at
the LHC.

An example of a possible UV-complition of the 86 can be found in QCD. The pion ampli-
tucdes are unitarized by extra resonances arising from the strongly interacting SU3).. Never-
thaless, thie Higgsless approach has to face the presant electroweak precision test {EWPT) and,
in itz simple incarnation, technicolor models, it falls to pass them. The reason is that the new
rescnances responsible for nnitarizing the M amplitudes have masses at aronnd 1 TeV and give
large (trae-level] contribution to electroweak obeervahles that have not been observed.

A second option arisss from the Higge mechanizm. The presence of a scalar Higgs cures the
SM amplitudes from the bad high-energy hehaviour and, therefore, allow the 3M to be extrapo-
lated to very high energies. 1t ig hard to believe that nature 15 not using such a simple mechani=m
to give us a UV completed theory of electrowesk interactions. Nevertheless, naturalness criteria,
stop us [rom considering the Higge mechanism as the last ingredient to be incorporated to the
SM at the electroweak scale. Why the Higes mass, that determines the electrowesak scale, 1=
so small compare with, for example, the Planck scale? If we want to answer this question, we
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must postulate new dynamice at the electroweak scale. For example supersymmetry can give
an aexplanation to the smallness of the electrowsak scale, Nevertheless, no euper-partner of the
SM particles have been found at the present colliders making the supersymmetic solution less
and less natural,

A third poesibility that has received a big bocoet in the recent years is the composite Higes
idea. Similarly as pions in QCD, the Higes 1= assumed to be a compesite particle and therefore
not suffering from any naturalness problem. The role of this Higes is, however, less ambitions
than its original motivation. Simee the Higes 1= composite, its coupling to the S particles
will be different from those of a point-like scalar, Therefore the 8M amplitudes are only partly
unitarized by the composite Higge and extra resonances must be present in these models to
campletely unitarize the ShM amplitudes. At thi=s point, one could ask; What are we gaining?
Well, the presence of a composite Higes makes the SA viable up to a higher anergy than in
models without a Higgs, implying that the extra resonances can be heavier. Hence, their effects
on the EW observables are smaller and these models can be able to salely pass all the EWPT.

In the first models of composite Higgs ! the Higes appeared as a Peeuda-Goldstone beson
(PLGR) from a strong interacting theory, very similar to pions in QCD. Thesa frst proposals,
however, lacked several ingradients. Fiet, it did not incorporate a heavy top (since ite mass was
not known at that time). The authors of Ref. ! had to enlarge the SM gauge group ta obtain
EWSE. Second, the contribution to EW ohservables were not caleulated due, mainly, to the
strong regime of the theory, Also Havor was alzso not sucoessfully incorporated. Recently there
has been various attempts to realize the composite Higge idea avoiding the above problemes.
This includes the Little Higgs?, Holographic Higes™* and other variations.

Here we want to study the general properties and the phenomenoclogy of scenarios in which
a light Higrs is associated with strong dynamics at a higher scale, locusing on features that are
quite independent of the particular model realization ™. Wa will refer to this scenario as to the
Strongly-Interacting Light Higgs (SILH). OF course, in many epecific models, the best experi-
mental signals will be provided by direct production of new states, while here we concentrate
on deviations [rom SM properties in Higgs and longitudinal gauge boson processes, Siill, we
believe that our model-independent approach is useful. The tests we propose here on Higes and
gauge-boson interactions will help, in case of new discoveries, to establish if the new particlas
indeed belong to a strongly-interacting sector ultimately responsible for electroweak symmetry
breaking, Il no new states are observed, or if the resonances are too broad to be identified,
then our tests can be used to investigate whether the Higes s weakly coupled or is an effective
particle emerging from a strongly-interacting sector, whoss discovery hag been barely missed hy
direct searches at the LHC,

2 The structure of SILH

2.1 Definilion of SILH

The structurs of the thearies we want to consider is the following, Inaddition to the vector bosons
and fermicns of the 3M, there exists a new sector responsible for EW eymmetry breaking, which
i5 broadly characterized by two parameters, a coupling g, and a scale my, describing the mass
of heavy physical states. Collectively indicating by gey the SM gauge and Yukawa conplings
{basically the wealk gauge conplng and the top quark Yukawa), we assume gsw = gp = 47, The
upper bound on g, ensures that the loop expansion parameter ~ [HPIIIIJI}E i5 le=z than unity,
while the imit gy ~ 47 corresponds to & maximally strongly-coupled theory in the spirit of naive
dimens=ional analys=is (NDA). Becanse of the first inequality, by a elight abuse of language, we
shall refer to the new sector as “the strong sector”. The Higgs multiplet iz assumed to belong
to the strong sector. The SM wvector bosons and fermione are weakly coupled o the strong
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gactor by means of the SU(A) = SUT(2) = U1}y gange coupling and by meane of proto-Yukawa
interactions, namely interactions that in the low-energy effective field theory will give rise to the
SM Yulawas.

A sacond crocial assumption we are going to make is that in the Hmit gaye =0, g # 0 the
Higes doublet i i an exact Goldstone bogon, living in the G/H coset space of a spontansonely
broken eymmetry of the strong sector. Two minimal possibilities in which the complex Higgs
doublet spans the whale coset epace are SUT(3)/SU7(2) = U(1) and the costodially symmetric
SO5)/5004). The m-modal ecale f will be assumed to be related to g, and mp by the equation

m, = gof . (1)

The gauging of SU{2) = U{1)y and the non-zero Yukawas explicitly break the Goldstone sym-
matry of the strong sector leading to terme in the {effective) action that are not invariant under
the action of § on the coset space. In particular a mass term for the Higgs is generated at
1-loap. If the new dynamics is addressing the hierarchy problem, it should saften the sensitivity
of the Higgs mass to short distances, that is to say below 1/m,,. In interesting models, the Higgs
mass parameter 15 thus expected to scale like {ns,,,,l.l'rirrjmﬁ. Observation at the LHC of the new
states with mass my, will be the key signature of the various realizations of SILH. Here, as statad
before, we are interested in the model-independent affects, which could be visible in processes
involving the Higes boson andfor longitudimal gange bosons, and which would unmistakably
revaal new physics in the electroweak breaking sector.

B2 The SILH effective Logmnpan

Below mg, the field content of these theories consists i the SM particles plus the Higgs. Devi-
ations from the Sh are encoded in the higher dimensional operators of the low-energy effective
lagrangian. The dimension-6 operators involving the Higes field can be separated in three parts,
depending on the origin of the operators:

1. At tree-level 1/f? order:

s (1) (1) 55 (o8 (o)
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3. At one-loop order:
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The conupling constants & are pure mumbers of arder unity. For phenomenological appheations,
wa have switched to a notation in which gauge fields are cancnically normalized, and gauge

(D*H) e (D H YWY, + (DFEN (DY H ) B

—
couplings explicitly appear in covariant derivatives, Also, we recall the definition HTDPH =

HiD,H — (D, HYH.
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The frst class of operators (thoee of order 1.."_|*'9] are the most sizable. Among them only
the operator proportional to ep is constrained from the experimental data. Since 1 violates the
custodial symmetry, it gives a contribution T to the p paramester

Ap =T = eré, (5]

£ % = {ﬂc;j'“ﬂ — M5 CeY. (6}
From the SM fit of electroweak data®, we find —1.1 = 1077 = &7 = 1.3 = 107 at 95% CL
{latting alen 5 to vary one finds instead —1.7x 107 < epf = 1.9 107 at 95% CL). This strang
limit on ey suggests that new physics relevant for electroweak breaking must be approximately
custodial-invariant. In our Goldstone Higgs scenario this corresponds to assuming the oosat
SONGE)/S00). When ggye is turned on, ep receives a model dependent contribution, which
should be small encugh to make the modal acceptabla. The rest of the coefficient e, £y and e
are practically unconstrained and their implications will be discussed in the next section.

A linear comhbination of the operators with coeflicients oy and cp contributes to the s pa-
rameter af electroweak precision data:

m 3
= [aw + ca) ?_:-if: (7
o

where S is defined in ref. ©. Using the SM fit of electroweak data ® we abtain the bound

Ry {cu -+ cgj”l 2.5 TeVW at 95% CL. (thiz bound corresponds to assuming a light Higes and
.ﬁ.p s g ; by relaxing this request the bound becomes mg 22 (epe + :H}U: 1.6 TeV). In terms
of the parameter £ defined in eq. (6], this bound hecomes

g5 —— (& ®

e 4+ oep Wdw

A= we show later, new effects in Higees physice at the LHC appear only for sizable values of £,
Then eq. (8) requires a rather large walue of g, unless e 4+ ep happens to be aceidantally small,

The operators with soefficients ey and ey g originate from the 1-loop action £, under
our assumption of minimal conpling for the classical action. Although they are H2 D' terms,
like ey, ep, they cannot be enhanced above their 1-loop size by the exchange of any spin 0
or 1 massive field. The operators proportional to e, and e are suppresesd by an exira power
(Gsnr /3o F with respect to those proportional to ey and egpp. Moreover, while ey and ey
indirectly correct the physical Higgs coupling to gluons and quarks by ﬂ[ﬂﬂ.."_fﬂ} with respect to
the SM, the direct contribution of ey and e = of order (02 %) (gss /g2)F. Their effect is then
inpartant only in the weakly coupled limit g, ~ gzp. Notice that from the point of view of the
Goldstone symmetry, G,EIH and Oy are like a Higgs mass term with extra field strength insertions,
In the simplest modals mj; ~ {gmflﬁnﬂ]m Wa have here assumed this simplest possibility,
which accounts [or the extra gm,.fgg appearing in eq. (4}, More precizely, for phenomenclogical
purposss, wa have chosen g 88 the coupling of the largest contribution in the correspanding
SM loop, ie., gay = o {y,!} for the operatar involving photons {(gluons), respectively.

3 Phenomenology of SILH

In this section we analyze the effects of the SILH interactions and study how they can be
tested at future colliders. Let us start by sonsidering the new interaction terms invelving the
physical Higgs boson. For simplicity, we work in the unitary gauge and write the SILH effective
Lagrangian in ecgs. (2)-(4) anly for the real Higge Geld & (shifted such that (/) = 0). We reabsorb
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the contributions from ey and e to the SM input parameters {fermion masses my, Higgs mass
myr. and vacunm expectation value v = 6 GaV). Similarly, we redefine the gauge felds and
the gauge coupling constants and we make the gauge kinetic terme canonical. In this way, the
BILH effective Lagrangian is composed by the usual S part, written in terms of the usual Sk
input parameters (physical masses and gauge couphngs), by new Higgs interactions (L), and
new intaractione invalving only gauge bosons [ Ly ) which, at leading order, are given hy

AN 3 Ih I
£h=E{ETH(]+;) ﬂ"FﬂPh—cgE—lg[:ﬂh3+T-k...) _i'_f(h+g—+ )

h hﬂ gz - - s+ QE . EE“‘P EE
+ (5 gm) [y i o) 4 g0 e+ (- i) 4]
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:r]l 4
'*EFFF"FF" —?5 fw” (@)
=T . - 2 gp 32  CHB — CHW
Ci = o + [:dl_:] epw Bz = B + tan” By [Eﬂ+ [:drr]l EHH] ¢ ByZ R P (10)
Ly = —MHTEWE H"P[E].E""‘"— ig cos By gt ZH [Hr'“'wP:___ H’_"HT;.
—ig {eoa e g 2 4 ein Byew A li’;li-"; (11)

- e Y

= %":EW +en) , of = ,_,.3' Bty 5 %ﬁ' I[E'TE:] (enw +cum) o Kz = gf — tan” Ry sy,
C 7 P

(12)

In £y we have included only trilinear terms in gavge bosons and dropped the effects of Oy,
Cap, Ogyr . In £y wa have Lept omly the first powers in the Higgs feld & and the gauge felds,
We have defined H'"* = i, I'i"- vr_'l‘,_,l‘i-’l fand similarly for the %, and the photon -lP-;I ancl
’.E',‘hLr = yéhe — D, """iI-:ILJ:B that for nn-ahall rauge bosons D#F"!F — MEA’ Therefore é and
fr renerate a Higes coupling to gauge bosons which 1= proportional to mass, as mn the SM, and
do not generate any Higes coupling to photons,

The new interactions in Ly, see aq. (9], modify the Sh predictions for Higge production and
decay. At quadratic order in &, the coefiicient ey generates an extra contribotion to the Higes
kinetic term. This can be reabsorbed by redefining the Higes field according to b — &/ y/T+ o
The effact of epr 1= then to renormalize by & factor 1—£ep /2, the conplings of the canonical feld
h to all other fields. We can express the modified Higge couplings in terms of the decay widthe
in units of the 3M prediction, expressed in terms of physical pole masses,

T {h— ffjmu_l =T (h— jf'JSM [1— &(2ey + exr)] (13)
1
[(h— WHW-), =T {:4 25 w+w[*l--jm [1 = (f;; = ;—an) (14)
P
1
Ltk EDema=T [:h—:- zz[*ljm [1 —.E(r:;;—%lg-ﬁz)] (15}
1
C (b~ aglsuss = T (b — aghsas |1 € Re (2, 4 e + 22 )| (16)
Jalg
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Figure 1: The deviaticns from the S0 prediciions of Higgs production cross sections (o] and decay branching

ratios [H)] defined as Al BR)/ (e BR) = (¢ BR)sn/(e HR)zm — 1. The predictions are shown for some of

the main Higgs discovery chanpels at the LHC with production via vector-boson fusion (VEF), gluon fusion (i),
and topstrahlung [#th). The SEILH Lagrangian parametens are s=t by cf § = 14, o ferr = 1.

3 dg?
ey - [ [
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Cth—anu=T(kh— 1)y |1 -£ Re Tk

T 7 R BT P RS =T L
, IR . T
I I::h —*'Tz::lS”_.H —Fl::h—?’:l'z::lsm I—E He 1 T3 J-g'l.'l.rz +- 1 +Fz||".f3' + Iz +J3 i I::].E;I

Here we have neglected in [k — WHW -, ZX gy the subleading eflecis from ey and ey p,
which are parametrically smaller than a M one-loop contribution. The loop functions I and J
are given in Ref 5.

The leading effectz on Higge physics, relative to the BM, come [rom the thres coefficients
ef, oy, %, although oyx has lese phenomenological relevance sinee it affacts only the decay
h — 9. Therelore, we believe that an important experimental task to understand the nature
of the Higge hoson will be the extraction of egr and oy from precise measurements of the Higes
production rate (o) and branching ratioe (HHp). The contribution from ey is universal for
all Higgz couplings and therelore it does not affect the Higge branching ratics, but only the
total decay width and the production cross section. The measure of the Higgs decay width at
the LHC ig very difficult and it can be reascnably done only for rather heavy Higgs bosons,
wall above the two gauge boson threshold, while the spirit of our analys=ie & to consider the
Higgs as a pseudo-Goldstone boson, and therefore relatively light. However, [or a light Higgs,
LHC experiments can measure the product op = By m many different channels: production
through glion, gauge-beson fusion, and top-etrahlung; deeay into b, m, « and (virtonal) wealk
gange bosons. At the LHC with abant 300 b1, it is pessible to measure Higes production rate
times branching ratio in the various channels with 20-40 % precision 7, although a determination
af the & conpling is quite challanging ®. This will translate into a sensitivity an |exE| and |ey£|
up to 0.2-0.4.

In fig. 1, we show our prediction for the relative deviation from the BM expectation in the
main channels for Higgs discovery at the LHC, in the case epf = 1/4 and ey/en = 1 (a5 in the
Holographie Higes). For /ey = U, the deviation i= universal in every production channel and
15 given by Ale HE) /(e BR) = —enE.

Cleaner experimental information can be extracted from ratics between the rates of processes
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with the same Higge production mechanism, but different decay modes. In measurements of thess
ratios of decay rates, many systematic uncertainties drop out. Our Ieu_d]ng-nrdar (9p & Gam )
prediction is that A[l'{k — ZZ)/T(h — WHW =) = 0, Al(k — [f)/T{h — W W )] =
—2ey. A[T(R — )/Tih — WHW )| = 28401 + J—lrl."F-_r]'l. However, the Higgs coupling
determinations at the LHC will still be hmited by statistice, and therefore they can benefit
from a lumincsity upgrading, like the SLHC. At a linear collider, like the LT, precisions on
iy % B, can reach the percent level ®, providing a very sensitive probe on the new-physics
seale, Moreover, a linear collider can test the existence of o5, since the triple Higes soupling can
be measured with an accuraey of ahont 1068 for o/ = 500 GeV oand an integrated luminceity of
1000 fh—11E,

Deviations fram the S0 predictions of Higes production and decay rates, could be a hint
towards models with strong dynamics, especially if no new light particles are discovered at the
LHC. However, they do not unambiguously imply the existence of a new strong interaction. The
moet characteristic signals of a BILH have to be found in the very high-energy regime. Indesd,
a pecularity of SILH 1= that, in spite of the hght Higes, longitudinal gange-boson scattering
amplitudes grow with energy and the corresponding interaction becomes strong, eventually
violating tres-level unitarity at the cutolf scale. Indesd, the extra Higes kinetic term proportional
to ey é in eq. (9) prevente Higge enchange diagrams from accomplishing the exact cancellation,
prasent in the SA, of the terme growing with energy in the amplitudes. Therefare, although the
Higgs 1= light, we obtain strong WHW scattering at high energies,

From the operator Oy = fi"‘{HTH ]H#{HJ‘H] m e, (2], using the equivalence theorem L.
it is easy o derive the following high-energy limit of the scattering amplitudes for longitudinal
gauge bosons

A(Zz) wtwo) = AW W — 2020y - _awiwE o wEWE) = LT‘{,“‘. (19

AWz W) < S apwg —wiwp) = 2D oy
A(ZL2] — Z02)) =10, (21)

This result i= correct to leading order in al."f":", and to all orders in £ in the limit goy = 0, when
the m-model 15 exact, The abeence of corrections 1o £ follows from the non-hinear symmetry of
the a-modeal, cormeeponding to the action of the generator T),, sssociated with the neatral Higes,
under which v ghifte. Therefore we expect that corrections can ariss only at ‘EII:-EIIIIIH;]. The
growth with energy of the amplitudes in eqs. (19)-(21) is strictly valid only up to the maximom
energy ol our effective theory, namely m,. The behaviour above m, depends on the specifie
model realization. In the case of the Little Higge, we expect that the amplitudes continue to
grow with s up to the cut-off scale A, In 510 models, like the Holographic Goldstone, the growth
of the elastic amplitude 18 softened by KK exchange, bui the inelastic channel dominate and
strong eoupling 1= reached at a seale ~ dmm /g, Notice that the result in eqe. (19)-{21) 1=
exactly proportional to the scattering amplitudes obtained in a Higgeless SM Y. Therefore, in
theories with a SILH, the cross ssction at the LHT for producing longiiudinal gange bosons with
large invariant masses can be written as

o (pp = ViVEX) = (ewé)’ o (oo — VIVEX by - (22)

where o(pp — ViViX |y is the cross section m the SM without Higgs, at the leading order in
al.l'l:d.rrw]g. With 200 fb—! of integrated lumincsity, it should be possible ta identify the signal of
a Higgsless SM with about 30-50% accuracy 1% e, to a sensitivity up to egé = 0.5-0.7,

In the BILH ramework, the Higes is viewed as a pssodo-Goldstone boson and therefors
its properties are directly related to those of the exact (eaten) Goldetones, corresponding to
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the longitudinal gauge bosons. Thuoe, a generie prediction of SILH is that the strong gauge

boson scattering is accompanied by strong production of Higgs pairs. Indeed we find that, as a

consaquence of the C{4) symmetry of the H multiplst, the amplitudes for Higgs pair-production
grow with the center-of-mase energy as eq. (19),

£gp 8

A(ZIZD — hE) = A(WIWL — Rb) = THF

MNotice that scattering amplitudes involving longitudinal gange bosons and a single Higegs vanish.

This 15 a4 consequence af the Eg parity emheddad in the O[4) symmetry of the operator Oy,

under which each Goldstone change sign. Mon-vanishing amplitudes necessarily involve an even

(23

number of each species of Goldstones,
Using eqe. (19], (20% and (23), we can mlate the Higgs pair production rate at the LHC to

the longitudinal gauge boson eross ssctions

Eﬂ'd:ﬂ |:j.:g:.l - th}EH = T3 M Epp — “.-EH.-I-I]I.:H + % (9— tanh? %) Ti M Epp - EEEEI}EH :

(21)
Here all cross sections &g 3 are computed with a cut on the pseudorapidity separation betwean
the two final-state particles (a boost-invariant quantity ] of [An| < &, and with & eut on the twe-
particle invariant mass = M2, The sum rule in =q. {24} 18 a charactaristic of SILH. Howevar,
the signal from Higgs-pair production at the LHC 1= not =0 prominent. It was suggested that,
for a light Higes, this process is best studied in the channel bin~ 4, but the small branching
ratio of i — 7 makes the SILH rate unobservable. Howevar, in SILH, one can iake advantage
of the growth of the cross section with energy. Although we do not perform here a detailed
study, it may he passible that, with sufficient luminasity, the signal of Bt with high invariant
m asses oould be distinguished from the S0 background.
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