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A NOVEL APPROACH TO THE STUDY OF CONFORMALITYIN THE SU(3) THEORY WITH MULTIPLE FLAVORSR. Brower a;b, A. Hasenfratz 
, C. Rebbi a;b*, E. Weinberg a, O. Witzel b**aDepartment of Physi
s, Boston University, Boston, Massa
husetts 02215, USAbCenter for Computational S
ien
e, Boston University, Boston, Massa
husetts 02215, USA
Department of Physi
s, University of Colorado, Boulder, CO 80309, USARe
eived O
tober 15, 2014We investigate the transition between spontaneous 
hiral symmetry breaking and 
onformal behavior in theSU(3) theory with multiple fermion �avors. We propose a new strategy for studying this transition. Instead of
hanging the number of �avors, we lift the mass of a subset of the fermions, keeping the rest of the fermionsnear the massless 
hiral limit in order to probe the transition.Contribution for the JETP spe
ial issue in honor of V. A. Rubakov's 60th birthdayDOI: 10.7868/S004445101503009X1. INTRODUCTIONThe dis
overy of the Higgs meson has put in pla
ethe �nal pie
e of the ele
troweak se
tor of the Stan-dard Model [1; 2℄. But, 
ontrary to a theory likeQCD, where asymptoti
 freedom guarantees that theultraviolet 
uto� 
an be removed, the theory of aself-intera
ting s
alar needs an ultraviolet 
ompletion.The theoreti
ally potentially viable options, 
ompati-ble with present experimental limits, fall into two main
ategories: supersymmetri
 and 
omposite Higgs mod-els. Composite Higgs models are based on some newstrongly 
oupled but 
hirally broken gauge-fermion se
-tor where the Higgs parti
le is a fermioni
 0++ boundstate. The idea of a 
omposite model was �rst intro-du
ed as �Te
hni
olor� [3; 4℄, whi
h was later general-ized to �Extended Te
hni
olor� [5; 6℄ to a

ommodatea me
hanism for generating fermion masses. Rathersoon it be
ame 
lear that simple �s
aled-up QCD� mod-els 
annot satisfy ele
troweak phenomenologi
al 
on-straints. �Walking Te
hni
olor�, a model where theunderlying 
oupling 
onstant evolves very slowly, wasproposed to remedy the situation [7; 8℄. The notion*E-mail: rebbi�bu.edu**Present address: S
hool of Physi
s & Astronomy, The Uni-versity of Edinburgh, EH9 3FD, UK

of walking te
hni
olor was parti
ularly important be-
ause it brought to light the role that the proximity ofan infrared �xed point 
ould play for strongly 
oupledtheories of ele
troweak symmetry breaking.A general feature of theories of ele
troweak sym-metry breaking based on strong dynami
s is that theypredi
t a variety of new 
omposite states. However, todate, no additional states have been found at the LHCother than the Higgs parti
le. Thus, any strong dynam-i
s model of ele
troweak symmetry breaking fa
es the
hallenge of predi
ting the existen
e of a bound s
alarstate with the mass and properties of the Higgs boson,while the other states of the system must be signi�-
antly heavier. In passing, it is worth noting that eventhe o

urren
e of a Higgs-like s
alar was not given inthe original formulation of su
h theories. Indeed oneof the motivation for their introdu
tion was to provideele
troweak symmetry breaking in the absen
e of anyHiggs parti
le in the low-energy spe
trum.We note that in QCD, the 0++ �(550) resonan
eis very 
lose to other hadroni
 ex
itations. A phe-nomenologi
ally viable model must exhibit some newphenomena that separate the � from the rest of thenon-Goldstone spe
trum. One possibility whi
h is 
ur-rently getting a lot of attention is a theory whi
h ex-hibits near-
onformal symmetry. The presen
e of asoftly broken 
onformal symmetry might give origin toa low-mass s
alar, possibly as a pseudo-dilaton state,485
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Fig. 1. Two-loop perturbative � fun
tion for SU(3)with di�erent numbers of �avors, indi
ating asymptot-i
ally free, �xed point, and IR-free behaviorwhile all other 
omposite states would appear at mu
hhigher mass. This 
ould happen if the theory is 
loseto an infrared �xed point as suggested in walking Te
h-ni
olor s
enarios.In the generalization of QCD to SU(N
) theorieswith Nf fundamental �avors, the two-loop � fun
tionis given by �(g) = ��0g3 � �1g5 +O(g7) (1)with�0 = �113 N
 � 23 Nf� =(4�)2;�1 = �343 N3
 ��343 N2
 � 1N
� Nf� =(4�)4: (2)When the number of �avors is small, both �0 and �1 arenegative, indi
ative of QCD-like asymptoti
 freedom.As Eqs. (1) and (2) show, as the number of �avors in-
reases, �rst �1 
hanges sign at N (
)f and the � fun
tiondevelops a nontrivial zero at some g = g� value, andthen at N 0f > N (
)f the value of �0 also 
hanges sign andasymptoti
 freedom is lost. Figure 1 illustrates this be-havior for N
 = 3. For N (
)f < Nf < N 0f , the two-loop� fun
tion suggests the presen
e of an infrared �xedpoint at some value g� of the 
oupling 
onstant. If g�is small, a perturbative study of the infrared behaviorof the theory might be warranted, but for larger valuesof g� the investigation must pro
eed through nonper-turbative te
hniques.In the spe
i�
 
ase of SU(3), latti
e studies indi-
ate that the 12 fundamental �avor theory exhibits an

infrared �xed point [9�16℄. Moreover, re
ent latti
e in-vestigations of the SU(3) theory with 8 fundamentaland 2 sextet �avors have given tantalizing eviden
e forthe existen
e of a low-mass s
alar [17; 18℄, as would beneeded for a model that des
ribes the Higgs s
alar.While the above 
onsiderations may o�er some hopethat the explanation of ele
troweak symmetry breaking
ould be found in a strongly intera
ting gauge theory,an enormous amount of work remains to be done to sup-port or invalidate su
h a 
onje
ture. Indeed, beyondthe intrinsi
 di�
ulty of 
al
ulating observables of anon-Abelian gauge theory in the intermediate 
ouplingdomain, a task that 
an presently be ta
kled only bylatti
e simulation te
hniques, one also needs to 
ontendwith the fa
t that, 
ontrary to QCD, the parametersof the underlying theory (number of 
olors, number of�avors, fermion representation) are not a priori known,and hen
e one needs to explore a range of possible mod-els. With this paper, we wish to make a 
ontributionto the methodology that 
an be used in the sear
h fora su

essful theory.2. VARIABLE Nf vs. VARIABLE MASSWe 
onsider a system with Nf fermions su
h thatN (
)f � Nf � N 0f ; hen
e, the theory, while still asymp-toti
 free, has an infrared �xed point. One would liketo �nd the value N (
)f at whi
h the �xed point appears.A 
aveat in this question is that the number of �avorsis not a 
ontinuous variable, but instead an integer.Further, there is no guarantee that the nearest integerbelow N (
)f is 
lose enough to the infrared �xed pointto show the phenomenologi
ally desired properties.We suggest here a di�erent strategy, namely, to 
on-sider a theory with N` light and Nh heavy �avors. TheN` light �avors are kept near the 
hiral limit m` � 0,while theNh heavy �avors have a variable, heavier massmh � m`. Spe
i�
ally, we study an SU(3) system withN` = 4 and Nh = 8 su
h that the light �avors ontheir own form a 
hirally broken system, whereas inthe mh ! m` limit the N`+Nh = 12 �avors des
ribe amass-deformed 
onformal system with an infrared �xedpoint.To understand the expe
ted behavior as mh
hanges, we 
onsider the renormalization group (RG)�ow of the N` + Nh theory in the limit m` = 0,sket
hed in Fig. 2. The heavy fermion mass mh is arelevant parameter, and for nonzero values it tra
esout an RG traje
tory leading away from the infrared�xed point (IRFP) of the 12-�avor theory to the trivial�xed point of the 4-�avor theory. For large values486
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Fig. 2. Illustration of the expe
ted renormalization-group �ow lines for the N` + Nh �avor theory. Thethi
k line shows the RG traje
tory 
onne
ting the 
on-formal infared �xed point (IRFP) at mh = m` = 0 (12�avors) and the trivial �xed point of the 4-�avor the-ory at mh =1. The thin lines are RG �ow lines that�rst approa
h, then run along the RG traje
tory. Asmh ! 0, the �ow lines spend in
reasingly more timearound the IRFP, 
reating a �walking� s
enario, whileas mh in
reases, the heavy �avors de
ouple and the RG�ows resemble the running of the 4-�avor systemof mh, the heavy �avors de
ouple and the model isessentially the N`-�avor 
hirally broken theory. Inthe other limit, when mh = m` = 0, the system is
onformal and the RG �ow runs into the IRFP. Finitemh 6= 0 breaks 
onformal symmetry, but for small mhthe RG �ow approa
hes the IRFP and stays aroundit for a while before eventually running toward thetrivial infrared �xed point. This is the desired walkingbehavior, where the length of walking 
an be 
ontrolledby tuning mh. Thus our theory interpolates betweenthe running behavior of the 4-�avor 
hirally brokentheory and the walking behavior of the 12-�avormass-deformed 
onformal theory.Phenomenologi
ally, it would be more interesting toset N` = 2 as opposed to 4 to ensure that the systemhas only three massless Goldstone bosons as needed forele
troweak symmetry breaking, but due to our latti
efermion formulation, it is simpler in this pilot studyto work with four light �avors. As mentioned above,there is in
reasing eviden
e that the 12-�avor systemis infrared 
onformal with a relatively small anomalousdimension 
m � 0:24 [13; 15; 19℄, whi
h may be toosmall to satisfy phenomenologi
al walking 
onstraints.A system 
loser to the 
onformal window with a largeranomalous dimension might have been more realisti
,but for te
hni
al reasons we kept the number of �avorsas a multiple of four.

3. PRELIMINARY RESULTSWe have performed simulations at various values ofm` with the intention that the light fermions should betaken in the 
hiral limit, or as 
lose to it as possible,while the mass of the heavier fermions is varied withmh � m`. Our 
al
ulations are still in progress, theresults we present here are preliminary.The simulations have been 
arried out using nHYPsmeared staggered fermions with fundamental and ad-joint plaquette terms in the gauge a
tion [13; 20℄ us-ing the FUEL software pa
kage [21℄. The te
hni
al de-tails will be presented in some further publi
ations. Atpresent, we 
onsider only one gauge 
oupling, � = 4:0.We performed a large number of simulations on latti
esof size 243�48, and exploratory runs on latti
es of size323 � 64. The left panel of Fig. 3 illustrates the massvalues for whi
h we 
arried out our simulations.We use the gradient �ow running 
oupling [22�24℄to 
ompare the latti
e s
ales of our di�erent ensem-bles, and also to investigate the energy dependen
e andwalking behavior of the running 
oupling. The gradient�ow is an invertible transformation of the gauge �eldsthat 
an be used to de�ne a renormalized running 
ou-pling at an energy s
ale � = 1=p8t asg2GF (�) = 1N ht2E(t)i; (3)where t is the �ow time,E(t) = �12Re Tr[G��(t)G�� (t)℄ (4)is the energy density, and the 
onstantN is 
hosen su
hthat g2GF mat
hes the traditional MS 
oupling in theperturbation theory [24℄. The gradient �ow s
ale t0 isde�ned by �xing the running 
ouplingg2GF (t0) = 0:3N : (5)The right panel of Fig. 3 shows the quantity p8t0 inlatti
e units from our 243� 48 volume simulations. To
ontrol �nite-volume e�e
ts, p8t0 . L=5 is usually suf-�
ient, but be
ause our model 
an have stronger �nite-volume e�e
ts, we will test this 
onje
ture on 323 � 64volumes. We also �nd relatively strong dependen
e ofp8t0 on the light mass m`, indi
ating that we mightneed even larger volumes when taking the m` ! 0 
hi-ral limit.The gradient �ow 
oupling in Eq. (3) allows us toinvestigate the energy dependen
e of the running 
ou-pling. By implementing a simple modi�
ation to thegradient �ow 
oupling~g2GF (�) = 1N ht2E(t+ a2�0)i; (6)487
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Fig. 3. Left panel: light (m`) and heavy (mh) mass values for the simulations 
arried out on 243 � 48 latti
es. The 
olorsare meant to 
aution about �nite size e�e
ts, likely negligible for blue and green, but of in
reasing importan
e as the 
olorturns to yellow, orange, and red. Right panel: The Wilson �ow s
ale p8t0 for our ensembles. The strong dependen
eon both the heavy and light fermion masses is most likely due to the IRFP of the 12-�avor system (see 
olor online atarXiv:1410.4091 [hep-lat℄)
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Fig. 4. The running 
oupling 
onstant ~gGF at the masss
ale � for di�erent values of mh with m` extrapolatedto the 
hiral limit; �0 and 
0 serve as normalization
onstants that ensure that the di�erent systems are
ompared at mat
hing energy s
ales and �0 is the shiftparameter to remove dis
retization errors. The dashedportions of the lines indi
ate where we suspe
t that
ut-o� e�e
ts may dominate

where a2�0 � t is a small shift in the �ow time, we 
anremove most of the dis
retization errors and improvethe 
onvergen
e behavior of the renormalized 
ouplingtoward the 
ontinuum limit [14; 25℄. Figure 4 shows therunning 
oupling as a fun
tion of the s
ale parameterfor di�erent values of mh and for the 4-�avor theory,equivalent to the limit mh !1.Our results shown in Fig. 4, albeit preliminary, in-di
ate that as the heavy fermion mass is redu
ed andthe 
onformal limit is approa
hed, the running of the
oupling 
onstant slows down, as one would need for anappli
ation of strong dynami
s models to ele
troweaksymmetry breaking.Finally, we present �rst results for the 
onne
tedmeson spe
trum of the light �avors. We extra
t themeson masses from a 
orrelated �t to 2-point 
orrela-tors obtained from measurements performed with wallsour
es in order to suppress 
ouplings to ex
ited ors
attering states [26℄. In Fig. 5, we show our resultsfor the Goldstone boson pion and the rho meson ob-tained for two values of the heavy mass, mh = 0:080and mh = 0:100. The data are shown in bare latti
eunits without taking into a

ount the relatively large
hanges of the latti
e s
ale when varying m` and mh.The very interesting 0++ s
alar meson mass is mu
hharder to extra
t be
ause it requires the evaluation of488
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Fig. 5. Masses of the Goldstone boson pion and the rhomeson in latti
e units for ensembles with mh = 0:080,0:100. The dashed lines serve to guide the eye indi
at-ing the expe
ted extrapolation: linearly for the massesof the rho-meson and proportional to pm` for the pionmassesdis
onne
ted diagrams and needs signi�
antly higherstatisti
s. Our preliminary results indi
ate that ourpresent statisti
s is su�
ient to predi
t the mass of thes
alar, and we expe
t to �nalize and present our resultsin the near future.4. CONCLUSIONSGauge-fermion systems near the 
onformal windownot only are interesting as strongly 
oupled �eld theorymodels but 
ould also have important phenomenolog-i
al appli
ations. In re
ent years, many large-s
alelatti
e studies have begun to investigate systems withdi�erent gauge groups, fermion representations, andfermion numbers with the goal of identifying the onsetof 
onformal behavior and investigating the propertiesof systems just below the 
onformal window. Inthis paper, we propose to study the transition from
onformal behavior with an infrared �xed point to
hiral symmetry breaking. Starting with a 
onformalsystem, we lift the mass of some of the fermionssu
h that they de
ouple in the infrared limit. If theremaining fermions are near the 
hiral limit, thisallows a 
ontrolled transition between 
onformalityand 
hiral symmetry breaking. A walking gauge
oupling emerges naturally in this system. In thisarti
le, we presented preliminary results supportingour expe
tations. If further investigations 
on�rm our

preliminary results, our model may play an importantrole for the study of theories of ele
troweak symmetrybreaking based on strong dynami
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