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Some recent beyond Standard Model phenomenology is basedveistrongly interacting dy-
namics ofSJ (N) gauge fields coupled to various numbers of fermions. Wiien3 these sys-
tems are analogues of QCD, although the fermion massesmcalty different from — and heav-
ier than — the ones of real world QCD. Many quantities needeglfienomenology from these
models have been computed on the lattice. We are writing @edior these phenomenologists,
telling them about lattice results. We'll tell you (some wffpat they are interested in knowing.
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Phenomenologists continue to construct and analyze a vadety of theories for physics
beyond the Standard Model (BSM). Some of these theoriegitononperturbative systems — non-
Abelian gauge fields coupled to fermions (and perhaps sjalawhich the gauge symmetry is
unbroken and the gauge dynamics are confining. Many of thederss are accessible to lattice
simulation. A subset of them are so accessible to latticellsition that they have (probably) al-
ready been simulated — the gauge grou@Udg43) and the matter content is a set of fundamental
representation fermions. What makes them different froah weorld QCD is that generally the
pseudoscalar to vector meson mass ratio is bigger than iwré&lathe corresponding lattice data
for QCD at unphysically heavy quark masses exists, but iergegally thought of merely an inter-
mediate result on the way to the QCD physical point. This rae¢hat although such lattice results
could have an impact in BSM phenomenology, they are (by ageé)aot presented in a way which
is accessible to researchers outside the lattice commiamisuch purposes.

We are trying to collect lattice data which might impact beg<standard-Model phenomenol-
ogy and present it to the community working in that area [IJu Yattice people are not really the
audience for the paper we want to write. However, it's youadee are trying to collect. We may
not have found the best examples of the things we want to shbe/purpose of this writeup is to
tell you, a lattice QCD practitioner, what selected phenooiagists have told us they are interested
in, and to show you some of what we have found.

Our focus is on BSM models including a non-perturbative@etiat resembles “heavy QCD”:
SU(3) with fundamental-irrep fermions heavier relative to theafomement scale than the light
quarks of real-world QCD. Generically, these systems asnges of “hidden valleys” — new
confining sectors with some weak coupling to the visible aeof the Standard Model. Early
representative examples include Refs. [2, 3, 4, 5]. Somstagstions are pointed at the hierarchy
problem; some at dark matter. Quantities which appear nftest ;m them, which might be lattice
targets are:

e spectroscopy (of course) — but some translation of scadas QCD is required,

e the pseudoscalar decay constant and other parametersloftkaergy chiral effective the-
ories (most useful for extracting Higgs properties fromltdve energy effective field theory),

e decay constants, representing the matrix element of saimegsbound state to “vacuum”;
these are necessary to describe the decay of bound staiaghtwther interactions, e. g. a
Z-boson or a dark photon. Certain decay constants, sucle asttor (and perhaps axial vec-
tor), also appear in phenomenological descriptions suakeei®r meson dominance which
are prevalent in the strongly-coupled BSM literature.

e other simple matrix elements, for example matrix elemehth@scalar current, which de-
termine the Higgs boson coupling to the new physics sectorexXample of this coupling
is the nuclear sigma term (which describes the coupling efHiggs to the nucleon in a
direct detection dark matter decay amplitude). If dark erat composite there is the analog
matrix element coupling the Higgs to some scalar dark ctirren

These are very general lists, encompassing much of whainis idolattice QCD. Of course,
that is the point; most existing lattice QCD calculatiorastigularly at heavy fermion mass, already
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contain results which can be of interest for BSM phenomegyolaso long as they are presented in
the right way! We now move on to two more concrete examplesdisaliss where lattice results
could be most impactful, beginning with “twin Higgs”.

Little beyond-Standard-Model phenomenology directedoditiisg the hierarchy problem in-
volves QCD-like dynamics. One exception is the twin Higgsdedowhich introduces a copy of
every Standard Model fermion, interacting with a new str8dg3) gauge symmetry with a dif-
ferent confinement scale. The original reference is [6] awbmt papers are [5, 7, 819J(3)
is mandatory for graph cancellation in loops between Staht#odel particles and their twins.
Otherwise, there are many variant models.

The original reference [6] has a copy of every Standard Méelehion. The twin fermion
masses are different than the Standard Model ones becausikhwa couplings are different.
Obviously, properties of the strongly interacting twintee@re those of full QCD, but with differ-
ent fermion masses. Later papers remind us that having marg light particles than are already
in the Standard Model is bad for nucleosynthesis, so theviuti scenario seems to be disfavored
(unless the scale of the twin sector is very high, or unlelsghallight constituents can decay to
Standard Model particles before nucleosynthesis).

The next set of models restrict the twin quarks only to beneast of the top and bottom
quarks. The justification for doing this is that the top quaak the biggest Yukawa coupling and is
the biggest player in the hierarchy problem, the quadrafreddence of the Higgs mass on higher
new physics scales. It is reminiscent of partial composiésnwhere the quarks get their mass by
mixing with some composite operator. Most of the phenonmmobf this scenario restricts itself
to the top and bottom quark doublet.

Several groups, including Refs. [5, 7] have written aboi# seenario. Witth quarks heavier
than the scale of glueball bound states, the spectroscogsrysdifferent from real world QCD:
there are glueballs, which are basically quenched glugbatid there arbb quarkonia, basically
guenched quarkonia. (The mirror top quarks decay as in tdewarld.) The quarkonia can only
decay by glueball emission.

The lattice literature on quarkonia does not seem to haeetaffl twin - related phenomenol-
ogy. We could not find any lattice spectroscopy away from thesalc andb masses. This would
be interesting (and trivial to do, if you have the code). Rmmeenologists know about quenched
lattice glueball spectroscopy and cite Refs. [9, 10]. These@bout the coupling of glueballs to
guarkonia. The one lattice paper on this we know is Ref. [JA]Jquick glance does not reveal
many citations to this by modern BSM phenomenologists.al'®ld paper — can one do better?

Our second example comes from dark matter. At present thenmare lattice targets in dark
matter phenomenology. Ref. [12] is a survey of confiningesyst which have a place there.

Self interacting dark matter is characterized by havingraidant decay process-3 2. Some
phenomenology assumes that the dark matter is bound stat¢$3, 14] the dark matter is the
pions of a hidden sector. A recent proposal is [15]. It is aplieit model with SJ(3) gauge
dynamics withN; = 3 light flavors, but (unlike QCD) it hasps/my ~ 1/2. The authors are
interested in computing the-3 2 amplitude in this system. They are also interested in ptigse
of their vector meson. When a “dark photon” is included indlagk sector, it mixes not only with
the ordinary photon via a term in the Lagrangia# (~ £B,yFpy), but also with the equivalent
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of the rho meson. This mixing involves the vector meson dewmstant {y in QCD language),
which, to set conventions, we define@yd|V) = mg fy .

Workers in this genre compute these quantities using a phenological effective Lagrangian,
basically the usual chiral Lagrangian for the Goldstonegyanted by extra vector meson fields.

F2 1 v
.,%_ZTr(D UDHUT )—éTrGWG“ +... 1)

which is built of the Goldstone field = exp(i®/F ) and vector mesons, introduced via covariant
derivative .
|g[

Du® = 3P+ - [P, V). 2

They have a self coupling frofG,, = d,Vy — d,V,. The... in .Z includes phenomenologics

mass terms, couplings, and so on. The acronym “KSRF” (Kavegmshi, Suzuki, Riadzuddin,

Fayazuddin [16, 17]) labels results from these models. [R8f.is a survey of them.
Phenomenologists get their-3 2 vertices out of a combination of the Wess-Zumino-Witten

term in a chiral Lagrangian, and the coupling of a vector meéegseudoscalargypp. They infer

fv andgp; from the KSRF relations,

f
fy = V22, 3)
My
and
M
Qvpp = £ v (4)
PS

In these conventions the vector meson decay width is

. %pp B 3/2
(v —PP) = e (g ©)
and X
rv—e'e) = 9 m, 12 (q)° ©)

where(q) is the average quark charge in the valence wave function.

Does this phenomenology produce reasonable results? tlia¢ian for fy is shown in panel
(a) of Fig. 1, showing direct lattice results, KSRF predins from lattice data, and experimental
results (from radiative decays of vector mesons), and thRK&lation from the real world,
and fps. Yes, phenomenology works.

There are now many direct lattice calculationgggfp from simulations in finite volume a la
Lischer. Lattice data from several groups is displayed imepéb) of Fig. 1, along with the KSRF
relation itself, evaluated using the physical valuesmpfand fps. The agreement of lattice data
with the relation is again excellent.

Finally, we briefly discuss scale setting. Lattice caldola produce only dimensionless ra-
tios; some physical quantity must be chosen to remove thiedatpacing dependence from these
ratios and present final results in physical units like Gelve Bame procedure is needed to use
lattice QCD results in the context of BSM phenomenology, ibuthis context the physical units
will be different, and often variable over a wide range delieg on the model parameters. To
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Figure 1: KSRF physics from the lattice: (a) Vector meson decay constaversus(mps/my)2. Squares:
direct lattice calculations ofy; blue symbolsfy from KSRF fps andmy. The fancy cross is the KSRF
result for massless quarks from the physical rho mass amddgicay constant. Results for physical particles
are shown in red. (b) The vector meson decay conggst from lattice calculations, as a function of
(mps/my)2. Symbols are squares, Ref. [19] and [20]; fancy crosses [RBfand [22]; octagons, Ref. [23];
diamond, Ref. [24] and bursts, Ref. [25]. The line is the KSBIRtion with physical values for the rho mass
and f.

allow scale setting for phenomenology, it is crucial to prasintermediate results, i. e. ratios of
physical quantities, in addition to final results in unitsGxéV. Moreover, the most useful ratio for
scale setting may be different depending on the BSM modekextample, in dark matter models
the mass of the dark matter candidate bound state is a nahwoigke for scale setting.

One example of a broadly useful and lattice-accessible imthe quantitymps/ fps. It some-
times appears as a free parameter in the phenomenolodaraltiire, where it is allowed to vary
over a large range. (For example, see Fig. 1 of Ref. [14]. iBhistSJ (3), but that is not important
for the point we are about to make.) In QCD, simulations shuat this ratio is always smaller
than about 5-6. A compilation of lattice data is shown in RZigThe range is even smaller if one
wants to be in the chiral regimengs/my small). Knowing that simulations can bound the possible
ranges of quantities likeps/ fps can sharpen phenomenological predictions.

Of course, there are many other things to say, but we justwdaavith two remarks:

First, there is a market fdJ (3) lattice results away from the chiral limit. Your results tnig
enable phenomenologists to sharpen their predictions ifapcbve them). To enable this, make
sure your results are packaged in a broadly useful way: diectasults for physical quantities even
away from the physical point of QCD, and include dimensissletios that can be used to set the
scale in a variety of ways.

Second, phenomenology makes heavy use of models. “ModeFiésetical word to the lattice
community, but that is not so, outside it. It can be usefulrespnt lattice results in a way which
allows easy comparison with models, rather than as standneaiesults. The KSRF relations
discussed above, which can be obtained from models of vest®on dominance, are a good
example.
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Figure 2. Ratio of pseudoscalar mass to decay constant as a functionegfmy)?. Data are octagons
from Ref.[26], diamonds from Ref. [27], and squares fromrgéastatistics follow-on to Ref. [28]. In our
convention the physicdl; = 130 MeV, shown as the red burst.
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