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Composites of QCD and strongly-coupled dark matter

Hadrons and beyond
Lattice studies and pNRQCD motivation
PNRQCD for (multi-)hadron systems

Heavy meson and baryon spectra

Binding and N, scaling for dark hadrons

Non-relativistic QCD

Heavy quarks and their bound states require multi-scale
treatment <> Expansion at the Lagrangian level in
mgo >> v ~ a; = EFT description

HQET & NRQCD: Operators and matching known to D = 8,

NNLO and above [2]

pNRQCD: Static 1/r potentials known to N*LO, m*NNLO [3,4]

S S EFT treatment required
ST B mesons offset by ~4000 MeV 1 LQCD: Spectroscopy complete for most common
ol PR hadrons
2 [ =7 %%ﬁ '
= [ o BT 1 Exotic hadrons: recent experiments, BaBar, Belle,
s ™ LHCb etc. E.g. tetra/pentaquarks, dibaryons etc.
500;_ N _ Weak coupling: mv?* > Agep atp ~mv =
) S S S S RO O perturbative pNRQCD estimates
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4 o Lagrangian operators
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Aqcp Degrees of freedom: Pauli spinors and ultra-soft gluons

PNRQCD for arbitrary bound states
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3-body potential (NNLO):
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For N > 3 N-body operators contribute at NNLO+

AH(t,r) : kK < my)

Quantum MC methods

Variational MC: Vary a with differential program to obtain
E_;, < Hamiltonian of N-quark system and trial state

M
¥ (r,a) = Z a®(r)

: Simple N-baryon trial state:
% gﬁ%@n H: —EZV,,1+V;/\_;W(I”1N) #‘Pmin(rl,...,l‘N) = Hl//loo(rij,ao:z/ch)
: i i<j

Heavy hadron spectrum and mass bound

Green's function MC: We now have W, and E_; but
what if 3 lower-lying states?

Given ¥, from VMC, diffuse to true ground-state
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Composite dark matter

Implicitly stabile due to global flavour symmetry

v

1 _. _
Z40cp = — ETrGﬁ + qiDqg + myqq

New SU(N,) gauge sector confines at

27
AdQCD ~ €Xp _ﬂ_a
0%y

DM stability is maintained beyond Gyrs ~ proton stability.
SM-DM interactions suppressed in the EFT above
confinement

Dark hadrons and binding

We compute
binding and
spectra for heavy 5 5
mesons and === N T

baryons to NNLO - 10 ‘ 20 ;'y‘() o 100 ‘ 200

We also provide | Nes o Neooo
the formalism to ;|
obtain properties T *
of generic SUN,) & 3
bound States 715; - LO NLO NNLO 7 _30b — Lo NLO NNLO
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Dark hadron spectra and scaling
NLO
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What if quarks and leptons are composite?

Quark and lepton compositeness

Can we write down such a model?

Fermions in SM chiral = chiral composite dynamics

A spectrum of light bound states can arise

UV model to composite EFT

Above GUT scale: massless chiral fermions (¥, y, 5 4, Q)
charged under SU(15)p X SO(10)

Below GUT scale: scalars break flavor and SO(10) symmetry at
Ayt and preons are charged under SU(15)p X SM

Below confinement scale: confining S U(15)p interactions give
rise composite chiral prehadrons below Apre

Formalism and bound states

SU(N) gauge theory, with (N + 4)
fundamental has anomaly cancelled by
single symmetric representation

SO(10) symmetry breaking ¥, ;9 and
relabelling according to SM charges

VY — wy o gp,1 Where SM-singlet LH fermion
Y, < Yy is conjugate of RH neutrino

Higgs and other scalars

A
Di-prebaryons lighter than A . ot - bobn L
are bound by remnant SU(15), o

SM gauge and A exchange

Hy (1,2, £ 1/2) = QypuQos  ©

(1,2, F 1/2) give rise to up Yu
(down)-type quark masses.

Q

(8,2, + 1/2) deeplest bound with
largest Dirac mass and Yukawa

couple as: ygep¥ Q5:2)Q(8:2)

88 QU  0OD
Proton decay at Apre occurs, e.g. 8-baryon operator:
¢:8 C
—— > (20:00) (955957) (201201 ) (@0 41) -
QY Y, Q A8, Q47"DL 00™"0L 01901 ) (Qp1Q4)
Identifying the prebaryons with corresponding SM fermions and scalars by their VEVs:
2 7/6m33 1.1
Cgc (qrq.)(u‘e)
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Model in a nutshell
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Preons bind into prehadrons under SU(15)

Prebaryons include all 3 SM generations of matter

and heavy vector-like states

Higgs doublets are di-prebaryon bound states
analogous to deuteron in QCD

preons?
field spin | SU(15), | SO(10) comments
U 12 16
P2, Y3, | 1/2 15 1 } massless preons
Q o 0 1
A 0 105 1 flavor-dependent couplings
S, 0 1 45
} SO(10) breaking VEVs
Ss 0 1 16
B.. B |12 15 15 1 Dirac mass > Aqg

197
05

and premesons (Yo', Yo'y, y,6"y)

S U(15)p interactions give rise to composite chiral
prebaryons: (‘WQY, Wy, Q)

Bound states: SM fermions (Q;, 7, £21,, L2 ;, Q)
and 12 vectolrike fermions under SM gauge group.

Additionally: 6 gauge singlet Weil fermions (€2;;, £y,

~ 2
CsCyy, o Vi
2(4m)* Ao

m
Latest super-K limit: T(p - 7z06+) > 1.6 X 10 yr= Ape > 1.OX 10* TeV (

Novel baryon-number violating signatures

Neutral Qij RH neutrinos may be lighter than

the proton = exotic decay modes:

[p - Nzt p - N°K*,n - N7Y]

i)
CR-ED)

Dominant decay: p — N'z" mode for a wide
range of m,, with D = 6 operator:

Oy e _
i (2000) (B3357) (901001 ) (@)

pre

Decay of p — NOz* followed by the decay N° = Q,, to alight pseudoscalar

Fermion | SU(15), | SU3). x SU2)w | U(1)y
Yo 15 (3,2) +1/6
Yp 15 (3,1) +1/3
VL 15 (1,2) —1/2
Ve 15 (1,1) +1

W1, e, Py 15 (1,1) 0
0 (1,1) 0

vectorlike | component

fermion LH , RH SU(3)xSU(2)xU (1)
Q8,2 QSI,J?) , QS’;) (87 27 _1/2)
QG,l ngégl) ) ﬁgjg) (67 17 +1/3)

—(3,3
QB,3 ng) ) QEQQ) (37 37 _1/3)
{232 Qoe . Wi (3,2,47/6)
) _(172)
L, Q9L Qop (1,2,-1/2)
§23.1 Quu , Qpr (3,1,—4/3)
Q Qo4 , Qpr (3,2,4+1/6)
DQ QS}}) ) ﬁUE (37 17 _1/3)
D, Q%) (3,1,—1/3)
[q QL4 ; ﬁLE (17 27 _1/2)
U Qpp , Qua (3,1,+2/3)
& Qpa, QLr (1,1,+1)

Compositeness scale proton decay

¢, Q012D Q11 Q)

>1/4

be Q ¥,

v, QY

Py

Outlook and summary

A chiral preonic SU(15) gauge theory was
proposed in which preon confinement leads to
exactly 3 generations of SM fermions.

Proton decay by confinement scale fields can
lead to novel signatures which can be searched
for at DUNE and other future experiments



