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“Strong and weak interactions — from Hadrons to Dark
matter”

@ long time goal: extension of the SM
@ motivations: dark matter, early universe, naturalness of the
Higgs sector, ....

Several problems are of non-perturbative nature
— need lattice methods, e. g.

@ strongly interacting supersymmetric theories

@ technicolour models

@ composite Higgs models

@ higher dimensional compactified gauge theories
@ SIMPs, unparticles, ...

What lesson can we learn for QCD?



INTRO

Technicolour

Higgs in the standard model:

@ spontaneous symmetry breaking:
Higgs vev, ew scale =~ 250 GeV

@ mass generation for W and Z

@ mass generation for fermions

@ ... but large quantum corrections, not “natural”, strong
dependence of dmy on higher scales

Technicolour candidates (more “natural” EW sector):
@ “strong” naturalness: dynamical scale generation like in QCD
@ ... but requires theory much different from QCD

General theoretical question: exploration of different possible
realisations of strong interactions.
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Technicolour basics

@ strong dynamics without Higgs: fermion condensation,
equivalent of Higgs vev: F.

o light fields (Goldstone modes of chiral symmetry breaking)
generate W, Z mass
but ...didn't we already see the Higgs?

= Higgs as composite state generated by strong interactions
(light scalar)

but ...don't we already know the electroweak sector?

= strong interactions without visible impact on electroweak
precision measurements
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New hints for technicolour?
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[ATLAS, arXiv:1506.00962]

e M, /F; ~ 8, generic for several TC theories
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Requirements for a technicolour candidate

Difficult conditions for a technicolour theory (TC) ...

o electroweak symmetry breaking and mass generation of the W
and Z bosons

@ mass generation for the fermions without generation of FCNC
e extended technicolour (ETC)
@ electroweak precision data ...
... here we focus on
@ light scalar to explain the Higgs boson
@ (near) conformal (walking behaviour)
Q 77 ~ 1 (large)
= Strong interactions, but much different from QCD!
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Mass spectrum of near conformal theory

+ + T
Targe mq mg=0 large mg  locking mq=0

[Lucini, arXiv:1503.00371]
@ QCD like: light Goldstone bosons from chiral symmetry
breaking at m — 0
@ (near) conformal: m only scale setting parameter, no mass

scaleat m — 0
o M ~ mt/(1+ym)



INTRO Lattice adj QCD CON

Conformal window

Perturbative picture:

o fundamental representation: large N¢
needed

@ alternative: adjoint, sextett rep.

@ nonperturbative methods needed to
confirm conformal window

@ large number of studies consider fund.
representation

Adjoint QCD (SU(2)):

@ perturbative: conformal window starts

[Dietrich, Sannino,
above Nf =2 hep-ph/0611341]
e minimal walking technicolour (MWT)
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SCGT: theory space and conformal window

important for composite Higgs realization
space of color, flavor, and fermion representation

1

attacking the conformal edge:

14 models with new results

CON

fundamental SU(3) color:

Nagai, Ohki, Schaich, Rinaldi, Miura, Hasenfratz,
Ogawa, Yamazaki, Liu, Petropoulos, Yamada,
Da Silva, Aoki, lwasaki, Buchoff, Cheng

fundamental SU(2) color:
Tomii, Voronov

adjoint SU(2) color
Del Debbio, Rantaharju, Pica, Athenodoru

adjoint SU(3) color
Shamir
Two-index antisymmetric SU(4) color

Two-index symmetric SU(3) color
Wong, Sinclair, Holland

although ~30 talks, SCGT is
only part of the BSM theory

space! SUSY, 5D, ...
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INTRO Lattice adj QCD CON

Adjoint QCD
adjoint Ny flavour QCD:

Nr
1 _
L="Tr —ZFHVFIW—F E 1/),([D—|—m)77/1,

D,uﬂ) = 8,u¢ + ig[A#, ﬂ’]

@ 1) Dirac-Fermion in the adjoint representation
e adjoint representation allows Majorana condition ¢ = Cy) T

= half integer values of N¢: 2N¢ Majorana flavours
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[Bergner, Ryttov, Sannino]

@ adjoint QCD constrains other theories, in particular symmetric
rep.



INTRO

SYM and the investigation of the conformal window

SYM simulation provides benchmark of lattice methods
e confining (i. e. below conformal window)

e formation of SUSY multiplets (benchmark for deviation from
continuum limit)

@ other possible benchmarks: all order beta-function, condensate

MWT benchmark for SYM methods: expect large difference
between N =2 and Nf =1/2
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Chiral symmetry breaking in adjoint QCD

N¢ Dirac = 2N¢ Majorana spinors in Weyl representation
Symmetry breaking by condensate:

SU(2Nf) — SO(2Nf)

N¢(2Nf — 1) unbroken generators, N¢(2Ns + 1) — 1 Goldstone
bosons (pNGb)

Different names for the same thing:

SYM: “adjoint pion”, N = 1 adjoint QCD: “scalar baryon”,
N¢ = 2 adjoint QCD: “pseudoscalar meson”
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Spin-1/2 state

Specific feature of adjoint representation: Colourless mixed
fermion-glue states are possible. One example:

> outr [F )]

782

@ spin-1/2 state
@ in SYM: fermion state in SUSY multiplet
@ in TC: might lead to fractionally charged particles
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Lattice adj QCD

Lattice MWT: Mass spectrum
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Mass spectrum of MWT at different
1.8

‘ ﬁ/ﬁlps ‘
1.6 F mv/mps X 4
mspm_% mps —¥—
1.4 ¢ Mo++/Mps —¥— ]
lattice 322 x 64 O
L2} 38 %64, =17 e
X M X X
1} ° x ¥ B %
B g ® *
0.8 t+ ] |
0.6 ; B, v ¥ §
04l = @ o ]
0.2 + @ PS B+ + ° B+
0 L L L L L L

0.08 0.1 012 0.14 0.16 018 0.2 0.22 0.24



INTRO Lattice adj QCD CON

Scaling of the Masses
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Spin-1/2 state

1.8 T T T
\/E/T‘!lps L
1.6 | my/mps —>%—
Mypin_1 /PS¢
14 Mo+t [Mps —v— 1
lattice 32° x 64 O
12 3B x64, =17 e T
[ B X X
1t b . " B ¥
B e i
0.8 + ] i
v
0.6 + @ @ ¥ @ ? 1
oal = @ o |
02+ @ o M|+ t o B 4+
0 1 1 1 1 1 1 1
008 01 012 014 0.16 018 0.2 022 024

ampCcAc

@ consistent in all measurements: Spin-1/2 state is above scalar
glueball, close to, but below V (PS) = light particle
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Results for MWT
Challenges:
e limitation by bulk transition / lattice artefacts

@ large finite size effects:
QCD: mpsL ~5
SYM: mpglL ~ 3.5
MWT: mpgl ~> 15

Results:
o large difference between SYM and MWT
o light scalar
e (near) conformal
@ from the spectrum v, ~ 0.11 — 0.52 = might be too small

@ seems to be more conformal than expected from perturbative
arguments
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Lattice Nf = 1 adjoint QCD: Mass spectrum
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Results for Nf = 1 adjoint QCD
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Results for Nf = 1 adjoint QCD
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Results for N = 1 adjoint QCD
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Results for N = 1 adjoint QCD

Challenges:

@ precise determination of difference conformal/non-conformal
Results:

@ light scalar

@ (near) conformal

e v ~09

e smaller lattice spacing: v}, ~ 0.7 (preliminary)
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Conclusions: Walking scenario

e Nf =1 (near) conformal

@ lower end of adjoint QCD conformal window might be at
smaller N¢ than expected

o N¢ =2 small v,,, Nf =1 rather large v,

Phenomenology:
@ Nf =1/2 or 1 might be combined with fundamental
— UMWT
@ Nf =1 adjoint QCD conformal
— Nf = 2 symmetric QCD conformal
(in contradiction with LH collaboration)
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Conclusions: Spin-1/2 state

@ SYM: Spin-1/2 part of multiplet
e Nf =1 adjoint QCD: Spin-1/2 rather heavy
e Nf = 2 adjoint QCD: Spin-1/2 rather light

Phenomenology:

@ problematic: fractionally charged particles
— motivated investigations of SO(4) [A. Hietanen, C. Pica,
F. Sannino, U. |. Sondergaard: arXiv:1211.5021]

o feature: dark matter Majorana with small cross section
compared to baryons [C. Kouvaris: arXiv:hep-ph/0703266]
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Conclusions

lattice simulations resolve large difference of SYM and MWT
MWT exotic theory: glueballs, fermion-glue particles below
meson spectrum

Nf = 1 adjoint QCD on the (near) conformal side and
includes light scalar and large v,

There is an interesting landscape of strongly interacting
theories much different from QCD.

interesting starting point for “Strong and weak interactions —
from Hadrons to Dark matter”
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