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Most of the theory work is done using EFTs and there are only a handful of UV complete models
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Lattice primer
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Systematic
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Lattice primer

Discretize space and time
Fy a - lattice spacing “a”
4P - lattice size “L”

Keep all d.o.f. of the theory
& * not a model!
no simplifications

Amenable to numerical

3 methods
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Nc N, parameters that can be easily changed




[KEK-Japan]

Importance of lattice simulations

% Lattice simulations are needed to numerically solve strong
dynamics

% Controllable systematic errors and room for improvement

% Naive dimensional analysis and EFT approaches can miss
important non-perturbative contributions

% EFTs inspired by QCD might not work when the dynamics is
different

% Lattice studies can reliably point out similarities or differences
as the parameter space (N¢N;Np) Is scanned
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MOTIVATIONS

* Strongly interacting quantum field theory with different N_, Ng and N,
* Is the dynamics different from QCD!?
 what Is the hierarchy in the spectrum!?
» is there a light scalar singlet?

» Phenomenology of physics beyond the Standard Model
» light Higgs from composite dynamics (pNGB or dilatonic nature)
» large anomalous dimensions

» expected (near-)conformal dynamics for consistency with experiments
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MOTIVATIONS

* Strongly interacting quantum field theory with different N_, Ng and N,

* is the dynamics different from QCD? chiral symmetry breaking or not!

* what Is the hierarchy in the spectrum?

+ is there a light scalar singlet? in QCD there is a broad
resonance fo(500)

» Phenomenology of physics beyond the Standard Model

» light Higgs from composite dynamics (pNGB or dilatonic nature)
» large anomalous dimensions

* expected (near-)conformal dynamics for consistency with experiments
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- Chiral Perturbation Theory (as in QCD) does not work
consistently In this new strong dynamics: the pseudoscalar is not the only
|ight degree of freedom [LatkMr:1610.07011]

- Mass-deformed Conformal Theory near a IR fixed point could
describe the spectrum in the massless limit but the data 1s not consistent
with the SCElHﬂg at |ight fermion Mass [LatkMi:1610.070117]

* ChPT + “scalar” is a new EF[ where the new light scalar d.o.. s

(N ! )
treated as a "'dilaton [Goldberger,Grinstein&Skiba:0708.1463, Matsuzaki& Yamawaki:1311.3784,

Golterman&Shamir:1603.04575, Kasai,Okumura&Suzuki:1609.02264, Hansen.Langaeble&Sannino:1610.02904,
Appelquist,ingoldby&Piai:1702.04410]

» Different forms of the Effective potential for the scalar and pseudoscalar
can be directly tested against L attice data rappelquist,ingoldby&Piai:1702.04410]



[latest results in Pica arxiv:1 701.07782 and Svetitsky arxiv: | 708.04840]
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KSRF relations hold at ~10% level,
suggesting vector meson dominance

[Phys. Rev. Lett. 16,255 (1966), Phys. Rev 147, 1071 (1966)]
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KSRF relations hold at ~10% level,
suggesting vector meson dominance

[Phys. Rev. Lett. 16,255 (1966), Phys. Rev 147, 1071 (1966)]
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CONCLUSIONS

» Lattice results for the SU(3) N=8 theory using different discretizations are painting a
consistent picture: there is a light scalar flavorsinglet state, the dynamics is different
form OCD, but other heavier resonances behave similarly to QCD

- A light scalar has been observed in other systems that are very close or inside the

conformal window
- Lattice studies can give information about other hadronic quantities:

. S—parameter [LSD arxiv:1405.4752, LatKMI arxiv:1602.00796]

* couplings between flavor-singlet scalar and pseudoscalars, e.g. TITT scattering in the

scalar channel [LSD arXiv:1702.00480 + in prep.]
 Higgs coupling to SM fermions, e.g. dilaton decay constant Latkmi arxiv:1610.070117

e anomalous dimensions [LSD arxiv:1405.4752, LatKMI arxiv:1610.0701 1]



Caveat: infinite volume limit, continuum limit and chiral limit

need to be worked on!
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» Lattice results for the SU(3) N=8 theory using different discretizations are painting a
consistent picture: there is a light scalar flavorsinglet state, the dynamics is different
form OCD, but other heavier resonances behave similarly to OCD

- A light scalar has been observed in other systems that are very close or inside the

conformal window
- Lattice studies can give information about other hadronic quantities:

° S—parameter [LSD arxiv:1405.4752, LatKMI arxiv:1602.00796]

couplings between flavor-singlet scalar and pseudoscalars, e.g. TITT scattering in the

scalar channel [LSD arXiv:1702.00480 + in prep.]

Higgs coupling to SM fermions, e.g. dilaton decay constant [Laekmi arxiv:1610.070113

anomalous dimensions [LSD arxiv:1405.4752, LatKMI arxiv:1610.0701 1]
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% Glueball-like (only gluons)

4+ oNGB DM [Hietanen et al., 1308.4130] |
4 SUNOoNIa [Boddy et al., 1402.3629]

4+ Quirky DM [Kribs et al.,0909.2034]
4 Ectocolor DM [Buckley&Neil, 1209.6054]
4 SIMP [Hochberg et al., 1411.3727]

% Dark Nuclei [petmold et
4+ Minimal SU(2) [Francis et al., 1610.10068] o al., 1406.2276-1406.4116]

% Baryon-like (multiple quarks)
4+ “Technibaryons” [LSD, 1301.1693]
4+ Stealth DM [LSD, 1503.04203-1503.04205]
4 One-family TC [LatkmI, 1510.07373]

4+ Sextet CH [LatHC,1601.03302]
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LAT TICE RESULTS
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LAT TICE RESULTS
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Bounds from Higgs exchange N - =

4L attice results for the cross-section are
compared to experimental bounds

+Coupling space in specific models can
be vastly constrained

SU(4) Ni=4 Stealth DM

[LSD, 1402.6656-1503.04203]

MpslMV=0.77

DM-nucleon cross section (cm?)

SU(3) Nt=8 “technibaryon”

[LatkMI, 1510.07373]

le-36

le-381 %— :
= 1le-d0f T §
b - £

le-42l 1

[cm2]

~1000 Ty 1
m_ [GeV]

4Some candidates can be
excluded as dominant sources
of dark matter

4+ There is lattice evidence for
universality of dark scalar form

factors
[DeGrand et al., 1501.05665]



Bounds from Higgs exchange Nm = -

4| attice results for the cross-section are

compared to experimental bounds

+Coupling space in specific models can

DM-nucleon cross section (cmz)

be vastly constrained
SU(4) Ni=4 Stealth DM

[LSD, 1402.6656-1503.04203]

Purely Yukawa mass
Is excluded

SU(3) Nt=8 “technibaryon”

[LatkMI, 1510.07373]
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4Some candidates can be
excluded as dominant sources
of dark matter

4+ There is lattice evidence for
universality of dark scalar form

factors
[DeGrand et al., 1501.05665]
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SU(3) Nt=8 “technibaryon”

[LatkMI, 1510.07373]

Bounds from Higgs exchange N -

4L attice results for the cross-section are
compared to experimental bounds

+Coupling space in specific models can
be vastly constrained

SU(4) Ni=4 Stealth DM = le-40]

[LSD, 1402.6656-1503.04203]

[cm2]

At Purely Yukawa mass

1><1o—:j iS eXCIUded .

5x10 4Some candidates can be

13104 excluded as dominant sources
5x10~%°

of dark matter

x107%

+There is lattice evidence for
universality of dark scalar form

10 50 100 500 1000 factors
mg(GeV) [DeGrand et al., 1501.05665]
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SU(3) Nf=2,6 dark fermionic baryon

[LSD, 1301.1693]

-2

Rate, event / (kg-day)

!/ Ine
/1N
/I he
VAP YY 4
VA7 4
VAo a7 4
VA2 7 4
VoY 4
VAo a7 4
VAo a7 4

V28 4
a4

VAPV 7 4
VAP 7 4
VAPV 7 4
VA2 7 4
VA2 7 4
VA2 7 4
VA2 7 4
VAP 7 4
VAP 7 4
VAR oY Y 4
VA2 7 4
VA2 7 4
VAo 7 4
VAP 7 4
VAP 7 4
VAP 7 4
VAR oY 7 4
VA2 7Y 4
VA7 4

[ N =2
| — Ny=6
XENON100 [1207.5988], 95% CL exclusion

VAoV 7 4
VA2 9 7 4
VAP Y 7 4
VAR oY 7 4
VAo 7 4
VA2 7 4
- VAPV 7 4
A7 A

o
M, = Mp [TeV]

—
)
[\)

Y baryon similar to QCD neutron
% dark quarks with Q=Y

% calculate connected 3pt

% scale set by DM mass

% magnetic moment dominates

% results independent of Ny



Bounds from EM moments

IVlesonic and saryonic
airectly rrom lattice

=

£Vl Torm ractors
ce simulations

SU(3) Nf=2,6 dark fermionic baryon

[LSD, 1301.1693]

Rate, event / (kg-day)
5 — — — —
| o o o o — —_ -
— | | | | @) @) @)
o co [« 'S [\ [e=] [N IS

—_
)
I

—_

[\]

1014 3§
1 —16 -
0 1072 1071 10V 10*
M, = Mj [TeV]

\

Y baryon similar to QCD neutron
Y dark quarks with Q=Y

Y calculate connected 3pt

% scale set by DM mass

% magnetic moment dominates

% results independent of Ny

Mg >~ 10 TeV




Bounds from EM moments

Rate, event / (kg-day)

airectly from lattice simulations
SU(3) Nf=2,6 dark fermionic baryon

[LSD, 1301.1693]

Y baryon similar to QCD neutron
Y dark quarks with Q=Y

— —
(@) (@)
T T~

—_
@)
)

Y calculate connected 3pt

—_
=
[\]

% scale set by DM mass

—_
S
S

Excluded

% magnetic moment dominates

—_
=
(=)

—_
=
oo

% results independent of Ny

—_
-
|

—_

[es}

10—12

Mg >~ 10 TeV

|
|
—16
102 10! 100 10" 102

pushed to ~100 TeV
M, = M [TeV] with new LUX




[see also Drach et al.,1511.04370 for SU(2) N+=2]

L owest bound from EM polarizability Q//W::

Electric polarizability from lattice simulations with
background fields

SU(4) Ni=4 Stealth DM

[LSD, 15603.04205]

DM-nucleon cross section (cm?)

‘ ‘ L 1N ‘ ‘ ‘ | .
10 50 100 500 1000 5000
M, (GeV)
Z* 144natp2, (M3)?

A? 7n§5<R2

Onucleon (Za A) =




[see also Drach et al.,1511.04370 for SU(2) N+=2]

Lowest bound from EM polarizability [EVAZAA ::

Electric polarizability from lattice simulations with
background fields

LUX exclusion bound for

spin-independent cross
section

1.x107%
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[see also Drach et al.,1511.04370 for SU(2) N+=2]

Lowest bound from EM polarizability [EVAZAA ::

Electric polarizability from lattice simulations with
background fields

LUX exclusion bound for
spin-independent cross
section
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Coherent neutrino
scattering

DM-nucleon cross section (cm?)
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[see also Drach et al.,1511.04370 for SU(2) N+=2]

L owest bound from EM polarizability Q//W::

Electric polarizability from lattice simulations with
background fields

LUX exclusion bound for
spin-independent cross
section
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scattering
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background
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[see also Drach et al.,1511.04370 for SU(2) N+=2]

L owest bound from EM polarizability Q//W::

Electric polarizability from lattice simulations with
background fields

LUX exclusion bound for
spin-independent cross
section

SU(4) Ni=4 Stealth DM

[LSD, 15603.04205]

>
—’E

-
——
-
-
-
-
-
-
-
-
-
-
-
-
-

Coherent neutrino
scattering

DM-nucleon cross section (cm?)

background

‘ ‘ L 1N
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4 4,2 AN2
Z* 14dra “nx(MF) ]2 lowest allowed direct detection cross-section for composite

Onucl n(Za A) —
. AP ms, R? dark matter theories with EW charged constituents




"Stealth Dark Matter” model

[LSD collab., Phys. Rev. D92 (2015) 075030]

The field content of the model Field  [SUWN)p|sSU®@)., V)| ©
consists in 8 Weyl fermions _ L (1;1; < . +1g> :
1 a
. . . FY o +1/2
Dark fermions interact with the SM Fy = (pg N (2,0) 1/2>
Higgs and obtain current/chiral Y N | (1,41/2) | +1/2
masses Fy N | @1,-1/2) | -1/2
F} N (1,+1/2) | +1/2
d N N —_
Introduce vector-like masses for . R e | =12
dark fermions that do not break
EW symmetry .
LD {?Jﬁ]m‘ T HY Sy Fi SR
Diagonalizing in the mass — Yoacis FR HOFY — y3u o - HUFY + hoc

elgenbasis gives 4 Dirac fermions

Assume custodial SU(2) symmetry
arising when u < d Y14 = Y14




"Stealth Dark Matter’ model

[LSD collab., Phys. Rev. D92 (2015) 075030] EW interactions

The field content of the model Field  [SUWN)p|sSU®@)., V)| © |
consists in 8 Weyl fermions _ AL (FEL) N [ <+1/2>
F —1/2
. y . FX _ 1/2
Dark fermions interact with the SM iy (de> 2 (2,0) (:;2)
Higgs and obtain current/chiral e N | (1,+1/2) | +1/2
masses Fy N | (1,-1/2) | -1/2
F} N (1,+1/2) | +1/2
d N _ .
Introduce vector-like masses for "4 R )| =

dark fermions that do not break
EW symmetry

Diagonalizing in the mass
elgenbasis gives 4 Dirac fermions

L Di MlinijFg — MY FYFS + ML FIFY + hec.

Assume custodial SU(2) symmetry
arising when u < d Y14 = Y14 Y23 = Y23 3 = Mg,
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Important again: extrapolate towards the chiral limit

using an appropriate effective low-energy theory
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Scattering observables are useful

to constrain EFT terms

Gasbarro and Fleming (LSD collaboration) 1702.00480



[based on ladder SD and WTI: Matsuzaki, Yamawaki arxiv: 1 508.0/7688]
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[based on ladder SD and W TI: Matsuzaki, Yamawaki arxiv: | 508.0/7688]

WIT TEN-VENEZIANO

1/vVNe  1/V/Ne

lattice results seem to align with expectations from ladder-
SD analyses [arxiv: | 508.0/6838]: a flavor-singlet scalar in a near

conformal theory is light similarly to a flavor-singlet
pseudoscalar In the Witten-Veneziano limit, but a flavor-singlet

pseudoscalar 1s heavier In the “anti’-Witten-Veneziano limit
(large N#Nc)

<1

Nc - 2

N A= N.g° =fixed N,—
> 1
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METHODOLOGY FOR O™

Use a gluonic operator with
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0 quantum numbers: 2.00
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Use Wilson flow smearing as 1301
a technique to ameliorate 1.25-
the signal-to-noise problem 2 oo
Entirely similar to previous o7
studies In SU(B) YM [arxiv: 0.50 1
1409.6459]1 and QCD [axiv: 05 |
1509.00944] s

5 1.0
Main difficulty is estimating %05
the systematics due to 0.0

smearing and excited states

1.75 A

N#=8 L=30 m=0.04

¢® re€[7.0,10.0]
¢® r€l[8.0,10.0]
m ref(7.0,11.0]
B re([8.0,11.0]

0.1

0.2

0.3 0.4 0.5
smearing scale in units of v 8ty

0.6

0.7




4.0]
DO n
O o
3.of —
<50
=
1.0k :
. 00.9..°9 6
0.0 —
0.000 0.010 0.020 0.030 0.040
am

LatkKMI [in preparation]




FN,

n

0.02

0.015

0.01

0.005

> OO+

L=42
L=36
L=30
L=24

0.01 0.02 0.03 0.04 0.05

m

0.06

(0lm0s(0,0)|0(0)) = FsM?

0.05

e

F /A

0.025

>< 0O 0

L=42
L=36
L=30
L=24

0.03

L atkKMI arxiv:1610.0701 |



1/2

e DRSS R R
0.25

0.2

S s = o T N i e
| | | quad-fit 0.012-0.1 —
hs-fit 0.012-0.1
data L=42 H=H |7
| | | data L=36 o
005 L/ data L=30 & |_
1 1 | data L=24
' data L=18 +&-
0 : ! : ! . ! : 1 : 1
0 0.02 0.04 0.06 0.08 0.1
L7

LatkKMI arxiv: 1 610.0701 |



1/2

0.3

0.25

0.2

0.15

0.05

quad-fit 0.012-0.1
hs-fit 0.012-0.1
data L=42

data L.=36

data L=30

data L=24

Idata L=18

0.02 0.04 0.06
Mg
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hyper scaling fit with Y~ 0.96(6)
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Fit: M = CME m/ Y m=0.012 - 0.03
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All the states studied in the spectrum have Y~ |

except for the pseudoscalar.

Comparison with different lattice discretizations:
staggered and domain wall fermions
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