


Dark nuclear physics of QCD like theory with Nc.=2 and Ny=2

Based on two papers in collaboration with
Matthew McCullough & Andrew Pochinsky

Dark Nuclei I: Cosmology and Indirect Detection —1406.22/76

Dark Nuclei Il: Nuclear Spectroscopy in Two-Colour QCD —1406.41 16
Motivation
Dark matter model building:
Binding energy Is a new scale
Interesting new phenomenology

Understand what is “nuclear physics’ in a general context
What generic feature, what is special?



Two-colour QCD with two flavours of fundamental fermions
Numerically feasible (simpler than QCD)
Emergent complexity: novel phenomenological aspects

Single hadron aspects already considered in DM context
[Lewis et al,, Nell & Buckley, Hietanen et al ]

Also lattice investigations of quenched N.=4 QCD and other
theories in this context

Sigma terms, polarisabilities,. . .




Global flavour symmetry SU(2)xSU(2)r enlarges to SU(4)

Pseudo-reality of SU(2) - left and right handed quarks can be
combined into multiplets

[ u )
d SU(4)
U = —z'agLC'ﬂ;E \D%exp( E HT)\IJ

Strong interactions result in condensate that spontaneously
breaks the global symmetry: SU(4)— Sp(4)~5SO(5) [Peskin 1980]

Numerical calculations have significant explicit symmetry
breaking: my=md~Aoc:p




Simplest colour singlets

Degenerate

“Pions”: t~uysd, m0~uysu + dysd, st ~dysu |'=0-
}SO(S) multiplet

(anti-)“Nucleons™ ud, ud JF=0*
“Rhos’: p~~Uyud, pO~Uyuu + dyud, pf~dywu JP=1- Degenerate
SO(5) multiplet
(anti-)"“Deltas”: uyuysd, Uyuysd JP=1*
Axial vector, scalar, tensor mesons + associated baryons
Single hadron spectrum studied by [Hietanen et al. [404.2/794 ]
Pion multiplet are pseudoGoldstone bosons of ¥SB: SU(4)— Sp(4)

Rho stable for masses considered


http://arxiv.org/abs/arXiv:1404.2794

Colour singlets can combine
Two-, three-, ... particle scattering states

“Nucler” for sufficiently attractive interactions—not a priori obvious
Two “pions” combine to give 25 of states: 5&5=1D 10D |14
J=0 systems, contains B=2,1,0,-1,-2 states

“pion”+ “rho’: |=1 systems with same flavour breakdown

;95' Dg,o Dlli,O Dlli,—l Dlli,l \ Dﬁlb = Tr(D") ,

23’0 _S‘lﬁ Doy Do Do DY, = 3.(Dﬂ — prT)

Diy D'y S Db, Df, fo = 3 ,

Di_ 1D, Dy, Sy Dj, 1 .

_ =) Y o ) D:u — _ D:u’_l_D,u __T D'ul
\ Dy, DYy Doi+ Dy, S& ) 14 = 9 ( ) r(D")15
Higher body systems: |=0, |, flavour = o n=2...8
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Wilson gauge and fermion actions
HMC using modified chroma
4 lattice spacings (), 6 masses

Isospin symmetric

3 or 4 volumes per choice ( ,mo)

Long streams of configurations

Label o myg PxT Niraj
A 1.8 ~1.0890 123 x 72 5,000
163 x 72 4,120

20° x 72 3,250

B 2.0 —0.9490 123 x 48 10,000
163 x 48 4,000

20° x 48 3,840

23 x 48 2,930

2.0 —0.9200 123 x 48 10,000

163 x 48 9,780

20° x 48 10,000

D 2.0 ~0.8500 123 x 48 9,990
163 x 48 5,040

163 x 72 5,000

20° x 48 5,000

243 % 48 5,050

E 2.1 —0.7700 123 x 72 5,000
163 x 72 5,000

20° % 72 4,300

F 2.2 —0.6000 123 x 72 5,000
163 x 72 5,000

20° x 72 5,000

23 X 72 5,070




Single hadron systems needed to set scales, characterise theory

Ensemble mo a my a fr a My Mx /My
A 1.8 —1.0890  0.1209(1)(1)  0.259(1)(1)  0.8281(8)(5)  0.844(1)(2)
B 20  —0.9490  0.0280(2)(4)  0.101(3)(5)  0.347(6)(13)  0.663(9)(10)
C 2.0  —0.9200  0.0823(3)(3)  0.159(2)(4)  0.609(3)(4)  0.826(3)(4)
D 20  —0.8500  0.1911(3)(2)  0.2156(16)(11) 0.9151(13)(6)  0.910(2)(2)
E 2.1  —0.7700  0.1442(1)(1)  0.1582(1)(1)  0.7450(9)(7)  0.904(2)(2)
F 2.2 —0.6000  0.2277(2)(1)  0.1525(5)(7)  0.8805(7)(5)  0.951(3)(3)

Scale set by demanding ;=246 GeV

@ fixed my/mp=0.9

B a[1073 fm)]
18 0.35(2)
20  0.24(1)
21  0.19(1)
22 0.14(2)

Single hadron volume effects are
small for most ensembles
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Extract spectrum of multi-baryon states from correlators

Chn(t) = <0 (Z oﬁ(x,t)>n (oﬁ(xo,to))” 0>

citatt - (0] (080 ) 308 ) (0 o) 0ot

)
O{N,Ai},s (Xa t) — %I (Xa t) <_i0_2)c{17 7i75}¢d(xa t)

|l ocal and smeared sources and sinks

Need to be careful of thermal effects

Oy (t,T:0) =3 " 20 72 e~

Fffective mass M(t) = In[C(t)/C(t +1)] == E,



SU(2) multi-baryon contractions
equivalent to maximal isospin multi-
meson contractions

Clear from degeneracies but explicitly
S(yv 33) — CT<_iU2)TS(x7 y)T<_iU2)O
Sy x) = 55T (x,y)7s

first relation specific to N.=2

Use algorithms from Ne=3 QCD

[WD & Savage 201 |,;WD, Orginos, Shi 2012]

(n-YNA ~ mixed pion-kaon contractions
[WD & Smigielski 201 1]

>

AR

Ex: three types of contractions
for 1=3 st and NNN




Example effective
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Example effective mass shift plots
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~

s for different volumes

Energy shi
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Bound/scattering state hypotheses (Luscher):

B —rL
Hy: ABpwa(L)= —AE, [1+C & ] |

L
| _21A(n A AN
Hy: APEsuue(L) = W(2> 1 — (WL)I+ <7TL> Z% + (2n — 5)J]

Assess support for each hypothesis using the Bayes factor

P(D|Hy) | P(D[Hy,p1)P(pi|H1)dp:
P(D|Hy) [ P( D‘H2,p2)P(P2\H2)dP2

B
T Is

K =

1 — H;(x;
where log P(D|H;,p;) = Z (2 2k
]:1 73

and P(pi|Hi) are broad prior distributions for convergence

It 2 In[K] > 6 :"strong evidence” of preference for H, over H>
then ask what are the bounds on the binding energy

Kass and Raftery (1995). Journal of the American Statistical Association 90 (430): 79 1.



Infinite volume extrapolations
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Y fx

Simple continuum limit extrapolation of binding momentum, v

— InN.A (a,m) = ”y,'(g\)f’ Atao (@) 4 m.,. 20 (o)
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Yl fx

Simple continuum limit extrapolation of binding momentum, v
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J=0 nucler: very likely unbound (all positively shifted)

J=1, strong evidence for bound states for B=2,3, 4(¢)
3=5,..,8 seem unbound

0.10 -
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The ubiguity of nuclel?

Ne=3, mz = 140 MeV .~
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Appears nuclel are rather generic and not an accident of
parameters

What are nuclel! e.g. shell model vs quark blobs
More detalled studies necessary

How generic are layers of effective degrees of freedom!?

nucleons — nuclel = alpha clusters ....



Extend strongly-interacting dark sector to talk minimally to SM

Simple extension: add scalar particle that kinematically mixes

with Higgs
A
L = Lstrong — T (vD — H%)2 — (/-@HD(uLuL + dTLdR) + h.c.) +d H? |H|?

Dark Higgs vev gives quark masses

Kinematic mixing controlled by &: must be small ~10-3

Field Spin SU(Q)L SU(Q)R SU(Q)QCD
oL 1/2 [ 1 ]
dr,
o 1/2 1 ] 0]
dr
Hp 0 1 1 1
A“ 1 1 1 adj




Hadronic theory: construct based on broken global symmetries
SUM#) = Sp(4)~SO(5)

Consider only pions, rhos, “deuterons” (LQCD calculations
provide motivation to consider deuterons)

lsnore compositeness!
lsnore larger baryon number states
Interactions
Lin = Ashp (@°7/2 4 7t n™ + 7577 ) + Ao (/24 0 + %0
Lorp ~ 7 (MDY + MoDfy + MaDly)p,

Ts, hp p ~hp D%\\\ hp p\\\\vfjﬂ
\\\\\\ //// //, //// Jro
:’:\ >\ \ % N

\ e
T “hp P “hp D+ “hp e “hp
Annihilation Nucleosynthesis



Dark nucleosynthesis, dark capture processes modify early
universe cosmology (both symmetric & asymmetric scenarios)

Estimate cross sections and solve Boltzmann equations for co-
moving number densities

ke
Ry (ypByDB — 22 Y:gyqu> + By f(x) (YWBY,,B - ;’?Z Y,fféYpeg) ]
e [ - v75) e (- S
Ry (YWBYDB — QZJ y;gy;%) + Ry f(2) (YFBY,)B - gzqi Y;J%l@e]z) }
d;gB _ [RD (YooYps = YibYi%) = R f () (YWBY,DB - 522 Yfgi/p(ig)

5 B i B
_ _ _ P eq U eq eq
+Ry ((YWB + YPB) Yps (y;jg Y+ v Y B) YDB> ]

Range of possible compositions of relic density
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Presence of nuclear binding energies: new scale for
phenomenology Is significantly different than Aqc.p

Signature |Collider|Direct Detection|Annihilation|Nucleosynthesis|Capture
Sym-DM | M, 2M M,2M M,2M Bp <M M
Asym-DM| M, 2M M,2M — Bp < M —

For symmetric DM, additional scale/process may lead to
signals at multiple different energy scales with identical spatial
morphology

For asymmetric DM scenarios (only dark baryon number
carrying states remain) nucleosynthesis allows indirect
detection signals




Extend strongly-interacting dark sector to talk minimally to SM

Simple extension: add scalar particle that kinematically mixes with
Higgs

A
L = Lstrong — T (vD — Hl%)2 — (KHD(ULUL + dTLdR) + h.c.) +0 H? |H|?

Dark Higgs vev gives quark masses

Kinematic mixing controlled by &: must be small ~10-3

Hadronic theory: consider only pions, rhos, “deuterons” (LQCD
calculations provide motivation to consider deuterons)

Interactions

Tss, ~hp p /,/hD DK hp p\\-\‘\\v;f
\\\\\\ //// //, //// Jro
:’:\ >\ \ % N

\ e
T “hp P “hp D+ “hp e “hp
Annihilation Nucleosynthesis



Compact Objects

Significant modifications to physics of
astrophysical bodies

Dark matter gravitationally captured after
scattering on visible matter

Helioseismology and neutron star lifetimes
strongly modified — strongly constrains
asymmetric DM models

Very rich phenomenology!

Liberation of binding energy may allow
ejection of dark matter

Star develops a co-located dark nuclear process
site




Two-tlavour, two-colour QCD has a complex spectrum
exhibrting the analogues of nuclel

Ubiqurty of nuclel

Composite dark matter is a natural scenario to consider

Nuclear binding provides a scale that i1s small relative to the
QCD scale in a natural way

Predicts a range of different phenomenology that beyond
what Is possible In simpler models
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Infinite volume extrapolations
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Consider boosted hadrons

Lattice artifacts break relativity

Eu(p) = \/M%I + 3, p?

Speed of light =|

Ensemble Cr Cp
A 0.93(1) 0.87(4)
B 0.92(5) 0.97(5)
C 0.99(2) 0.94(1)
D 0.94(2) 0.92(3)
E 0.95(1) 0.93(3)
F 0.96(2) 0.94(1)
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Simple continuum limit extrapolation of binding momentum, v
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DM may interact via scalar exchange (Higgs portal)

. dark hadron/nucleus
Depends on QCD nuclear sigma terms ‘ e

For composite dark matter, depends on \’/

sigma terms of dark hadrons/nuclei :

X

Nuclear sigma terms i

Particle physicists: A x proton sigma term /.\

Xe, S, ... target
Reality: non-trivial deviations from 2-body physics
Calculate from QCD/EFT [Beane et al. 2013]

Dark sigma terms: accessible from Feynman-Hellman theorem

q MH 5’mq




Sigma terms

Estimate via partially-quenched calculation for single hadrons

05 T f I f f f f I f r I f f I
(N) _ p(m) __ | (A) _ o) __
fura = Jura = 0-276(4), | futa = Juta = 0.14(1)
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Surprisingly naive dimensional analysis works



Correlations

Different normalisation choices change results a little because of

2NA
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