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Ea I"y U N ive rse Big Bang Nucleosynthesis
COS mO | Ogy QGP Starting with a hot proton-

neutron soup, which elements
get created before all the

Hadrons neutrons decay?
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Figure from Carroll & Ostlie



Big-Bang Nucleosynthesis after Planck

Brian D. Fields,” Keith A. Olive,” Tsung-Han Yeh*
and Charles Young? (2020)
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Big-Bang Nucleosynthesis after Planck

Brian D. Fields,” Keith A. Olive,” Tsung-Han Yeh*
Planck baseline (N, = 3) + BBN

and Charles Young? (2020)
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observed!



For new physics effects, the big question is

What in the world could uniquely pick out lithium?®



For new physics effects, the big question is

What in the world could uniquely pick out lithium?®

Look to the Standard Model!

. . ZB+L
a)Discrete global symmetry of the SM fermions 6
b)Discrete gauge symmetry of the SM fermions? 72~k
c) Write simplest UV completion U(1)p_, - ZBL

... some neat field theory ...
g) Cosmic strings destroy lithium nuclei

o : : _
7 (3}?L + string — 3e™ + strmg) ~ AQED



Is the proton stable?

- Theory bias from simple GUTs: no
- Empirically: 7, = 103° years
- In the Standard Model: yes!



Is the proton stable?

- Theory bias from simple GUTs: no
- Empirically: 7, = 103° years
- In the Standard Model: yes!

Why? An exact discrete global symmetry of the SM (see also Juven & friends ‘22)

Breaking by ABJ anomalies
with SU(2);, X U(1)y

Classical U(1)p x U(1), = Quantum U(1)p_, X Zg, > Zzy;

Well-motivated to consider BSM extensions
which respect this symmetry!



What is the IR gauge symmetry of the SM fermions?



What is the IR gauge symmetry of the SM fermions?
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One more available symmetry: U(1)z_; could 0
be gauged without any new matter charged 107
EW 99

under SM gauge group 7L
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But strong fifth force constraints imply if  — EW
U(1)g_; is gauged it must be broken 107 -
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What is the IR gauge symmetry of the SM fermions?

5[ 1T I I I | [ [
One more available symmetry: U(1)z_; could 0
be gauged without any new matter charged 107
EW 99

under SM gauge group 7L
— wgl.

: o . s 108
But strong fifth force constraints imply if  — EW
U(1)g_; is gauged it must be broken 10°
10-10_
So are we done? Not quite---one last option: s S R R R
102 10° 102 10 106 108 100 107

A [m]
Eot-Wash ‘12

An unbroken discrete gauged subgroup Zx -
doesn’t come along with massless bosons



What is the IR gauge symmetry of the SM Fermions?

Simple UV completion is just U(1)z_; with a * \>/1
Higgs field ® with [@]5_; = | e

gA, — gA, + I \Nz) = P — D’

invariant for A(x)

\“\‘\:\\" %

unbroken Zsy, gauged subgroup



Abelian Higgs Solutions

Static, z-independent,
finite energy/length

d(r,0) — ve'?

B L1
A(r, 0) }(-'BN?“Q

Fractional magnetic flux!
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Discrete Aharonov-Bohm

Local
cosmic
strings are
idealized
solenoids!

Aharonov & Bohm ’59; Alford & Wilczek '88; Alford, March-Russell, Wilczek ‘89



Discrete Aharonov-Bohm

Local
cosmic
strings are
idealized
solenoids!

Cross-section per do sin? (ﬂ- %)
unit length for elastic — =

e 2
AB scattering d@ 2’7Tp S111 (9/2)

Aharonov & Bohm ’59; Alford & Wilczek '88; Alford, March-Russell, Wilczek ‘89



Cosmic Strings

Unbroken phase

T. ~ (Gp) 1/2Mpl

Strings frozen by
Aharonov-Bohm
friction

Tf <K (G/J, pl
Strings whip around
and cut each other up i /

R
7 /j“
Loops shrink K42 —~ 3)
(“intercommute”) "
1y
~1. 8
l 1/(Gu)™~7 I Sy
String #
density
Scaling solution ~1 String loop length

/ Hubble length
Gu



String interactions?




Low-energy soliton collisions

Warm-up: scattering of identical vortices in 2+1d Abelian Higgs ‘ T _‘

SR

Supersymmetric limit -> geodesic motion in the n=2 moduli space!

I_j - —=
~
. - Z’L \ AM'F{#@\?L(DV)
A | / s
\\\\5—” \ ;
\

Taubes ‘80; Manton ‘82; Atiyah & Hitchin ’85; Gibbons & Manton '86, Ruback 88, Stuart ‘94



String intercommutation

Strings must exchange partners!

Ruback ‘88; Shellard ‘88; Ruback & Shellard '88; Matzner ‘88; Samols '92; Moriarty, Myers,
Rebbi '90; Myers, Rebbi, Strilka ‘92; Hashimoto & Tong ‘05; Hanany & Hashimoto ‘05 Figure inspired by Tong (2005)



‘Scaling” Attractor Solution

Strings produced per Hubble
volume per Hubble time




Magnetic Monopoles Catalyze Proton Decay

Dirac, Fierz, Wilson, Saha, Zwanziger, Jackiw, Hasenfratz, ‘t Hooft, Goldhaber,
Kazama, Yang, Sen, Rossi, Callias, Ross, Boulware, Lee, ..., Csaki, Hong,
Shirman, Telem, Terning, Waterbury



Magnetic Monopoles Catalyze Proton Decay

Infrared inelastic interactions

dv = = T
m— =e E—I—ﬁxB)zeﬁx—
dt ( 9 7
dJ d . )
O—E—a[fr‘xmv—egf‘]

J =L —egr

Dirac, Fierz, Wilson, Saha, Zwanziger, Jackiw, Hasenfratz, ‘t Hooft, Goldhaber,
Kazama, Yang, Sen, Rossi, Callias, Ross, Boulware, Lee, ..., Csaki, Hong,
Shirman, Telem, Terning, Waterbury



Magnetic Monopoles Catalyze Proton Decay

Infrared inelastic interactions

m—=e|bE+uXB)=egu X — Callan, Rubakov effect: GUT
dt N r boundary condition provides
dJ d proton decay!
0=—=—1[rXmuv—egr
i dl 7]
— — o(p™ + monopole — e* + monopole) ~ AC}QC D

J =L —egr

% Unsuppressed by UV scales!

Dirac, Fierz, Wilson, Saha, Zwanziger, Jackiw, Hasenfratz, ‘t Hooft, Goldhaber,
Kazama, Yang, Sen, Rossi, Callias, Ross, Boulware, Lee, ..., Csaki, Hong,
Shirman, Telem, Terning, Waterbury



Magnetic Monopoles Catalyze Proton Decay

Callan, Rubakov effect:
Quarks and leptons in same
GUT multiplet, so monopole Into the monopole

can relate them
() : S2, — SU(2)/U(1)

So a combined spatial and gauge rotation is
needed to leave the background invariant

J=L+S+T

‘t Hooft, Polyakov, Arafune, Freund, Julia, Zee, Jackiw, Rebbi,
Sommerfield, Blaer, Christ, Tomboulis, Woo, Callan, Gross, Witten,
Goldstone, Coleman, Mandelstam, Polchinski, Rubakov, ... Brennan




ENHANCED BARYON NUMBER VIOLATION
DUE TO COSMIC STRINGS
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Cosmic strings of some U(1) — Zy
with leptoquark condensed on core
breaking EM, color, B+L

Lint = A X@qué T X*&f%

quark + string — lepton + string
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Cosmic strings of some U(1) — Zy
with leptoquark condensed on core
breaking EM, color, B+L

R ararai P
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el Jl_

Flux &

Fig. 5. Inelastic scattering cross section for the same case as fig. 4. Note that ¢ is unsuppressed by any
factors of kR near half-integral flux

Lint = A (X@qué T X*wé%)
quark + string — lepton + string

1
4 —3

do 1., q P
— X —sin“ (77— ) [ =

dd p N/ \v
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Our case: Cosmic strings of U(1)5_;

with x condensed on core breaking

U(1)p, toSM ZE*L

X Wy Ws
SUB)e | - 3 -
+3 +1 +3
+3 +1 +1




Our case: Cosmic strings of U(1)5_;
with x condensed on core breaking
U(1)g,, to SMZZTE

Lint ~ A (X@E3p¢36 T X*&?)ew?)p)

’Li delivers just such an incoming state of
three protons to the string!

+3

+1




Our case: Cosmic strings of U(1)z_; — X Céf Céq Ws
with x condensed on core breaking U((l))c ;3 3 5 ;3
- —
U(1)p4y, to SMZET U1), | +3 | +1 0 +1
N *x T A
Lint ~ A (X¢3p¢36 T X ¢36¢3p) ; <
o — > N
’Li delivers just such an incoming state of X jse o
three protons to the string! ! ws
—— \ Wy W
) \ O U z
e w e e — X —SIn” | T— —
Sl dd p N/ \v




Can the rate be large enough to destroy O(1) of lithium?

TL;DR: Yes!
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Treating the time at which lithium disintegrates as independent

Now
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Conclusions

* Cosmic strings can have interesting non-gravitational interactions. B-L
strings especially well-motivated.

* A plausible fundamental physics raison d’étre for the lithium
discrepancy. Remarkably close to the SM.

* Pb (Z=82) + string -> Au (Z=79) + string + 3 leptons! Alchemy!



Lithium abundance at
the formation of the Galaxy

M. Spite & F. Spite 1982

Observatoire de Paris-Meudon, Section d’Astrophysique,
92190 Meudon, France
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N
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Fig. 1 Lithium abundance plotted against effective temperature

(logarithmic scale) for very old metal-poor stars. The lithium

abundance is remarkably constant except for the coolest star:

here, deep convective movements carry the lithium into very hot
layers where it is completely destroyed.
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Fully convective

Li transported to
core and destroyed
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Atmospheric Li stays

out of hottest region
and reflects primordial
abundance



Lithium abundance at o
the formation of the Galaxy Cold’ stars

M. Spite & F. Spite 1982

Observatoire de Paris-Meudon, Section d’Astrophysique,
92190 Meudon, France
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verybrier) IR Z\, gauge theory o o LRSI

ﬁﬂbelian Higgs — ﬁl}{ — —fUQ(a@ _ €NA)2 /42/

22D
dualizevdep ~*xdB ) lsen lias

Lpr = —NBAF

<€i?’m fgl A e‘i”B ng B> = exp [Qﬂ'i 7’8,}1\7;3 liﬂk(zla 22)}

Horowitz '89; Banks ’89; Coleman, Preskill, Wilczek "92; Banks & Seiberg 2011



First results from dark matter search experiment with LiF
bolometer at Kamioka underground laboratory

K. Miuchi **!, M. Minowa *°, A. Takeda *, H. Sekiya , Y. Shimizu ¥,
Y. Inoue ™€, W. Ootani , Y. Ootuka ¢

& Department of Physics, School of Science, University of Tokyo, 7-3-1, Hongo, Bunkyo-ku, Tokyo 113-0033, Japan
Y Research Center for the Early Universe (RESCEU), School of Science, University of Tokyo, 7-3-1, Hongo, Bunkyo-ku,
Tokyo 113-0033, Japan
¢ International Center for Elementary Particle Physics (ICEPP), University of Tokyo, 7-3-1, Hongo, Bunkyo-ku,
Tokyo 113-0033, Japan
4 Institute of Physics, University of Tsukuba, 1-1-1 Ten’nodai, Tsukuba, Ibaraki 305-8571, Japan

Received 14 July 2002; received in revised form 14 July 2002; accepted 20 July 2002

Abstract

The Tokyo group has performed the first underground dark matter search experiment from 2001 through 2002 at
Kamioka Observatory (2700 m.w.e). The detector is eight lithium fluoride bolometers with a total mass of 168 g and
aims for the direct detection of weakly interacting massive particles (WIMPs) via spin-dependent interaction. With an
exposure of 4.1 kgdays, we derived the limits in the a,-a, (WIMP-nucleon couplings) plane and excluded a large part
of the parameter space allowed by the UKDMC experiment.
© 2002 Elsevier Science B.V. All rights reserved.
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Cosmological
constraints are
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Starting with a hot proton-neutron soup,
which elements get created before all the
neutrons decay?
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