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Longstanding strong CP problem

A Search fonEDMindicates absence of CPV in stro
Interactions
] |Q | pEﬂJ¢p TT Q(I) QO Abel, et. al. fEDMcollaboration], 2001.1196!

AForlowenergy SMD &  Q—with6 c8 (p8) ¢
prt AT A — A QCAKH PospeloyRitz, hegph/9908508

| Get severe constraintog-s  p Tt

A Twounrelatedorigins for—-
i QCD—is a vacuum angle parameterN g “
i UnknownY, and Y}y matrices give rise to

(o8t g )ép T + | PP T T T G X

PDG
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Longstanding strong CP problem

A Traditionally, three classes of solutions
I Massless up quark (now excluded by lattice QCD)
Fodor,Hoebling Krieg Lellouch Lippert,Portelli, Sastre SzaboyYarnhorst{1604.07112]

AThe SM with a massless up quark enjoysm@manced
symmetry A QACAG is undefined and rendersta basis
dependent parameter

I NelsonBarr: CPV only arises spontaneously
Review: see Dine, Draper [1506.054:

ADifficult to control radiative corrections that spoil pure Nelsc
Barr solution to strong CP, since must also generate KM ph

I PecceiQuinn mechanism and QCD axion

APeccei, Quinn, PRB, 1440 (1977)
I Weinberg, PR40, 223 (1978)Wilczek PRI40, 279 (1978)
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The PQ mechanism In a nutshell

A In the UV, consider a complex (SM gauge single
scalar field that spontaneously breaks a global U
symmetry

I As usual, we parametrize with radial (Higgs) and ang

(Goldstone) modesz (T) Q7

A Lagrangiarseparatesto exhibit massive radial moc
andmasslesgsoldstone mode

1 1 1 1
L= (0,h)° + > (0,a)° + ' = M?h? — Aoh® — b

AlAYLE S Yl yYyATFSaaliaAazy 2F D2
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The PQ mechanism In a nutshell

A More formally: vacuum
manifold i1s compact U(1) field
space parametrized by

Goldstone moda&

Avevcondition only fixes magnitud
of SSB, not the phase

A Classical shift symmetry =
continuous shift iraIs abasis
redefinition of Lagrangiarm no
effect on EOMs
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The PQ mechanism In a nutshell

ARequirethat ™Mp)  Y®) T1PQ
symmetry i1s an anomalous U(1) global symmetn
under SM color

I Necessarily generated by coupling colored fermions t
PQ scalar field

I Two canonical, vanilla benchmark models
AKSVZ PQ scalar field couples to SU(3) via heavy VLQ

ADFSZ, PQ scalar field couples to 2HDM which have Yukaw.

Interactions with SM quarks

Kim (1979)Shifman Vainshtein Zakharoy1980);
Dine,FischlerSrednick(1981),Zhitnitsky(1980)
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The PQ mechanism In a nutshell

A Instantoninduced potential is consequence of
Y D “Y\G anomaly Wiooft (1976, 1978

Callan DashenGross (1976
fl ® b 0 0O
Q o ¢

I Below[ ocp evaluating instanton diagrams leads to
approximate cosine potential for PNGB of igl)

PNGB flat potential Instantonrinduced
tilted potential

i Axion serves asspurionfor -

A Spurion treat numerical constants as thvevof a scalar field (the field
formally transforms to restore a new symmetry)
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Classic calculation: TipeVacuum Energy
A CalculateQ " 0'Q  using a functional integral

I S[A] is Euclidean actionjs vacuum energy density, VT Is spacetime volume
A Can separate A path integrals into discrete sum over
topological sectors

I Each successive instanton path includes additional suppressic
factorQ 7 , where’ Is the instanton size

A Characteristic term for finstantons and nanti-instantons

P
¢ At A

(0} , O C T ‘Q8 8
6y =0 Pg 7 , ,
@ Wi 1 22740

i Dilute instanton gas appréximation Integrates over veelparated
Instantons with integral over instanton centers and size
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The Energy of thg-Vacuum

A “OCterm integrates to ¢ ¢  winding number
A Recognizéhe topological sector sum is an exponential

. SRR o SO B o
. T E AL A
o
Q 'ché(n Q )oY ;=6 %'Q 7 )
A Extract energy density of tHevacuum Wi 12270 6

CallenDashen Gross (1976)
cAT9 —6—-qQ 7
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Basic axion phenomenology

A Givenspurionnature of axion (dictated by U
anomaly), we develop a cosine potential &or
févy Al <%)
I Vanillaaxion mass driven by topological susceptibility
QCDnu "Qé /... & "Qin SM

A Also need mixing with SM neutnalesons
I Can derive improved potential from chiral perturbatithreory

A Classical shift symmetry ngueriodicwith f, scale

ADiverse cosmological implications from possible axion
misalignment and strings from multiple RQcua
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Basic axiortosmology

A If PQ symmetry has multiple windings, domain walls sepa
distinct PQvacua

iC2NJtv &aoOlfS 0203S AYyTFil GA2)
that lies within our Hubble patch

I For PQ scale below inflation scale, can generally get problem:
domain walls within our Hubble patch

A Axion strings between P¢acuahave network structure
A At high T (early universe times), QCD potential is flat

i Atturn2y 2F v/ 5 LROSYUGAlLf S GKS
misalignedwith the spurionfavored minimum at-
I Hubble friction responsible for removing kinetic energy in axio
field
A Possible to have large kinetic energy in radial médeation cosmology

A DM axion field generally still oscillates aroudtbday!
A Treat as coherent scalar field
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Pivot toOALP® Standard ALP EFT

A Sinced "Qé /.., vanilla QCD axions ar@ae-
parameter model

A Axionrlike particles treat (m, f,) as independent

ALoseconnectionto strong CPand DR X & SS |j dzI £
A Still concrete benchmark scenario for PBC/FIPs program

A Reintroduces entire suite of SM effective operato

I ALPs couple via PQ current or anomaly operators
1 1 dua e?
LoTp mrr 32(8 a)(0"a) — D) maa® + Cp Q2f.a PQ+077(4W)2 faFWF Hy
2

e 1 e 1 a ~
,,Z + C'y — 7, F*
SWCW (4 ) fa g WSWCW (47‘r)2 Jfa :
2 2

) |
iVVWWWJFOQQ(9) faG“’ GW+O(f )

Brivig et. al [1701.05379], Bauer, et. al. [1708.00443yelaet. al. [1905.12953
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How do we see axions?
A Axion/ALP parameter space spans decades of

masses and couplingshuge suite of experiments
"0O0e Oto

Collider probes

QCD mesons/flavor
probes

Photo credit: SMETEK / Science Photo Library
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Axion probes In nucleons

C, = —0.47(3) + 0.88(3)C,, — 0.39(2)Cy — 0.038(5)C,
—0.012(5)C. — 0.009(2)C}, — 0.0035(4)C, ,

C,, = —0.02(3) + 0.88(3)Cy — 0.39(2)C,, — 0.038(5)C,

_ _ _ —0.012(5)C, — 0.009(2)C}, — 0.0035(4)C, ,

A Axion effective couplings

to quarks imprinted onto 1]
protons and neutrons §§3 e
A Additional studies of ;g-g o

axion physics In nuclear% o
densities (neutron stars*Eigl

3
305

and QCD equation of ==

1018
state) 13_2?
see,e.g.Balkin et. al. [2211.02661] 10-2

mg [eV] PDG

Mini-Review: Axions and AL&§&elix Yu



Light axion probes In photons

<p " A)G m,_: quark mass and higher order uncertainti

G uvgm B TITAG g, : Of) in QED and NNLOIRT

. | O = Gorghettq Villadoro[1812.01008]
Q CTQ<U p&o CT > i5-8
107
The standard QCD axion band 10-8
focuses on sueV axion masses 109 casT | Solarv
and tiny axiopphoton couplings — ;y-10 198 ’ Neutron stars Horizontal branch
L 1012 & 5 2
Width of band roughly given by O ., ; %
E/N=44/3and E/N =5/3as — 1014
boundary values 50 1015

10—16

10—17

Vani”aZAxion > ZUniversefor ma <20 10-18

eV: attractive Dark Matter candidate 19-19

(requires very important 1073072079077 10 10 7407040 0 240 40 A8 400 AT A AT AT A (T
cosmological simulation) m, [eV]

PDG (fromAxionLimit9 & / A N}y hQl I NBO
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Categories of light axion exp. probes

I Light shining through walls (LSWSs), cavity experimen
I Helioscopessolar production of axions, flux diffuses to earth
I DM haloscopegEarth movement through axion background)
i Spindependent 9 force testSsee e.g.PDGAfach et. al. [2305.0178¢

A TypicallyhavepZ'Q suppression in each productic
and detection unless DM abundance assumed

A Classical/quantum field behavior important for
wavelike mass regimé@ L pA 6

A Measurement ohEDM
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Categories of heavy axion exp. probe
A Dictatedby ALPEFT operators

I Meson decays

I Interactionswith Higgssector and EW field strengths

I Elastic scattering of heavy ions/protons

Existing constraints from JHEP 1712 (2017) 044
T T

ATLAS Preliminary |gp
-101 -

1/A, [TeV™Y

Y > y+inv. LEP

oL
10" e+e- -y +inv.

-1
107 F Beam-dump

CMS yy - yy [PLB 797 (2019) 134826]

LHC

ATLAS yy - yy (this work)

1073 1072 107" 10°

10! 102 103
m,; [GeV]

ATLAS [1904.0353¢
CONR020:010
CMS [1810.0460:
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ALPs at futurexptso standard benchmarl

Snowmass EF09 Report [2009.131
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