TESTNG THE TAR. LV TR

LOW-E AXION ESOTRIMENTS

¥ Koo&zkw wita P, Ae@rawo& (OXT) , N Meg (Horvord)

bawed ow. 9006.03053 + JHA . YWYYVW

CORFL 2024

MARIO REIG
VV\CL\"\O,(Q'\%\O\)Q%@ p\«\%s‘\qs OX_.0C VW ‘7 HOLLOWAY

UNIVERSITY OF

OXFORD



Wryy Tofoooical (oLePLiNIG ‘¢

OC . wwoX coon we losen. Bottin (%M 'W\"‘) 7

%0:(‘ *F'\_/_-E o We %U&
s 320\»@:_\“19’00\
N\ o~
<o Daxk walee 7 v S5,

TR
K A) Ts o SW wnified ue the VY ?
5
B) Coun we. Lesk /distinguian. doferank

Sw‘w\% TNOONRS &) \Owo- EZ

1



Axion REVIEW

e Axon. porioduc ((Couspoy ) &loK woitn dsscvdie
glz:\? aociow- \lee %\I\Uy{ - &U&L&\»&Y r\)a
Poakicds (ALP) \Q 5 O+9n -%o\]

NOT NECESS ALY COUXED TO QLD

¢ Luvos oSioun 3\/\&%@ bka g\,{q}i S\f\\l\l\wﬂ’s:

fa_»&' —\‘»Yg . &*F& y V(o :_/\k& X /0,
ﬁc«{ L) Do (o) 0s (/00

¢ bl w“ﬁ QQJW? oNGo 9& (oompnmodssun ) s%mw&(iej)
g U(/\\ R {%O\f QCD oxown
(SUB* Vg = Aaco

, N omwwaly coeffidens



WRY Ao 7

& Appeox b BN wede\s & Ster%_\\/\eor j (Le. AXWENSE )

N\ \N\NANANNVN

¢ colve g'cvoma (P Problur: QLD asion

p Dov¥ WwOtex cm&k&&k%

> Douk QYY) o N i,v\gé)o&(@u\ (2

F- ' &

et’mﬁ’ 0D FEEY v Solves st«Ou\% ce . <—E—z: O

QoG G y £ 66 Y A
5 & Do

S-S N e

Revic ARLUMDANCE
?’/é
L Fo /3 Noxo
~o .4 ) e" WX\
Q=041 8 oY

]
2 a4 9 =«




U
A
AN
A\
\QO
NS - M
T
BV
AT
\

\/

¥ Topo\oo
LCO\
QU
wii ek C)SUE
W
®
Nt
s

L= O
PG
l- <
A Og o
3
o ‘é:\ r/;
N\
) e
%;g\&sm
EM. %ﬂ,\

>
Q
O
Al
\VAY
(g AT\
O
N -

Sy AcE
QN
<
A <
q . oo
—_— J\N\k
S




TOPOLOGICAL COLPLINGS To GALGE "BOSONS

® Avowmoluy coelR. waaRleckel by ranor moliaskion (see OMOMQ\D)

(N\Ou’(C\I\iU\OA'\
(AU\/ - k/[IP\

o A orogpesed by RGE X wunnivey buk €
oot -

T dQQOde\l\ch onsoole | dnosse 02lne\ " qu avifised"
L DEA:
vonnyrven
T he oouion- gagdion Govplivg w T REST
mﬁ(uakgﬁ comne\ to leayin abolt LV Pangics

othowe  TUACLESS\SLE |
S




THE AXNON-EXP LANDSCAPE

Holoscope = Rsonont
cavity looking for axcioin DM Weliosoper seoxdnes Yor solar
1SV NS

SuperMAG,
GNOME
(Globe)

HINODE, LISA,
MICROSCOPE
(Space)

ARIADNE ..
i Wash SQUAD | SuperCDMS

~ ORPHEUS BREAD SENSEI
LIGO__ - SQMS, sNO AMAILS
MAG@- D""s" “‘s‘ﬁ'l_.‘;‘rc — | ,
DM-Radio -\ %‘. / CASPEr EDELWEISS —— S ‘ . fiv60.vpy ChangE— "CAPP SUMICO
QUALIPHIDE SNIPE ABRACADABRA : Y \wm.“ ¥ g« < DANCE
Dark E-field Radio A« ,\”‘“”3' > 4 posue-rr
BACON | ‘ALPHA | T>ADMX , PandaX—/  /, SAPPHIRES
A ‘ MuDHI “ _TASEH -
(]
POLARBEAR :
Axion - S "
N UPLOAD/DOWNLOAD |
Dark phOtOI\ VLT 2 ORGAN —
(MUSE , S
Scalar/vector S Bicer

\



THE AX\ON-PHSTON LANDSCARE

QLA OO 'w\% 2 Qouaned. SROXANA . 2ol oskvo. | (o,

1012
10— 13
10~ 14
10—15 ” -
1016 B T Haloscopes
10_17 (future)

—18
pl

—20 ol I
- 102 102 1010 10" 10?2 1% 10° 10° 10° 109 10° 102

Mg [eV]

Lyman-o

Cioxtun O Hoxe = Axiowliwts X . .
, Aot Qx| Xem . @end Axion

-~  Wa &Mn o PrenictioN



(ET ME ®RE OPTIRUSTC

%oc(

o

, Let's assome we
AiscouRs  oun. OoOW

¥
Le. Cn QouwX

( A W\"\B

GoaL O The TALK:
G WX can We (gaeve ¢

[{ACN



APDLCATON 1
T the I puibied, im the WV ¢

Many TALCS - G.Senjpiovic | HP Nilles, MMondsogon, WQ Nie\sein
Wy yN

ONZAFIED 5 Qg
Toron K Kol &.00rey T Bus,
= k/g/
<
Gore —> SLMAX SOV VA
S N \r/—J
GUONTUWA el ool
C\r\\roWbd\:)\:\. ok (ow

“A\ SM %@,\n\ax&ion WOWL XW\N\ non - bR U
simple. Cange. qrovp
D



HINTS TOR UMTCATION

¢ OUTs expouin du\o&cg, q\umﬁ(\ ofion (i\'\‘?@%@f S @% %e” )

| Qe+ Qe | -1 TT Wais twe 1\

< \O : N L0
C-\'Q.' |\ p® "'C- CLJQOW\. \/Q)\L'\C\"O\ ‘

-— *

o Aol Jogdminn:
e.0\ ¢ \/—5: P (’—%—\3 + 6 (%\3*_ "5('%85 -\-3(_‘5%5 \ /\3 -0

¢ Wnliodion @& WW S D & V%\b_.m

SLN\JQ@ ? \’2,: % y W\br:, 3 ok .@OUO =
39 W\
C{)\:\g%\ —— 9




Axions A Proses OF  UNFIcATON

(see ﬁ%(am\ ) Nee , M - 21960305

Goue i SLMYx SOLVYIX VA

Axiong tn GOTS stodied s BOs
Coise, Gesigl, Glogvew 'R\, m\\gglgp\bx; ‘)

# Vopo\ogleol, quantise couginmog o qossag bosons:

@f‘*‘k\ A Xgur
. 2 *A To. &M clcm

¥ /:\V\DW\Q\% W\OQ(()W\WB ‘/QW = VQTQ

%’t( o0, < CONROUSS

& (G000 WO ALY @% [Benea ) %@“ OOW COU@“”O@

Ly Resed on ’&ogsokb%ud QKCB\QQ@J\&Q,V\Y @& B owd D\{W%\g_@
OARMeAIOR. SANS

40



Axions A Proses OF  UNFIcATON

[ See: 21196.03053)

ToPo oGy TR .
> O-l} I/ - % (O(QAU\ EV,FVQAM + OQSMC?G)@(()‘}
9 Vs q
CAUGE INVARIANCE 7 ;

wnowoidable. @.CO potential
V() ~ —A:QCOS(O\/QQ)
Sinole. onsion cwopled o dhotony
"4 ° RESLLT .
QCO oxvion  (indep. of {a)
- QD

AL

A

nct compakible ~ / %‘*6_ < %O\o\ e
%‘fﬁ wthh G UT'%E %VQ W\N(J Mo M Ql'\

G
X COMQQ’(_(b\& W\.‘U'\ ( ° (KB‘J\G\I\ - \I\%
GUTs buX Cogquicey oy “
Lo, \ ¥ C %Q-d\ OIS
—C_ ook bm\dw‘b : _L> < (pion-like. YA )

Fx | e

g "Winfn ® Dol photon wodRs
YY\O\ M _ s EI’W'O\ &LW\ CDU‘—S




APPLICATI\ON )

WHAT CAN AXONS SAY  ARDGY

ITRING THEORY 7 (oc of \eosX
— — » DV 6&1(\1\&\}\)\\

Work un process w/ P Aol g M New.



DEFEERENT STRING ~ 1 HEORIES

5 13X wndexrstood WQVK mglﬁmb - GR+ N‘\,C\&

LTSI
HeteroTiC R Q'ﬁp Haoets o
ExxEg \_/ _mgm&%

b‘(‘qu\v}\_

1 \ﬁ\)Q
HeteroTIC /
So(32)
- (g o ey o
Gok;”% g D (_O\k\\ s\eu&&a

R& ‘cu&Q@\L o) Iot o

1



DIECERENT  STRIWG TTHEORIES

B U ol xonteeX \Aw@&% to Hekexokic &J(n'u\er)..-

HETERSTIC \/\s?}zé}\ e

EyxEg \—/K koo

/

/L 1 to A celaiem >( (el @\%\J\Qé\ @Q&@(&Q\J\& l
WA G CDU@\L)K)&) %‘( OELON- Q\l\ﬁ‘(.()\l\ C—OUP\k"%\e

12 N




SVYRWGY AXYIONS: KNOUWN RELOLTS...

€ /V\\.ML?\Q_ LPULLTOD G%CL)C)‘\OV\% wm SV B'L [ CP A %WWA
" Axsons Xroun \3~Q§A(W\QKL®©\D uxa Yoy Q-C%&QA“‘- G)? = S\M\CP

e A\ppanx ua (&K% RS 1 R CeRAOMS A, com Q\uA\\g R} cowprd spac
STRING AXUVERSE ! (Avvewitold ocad., o8

CAVCKY ‘g [ Conlown , Qc0215)
& EX@\,\Q),\\‘I c\\\‘ﬂ %ooc)\ CQ ( odwdi Koboilisalion W\ig\ﬁ i\ tais \

s N/ EC’Q\*Z eQOLVQ& (0\3\/\3\(&1\%—%@(\;\/\ S\avv\\wﬁfd 1N \9
» to tondn o be LO.X%SL\" ObSQX\/o\\O‘\U&\AP‘ O\S@XO\‘OU"@O@'\&(Z

Ceo [ Ton eX ol Q06 WIS ; (Genadlex X o), 23R \ALS ]
{ Cloi e o\ \10W. 323U ;
Ruchbinder oF ¢, {U\ L. 3636 )

aunck WOWS... 13

\\oLRVRY " o~ouerse. Staristics”




WMHAT'S NEW  WERE 7

/L\ LUV COV\%\S’('%U}B%M OV %0»%9' %“QUP G Lo X
1) Ason coupinop oo topologlol w <X Qixxed of

A0D Yove \
W\MMI\/WWV

o

MATCA AOD o UDEFT oy WD EFT ADMY, of
% AXAON COOPLINGSS V@R @ fowg <t lox

( &@Q}/l»ﬂﬂi\’
oD saee- %(owx R'4L to TR

5 wel C)Q%Lwd\ QIO 'de'xc)( ong Indepundamy @& o¥odln
amoteled fo: cowmpodXiicalion & obtaimamg SM speckvom

. N { D_(eir\ A \
T sowa ST- 3 /e < e & nddn \

14



RETEROTIC STRNGES  #0v o towiael

obilad counpadi.
2y '\—\r\pr\z5 o Aose) (supex) S’CVLV\O@ om0y
wekic 4 wmodialk ErFective
/ - &l\\Q\S{D\[\ ACT\ON -
- %V\“ ) CF S
» Mos0sS STORRS %W ! \\ =
boson + 'wa:—\/;\‘}\ 7 oD N=1

Sy ™ '3 Qoura R awons\ | qupa

o C\I\OJC ) 4 W\,Q)C(QX' N\ AN NAAANAN SANANNANANNN

# (o St onoseols comeNofion — Eexte or IO
Coo) Rt oxons |

) 2 A PLING I kA )
S eg BATCT ATLF oy Lou °

\ N\
[ See Sww@lZ,Witten > S }X’ —> N C)CD
XQ) \S -

%OV SRS VNCNN|




RETEROTIC STRWGS

i onb\m: ? L\ S‘\\x\:\’\s\‘kﬁf‘\g ve IR wmpumcitkj

(o)

Es&x E% \}V\ \BC\
vevvinviry”!

S Connpoaty XY on Cadolor-Moun or  tooidod @b'\‘%o\d\
k&\\,\% (compack spocon wikh OJW
4 topolocisol. propartics )
Qisxeie) W idson Unon

® MaNy LD EFT becswe owilolde |

Examger: SOS), $0010), B | tavaliation , efc...

\G



(ONNECTWNG TAR UV TO TR

-$ d G -
Gk S TR CORRIRE- AL
50%\9/ \@@8& 5‘0 S + g
QQ\\%Q <X S
" 1 fop sucen
Ea<ks
lupeer @ o

St

NPV

L E¢ , Soe), su(s)*L()
SL(S) | FX-Selaw ) SM-Uke ...

1\/\69.\3@:@0,\&\‘ s&r
wkexmedede.

S ol Qexmions d&y»d on Ne\\l R n |
’COQO\DCI%SG_Q@U&QO\ PO ..« Wﬁm ?
L LRC Results ool O\f\\’j
! o S S\
S .
LB E;C)Q/«fbec)dx \1\% unXo
- Ax{on EIQQN (Lol E%K Cs

\Y



STRING Y AX\ONS -

L\OW DO | HEY

[oOK L\KE <



Axions (v WETRRCTC SRINGS

(See Suvax Wit ot o xeniausy)

L %l - - WA m:\\'»sxsm. Lonney L B(; = AJOX Aol 9& %3\

BQ_ — %2_ v &/\/\ G - Qovwn (\,\*Q%‘(cﬁﬁé\

é ouex A Spas P
- MOAN- LU\&%W AXUHON (Q> . ol = %G O—go‘(‘(\f\ W L\&
UV\T_.\ X 6 EFV

L Xz 6o COURO SRR
¢ MO@&SL‘W oL on\ L 2D Wsoden && Q)Q_

N o\\ov\c&
LOTOLOR! L- oadon ( W ; T (uveynoll
QQ \'\I\C'a 0%3 ( Q\D ) (O "TS B > CL‘)\W\;\Q\;\S\\

# e\ ThooXic axons =& B cousgax dnase

o R\ U SCUROXE0S Gt aowod00s VLY Do wat oA Lo
\% UAO&(QQ»&Q)JQT\ Wer MY, MDD



poton dinion S AXON COLPUNGS

¢ ML axown Hd a Sl et W\L\IQJGQ\\% covplod,
C’OUQ\MAO’P : iﬂ’\; /,_QO\ ( t\f/(\- k,\/Q,\V ) o
(@)

t‘D\F?'-_ Z‘Ct\( E,z' < wnbvolemn l‘\c\Mo&DOQ& %&w\ 1s¥ ©g

¢ MD oxuion -
oo - OZ s e ot F e ook B

[(see Ul Kim
w205\

( b L\ \. CKQ_QQ}A& ow CQ\MQQCB( Por J
CALCOUARLE Y,

CRUCIAL POINIT; ON’% L Wnaox cowlo. ©4,€

MoSY GEVERAL

AS\ON J 6, Jw,l\I + J a JC“z
L\B

COLVPUINGS

\A



EMREDDING THE SM N EgxEg

-\

on v 0,0, - et
¢ 7 ungoux CowBUOLOwW

© M M £
D,z 0+ 2K by

O ON coo«gﬁ\r\ap o
Cowo-& C)&?QN\OS\ O\
2 VAN

Vow) e Qulok x \’\%

Ews% N
?;\ S e OPT\ONS
\L \)\:\m‘o'\fgm\\“g -\ " "
| P\-\ gm) (e ") 15 t—&> G > S\\l\ ; SQ,C’DV‘& Eg UV\JWUC.\'\QA
1w l W& ’LL) S\ V\O\r\ﬁv‘\\f\o&\\sg\mogﬁ&cg [IeN
\O\BWV\W\% E%x E%

“— ADMX
[&N



EMREDDING THE SM N EgxEg

] 2 The sawe cesult
i D J‘ 6,1 JC‘(q\'—‘ AN J GLJC\()_\-—- hdds for 0>
Lo ML, ML( D—

—=

RAdom. ROV
tv\ ﬁ-‘ SL(QCB Y EW + \V\QSQQKC)J\O&(U&L\S
G “WRelLE Axion )
=\ . q\
(s Svon W\Q)VC\’\QQ‘ \ 94 = O+ ’Z_KCL bL 1
| ety TR
1 R gl.n) (K ) Modg\ 7 U\’\Om
T &W l o3 U dspavdint
o N\A"“\":& : |
2 AN iove,
+ ADMY.




SV TMREODING N A SINGLE Ex

W\ g‘(o\N\ %\( SK E‘A

» LD EF N
D EREL > @ A scola -
l,/

ey

z: 9 o~ nvs N
é(o(.%%a—o(l\mw +D<3(5C:)+ O 1 + 2 (b))
ww\c\ -
sheet

WJ

O O+ T by
L\ QAXIONS ot ’c\/wm
R -1 |
D VU = be\ow> E\}\B% <oolo :\‘\D%Qg\'v\\(e)i\:\ow‘ﬂ
\ OUQLQ ouoa W\)\:x:,w\%l
Z- 5 |
%r) {(XQW(-—-\ °\2>\"F+GG} + \/o)g\o(b \

Oy QLD aocion Yo Kﬂoéuwz) osdox

Ly Adduionod aotiows
S&C\&% “W- OAD\\G < EQ;“UI\
v \W\n ?\r\

2L




SV TMREODING N A SINGLE Ex

 TOnAL A 0OUOW LU & & i, > deM/W\an

. N ’
Fo IORE et

> Commic b, ¢ X ‘9\\\\\/

| comcer\gm mk“z\f\
L>mm: I/H \ \ ‘c\e’igx\o’t;c_%tnw@
Vo6 eV | Qun10Gey o
Rula oy Bekordte Shinge 7|
IneeenmenT  OF (Emmw% (To & Sugle E@

“THE DECAY (ONSTANT |

VN



VON-STANDARD SV TMERIN G

See oroiRAA popers:, eSS (poxt o) €M Y
% Fowr efal. '] % K

(2 (2
»Toawer ol 'Rt IL\B')J 6,‘ JC\(,lF -&—J GLJC‘(Z‘;

M‘{ ML(
L> ~Mas \ ~ ALP
® oy, EoxE 1 “
8Ty I= thexe ow\\é; o\ISNC
(oSO VAT Ix V) x Gu ) iodel willh nor-gowdard

—— lfc

eunbedding, 2

SOV VW) %G keap 6, saronkoun wdox
~__~ .

o) sdodomnont ot O,

V() —_/\:CD cos B,

4 - A’ALP VS ACQ_QV) ?
V (6)) ==L 0 O, |

14



WRATS THE "CosT OF THE ALS?

ALP Lune /.L? N k» “(JL\/\Q" UL OMS - %_V%_P N ‘j_iv;—'
, AP ALP
ALP X
_ » AL lse A e /
Uone D2 g
Nacn v Noge
> Modal dapndol guastion
% TevednOlde conian pofemial
o,

V@) R AT (5B,
MODE L TNDEPENRENT THYRLCATIONS
1) (eak wiscivoy v v pediied ; SO < V2 |

rowdoxd GUY
1) Fadionsd duesg 7 ‘?miloh_a A | S = 2y

=



DV LESSONS FROW TR EXP -

’0 Owve o ®& 3@0\(\%@? - Doun\ Mot eXT  axuowWd §Q(o%xgss.-.
O%%QX w\/\po\\\x\:o.& OV w&iowmo&\ew\ GUTS \—\e,\'e)ro’t‘\Q - ojc\/\exs?’

’(\rw\o(()

woos Jodae SQQ,CLO\\\% %(« TR /W\ﬂyn

CROWS

ALPS-I 3 g

= 2)We CAUNOT C,D\/\%,U(‘v\/\
T oo e i 07 R CO0Ts or Vdmotic Siring
BUT
—
0D SROXONQ) GIXK
h NON-TRVIAL TESTS o}

N STAR v
H\TFCRM
10— 19

///////// 3 6 o .
R R A A e o thooren

m, [eV]
2b

10*16
10717
10718




B@Uﬁ—og



Axions A Proees OF  UNFIcATON

. Skw’m’\og cony:  (Heor x H 004 po.

g\mQ\SL %&N’di j /\ Sex % aomv\:\u‘&\v\od o&mbyﬁ
C&(QU\% e. O& SU(S\}SOL\O\_.. w0 5«-&\1\1\\(&3&'\&@5
L Ano@pogr + LMy o \)k’&\b Mo
btk S ;,\r, V) Al &N\OMQQUS %
w
woeol. unkoxockion. SL LV Kﬁ\ R+ ANOMALOVS | \

weQ\mit\ouxx DKO( bull.so%&\r\eej\\s
C
« PARtex sxk\mo@mﬁ V@W‘(iov\: _

Tunparton \\ Gt * U (A) - T’\ LAY &

L
(:G w]z* U(\\m B u4¢ O / S cXQoouQ\Qd

L @n ONLY ONE AX\ON COLPLED Coldstore 008OnS
EG 'lx U(\\ v O —
= THROLGA THE, ANOHALY |
A1 ' % e



LD GOT: ONE AN (CUPED TO GROGE R30S

now- G\ owve

[10(0) g —> D gg » \’\\ SIGF
L S
&N oxr\\»\»B Yis LUanaox tovalotnalitow %U% OUA

XADN oouek@\ o QOR LOYOWNS .

O
e 7 k and dua. to quasisalion: Y -
\A'i - O —
Abonve PR g OVT
l/ WBR sesdon
> CURRCNTS - R
(AN) (P‘)&\ \’\@\1\ )

wQ X puT D~
{ Rl TR

6(’\3;3 BNS {: O

AL



SINGLE AXION — DEPENDENE oM PO SCALE 9

PQ CUNYIMX - oLuse C) E J
ooove - o
Ta Moot \’JA] M Asa X3 Ut

A\ To > VMgor - egg‘@xg o\ w\w\o&ua @QJCUJ(@ 6\& dwn-S P.

¢ AXAON CQU\QKQA Co &)QD)C\’\

\/LP@\ %% G G ke owdk W\

B) TFo < V\Gur ©

1 %

\

\/ N
O e o s e KB
1/lpu —F:\ {Ks cf\f\GGco,cu*V-v_ ;‘%\\U\M* ) ‘RV\%’B}

(N A%Oul\/\, OXAON (O to ookl
15 Q\/\D‘& ons & !



A oS Frov FOGHER -TY GAUCE FIEDS

= %ﬁé\ﬁ UOKS\OWN (QC,BX UC’\\B A DD

“A-Joren puog Yol jﬁ Bz (Ba ,Bs) S+/2
1 ()
> oupdRy <, /z ) RS A
- NG
REMARKS: 320802\ e

©)

) e e.60w 2| (GG i w

— ——

"(ost of mouiing paatitie axeond: € e
.. Paxticle ~ : é
% . 19 L \Bc X5 -4 =S Q!
) N‘;’C’\V.\\x ) - S ey V(@)= R€ 05 (BsR)
m{_g/"\tﬂ\ S - IMMR

~ UV Onstoon . 6d —_—

13



Axiong v WETZROTC SRINGS

(See Swak Witew £os
A QLY )

SR SYMMETRY SRenWG EFFES .. Csee. Also (ol ARG\

2 LIhataasons A Eg" Eg T oddukiovo) c,c:\/\ﬁzgwwolS untroXions tn Ud,

e (oA s\necX QDYOSSUA - eududaoun closd S\—v'u,od LA ot woqe'\\,o6
A-cmden

v NSS5-brown: vion-port. srales (S+\)d, coogde woog\mhco%a B,
Com oo dy@xuwad wnto OV YM InsFalAToms

& 3 T\ \ \
2 Ov\b’l e ’e&s) Good QUALTY AYIONS ,

1S



MaTerING AoN COLPUNGS

#- Toke 108 SUGRA ockiow. CDYQ.Q\:\'%Q\!\\DO&k medn

S\O&D »LC %L,/\ [T)C\Vl—k—\j(tF } j % N %\}m

> Covlonus
/\j\ g\ t(i? e \\c -
MT ason Cov Q\LV\QP MDY cosion aogdunsy?

ey K = SB?_A JU'F = guownkisedl

Y COV\%'\§(Q>J\Q)2> @& g 104 SUGRA (\,&,\IQ/) cp\)ﬁ)\i\r\c&x @% B ol
amd. B, to %cm%szb%s&r&.

Sztod <

> Axion COU@LV\DKx @ p\_\ wm U TET

26



MaTerING A oN COLPUNGS

ML copown Hd, _ B Winiwexsol\u cav Pbg\
e LVt B
(@)

t\rﬂ:?’,-_ 'Zc_t\( \-_—,;L < wnbovollen. LA %o\»%go&ooeg %&w\ 1s¥ ©g

¢ M oxtlon R () —L = . (D _ 1
C})\)W . ZMB el z\fl’ \O\, t‘(,\\f’ + Z_\(;\ \Q\"t‘(?_\"
( b L\ \ c‘}\e_?oju\& oW cOmg&d( o

CALCOUABLE Y

MOSY GEVERAL

(& A
AX\ONJ I 8 J 64 JC\(,lF + J GLJC‘(Q_\:
Lo Mq Mq

COLPUINGS

gl



VON-STAN DARD SV TMBEDIN G

QC™ (poxt o) €M

A L, Z
L\B’DJ\ 6 t‘(qp '\‘J 6 't\(l
ML! L Mq
~ QD > ~ALP

oaxon

X TO\\LQ/ —-g ——g

|__ a4

(oSO OAY 1LV * Gw )

—————— \

SV VY, XC;C\U Keap Gin i roudmun uundox
W&\. S\)‘O@O"\’\V‘Q}v& UJVJC CQCD

\/ (916 = _-/\:co (oS 64

. - A—AUD vs Ages
V (0,)) = =g 0 O, 9

Y



WHATS THE "COST ORTHE ALD?

AR Une 42 G "live weoms . M %o
S War e
ALP \
_ » AL Lang A v 3 7
Gana .2 & /
Nacn v Noge
> Modal dapndol guastion
% TevednOlde conian pofemial
o,

V@) R AT (5B,
MODE L TNDEPENRENT THYRLCATIONS
1) (eak wiscivoy v v pediied ; SO < V2 |

rowdoxd GUY
1) Fadionsd duesg 7 ‘?miloh_a A | S = 2y

33



FiELD THEORETIC AXONS

&Cmm@%ﬁx W%{W\NQ\W&GXMWS?
G- " . a6

\/ES\ %gj} Mm thgsries whare e ligdkasy
A Ww&m b& O Qpasse. S&C»YI\V\-\Q\’VB SN

— < (O N
0 o iy acion oty
> Covplivon i% "¢ oxe H’\% ” e
Loas o ML astan o | &

g &m - (o LR %Dw (5L Srino 7
Do thaty bowe. ‘ch-coupocfiodl’ core. ¢



COV\P@T‘\NG K/\,('Z

L v L
SBAX‘Z - Z Y, g \D\-’T\r&\:L + Z Y, g \D\',\—‘(,LC

i My ! My

(o g B (~tr R+ 2t F -t E )

.,{Q

Fio\A %\WCD‘Q\'\ %\x\o}@@( Yo }toQoXo%L@& COMNY LA,

T o N Y i T LA R o
Sawa. cm\muo\ncm) Qo



TONSTED SUSTE (CONTRIRUTIONS

® EFT i
oD et cpa WY 5 G S 7
i - /U\’Ll) C 'UR \QW\() > %“6 _{)_o\



P - ForM FIELDS

& A\/\‘K\S\A\N\ Touner %U?ﬁ (~ W W W‘J&)
osounaef
C,PM — CPM + d/\PJP e

o Fidd staworlhe T, = Al

NN

& Foan s Fop-r < CCX-Q-L:&L‘X'?“B

G (O-p-4)- bram) QB&M%O\N%@\ ovdex La-p-s
LN Qg&&_)g M%@\ YA (R




Axions N RETZROTIC SRINGS T Hu

ollocos ...
0o B, o 0= )
0o W — i
 Jod dua\ odoeX R
By ¢ ’ De
- \\ S N Q&Qﬁ(\CDx\\\\k
@Qﬁn&“l wcx&\
o ot

gm‘(\fw\% = NSS - braves

wr et Zer e

G LU \JOLV\X @& \/'\@_U\), g\)QQXS‘WL\/%; QOLON E‘CV{\/\%\



AL - Proton coublndy. Nitoy \N\mv\%

Gemanode sefs sg “poCVC\'S "

o ,b ~ Ay
= | = += A —'U\k\,so
L (3 5)c6+ 3 (8,30) + (o 40)
-14 B ~r ov\gt.w Wu, 1 -
10 QCD Li ¢ / :
mne 1 .
: Rw\ogm .
i -l
2 40717 i e Wz (L0 ,\'Se.\/
| 1
> i
i qa \\
@ | alp ‘{’WU”““A i ® £°125 :(\Q ,\O 169,\]
; -20 ~om /\N\_l\;sCD :
S 10 i
i ,Q" H
: %0 :
-23 ! ¢ !
10 : :
i i
1 ]
" 1 : 1 1 L | " 1 : 2 1
10713 10~11 107° 1077 107° 0.001 0.100

m, (eV)
ADDTTONAL %;f\?

ALPs : —
\N\o‘\? [ Tovy Wt MQQN\C’\ O Wumbur s‘% o&lou\ﬂ

W owosd cwlax  thoun QCD oovow Ao

W\ o



oK e oxLon)

. E"\C\'\ sil:essco\\&vv.t\&

N (16 09gS5 \
Q”,;I( < Lowast
b= Lu&u\:;%
IIVE t ’QVDJ Dc

%Qj(g QJZ_Q @A/uu\m LS GUT‘UKQ O@\,\g‘(wd'[ov\S
am ~ RKem (g/l\/,\ﬂl> oIe. QX_?QC&?_C)\ to 92’6

) N -™ 6&&4( QO _E_k’:\’/z}
Wik E/N: /\/ KS

=



2102.00042

Zy o SM
5(\4- > ST '
. a—rz%(‘()& \r /\/CO{;U:\ Q/X

N~ Mg
Qco * A
QN

“q ¥
t% O %Qy /VV\'\"O’ZZ
A %/\/‘29l
0 ‘ WN 4@0
o)
SM\

Fanl0 eV



TLeeeeD  Guts

' ANG\&
2 2 WEAK MG
5 V\NANANNNNNNANAAANAANANNNNAA N
NV UMRT A
v (QUANTLM N .
x V(A)x . 5 \>
V(S) 2% (
g.,ﬂ)) /IO/\ ) /\Sj
——————

\ Y%
S™M\ &O\LN\\Q)JA* a

/\ l (o o (C (‘,OUJ\U)\@U\
L% ‘I/\‘DU\ CJD

=2 A%
SM (}\I‘Oslraeg) .
/l/> (‘zﬁs %Qv\i‘\:s:r\m w\%\ .Q,QQ()"/\LMUBX {\? G_N OQS

W) F pedidion o3 B\

Y



CINETCALLY MIXED PHOTONS '/

2 Oor x0(W g, with d osxony:

dearle. g\fwko\,\ b) f

Kot £ GCQ "'(XD b-;‘(’
o

& Gowog Lwowiomss: horbida lfo,Q,'(QUQQ\ K. V“‘LDQ:\/\%

CAx O cnueln.& Yo ol SQC&OV

= Wby o - 1 Fo ® Gour y
// Mo U\\\QV\N\/@WM Gut
A
C ~ % My Mot :
/16\'1 Mea_ <§>
e Adxaxr OGOV T . é 0<u o CP QQQQQ,QYQQ&’@ o(lueo\

w Qw%cz SUPPATBIA \
R

ct < 10



