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The vanilla axion story

A Two canonical benchmark models
I KSVZ& PQ scalar field couples to SU(3) via heavy

I DFSZ PQ scalar field couples to 2HDM which hav

Yukawa interactions with SM quarks

Kim (1979)Shifman Vainshtein Zakharoy(1980);
Dine,FischlerSrednick(1981),Zhitnitsky(1980)

D — %\—E(ﬁ

Q

oﬁy Honey & Vanilla Bea
[T© LickHonest Ice Cream

(

Il C

@

PNGB flat potential Instantonrinduced
tilted potential

A Classical shift symmetry becomes periodic wjtschle
In both cases, global PQ symmetry is exact and accidental at renormalizable |
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Vanilla axion phenomenology

A Axion mass driven by QCD topological susceptik
I Also need mixing with SM neutral mesons
fley Al (9) givesa "Q .. & "Qin SM
A Main consequence: Vanilla QCD axion physics i
essentially a ong@arameter model
I Primary target: axioiphoton coupling

ASome residual dependence on UV model via EM and color
anomaly factors

Non-Vanilla Axiong Felix Yu



Current status of vanilla QCD axions

4 V& Tl TBL O TEIT A 6<p ' A)S m,: quark mass and higher order uncertainti

"Q g, : O0) in QED and NNLOWIRT
- | (‘O 080 CT ) Gorghettq Villadoro[1812.01008]
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Pivot to ALP physiesStandard ALP EF

A Axionlike particles treat (g f,) as independent

| Lose possible connection to strong CP and DM?
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 oua 62
Ed D opa)(0"a ——m2a + Cp J“ +C yn Al
2 9
e 1 e 1
+Cz2— ZWZ + Czy ZWFW

SWCI/V( )% fa swew (4m)2 fa

gL a Jv gs a a auyr 1
@ W,,W & — Qe G O
TEWW e, e T e e 7 S S (fQ)

Brivig et. al [1701.05379], Bauer, et. al. [1708.00443yvelaet. al. [1905.12953
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ALPs at futurexpts

AConcrete benchmark scenario for PBC/FIPs program

0.01

107° [

Dy, ~
. GAF’ Tyr
SN1987 DUNE GAr, 7 yr

- -

p Collider, 10 TeV

FCC-hh, Z-ya

FCC-ee,e e -ya

1l

Snowmass EF09 Report [2009.131

1 |

Snowmass 2021

|

-8
19501

0.10

1

10

m, (GeV)

100

1000

104

NonVanilla Axiong Felix Yu 6



The vanilla quality axion

A Recall fundamental origin of PQ symmetry:
anomalous global symmetry

I In general, global symmetries stem from field content
multiplicity, explicit breaking biyagrangiamteraction
terms

ANot necessarily renormalizable

A Vanilla axion: sole source of PQ breaking arises
U(1hox SU(3) anomaly

I But no generally rigorous embedding between isvale

PQ symmetry and UV PQ symmetries = quality probl
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Qualitative change In perspective

A UV sensitivity of vacuum angle drives strengther
of axion potential from smabize instantons

I Generally realized in embeddings of SM color gauge
symmetry to larger gauge groups giving srsalé
Instanton corrections to axion potential

I Leads tcheavierQCD axions

A Separately, soft breaking of PQ symmetry is

understudied
ADistinct from explicit breaking of shift symmetry by ALP ma

I Leads tdighter QCD axions (witbalculablefine-tuning)
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Outline

A Increasing the axion mass with srrsilte instanton
effects in extended color gauge theories

A Softbreaking PQ symmetry to decrease the axio
mass and quantitative study of firaning

A Conclusions
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Texas Sheet Cake
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Supersizing axions with small
Size Instantons

Kive| Laux, FY, JHEP(2022) 88 [2207.08740]

NonVanilla Axiong Felix Yu



Smalsize instanton effects

A Key point:Use axion sensitivity to UV physics to

enhance quality of axion solution
Agrawal, Howe [1710.04213, 1712.058(

I Embed SU(3)n larger UV gauge group

A Confinement of extended color gauge group will give
additional instantoAnduced potential terms to light axion

ARequires no#trivial bookkeeping to trace PQ symmetry from
IR to UV
I Practical consequence: Extended color groups typica
Involve coloron/axigluon color octet vectors and

additional collider signatures Seee.g.Dobrescu FY [1306.262
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Refresher: SM Instanton effects
A SM + axiorLagrangian

Ny
1 0,a -
£=30uadtat FLG (Z Ci%%%%) ( d " midy e’ e gl + hc. )

1=1

2
a (& 9 5 9” Kim,Carosi(2008)
— — GG 147477 BB ’
F( 3 3272 +3322 T 30 )

A Axion mass is generated by gluon operator
+Al AYRSE (GKS2NBY:X Avyaidl
determinantal operator according to PQ color anomal

Ny
Laer = (—1)Ns K473N5 (H det(qiqiR)) e STr 4 hc.
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Refresher: SM Instanton effects

A Calculate leading
determinantal
operators
I Correspond to

GAyadal yuaz
diagrams

I Power counting In
chiral symmetry
breaklng parameter

Laet = =75

(85) 55)

I
/@\

YV Ft2BSNE” @@

=4 A,
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Refresher: SM Instanton effects
A Operators lead to mixing6®,' ,'Q | y R | |
Ay = (H det(g;.r, qi,R)) e % 4 h.c. :

3 3

3 .
~ (% exp(i(é’ﬂo + 9?7’))) (% eXp(i(—QWo + 877!))) (%) 6—@c§9a + h.c. :

9 9
- (exp(i(QQnr — nga)) + h.C.) = UZ COS(Q(%! — nga) )

My cos (00 + O, — c??@a) :

Ag = ?mdA?i COS(_HWO _I_ 977" - CSGHCL) s

,06

Ay = §m3A§ 008(2977! — chHa) .

I Encapsulate relevant instanton effects via chiral insertions
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Crosscheck: no SSis

A Even neglecting-mixing, we reproduce QCD axion band
10—8 -
Q4 rotation [36] e
Dynamical GG
107194+ —— E/c§=0
..... E~/C3G =4/3
FI: 10-12 - - EN/Cg=1
Q
o
E 10—14 -
10716
"
10_18 T 1 1
1077 10~° 1073 10~1 10!
ma(eVv) Kive| Laux, FY [2207.0874
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Adding smaikize instanton effects

A Determinantal approach readily accounts for SSI

I In contrast to. EFT, we capture alignment of explicit al
Instanton PQ breaking by different PNGBs
i/ Yy SYO0SR @l Odzdzy | y3ft S
AThought experiment: SU(3) x SU(3) vs. SU(6)
ASU(3% SU(3) original model by Agrawal, Howe
ASU6X{ ' 6@mbdel by Gaillard, et. al.
i EmbedsSUBAY G2 {!déc0 YR IR2LIJia Y
Alntuitively, the mixing of PNGBs induced by SU(B}antons

and smakhsize instantons determines the embedding of PQ
symmetry from low to high scales

Gaillard,GavelaHoutz Quilez del Rey [1805.064 36!
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ColorUnifled SU(6) x SUY3nodel

Gaillard,GavelaHoutz Quilez del Rey [1805.064 36!

A Embed SU(3)nto SU(6) at higkcales

ASU6) has massless Q fermion to solydh JaRiétadof

AAddSU3) to make SMcharged exotienultipletsdecouple at
[ cutScale by bifundamental scalar

SU(6) x SU(3)

ACUT; SU

(3)e X SU(3)ding —%5 SU(3).

i M1 (KSVZ)r M2 (DFSZjariants solvé Th 3 S0 |

SU (3)aiag | SU(3)¢||SU(3") | SU(6)
Q O O 1 20
q [l 1 [l 1

SU(?’)diag SU(S)C SU(3,) SU(G)
Q (] ] 1 20
Ay - O O

AExotic quark confinement scalg,,Separates exotistates
from EW scale

NonVanilla Axiong Felix Yu
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M1 variant

A QCD axion inherited from M1 composite axion al
axietaadmixture

I Exotic quark fields after SU(6) breaking to S}J(3)
LDQr, (i51J 0i; @ — 9diag Tfjﬂfiag% — Js 5IJT5}AQ) Qs

_ . A 1,b
+ 41,1/ ('MSIJ 5z'fjf@ — Jdiag Tszﬁdiag '3 9’ 51ﬂ}bj A ) q.7J.;'

Adiag 1 O 2 (,)2 A%UT I ATl
+ Otiag 2 Gting Gting + -GG +0'— LN ~CUL AL A

ACNBIG ff FASEIR adNBy-=
determinantal operators to calculate instanton
effects
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M1 varianto SSI amplitudes

Ay — — (A3 + Ay + As)
Kiag el /.

@q)

2770! *)
A = v, cos( ) :
diag Fa

6
Udi 2 6
A = d;‘g COS( ;ad + \;_j) ;
3. Y 6 /
A,y = diag”” a+277 | / \ ‘ \

Edet — _K,Al

) (dd) (dd)
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Axion andaxieta masses and mixing

A Diagonalize PNGB_
matrixto getaxion = |

andaxietamasses | P
and mixings with new———— e
[sgdependence <L\ | |/

10° 106 107 108 10 10 10° 108 107 108 10
Adiag[GeV] Assi[GeV)

maFy = 4(Agiag + Adsr) — 24A]

diag
5 —1
« Ay — M — 3mEERRSVE [ (208~ AL, — 3(m3FDRSVE) 4200,
2
me F2 = 20gg1 + 5Ajiae + 3(maF2) V7 4 \/ (2A§SI — A}, — 3(m2F? KSVZ) + 248,
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SSidriven mass enhancemeahi1 variant
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SSidriven mass enhancemeahi1 variant
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SSidriven mass enhancemeaehi?2 variant
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SSidriven mass enhancemeaehi?2 variant
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Roasted Beets & Fresh Mint
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The anarchic axion

Elahi,Elor Kivel LauxNajjari FY [2301.0876C
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Building anarchypFre: o 7oy = o0

A Break PQ softly s 0 s || x T
LY 1 2 -1/2 | 0O X,

A Begin with DFSZ axit Hf% B A A
Ho 1 2 1/2 0 X2

A Scalar potential (1a) leaves global Y(®U(1),, x

U(1), symmetry charges undefined
A Canonical DFSZ scalar term (1b) defines PQ ch:

V=" (@3H]? + N Hil*) + N Hy [*| Ha? + N | Hy Hy
1=1,2

+ 13| @2 4+ A3|@|* 4+ Ais|Hy|?| @) + Aos|Ha|*| @2,

Vi = —CyH Hy® +he., (1b)
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Building anarchy

V=" (W2H? + N |H|*) + NH: *| Ho|? + N|Hy Hy
i=1,2

+ w3 @17 + A3 |®|* + Ais|H1[*| @] + Xas|Ha|?| @)%,
(1a)
Vs = —C\H Hy® + h.c., (1b)

A With global PQ symmetry set, now add PQ soft
breaking term

v.Ur — _B,H{H,+h.c.

A Two sources of PQ breaking: color anomaly and

AThree neutral Goldstones: one for SM Z, one 2HDM A, one
axion

Ad{ GF YRINRE HI 5a L2 0S ysuniretfy
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e
Building anarchy
A Define angular field o = a/v,, o/ = Ajv4
A Use Cto effectively decouple 2HDM A
—Vang = Agep cos (Ng (o +a/6%))

+ Adep UUa cos (v + /6° + 0)
‘C)\‘”Uvi / 2
+ cos (' (140
V25(1 + §2) (' ) A
_ QCD /1

. . . .. Umax — 1 ‘|‘ 5
I Second line is effect of finit&, | Bulv
I V,.,= maximal value of P@vv, 0 = va/Va

NonVanilla Axiong Felix Yu



Building anarchy
A UV phases shuffled inid —- 0 —

A Tadpole of axion = observable k|

A Axion mass arises from canonical DFSZ contribt
and softbreaking Bpiece

A? _ _
mi — QSD (N; COS (Nggeff) + Ya COS (9 — 6’eﬂ~))

Ua Umax

i & . COS (5 — ¢9_eﬂ:)
fa Ve 2N 9VUmax COS (Ngﬁ_eff)

(11)

m?2 COS (9 — §eff) ) ’
j .

i \ Aden cos (N y0es) i (QNQ’UmaX cos (N yOer
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e
Anarchic axion deviates from DFSZ ban

v Solar

2}
Q
Q
)
5]
@
2
©
I
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e
Anarchic axion deviates from DFSZ ban

v Solar

(1) Magnitude of B

- | 8 setsanf, scale
> Viax = 10° GV 3 . departing from DFS:
S s (2) Phase difference
— — e of B, and —ﬁine.-
ci? N 107 Gev tunes cancellation

betweenB. and QCD
k= potential to get

- 10-10 . :
Vnax = 107 G&V i unusuallylight axions
y f>—and |04 <1071
2
o L ! | | L | | L | ! | | .
107 10-6 0.001 1 1000 10°
m,leV]
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Finetuning measure

A Since finite residualEDMis calculable can use
GiudiceBarbieri finetuning measure

Apg (Bert) =

ABG(éeff)

0 OOeq

Oett OO

/

P

A Open modebuilding question whether more
complicated UV model can reduce fiheing

I Ongoing work with NelseBarr origin of Bterm

A Anarchic axion model serves as target toy effecti
description aiming for light axions
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My keyguestions for axions and ALP

1. Rigorous understanding of PQ mechanism and
anomalous global symmetry breaking

A. Uniqueness of PQ symmetry vs. other UV global
symmetries and PNGBs

I.  Relation to UV flavor structure and NP flavor problem
B. Reformulation of quality problem

2. Expansion of axion parameter space beyond va
QCD band

A. Postdiscovery tests for QCD axion discovery in naiv
ALP parameter space

B. Novel axiorcosmology (under study)
NonVanilla Axiong Felix Yu 33




Conclusions

A Axion field theory is rich with

phenomenological applications and dlverse
modelbuilding tools

I Viable strong CP axion models with SSls

enhance axion massmto collider reach and | | s
beyond R R

I Softbreaking PQ symmetry motivates

unusually lightaxionsg prime targets for hos
of experiments

A Future work will focusn Goldstone field
theories and their breaking (beyond CCV

I Field theoretic synthesis of other PNGB EFTs © LickHonest lce Crean
A Relaxion, clockwork, lineailaton, etc.

I Connections to generalized global symmetries

NonVanilla Axiong Felix Yu
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Intro: Longstanding strong CP proble
AnEDM:|Q| p&gp m QAl ss pTr

AForlowenergy SMQ 6  Q—withd c8 (p8y ¢
D T AT AL — A m nEDMcollaboration, [2001.11966]

_ PospeloyRitz, hegph/9908508
I Naively, QCB+s O(1) vacuum angle; unknowparid Yy matrices give

rise to0 oty s ¢épm

A Most attractive current solution is QCD axion

I PNGB of U(1) Pece@uinn global anomalous symmetr

gains instantorinduced potential fromY p

o /7 Peccei, Quinn PRL 38, 1440 (19
Y YO a:,nomaly Weinberg PRL 40 (1978) 2%8ilczekPRL 40 (1978) 27

TR P 00
Q o ¢

i QCD axion acts apurionfor —-rolls to cancet-
Wi |1 22F0 6 m o Dasten Grabsr (1906
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Topological field configurations

A Instantons are a type of topological soliton, i.e. a field
configuration that carries a topological index

I Example of a topological soliton: scalar field in a double well
potential in 1+1 dimensions interpolating between the two well

I SU(3) instantons are gauge field configurations characterized
Integer winding numbers
A Arising from thenomotopyclassificatiorf 4(S,) =u

ARhNRIAYIE LKSYy2YSy2f 23A0L f§
context of the U(1) problemandtHeQ Y S&az2y

Computation of the quantum effects due to a four-dimensional pseudoparticle*

G. 't Hooft'
Physics Laboratories, Harvard University, Cambridge, Massachuserts 02138
(Received 28 June 1976)

A detailed quantitative calculation is carried out of the tunneling process described by the Belavin-Polyakov-
Schwarz-Tyupkin field configuration. A certain chiral symmetry is violated as a consequence of the Adler-
Beli-Jackiw anomaly. The collective motions of the pseudoparticle and all contributions from single loops of
scalar, spinor, and vector fields are taken into account. The result is an effective interaction Lagrangian for
the spinors.
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The Energy of thg-Vacuum

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 Recognize the topological sector sum is an exponential

. o~ P p .

. T : A A
-

Q Q (}oG}('Q Q )o'Y =0 %‘Q 7 >

A Extract energy density of tHevacuum

CAT—@—(S—‘Q T Wa | 22F0 O
” CallenDashen Gross (1976)
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Axion decay width vs. stability

A The primary target for QCD axion detection is the dipho
coupling

Loy = gczq/ a,FWFW = gay 0 E - B

A Gives a decay width of (using E/N = 0)

Q a , a
T et ()

A Axion lives longer than age of universedor M ¢ 10

I Very cold dark matter (can have coherent oscillations with
negligible velocity dispersion)
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ALPs at collider scales

A Axionlike particles treat (g f,) as independent
| Lose possible connection to strong CP and DM?
A Still concrete benchmark scenario for PBC/FIPS program

A Many collider signatures

I LbLscattering atPb+Pb ATLAS [1904.03536], ATLBSNFR2020-10,

. CMS[1810.04602
| Higgs decay to aa
Abb+> >4i: 4] ATLAS [2110.00313]; CMS IE016; CMS[2111.0129¢

il A33a RSOljée 02 %Il Zrakpodbier
I ALP production from CMS EXQ1-007
I ALPs in nomesonant ZZ or ZH productioems [2111.1366¢

NonVanilla Axiong Felix Yu



ALPs at collide® LbLscattering iiPb+Pb

A Focus on diphoton coupling using atomic numbe
enhancement Existing consiraints fiom JHEP 1712 (2017) 044

T
E, ATLAS Preliminary |gp
= 10'}
[+ ]
<
— Y- y+inv. LEP l

oL
10 lete” s y+inv.

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

-1 »
107" Beam-dump ATLAS yy = yy (this work)

1095 102 1o 100 q0T  10F o]
ms [GeV]

ATLAS [1904.03536], CORIZ0-010
CMS [1810.0460z2
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ALPs at collide®Exotic Higgs decay:
A Higgs decay to aa, decay to (bb)(up)
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ALPs at collide&Exotic Higgs decay

A Higgs decay to aa, decay to)(* )
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ALPs at collide&Exotic Higgs decay

A Higgs decay to aa, decay th)(()
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ALPs at collide®Exotic Higgs decay:

A Focus on Higgs decay to Z and light hadronic
resonance, m < 4 GeV
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ALPs at colliders

A CMS+TOTEMRKhigh-mass ALP production from
diphotons 1027154 13 Tew
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ALPs at colliders

A ALPs mediating neresonant ZZ or ZH production
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SSidriven mass enhancemeahi1 variant

Mass terms, parameters and notation

1/ na\? v
LO=-(L) 4| K3 L
2 (Fa) ( dlag N 2K§1ag

2 6 3 9 6,3 6,3
1 a v Vi, U UV U;5: VU 3;
+ 5 ( ) 6( diag diag + diag uA2 + diag dAg)
la

b
2KZ,,  A4KS 2K e RS
2 3 .9 6,3 6.3
L/ Vdiagl™ Y Vgiag 9 U'UQiag 9
1/ x° 2 Uﬁvgiag 2 Gvglag 2
! ( ﬂ) (muv et et malg
Ui

() (vepiee
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Supplemental definitions

vy =vsSing, vy =vVC0SP, V3 =v,8N =vaC080, V,C083 =vsin@cosqo

tan ¢ = vy /vg, tan f = va /v,

A Goldstones aligned with theirevs

G S Cry —ChCry — 5 ai
a = C@Cg — 8(358’387 S¢CB —|— C([bSBS'Y —Slgcf), a9
A CypSp + S4CBSy SpSg — CHCBSy  CBCy as

2 ) 2 a, NI 3 a,
Vang = — | By E (v; + hi)_ COS (Z ol Q”) — % [H (v; + h@)} COS (Z ol 9)\)

= - a A Cy| T A
— —|B,| %1;[1 (v; + hz-)_ cos(— + —tan® 3 — 9#) -5 {H (v; + h@)} COS(U— sec? 3 — 9)\)
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| EA2Y O2dzLJ Ay3a Ay
extensions of the Standard Model

Kivel Laux, FY [2211.1215
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Ax1 on/ ALP EFT 1 n

. ] SUB)e SUR2), ULy | U)p|Zs|| U(l)po
A Build DFSZ axion mode o 5 = s | 4] x
z & _ S W 3 1 2/3 | 1/3 ||| Xo-X.
gAUK 3l dzdSF i DO I T
baryon number | 1 2 ap| oo |4 x
. - et 1 1 -1 0 |+1|| Xr-Xq4
I Minimal set of_ a1 s aal o Wl x
anomalonssatisfy trace  u| :+ 2 12| o |41 x
condition from Kkinetic L 12 c/2) sy X
. Ll 1 2 -1/2 | 2 |+ X'-Xp
mixing E} 1 1 -1 2 ||| X'-X4-Xp
I DFS4ike axion is light Bp| 1 1 1| a1 |+ XXy
Goldstone orthogonal to ™ ' ' ° | 2 | Nt
Np 1 1 0 -1 1 X'-X,
2HDM ’% D4 1 1 0 -3 1 — X2
dp 1 1 0 3 +1 —Xp
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Ax1 on/ ALP EFT 1 n

i{ 0dzR& %Q | yR dofEA2Yy k! [t |
I (Non)decoupling oBnomalonddictates new pattern of
PQ symmetry on ALP Wilson coefficients
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2
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a
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ww Www (4m)2 f, 9 (47)2 f, M

(W, (Xa ! = Xudyf)) +hee) .

I rZuv
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Imprint of FCNCs and PQ symmetrie

I Axion FCNCs reflected as commutator structures in E
operators

I Necessary step when considering intermediate
axion/ALP masses with dynamical fermions

NonVanilla Axiong Felix Yu



