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Motivation

O Have well motivated candidates for new physics: ’
L Axions and Axion-like particles (ALPs) S Lw CAST- N B 3
E 107 SUMICO %
Eli 3 SN1987a E
. S =
O Additional U(1) gauge bosons (Z’s) o | T | -
Cosmology 1 %‘9‘%
[ Collider probes for masses in the GeV-TeV range A, 1 NE ;
m, [GeV] ma[GeV]
[Bauer et al, 1808.10323]
Can we probe the QCD axion at collider scales?
Can we find interference effects between ALPs and WAe i N o
Z’s at collider scales? e o | —tire
Mz (GeV) [Dobrescu, Yu, 2112.04392]
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Outline

1. General Axion/ALP interactions

2. DFSZ-like ALP with gauged baryon number
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» Flavor-violating ALP interactions
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3. QCD Axion with small size instanton effects

» Axion-Meson mixing with determinantal operator
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General Axion/ALP interactions

O Motivated by Strong CP problem:

2
O Have anomalous 8 term £ D —0-2 5
32w

Gﬁyé““‘" with two contributions 6 = Oqcp — OF

Q bocp comes from instantons and 0 from U(3) rotations of fermions into a real and
diagonal mass basis

O Measurements of neutron EDM constrain @ < 10710 [pendiebury et al, 1509.04411]
= suggests that 6qgcp and 0 are aligned

[ Can be solved by having a Peccei-Quinn (PQ) symmetry: [Peccei, Quinn, 1977]
d Spontaneously broken global U(1) symmetry from additional complex scalar field

3 Axion is corresponding Goldstone boson, relaxes # to 0 via shift symmetry @ — a + Ova
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General Axion/ALP interactions

O Three types of interactions at dim-5

2f Zcf¢f7 ’Y5¢f_sz¢fezc ”’/f”"’?ﬁerf ZC”&%J Ff F3

O Two classes of models: In KSVZ models, ¥5 refers to additional heavy quarks
In DFSZ models, ¥¢ refers to SM fermions

O Can remove operator redundancy via fermion transformation

i _ _ v f

Cif — Cif*‘X;{lO‘ ; Og — Cg_Xﬁa .Gyl = C?{J_O‘fzT(Rff)Xi(Q{VQﬁv‘FQ{AQﬁA)
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General Axion/ALP interactions

1 Can rotate sz term away to get general Axion/ALP Lagrangian with SM fields

1 mZ 5  dua e’ a ~
d<5b v
Eaxmn _(8 a’) (8“&) - 70’ + 2 fu Jng + C’Y’Y (471.)2 EF,UVFM
2 2
e 1 e 1 a ~
+ CZZ ) Z,uI/Z + OZ’}/ Z,(WFMV

gL v gs a a auyr
+ C WVW” +C G G”
YWiamzy, 9 (4m)? f,

d Get additional operators from flavor effects in DFSZ-like models

[ Wilson coefficients also generated from integrating out heavy fermions

mymgyg
Mo, + md)z

d Axion mass set by topological susceptibility

2 2
m‘ﬂ'fi‘T
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DFSZ-like ALP with gauged baryon number

[Kivel, JL, Yu, 2209.XXXXX]



DFSZ-like ALP with gauged baryon number

First start with an ALP
Can have mass at collider scale due to free topological susceptibility x

Depending on UV completion we can generate other particles at the same scale

o O O DO

Take, for example, a UV completion with gauged baryon number, which adds a gauge boson 7’
and would be accessible at hadron colliders

U

Get a minimal subset of parameters of the two extensions

U

Want to find new collider signatures from interference effects
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/’ interactions

O Additional U(1) gauge boson (Z’): vector boson with a mass and a kinetic mixing to the SM

2

1 v €Emix v Moo,
LD Lsy — 3B, B" + == BuB"™ + —*B,

/ Il T
B* +4¢'B,Jo
O Remove kinetic mixing term by diagonalization and canonical normalization of the gauge fields

[ Leads to shift in masses and in currents

€2 S%VmZZSM 4
mz =mzsum | 1+ 55— =5+ Ol€mix)

2 mygy — My
€ SM Il Th €2 (M — cymZ )
[:DEA J”—‘_—Z JM—{‘QBJ my =mpg [ 14 2= ’ +O(E4-)
H Q SWCW H Z H Q’ 2 mQB’ _m2Z,SM mix
2
(& m
=eA,JN+ 7, | —— T, — emixsw g’ Z__JH
mQ 12 A 2 a2 YQ

2

& m: >,
+ Z | ' TE, + emixe b — €mi ZL__JE) + 0O,
7 (g mix Q IIllXC mQZ, B mQZ A ( mi )

[Liu, Wang, Yu, 1704.00730]
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/’ interactions

[  For either U(1) being a subgroup of an SU(N) group, €mix appears at 1-loop and fermions fulfill
a trace condition

1
At =5 ) Np(Q1pQip + Q1rQlr) = D Nr(@QfyQly +Q14Q14) = 0
f f

O Can integrate out heavy fermions via

&
Ay Al
¥,

O Effective kinetic mixing parameter given by

1y _ 9197 4 sy FoAf (P mi\ 1 p? p*
Eeff:(4ﬂ)2§ Z Nf(QIVQJV"‘QIAQJA) §—|—1n p_g ___2+O d

2 2
mf>>p
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DFSZ-like ALP with gauged baryon number

O Start with a two Higgs doublet model (2HDM) and SM / U(l)y SU

fermions Qil 1/6
ulhy | 2/3
di | -1/3
Li| -1/2

2)r SU(3)

ety | -1
Hy,| -1/2

\@ 1/2

b N = NN = =N
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DFSZ-like ALP with gauged baryon number

O Start with a two Higgs doublet model (2HDM) and SM U(l)y SU(2)L SU(3)¢ '(71),;
fermions Qil 1/6 2 3 1/3
uh | 2/3 1 3 1/3
O Add baryon number as gauge charge diy| -1/3 1 3 1/3
Li| <12 2 1 0
ety | -1 1 1 0
H,| -1/2 2 1 0
Hy| 1/2 2 1 0
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DFSZ-like ALP with gauged baryon number

O Start with a two Higgs doublet model (2HDM) and SM U(l)y SUQ2), SUB)c| |U()p
fermions Qil 1/6 2 3 1/3
uh | 2/3 1 3 1/3
O Add baryon number as gauge charge diy| -1/3 1 3 1/3
Li|-1/2 2 1 0
1 Add minimal set of new fermions (anomalons) which eh| -1 1 1 0
cancel gauge anomalies Hy| -1/2 2 1 0
Hy| 1/2 2 1 0
(T2 2 1 1N
Lyl <172 2 1 2
E | -1 1 1 2
Bl -1 1 1 -1
Nyl 0 1 1 2
AR 1 1 1
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DFSZ-like ALP with gauged baryon number

O Start with a two Higgs doublet model (2HDM) and SM U(l)y SUQ2), SUB)c| |U()p
fermions Qil 1/6 2 3 1/3
uh | 2/3 1 3 1/3
O Add baryon number as gauge charge dp| -1/3 1 3 1/3
Li| <12 2 1 0
O Add minimal set of new fermions (anomalons) which | -1 1 1 0
cancel gauge anomalies Hy|-1/2 2 1 0
Hg| 1/2 2 1 0
O Add two more scalar fields in order to break baryon Ly -1/2 2 1 -1
number as well as PQ symmetry Lyp|-1/2 2 1 2
Er|l -1 1 1 2
E;{ -1 1 1 -1
Nj 0 1 1 2
Ng 0 1 1 -1
[(I)A 0 1 1 -3 )
Pp 0 1 1 3
J
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DFSZ-like ALP with gauged baryon number

O Start with a two Higgs doublet model (2HDM) and SM U(l)y SU2), SUB)c|Z|U(1) s
fermions Qi 1/6 2 5 |1 173
uh | 2/3 1 3 il 1/3
O Add baryon number as gauge charge dp| -1/3 1 3 |1 13
Li|-1/2 2 1 |+ o
0 Add minimal set of new fermions (anomalons) which er| -1 1 1 |+1f o
cancel gauge anomalies H,|-1/2 2 1 |+i] 0
Hy| 1/2 2 1 |+1] o
d Add two more scalar fields in order to break baryon Ly|-1/2 2 1|+ -1
number as well as PQ symmetry Liy| -1/2 2 1|+ 2
E |l A 1 1|+ 2
d Add a discrete symmetry which sets scalar and Yukawa Eg| -1 1 L[+ -1
interactions Ni| 0 1 1 |+ 2
Np| 0 1 1 il -1
dul 0 1 1 |-1| -3
Pp 0 1 1 +i 3
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DFSZ-like ALP with gauged baryon number

Start with a two Higgs doublet model (2HDM) and SM
fermions

Add baryon number as gauge charge

Add minimal set of new fermions (anomalons) which
cancel gauge anomalies

Add two more scalar fields in order to break baryon
number as well as PQ symmetry

Add a discrete symmetry which sets scalar and Yukawa
interactions

PQ symmetry emerges as accidental global symmetry

U(l)y SUQ2)L SU@B)c|Z4|U(1)p| U(1)pg
QL 1/6 2 3 |+1] 1/3 Xo
uly | 2/3 1 3 |- 1/3 | Xo-Xu
di | -1/3 1 3 |41 1/3 | Xo-X4
Lt | -1/2 2 I |+1 0 Xr
ety | -1 1 1 |[+1] 0 X1-Xq
H,| -1/2 2 1 |+ 0 Xu
Hg| 1/2 2 L |41 0 X4
Ly | -1/2 2 1|41 -1 X'
L] -1/2 2 |+ 2 X'-Xp
EL| -1 1 1 |+ 2 |X'-X4Xp
ELl -1 1 1 |+1] -1 X'-X4
Nyl 0 1 1|41 2 |X'-X,-Xp
Npl 0 1 1 Aqo-1 X'-X,
Dyl O 1 1 |-1] -3 —X4
Pzl 0 1 1 |+ 3 \ —Xp
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DFSZ-like ALP with gauged baryon number

L For the given choice of Z, charges we get a scalar Lagrangian

Lscalar D(DHHU)T(D#HH) + (D#Hd)T(DMHd) + (DMQ)A)T(D“‘I)A) + (DM(I)B)T(D”(I’B)

—V (|Hu|?, |Hal?, |®4]%, |®B]*) — Aap (H, Hi®4®p + h.c.) .

O Lasttermsets PQcharges X = X, + Xg= Xa+ Xp
va+ ha

V2

[ Use non-linear representation ®4 = glaalva -

3 Physical vevs defined by f, = Xv, and

(/2 =Y Y, () =) Bivi, (Xv)’=) X{vf
(@) () (@)
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DFSZ-like ALP with gauged baryon number

O Find mixing between vevs, angular modes and radial modes (Higgs-basis)

vy =vsinfl, wvg=wvcosPB, va=2vsinfB ., vg=1vcosp
( a \ /CﬁST S8y —CpgrCy —Sﬁrcq,\ (a,u\ ( h \ (!:?ﬁ Ca 0 0 \ (hu\
Ay CRCy SBC~y CRISy  SB/Sy ag Hy cg —sg 0 0 hg

Gg —S53  Cg 0 0 aA h’ 0 0 Sgr Cpgl hA

\GB) \0 0 —Sp cg } \(I,B/ \H&) \U 0 cp —Sﬁr) \hB}

d  Angley defined by

\/ v? cost B + v sin® B = v’ sin §’ cos B/ = v cosy

\/U%CDS4,8+U§SiH45 = vsin Bcos 8 = v, sin~y
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DFSZ-like ALP with gauged baryon number

O The Yukawa Lagrangian contains
'CYukawa, D yzj ) HuuR yd QLH d ”EiLHdeg{
— yLI_/iQ@BLiL — yEE_TL(DBE_‘;{ — yNNE‘I)BN;{
— 1 Ly HiER — yo L'y HyE} — ysL  HyNp — ys Ly H, N + h.c.

d Have two CP violating phases in anomalon sector

Lanom O — YLl Ur®pLY, — lyp|EL,®pER — [y1|e*2 L HiE, — |yale ™12 Ly HyB},

— lyn|INL @ Ny, — |ys|e* L) H,Nj, — |yale "3 L'y H,N} + h.c.,
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DFSZ-like ALP with gauged baryon number

O Couplings to H, and H,; induce mixing between anomalons
(1+ Aa)( ) ’ mig = "
B my, maz2(1l 4+ Aq9) (1 + 2810 e ij =
Eanom,m D (é‘:[’ EJI[,) - If 2
m12(1 — Alz)(l — Ztlg) mg ER Ay = m; —m;
m; + mj
. /
_ (L—,i N)’E) mr m34(1 + A34)(1 + Zt34) VR 1 hee. tij = tan d;;
m34(1 — Aszq)(1 — it34) my N

O Assuming Ao = 0 = Agy and t19 = 0 = t34 we can define

E, cosap —sinag e/ Ny cosay —sinay
E’ No sinay cosan N’

FEo sinap COSap
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DFSZ-like ALP with gauged baryon number

O This induces flavor-violating ALP couplings to fermions

_ _ m +m _ _
ﬁg;i;lm a O+ ‘EXBf— CD&(?QE)(mEl El’]/f,El — mEzEg’}/5E2) EXB]T &.111(20:;3) ] 5 B2 (E175E2 + EQ')/5E1)
: = S : . mpy, +m - =
+ 3XBf— cos(2an ) (mn, N1v5 N1 — mn, Nays N2) + ?,ng— sin(20n) — 5 Y2 (N1y5 N3 + Nays N7)
X sin(2ag) 5 B (Fy By — Boly) + iXy— sin(2ay )20 5 TNz (N Ny — NolNy) .
O Can be generalized to
1 :
Lopm D —M + i {M, X a5t + f«—lb[M Xylv+0 Xy = St [€s(2em) - sin(zar)
fa fa ’ 2 sin(2ag) —cos(2ag)
. , 1
— —'l!) exp (1(XV — XA’}’5)—) Mexp ( (XV + XA"}’{,)f ) Y + @, (fz) X 45— Xp cos(2ap) sin(2ag)
@ “ 7 2 sin(2ap) —cos(2ag)
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Flavor-violating ALP couplings

d Set up general interaction Lagrangian with gauge groups indexed by I and real scalar fields

indexed by K, in Higgs basis, aligned to vev vy

Ly, 31@/}7‘“‘8“1/) + Z gIdJAH’}’”(QIV + Qravs)Y

d  Perform fermion transformation to find operator basis

Y — exp (ﬂ(Xv + XA’}’&)—) Y, ¢ —pexp (—i(Xv — XA'}’E))E)

(1
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Flavor-violating ALP couplings

O Find generalized ALP interaction basis

dua
L35 5 2fa ?,L"Y'U(Clv + C1a75)0 + 5 5 faw[M , Cov]Y + 5 5 faw{M , Caa )5t

+ 5% Zémb Y, Crylt + 2T ZébK%E{YKa Cratysy

_ a @,
1 §f_ Z g1 A" Qv + Qravs, Crv + Cravs|v + 7 > .oy’ gfj; F Py
a ’ a

|
Only appears for flavor-violating couplings, but

also for the W interaction in DFSZ, since X,, # X4
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Flavor-violating ALP couplings

O Can now evaluate Wilson coefficients for an ALP coupling to two gauge bosons
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DFSZ-like ALP with gauged baryon number

O  The resulting ALP Lagrangian at dim-5 reads

2 2

d<5 1 pw\ Mg 2 Oua € 9% v
Eaxi(m o+ 2(8.“:&)(8 (1) 2 a” + Qfar JPQ + C’T'}r’ (4,“.)2 fa jny
e? 1 a ~ e2 1 a -
C Z, 2"+ C VA
Tlzz S%VC%V (4m)2 f, M T ZTSWL':W (4m)2 f, M
2
9B % 1 S gBe @ ;1 gge 1 a _, -,
X7 4 —Z Z'u ! —Z F‘u ! Z Z'u
O G 7, A2 O Gy T O G 7 e
Corw-IL_ Sy i o 95 G Gew _ o kg — oy 2! O
oww (4’?T)2E i g (4?r)2E i B e R
4 © — o +h / /
+ Efa \/isw (WH (XdJW X“JW,I) + h.c.) + O(h', Hy, H,, Ap) .
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DFSZ-like ALP with gauged baryon number

O Have new operators involving the 7’

2 2

a<s 1 pay — Mag2 | Ou g €0 b
Eaxi(m o+ 2(8.“:&)(8 (1) 2 a” + Qfar JPQ + C’T'}r’ (4,“.)2 fa jny
2 1 B 2 1 N
+Cyz 28 5 a ZP,I,ZPW + OZF}« € ¢ ZHUF’U‘V

swew (4m)2 fa

2
_, . 1 .
["‘CZ’Z' gB Ezf pr‘,u + CZ"T QBE EZ! Fju.v + CZ"Z QBB a Z.f Z”VJ

(47T)2 fa w (47T)2 fa HY SWCW (47T)2 fa Hy
9%, a - Qg a = ’
+ Cww b 5 Wi W™ 4 Cog 55 4 GG = O Z,0"a — CynhZ,0"
+ z}l \/;SW (Wi (XaTil = XuJ ) + o) + O(K, Ho, Hp, Ag) -
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DFSZ-like ALP with gauged baryon number

d Have operators involving the Higgs boson

2
d<5 1 pw\ Mg 2 Oua € 9% v

e 1 a ~ e 1 a
swew (4m)? f,

2

gB a 1 S gpe a ., ~.u gBc 1 a ., sSuv
A Al / — 7 FH / VAR As
an)2 f, 2wt Oz gy g At Oz s g e

(1l

2 2
g, a Fya 0% 9s a vapy
+ CWW (4?1_)2 EWpyW‘u + CQQWEG’{WG H [— CZthHa“GL - CzithLa”(lJ

a &

+ (W (Xady) — XUJ;;,‘:}) +h.c.)+ O(K, Hy, H, Ap) .

2

2 M
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DFSZ-like ALP with gauged baryon number

O Have an operator from commutator interaction

2 2

d<5 1 uy Mg o Oua € 9% v
Eaxi(m o+ 2(8.“:&)(8 (1) 2 a” + Qfar JPQ + C’T'}r’ (4,“.)2 fa jny
e? 1 a ~ e2 1 a -
C Z, 2P+ C A 2l
Tlzz S%VC%V (4m)2 f, M T ZTSWL':W (4m)2 f, M
2
9B 4 1 v gt a _, ~,u gBe 1 a,., .
IR di —Z Z'u ! —Z F‘u ! Z Z'u
O G 7, A2 O Gy T O G 7 e
Corw JL_ Sy fym o 95 O a Gaw oo ang O b o
+ Cww (4?1_)2 E v + qg (4?1_).2 E L — Uzh [ a— Czgrp 1 a
4 © — o +h / /
[—|— Efa \/isw (WH (XdJW X“JW,I) + h.C.)]+ O(h', Hy, H,, Ap) .
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DFSZ-like ALP with gauged baryon number

O Wilson coefficients are not independent

1 Set by properties of the anomalons

mEl + mE2 AE _ 1 mEZ

2E= T

O ALP-diphoton coupling suppressed
by mass difference of anomalons

d  Most ALP-Z’ couplings suppressed by
kinetic mixing

d  For ALP-Higgs couplings the coefficient for Z
Higgs is suppressed

05/09/2022
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8 Ag 2
C — —Xp—= cos(2 210 , A2,
Y 3 stECOS( ap) (%JF (fg, )
CZ—__+O(_:A)3
! 4 fo F
Xp eoffe m%, ( 2)
Cozr =+ +0O L €5, A ,
74 1 gBcw mQZ’ mQZ fa BH E
CZZ - = (1 - 23W) +0 (f cff: A2E: A?V) ’
a
2
€off€ mz.r ) 9
O 1 = 1—2 ¢ O 3 ',!A ?A 3
Z7 ( )Q‘B('szf—m2+ (fa €ofty DF N)
2&"“’2 m4z 3 2 A2
C;;:——1—2 ‘o ! + 0O ( Jeoe, A% A ),
YAV ( Q‘BCW (m%r_mz) fa, eff E N

CWW——@-l-O(f , A%, AR AEN)a

2 2 (2 2 2
XB gBecisSycw My _22 (1 _ sz(mz Mg — mh))
2 c mz Z’ fa ’\(mQZngﬂ m?x)

+O(f ] eﬂ'aAEaAN?AM)J
‘ 2 2 2

Xp v mzz,(mz, mg —my)
Chy = — ——X 1—-6 L O s € A, AN, A
" ( A(m%,,m2,m3) + f 20 o A, AN, Ay

2 f. M

Chz =+




DFSZ-like ALP with gauged baryon

L Getan f, dependence for Z’ mass and anomalon masses N = M T ME,

3cvgpfa YXpNEApN ., o Ja A = B~ B,
; fa ~ = Manom E f
XSﬁFCBf 2 XSQI\/E a

myr = SQB’U’ =

d Have alimit on f, from L3 and ALEPH bounds on anomalon mass

g — lyr| + |lye| carv’ |yl|+|3’2|cﬁv\/1+cot (20p)? > 90CeV [Dobrescu, Yu, 2112.04392]
2/3-90GeV  |y1] + | S
y e Yy1| + Y2 2 o
S 2> X*?sheh + X2s3, + c ’U\/l + cot(2ap) "
“ AP P\ Tvel +lyel T lyzl + Jyel” it
O Corresponds to f,= 15 GeV
Q Anomalons d e f < ogp< -l |
Tz m ~ — oo,
nomalons decouple for Z anom < B 3o, 6
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DFSZ-like ALP with gauged baryon number

0.100
0.001
IS
. ,
i 107 O(/
> %
)
52
< 107 SNi987a
© ~
LD »

/ -
I _ s - '
10_9 B : = -~
SN Decay KT
i _z 2 :
-11 -
107" ¢ =

22 Qosmologly | 1 | 1
0.001 0.100 10 1000 10°
m,(GeV)
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DFSZ-like ALP with gauged baryon number

L ALP branching ratios for f,=250 GeV, g5=0.1, B=n/4, B’=n/4 = m,=3.6 TeV

BR (2> Aq As)

a-»gg  ----- a->Zh

0.01l | ----- a->AA a-Zph

: a->AZ a—qq

L N I SRk EE T as>AZp  ---- a—-bb

10_8'__.“” S (e el a2l  ----- a-tt

I T | S S L - a=Zp e a-ee
10711 B - aZplp - - - a->mumu
| | | Sl ma@Gev) - a-ASWW - ---- a-tautau

“‘I | 10 | 100 | II”‘IOOO

1 In Progress: identify testable cross sections, apply to LHC measurements
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DFSZ-like ALP with gauged baryon number

O Z’ branching ratios for f,=1 TeV, m;,=100 MeV, B=n/4, B'=n/4

BR(Z') Z'>Zy ... Z >bb
L e R A e e e e —— e e === Z’—)ZZ _____ Zf_)tf

0.01F ,
_ Z'->hy 7' 5 e

) R R/ A S LR T Z'->hZz - Zo5ul
_ Z'>ah e ' TT

0% .7 ||ttt Lol Z >ay , _
- ' >vyVv
St S N 11N Z' - al

10-11

Z' ->qq
-14 N I N L . (GeV
10 1 10 100 1000 mz(GeV) . Z - WW

O In Progress: identify testable cross sections, apply to LHC measurements
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QCD Axion with small size instanton effects

[Kivel, JL, Yu, 2207.08740]



QCD Axion with small size instanton effects

O In contrast to before, let’s fix the topological susceptibility for having a QCD axion
[O’Hare, 2020]

2 2 maymd 2 492 106
= T Ch — =1 7 CROWS
X alar  XQ (M, + Mmg)? w/x o -
0-8 5Q4
10_9 CAST Solar v
O For standard KSVZ or DFSZ model excluded for m,>1eV — , IS Horizontal branch
|> 10711 S2 5 retmi ' E:%
C‘j’ 10-12 rg §
1 Question: Can we change XQCD to find the QCD axion =0
. <10
at colliders? S 0
I
10717
d Several proposals to use small size instantons as in 101
. 10—
[Galllard Et aI ) 1805.06465] XQ’XKQ’X\XQ’XBxQ’gxQ’%xQ\J xQ\’bxG’sxGAxQ’axQ’ixQ’\ A 40 4P 48 48 4 4
mgq [eV]

d Involves a confining SU(N) group at a higher scale

d We construct a new framework to calculate the small size instanton effects
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Axion-Meson mixing

Want to find a mass matrix for mesons and axion
Need to consider QCD confinement and chiral symmetry breaking
QCD becomes strongly coupled at Agcp

3

Quarks form a condensate (ggq) = v roughly at v ~ Aycp

For two flavors, condensate breaks chiral symmetry  SU(2)L X SU(2)r — SU(2)s0spin

o O O O O DO

Get a chiral effective Lagrangian with pions as Goldstone bosons

| | |
Longrr = 7 F2 TT(D“ED#ZT ) + §F,2,uTr(2M) +he. > = exp(2imt?/Fy)
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Axion-Meson mixing

O Meson masses determined by quark condensate

3
arup = [(apur)| exp(i(fro + 6,)) = % exp(i(6z0 + 6,/)) ,
B B 3
drdr ~ [{dpdR)] eXp(i(—Gﬁo + 9,,?:)) — % exp(z(—@wo + 97?")) :
v v
St.sr =~ |(spsr)| exp(if,y) = ?exp(zé’nr) ~ g

d  Adding direct axion-fermion couplings the potential for the axions and mesons reads

_ ey 7 icdS- _ iy~
LD —myupe 2Faup — mygdre 2Fadp — mssSpe 2Fasp + h.c.

~ —my v COS(Gﬂ.O +0, + cg’ﬁa) — myv® COS(—QWO + 0, + cgﬁa) — mgv® cos(@nr + cgﬁa)
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Axion-Meson mixing

O Instanton effects encoded by ‘t Hooft determinantal operator [‘t Hooft, Phys. Rept. 142, 357 (1986)]

O Schematically with complex mass matrix M

RN

Tr(SM) < MQQ 0(GG) = Ke Det(QQ) < Ke Det(X)

~_ 7

d K isinstanton amplitude

_ d -2
R [ e | 28 p=1/r

d  More explicitly we have

2

Ny

a = — i —ic§ 2

B EcgﬁGG <~ Laer = (—1)NfK4 N (l | det(QLQR)) e Fa +h.c
i=1
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Axion-Meson mixing

O Find potential by using instanton flower diagrams

M A2

L AL A A

my A2 maA3

&. |

d The contributions to axion and meson potentials are

9
L D —myv cos (050 + 0,y + c50,) — mav® cos(—ﬂwo + 6, + c%@a) — 4{0? cos (26, — c}f@a)
6 6
- m AQCOS(6 o +0, —c50 ) - om AZCOS(—Q o +06, —c50 )
2K5 ULty ™ n 3 Va 2K5 di)d T n 3Ua) »
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Axion-Meson mixing

1
2
1
2
Lo 2 v° 2
—|—§9ﬂ0 (muv + mgv” —|—mmu[\ mmdAd)
—I—@@:(vg(m c —I—mc)—cG( v + v mAQ—I—U—Gm Ag))
aVn ) dt9 3 2K5 2K5 utdy, 2K5 dily
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Axion-Meson mixing

d  Pion mass and n‘ mass constrain

v=2336.3 MeV , A,y =239.3 MeV . Ajpse = 261.7 MeV

= K =582.6 MeV, L =1289.5 MeV ,

d Cross check: Mass for the KSVZ axion
(2A4’ + 2/’6A1n8t) (m U —|_ QI’LAIHSTJ)
inst Fgom OF ’m ’ )

1012 GeV
F, ’

(DS = X+ 2]

= mVe = 8.4 peV

(d Cross check: Mass for the DFSZ axion

4c (2A4, +/,LAmst) (mov —I—QuAmst)
FﬁOmWOFn,m '

(m?LFa?)DFSZ - 262(2[\4’ + uAmst)

102GeV
F, ’

= mPTZ = 1546V
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QCD Axion with small size instanton effects

O Application to model in [Gaillard et al, 1805.06465] which contains additional SU(N) symmetry

O Add two new massless fermions and add successive symmetry breaking at two scales

SU (3| SU(3).|| 5T (3) | sU(6)
Q| O O 1 20 SU(6) x SU(3') 29T, SU(3), x SU(3)ding —2% SU(3).
¢| O 1 [ 1

d Lagrangian contains
= . A a Aa
LD Qr,; (251J 6i; @ — Gding Tf]Adiagéij — gs 6515 A ) Q7

B . 1.b
+ 41, (MSIJ 011 '@ — Gadiag TIJAdlag(S’ =4 5Iﬂ}ejuﬂ’ ) qJ,;

05/09/2022

+ 6’dlag S

diag
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1 (QI)QA%UT Y
Gdlanglag - Q—GG — 9 G G + A”A‘u

2




QCD Axion with small size instanton effects

O Additional quarks form condensate

v3. a
QLQpr =~ |(QLQR}|eXp(i\/€a) _ _diag exp (Z\/E )

F, 2

214 Vdia 214
qrqr ~ |{qrqr)|exp (ZTG) = = exp (‘l F ) :

O Instanton contribution from instanton flower diagrams

6
- 214 Udia 2na  Vba
LD -K ’vjiag Cos (—) — 2g COS( + (i) (dd) b2 (dd)
F, 2Kdiag F, F, . o
0 / 0 / 3 9 / @QQ)
3 T 7 3 ™ 1) Udiagv \/aa Ui
— My COS(FWD — Fn’) — mgu-” cos (— o + an) Y cos( I + QFn’ I
3 .6 2 3 .6 2
v v My, A2 6 ! 0 v v mg 6 ! 0
_ diag _ COS '\/70/ n Ui 4 ™ _ Udiag . d COS a + noo T
oK F. | Fy | Fu oK F. Fy  Fuo O\
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QCD Axion with small size instanton effects

O Get coupling to photons via transformation

/al,m\ (al\

a2.m a2

/ /
Thn

1
\ /) A\

O For E; = 0 the interaction Lagrangian reads

Qe Xe [ Ll
LD ~1 ((27rF El) v, + (QWFd Ez) V1,2 + Gy V13 + GTFO'Y’YU1=4> a1,m o "

1 e (e [l
— (( E1) V21 + ( Ez) Vo9 + Gy 23 + GWOW’UQ,4> a9 m I I

4 27 F, 2 Fy

1 e ~ 1 e Fd ~
~ = By — Ay) g F PP — = “LByvgy — Ay | agp Flu F*

3 (5 ) (1= A0 =5 (5350 ) (Frens =0 aan
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QCD Axion with small size instanton effects

_ g 7 - 7
QCD-Axion band ‘/ ,I .
—— Aciiag — 0 C}e\fj ASSI — 0 GeV ./ I, '..‘ I, i
102' Aciiag =29 TeV, Agsr — 0 GeV ./ /, .." ,I /
- .
Hl HOQ-Axion ¢ Ssinv+ (;) '/ II - ,I
—inv.+7y .
B Axicta e 4 R 4
0 [ ete” —inv.4y ./ ,I ..’. ,I ./ |
10 / 7 R /
QJ l .0' , /. ...
HB Stars %C;I 7 ,’ g >
\f/ S / .
. . o g .
= 1n-24 7 e A o
10 g R o
< /7 / € e
= NS R
& RN S
—~ LSW R Y (N
= R J ¥
< A SN
S04 SN1987a A
U \\ﬂ,(’\ll o / A ,’A_X»
S A oF
R A ; % .
R/ S
R o0
—6] ’ 7 DV Ry
10 .' / -
/I R %\9"3 K b@%
A
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10754 ./
Q 4
&
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QCD Axion with small size instanton effects

L Second Model in [Gaillard et al, 1805.06465] contains bifundamental A,

SU(?’)diag SU(?’)C SU(B/) SU(G)

0| O 0 1 20
As - - O O

L Here, we get two axions at different scales F, and F,

2 2VKSVZ \
m=F
w22 =14 [ AL+ Ady - AL (H( di, ) |

—1
F2 (mQFQ)KSVZ
KSV7Z at a
maF = 60, + 6(maFy) - 144F—g AL (1 +
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QCD Axion with small size instanton effects

 —— = N v
QCD-Axion band 7/ dﬁ e
— Adiag — 0 GBV, Assr — 0 GeV / ':Q ,I /
102' — Admg =29 TGV, Assr — 0 GeV ./. :.‘. . ’I ./.
El HQ-Axion N / & \3 / ,’ /
. nv.+4 B B o
Hl  Axicta ; / :.' ~ , ,’ ; / .
100 | ./ ..:;OQ’ II ./ .‘.'
.0"9 , '/ .‘.
HB Stars SN ,’ / o
: // / - .:
= Lo-2- . ‘ :.'\ﬁ,@% / /
o R ’ /
b\ Y
3 D v
— C’, C/’/ o
— &7 & i
& ~7 ~, J
S04 L ;
—1 ~ 4
510 7 5
%c}, c?\' s
57 ~7 .
A Ay <
S s/
1071 &/ s/ /
7 S ;.
~eoo N/ 4
/ 7o K
‘ 4 - Yﬁﬁv Vb&?/ .'.
1078_ II ‘ Cosmology ,/ II ,/ o
/ / VAR
/ 0..
.I I. ."
10 1071 1077 10-* 10! 10° 10° 101
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Conclusion and Outlook

Have discussed two possibilities to find exotic axion/ALP effects
at colliders

For DFSZ-like ALP with gauged baryon number we found new
ALP Z’ couplings and threshold effects from anomalons

Used a generically flavor-violating ansatz for fermion couplings
Small Size instantons shift the QCD axion mass to collider scales
Used ‘t Hooft determinantal operator approach

Ongoing: Application to LHC measurements

Next: Test other U(1)’ extensions [JL, Najjari, Yu, 22XX.XXXXX]

Gy, (GeVh
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DFSZ-like ALP with gauged baryon number

O Matrix element for ALP coupling to two gauge bosons in heavy fermion limit

: QIQJ 2
'?/M = ( )2 _pIQPZﬁE EIMEQUC
g[g 2 praf x 200 0 O 0 m%amj)mk)
o Ny
~amp g PP E*’W”( Z A(mz, m#,m3)
< ((m@- ) (O, >(<Q 0 04— O QY ymm2(m? — m? — m?

my, —myp— m.])
e ki TN 9 2 2 2, 9 9 9
+ Qv Q7 + QTAQY ) (mim3(my; +m7 —m7) + mymi(m; —m7 + mj)))

+ (mi —m;)(CY, + )((Q QY

— Q% QY ympm?Z(m?2 — m7 —m3)
QI QY + QRQY, (mim?f(mﬁm%—m%)—mjm%<m3—m%+m%>>))
+ZNk( N Q5+ QISQY + CR(Qh QY + Q1L Q )))w(ma”)
1,5,k i,k
-
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DFSZ-like ALP with gauged baryon number

L  Matrix element for ALP coupling to gauge boson and scalar in heavy fermion limit

M= (e g, Nk( mi +my)(Cfy + CENQLY + (CYy + CE)YR' Q1)
“ ik
2C1(0,0,0 m@,mj,mk)

/\(mav mKa m%)

(Bom, e ) (28— ) — <

Y ((m%<m% 2 — ) (my — my)(m; -+ mg) — A(m2, m, m3) (mam + m§>)pz
" (mzmz = ) (mi — my)(m; + i) = A2, mie, m3) (mim; — m?)

+ (mi + mp) ((CF4 + CRDQE Y + (CF + CRL)YE Q) Bo(0,my, mi)pl

+ (my — m) (Cy + CTOQE Y + (CF, + CPOY Q) Bo(0,my, my) (pf — pg>)
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DFSZ-like ALP with gauged baryon number

O Last diagram in ALP scalar vector coupling

1 Define scalar vector interaction as

D %(ch + vk (Z gl@f{fhu) (Z QJQﬂ{A?)
I J

[ Matrix element reads

M — —i g1 Z g2Qr QB vy,
(47)? fa
> " Nie(mi +my)(CF4 + CLDQTAY T + (O + CF )Y QKL ) Bo(0.mi, my)ef , pt
ij.k

1 Reduces divergent terms to

g Q% vy,

' 1
~ I e T (YK, M, Qra,Caa — CIA)F';‘ +0(e") my; 0110K L

ame f, eI
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QCD Axion with small size instanton effects

d Cross check QCD axion band

107° —]
Q, rotation [36]
pm Dynamical GG
10710 4 — E/c§=0
...... E/c§=4/3
| ——- BcS=1
L 1072 ¢ 3
3
Q
s
@ 1071
10—16 -
10-18 4
1077 107> 1073 107! 10!

ma(eV)
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QCD Axion with small size instanton effects

d Avoided crossing between axion and axieta [ —.. / — %
axieta 1017 4 axieta
10%7 v L
_ / _ 103 //
S qotv 5
£ g —
10 7 10 //
10t Ve 109 e
s! !
E . E .
10° 106 107 10% 10 10t 10° 10° 107 10%

Adiag [GEV] ASSI [GEV]

m = 4(Ad1ag + A‘SSI) 24Adlag

QAESI Adlag ( IEFG?)KSVZ o \/(QA%SI Azlllag ( L‘(ZIFGQ)KSVZ) + 24Adlag

2 F? =20 + 5AG,, + 3(mF7)RYE 4 \/ (2A;§SI AL — (mZFQ)KE’VZ) + 2405,

ﬁda
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