Axions couplings

IN non-standard axion models
(about axions and their many phobias)

Invisibles18 Workshop, Karlsruhe - 05809.1

Luca Di Luzio

2B
W Durham

University



In 10 years from now ?

N 10° Laboratory ¢ A great opportunity to discover
E 10 7 the QCD axion !
=108
= 10 9 # Timenow to get prepared and
. ._ rethink the QCD axion

10 ALPS-I| % 3

10 1 ! [See also talks by Prateek Agilaw

1012 b - and Rachel Houtgesterday]

10+ | .

10 5 & E

10 16 E il | :

E CI [Redondo & Irastorza, 1801.08]L
10 17 W

10° 108 107 10°% 10° 104 102 102 101 1 10
m_,(eV)

L. Di Luzio (IPPP, Durham) - Axions couplings in non-standard axion models



Outline

1. Astro bounds on axion mass [critical approach]
2. Axion couplings [in standard axion models]
3. Re-opening the axion window [astrophobia = nucleophobia + electrophobia

4. Havour complementarity

Based on:
LDL, Mescia, Nardi 1610.07593 (PRL) + 1705.083ZD)
LDL, Mescia, Nardi, Panci, Ziegler 1712.0454D)
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Astro bounds

¥ Stars as powerful sourcedightandweakly coupleg@articles [see e.g. Raffelt, hep-ph/06113

- light:m, ! 10T, (e.g.typical interior temperature of the Sun ~ 1 keV)

- weakly coupled (otherwise we would have already seen them in labs)
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Astro bounds

¥ Stars as powerful sourcedightandweakly coupleg@articles [see e.g. Raffelt, hep-ph/06113

- light:m, ! 10T, (e.g.typical interior temperature of the Sun ~ 1 keV)

- weakly coupled (otherwise we would have already seen them in labs)

¥ constraints fror®energy lossO, relevant when more interacting than neutrinos

neutrino interactions (d=6 op.) axion interactions (d=5 op.)
! 11
G m2! 10 2 Me | g 12 10 GeV
© fa fa
! P G "
| : 1 eV
-~ axions are a perfect target ! m," ! &cp/fa! 01leV
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Axion landscape
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Axion landscape

f (GeV)
10'710"10'°10'*10"10"210"10"° 10° 108 107 10° 10° 10* 10® 10? 10" 10° [Ringwald, Rosenberg, Rybka,

Dark Matter (pre-inflation PQ phase transition) LUX (gaee: DFSZ) Particle Data GI‘OUp (20316)

Telescope/EBL Beam Dump ]
Astro/cosmo exclusions

SN1987A (gapp KSVZ) Counts in SuperK

I

e 1=

2 EXp. sensitivities
Black Holes " 1.92 5 HB Stars in GCs (Gpy, DFSZ)

CASPEr ADMX ADMX G2 IAXO

sl T — r—— vy r— - e e
1010"°10° 10® 107 10° 10° 10* 102 102 10" 10° 10" 10% 10® 10* 10° 10°
Axion Mass m, (eV)

I C -
~aF,. FH

¥ Horizontal branch star evolution in globular clustei «----- a7
a

L. Di Luzio (IPPP, Durham) - Axions couplings in non-standard axion models



Axion landscape
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Axion landscape
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¥ Red giants evolution in globular clusters - DR Ceme -—[ieSse
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Axion landscape
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¥ Burst duration of SN1987A nu signal C— .
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Axion landscape
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¥ Bound on axion mass isgfcticatonvenience, but misses model dependence !
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Axion [EFT]

¥ All you need is (to solve the strong CP problem)

a new spin-0 boson with pseudo-shift symmetrya+ ! f,

broken by fi

EQO)! E(a) [Vafa-Witten theorem, PRL 53 (19B4)
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Axion [EFT]

¥ All you need is (to solve the strong CP problem)

a new spin-0 boson with pseudo-shift symmetrya+ ! f,

@?Ggl 3

broken by fi !

- generates Omodel independentO axion couplings to photons, nucleons, electrot

C, =" 1.92(4) C, = " 0.47(3) Cn = " 0.02(3) Co~0

[Theoretical errors from NLO Chiral Lagrangian,
Grilli di Cortona et al., 1511.028367
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Axion [EFT]

¥ All you need is (to solve the strong CP problem)

a new spin-0 boson with pseudo-shift symmetrya+ ! f,

5:Ch Gl

broken by fi

- generates Omodel independentO axion couplings to photons, nucleons, electrot

C, =" 1.92(4) C, = " 0.47(3) Cn = " 0.02(3) Co~0

- EFT breaks down at energies of order f

-~ UV completion can still affect low-energy axion proper - - —<j:
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Axion models |UV completion]

¥ Axion: PGB of QCD-anomalous global Y1)
anomalous PQ breakingrimion sectgr+ spontaneous PQ breakingc@lar sectyr

U(1)rq ! SU(3);

N\

SM fermion BSM fermios
v N\ N
2HIggs 2Higgs+Singlet Higgs+Singlet
POQWW DFSZ KSVZ
[Peccei, Quinn Q77 [Zhitnitsky O80 i [Kim 079, i
Weinberg 678, Wilczek] 378 Dine, Fischler, Sredniéi]® Shifman, Vainshtein, Zakharov G80]
Excluded ISinglet' # v : OlnvisibleO axion models
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Axion models [UV completion]

¥ Axion: PGB of QCD-anomalous global Y1)
anomalous PQ breakingrimion sectgr+ spontaneous PQ breakingc@lar sectyr

U(1)rq ! SU(3);

N\

SM fermion BSM fermios

N N

2Higgs+Singlet Higgs+Singlet
C =EN " 192(4) DFSZ KSVZ

- _<: Cpne EO Cp!" 05
Cne " 0
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Axlon-photon coupling

¥ Red lineset by perturbativity [KSVZ]

: ' ' LDL Mesma Nardi 1610. 07593

(going ab_ove requires more exotic E 1705.0837D ;
constructions) !

¥ Blue linecorresponds to a 2% _CAST
Otuning in theory spaceQO y |, ARSI
— IAXO

about photophobia:
OE such a cancellation is immoral, =
but not unnaturdfB. Kaplan, (1985)] o

- Haloscope
(ADMX, E)

Yy

C, = EIN " 1.92(4)

gauge

global

gauge
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Axlon-photon coupling

¥ Message for experimentalists:

[LDL, Mescia, Nardi 1610.07593/
+1705.0537] ;

1. The QCD axion might alreatg T
In the reach of your experiment !

CAST
2. DonOt stop at E/N =0 g ARSI
(go deeper if you can) — IAXO
- - Haloscope
S (ADMX, E)
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Astrophobia

¥ |s it possible to decouple the axion both from nucleons and electrons ?

-~ nucleophobia + electrophobia = astrophobia

¥ Why interested in such constructions ? [LDL, Mescia, Nardi, Panci, Ziegler 1712.04940

1.1s it possible at all ?

2. wouldallow to relax the upper bound on axion mass by ~ 1 order of magnitude

3. would improve visibility at IAXO (axion-photon)

4. would improve bt to stellar cooling anomalies (axion-elpctieBnnotti et al. 1708.021]

5. unexpected connection with 3avour
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Astrophobia

¥ |s it possible to decouple the axion both from nucleons and electrons ?

-~  nucleophobia + electrophobia* = astrophobia

¥ Why interested in such constructions ? [LDL, Mescia, Nardi, Panci, Ziegler 1712.04940
1.1s it possible at all ?
2. wouldallow to relax the upper bound on axion mass by ~ 1 order of magnitude

3. would improve visibility at IAXO (axion-photon)

4. would improve bt to stellar cooling anomalies (axion-elpctieBnnotti et al. 1708.021]

5. unexpected connection with 3avour

*conceptually easy (e.g. couple the electron to 3rd Higgs uncharged under PQ)
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Conditions for nucleophobia

¥Axion-nuc|eon Couplings [Kaplan NPB 260 (1985), Srednicki NPB 260 (1985), Georgi, Kaplan,
PLB 169 (1986), E, Grilli di Cortona et al. 1511.02867

Fud
Lg= S CU'""sq g=(u,d,s,..)
a

EFT-1: quarks and gluons (in the basis whemntains aGGtilde contrib.

| _
18- NSHN N = (p.n)
2

LN:

EFT-11: non-relativistic nucleons

L. Di Luzio (IPPP, Durham) - Axions couplings in non-standard axion models



Conditions for nucleophobia

¥ Axion-nucleon couplings [Kaplan NPB 260 (1985), Srednicki NPB 260 (1985), Georgi, Kaplan,
PLB 169 (1986), E, Grilli di Cortona et al. 1511.02867

'plLg[p" = 'plLn [P

st gq!" pla ! sqlp#

- B n
Lq 2facqq 50
Cp—Cn = (cu—cd)(Bu—Ad)
Independently of matrix elements:
A (1): Co+Cn ~ 0 if cy+cg=0
Ln = é}‘aCNWS“N (2): Cpo—Cpn = 0 if cy—cqg=0

L. Di Luzio (IPPP, Durham) - Axions couplings in non-standard axion models



KSVZ/DFSZ no-go

l,a % _ &

a#
> Xyo"*'eu+ Xgd'H"sd

L, # ———GG+
° fa 8% VpQ
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KSVZ/DFSZ no-go

at#s . lya% _ &
L. # ——GG+ — X, ,U"H'su+ Xqd"'H"sd
a fa8$ VPO u 5 d 5
| l |
| " !
.= VPQ a“a Xu o M + &_ H
fa= o o, N Y YUt dy*ysd
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KSVZ/DFSZ no-go

l,a% _ &

a .
Lo # — G+ Xy U"H'su+ Xqd'H"sd

fa VpPQ
| l |
aua’xu Xg =
ay"ysu + — dy*ysd
2.|:a N Y'Ys N Y'Ys
m'* &I Cy = Xu" Mg &| Cq = Xdu my
N N  mg+ my N N mg+ m,
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KSVZ/DFSZ no-go
Lot —%< Vsj% e X g @ sd

|
I

+ — dyHysd
m’* &I Cu:Xu,, My &| Cd:Xd" my,
N N Mg + My N N Mg + My

. B _Xu+Xd|
1st condition 0= ¢, + ¢4 = o X

e Xul! Xg, mg! my
2nd condition 0= ¢, ! ¢g= == |

N Imdd—m V
# 1/ 3
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KSVZ/DFSZ no-go

KSVZ
> 1
X X Xyu=Xqg=0
- +
1st condition 0= ¢, + ¢4 = “N dy 1
DFSZ 1
> —1 1
N = ny(X, + Xg) Ng
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KSVZ/DFSZ no-go

(l.e. generation dependent) PQ charges, such that

N =N;! Xy+ Xyg

KSVZ
>
X X Xyu=Xqg=0
. . +
1st condition 0= ¢, + ¢q = “N di 1
DFSZ
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Nucleophobia can be obtained in DFSZ models with non-universal

11

—!1



Implementing nucleophobia

¥ Simplibcatiomssume 2+1 structupe, = Xq, & Xg,

N " N7+ No+ N3= Nj ”""“} Ni1= N>=1 Nj
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Implementing nucleophobia

¥ Simplibcatiomssume 2+1 structupe, = Xq, & Xg,

N " N;+ No+ N3= Nj 4 N;i = Ny=1 Nj

¥ N, + N3 =0 easy to implement with 2HDNH(, H, Y(H. 2 = -1/2)

Ly DO qsusH; + Q3d3ﬁ2 -+ (63’&2... +.. ) - N3rd = 2Xq3 — Xu3 — Xd3 = X1 — Xo
+ QougHy + GodoHy + (Geds... +...) ||= Nona = 2Xg, — Xy, — Xg, = Xo — X3

¥ 1st conditiorautomaticallgatisbed
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Implementing nucleophobia

¥ Simplibcatiomssume 2+1 structupe, = Xq, & Xg,

N " N;+ No+ N3= Nj 4 N;i = Ny=1 Nj

¥ N, + N3 =0 easy to implement with 2HDNH(, H, Y(H. 2 = -1/2)

Ly DO qsusH; + Q3d3ﬁ2 + (qsug... +...) ||= N3rd — 2Xq3 — Xu3 - de = X1 — Xo
+ QougHy + GodoHy + (G2d3... +...) ||= Nona = 2Xg, — Xu, — Xa, = Xo — Xi

¥ 2nd condition can be implemented via a 10% tuning

fan & = volv 61 ¢y = Xy ! Xd! mg! my
Mg MudMy
n 1

ct! s?

=0  ~—P cr! 23

X]_/X 2 = —tanzﬁ

3
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Flavour connection

¥ Nucleophobia implies Bavour violating axion couplings !

[PQq, Yd Yal £ O Cadig; " (Vg PQgVu)ixj EO

e.d. RH down rotations become physical
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Flavour connection

¥ Nucleophobia implies Bavour violating axion couplings !

[PQy. Y{Yal EO  ——dp  Cagq " (Vy PQyVa)irj EO
e.d. RH down rotations become physical

¥ Plethora of low-energy RBavour experiments probi%ﬁ f,&(CY + Clr&)f;

- K! la : my< 1.0# 10 4|§y [E787, E949 @ BNL, 0709.1000] mmmffp  NAG2
sd

- B! Ka : m,< 3.7# 10 2|§}/’| (Babar, 1303.7465] gy Belle-l
bs

- u! ea : m,< 34! 10 L ev.,

. - [Crystal Box @ Los Alamos, Bolton et al PRD38 (198¢
1 V 1 (1] V (1]
Coa + Cpa

-@-—uu} MEG Il
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Astrophobic axion models

[GeV] [LDL, Mescia, Nardi, Panci, Ziegler 1712.04
10 10 10

[ I L T |- I TTTTI 'L' _I
KSVZ -
107 F z

I — ’ | Astrophobic

10~ o E AXIions
DFSZ WY VSN b _
10™ AN 0 .
' Flavor window " H$ o .
K > Ta !! -
10 10- 10 1

[eV]
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Conclusions

¥ KSVZ and DFSZ are well-motivated minimal benchmarks, butE
- axion couplings are UV dependent

- worth to think about alternatives when confronting leepnds and sensitivities
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Conclusions

¥ KSVZ and DFSZ are well-motivated minimal benchmarks, butE
- axion couplings are UV dependent

- worth to think about alternatives when confronting leepnds and sensitivities

¥ Astrophobic Axions (suppressed couplings to nucleons and electrons

1. relax astro bounds on axion mass by ~ 1 order of magnitude
2. Improve visibility at IAXO
3. iImprove bt to stellar cooling anomalies

4. can be complementarily tested in axion [3avour exp.
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Backup slides
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DM In the heavy axion window

¥ Post-inRationary PQ breaking withwN 1
[Kawasaki, Saikawa, Sekiguchi, 1412.0789 170p.!

D L

+ M e+ +,F +, % + %+ &
. -
"4 1 $%&' . YO | +7 9 0 il 96t
10\* | $0/ &I # +$ "$/0+" S %' (! O (Y
10* ! $%& pw R "IHSI6E (') OO

10* 1 $%& pw#,$

" al'#]

NDW =3

violation

- axion production from topological defects

Qg > QcpM |

- requires explicit PQreaking term

vt e +he i N

1011 1012

L. Di Luzio (IPPP, DurhamAxions couplings in non-standard axion models



Stellar cooling anomalies

¥ Hints of excessive cooling in WD+RGB+HB can be explained via an axion

- requires a sizeable axion-electron coupling in a region disfavoured by SN boun

‘Glannotti et al. 1708.021]
Y L Model Global bt includes fa[10°GeV] | my [meV] | tan” | $4. /d.o.f.
126 & ) ] WD.RGB,HB 0.77 74 028 | 14.9/15
DFSZ | | WD,RGB,HB,SN 11 5.3 140 | 16.3/16
WD,RGB,HB,SN,NS 9.9 5.8 140 | 19.2/17
* WD,RGB,HB 1.2 46 2.7 | 14.9/15
125 : DFSZ Il | WD,RGB,HB,SN 9.5 6.0 0.28 | 15.3/16
;* : : WD,RGB,HB,SN,NS 0.1 6.3 0.28 | 21.3/17
>
jo ! |
© 124 . - - - -
o | | Nucleophobic axion improves btE
.| / |
127}k .
e
121 .:. L N | e ———— — .'*/ —
121 123 21 w3 21 23 #2 *SN bound a factor ~4 weaker than PDG one ~
Jac 110" 13# [Chang, Essig, McDermott 180393]
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Axion coupling to photons

¥ Axion effective Lagrangian [See e.gGrilli di Cortona et al., 1511.02867
1 a# . 1 . #Hem E
La= S(1u@)?+ ——=Gu G + Zad. Fy F¥ 0, = —em
a 2( H ) .I:a8$ M 4 i M ga 2$faN

c

peld-depended chiral transformation to eliminate aGGtilde 3 | gore d

tr Qa =1
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Axion coupling to photons

¥ Axion effective Lagrangian [See e.gGrilli di Cortona et al., 1511.02867
1 a . #Hem E
La= Z(1p@)°+ — o GL GH + —a o Fyr B 0, = 0
5(1u8) u&( o Fun % = e N

j ! .- ! -
| — u I"552-Qa u
= I 2f a

1 1 o rQa=1
L,= E(! )%+ 713G Fu FY

H Y0 & '
_ #em E " Bir $Q QZO}& $em E " g 4md + my _ meg 2.0 E 1 92(4)

—1
Q= (no axion-pion mixing) /model Independen

depends on UV completion
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Pheno preferred QOs in KSVZ

¥ QOs short lived + no Landau poles < Planck m. 20 ' E
Gal =

— —1.92(4)

Ro

Oqq

' 2! loop [GeV]

Landau

E/N
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Q. dr
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2/ 3
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5.4 410* (g1)
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Q, drH
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17/ 3
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44/ 3
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QL uldRGul
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4/ 15
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QL wi UR G*’
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16/ 15
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QR- ut Qo G"

7.3410°%(qg1)

2/ 3

(8,1,! 1)

GL Pt er GH'

7.6 410°°(q1)

8/ 3

(8,2,! 1/2)

GR! p! "L Gll!

6.7 410°" (g1)

4/ 3

(15,1,! 1/ 3)

GL ! p! dR GH!

8.3410°" (o)

1/ 6

(15, 1, 2/ 3)

6|_ lwi UR G*'

7.6 410%*(gs)

2/ 3

|Gayylim, in 107"°/GeV eV

~ eV 1010

GeV N
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RedePning the axion window

T T T T T ] T I
/
/
I -
/ //
/I 4
/7
| / 7
) — / /
4 /
/ /
7
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! /
U
L /
CAST , /
1 1 1 1 T
| 1 ] 1 ]
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RedePning the axion window

[LDL, Mescia, Nardi 1610.07593
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Boosting E/N In DFSZ

¥ Potentially large E/N due to electron PQ charge
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- with 4 Higgs doublets and a SM single¢nhanced global symmetry
U@™™ $ U)pq %U1)y

must be explicitly broken in tlsealar potential via non-trivial invariantsH{gkgy! 2

-~ Nnon-trivial constraints on PQ charges of SM fermions
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Boosting E/N In DFSZ

¥ Potentially large E/N due to electron PQ charge
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¥ Clockwork-like scenarios allowttoostE/N [LDL, Mescia, Nardi 1705.05370

- n up-type doublets whiato not coupl® SM fermions (h 50 from LP conditign
ﬁqu!%

(HiHge )(He 1Hg) W e EN ! 2

(HeHn)(HnHa) [See also Farina et al. 1611.0985

[Giudice, McCullough] for KSVZ clockwork]
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