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We will consider the SM plus a generic scalar field a

with derivative couplings to SM particles

and free scale f;:

an ALP (axion-like particle)

o,.a
L =Lsv+ —— X SMH¥
A
general effective couplings

* ~ Goldstone

boson

This is shift symmetry invariant: a — a + cte.

Brivio, Gavela, Merlo, Mimasu, No, del Rey, Sanz 2017 arXiv:1701.05379



We will consider the SM plus a generic scalar field a
with derivative couplings to SM particles
and free scale f:
an ALP (axion-like particle)
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L = Lon + 22 5 M-

R

general effective couplings

Why?

Brivio, Gavela, Merlo, Mimasu, No, del Rey, Sanz 2017 arXiv:1701.05379




Is the Higgs the only (fundamental?) scalar in nature?

Or simply the first one discovered?



The spin 0 window

The SM Higgs is a ~ doublet of SU(2)L



The spin 0 window

The SM Higgs is a ~ doublet of SU(2)L

What about a singlet (pseudo) scalar?

Strong motivation from fundamental problems of the SM



Rocio del Rey



Strong motivation for singlet (pseudo)scalars from fundamental
SM problems

The nature of DM is unknown

It may be a (SM singlet) scalar S
the “Higgs portal”

5L = D P32

Silveira+Zee; Veltman+Yndurain; Patt+Wilczek...



Strong motivation for singlet (pseudo)scalars from fundamental
SM problems

The nature of DM is unknown :  The strong CP problem

Why is the QCD 6 parameter
so small?

LoD 0 GG

It may be a (SM singlet) scalar S

the “Higgs portal” | _
A dynamical U(1)a solution

5L = TP g2 - the axion a
It is a pGB: ~only derivative couplings
oy a
Also excellent DM candidate

Peccei+Quinn; Wilczek...

Silveira+Zee; Veltman+Yndurain; Patt+Wilczek...
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In “true QCD axion” models: m,f,= cte.

1/f4



m, Vs scale f; gau~1/f,

In QCD-like theory m? # 0 because of explicit U(1)a breaking
at quantum level (instantons, A)

mg < U >~ m?2 f2

QCD
A4 />>/an

L 14 A/ (2mg < TP >) \
Choi et al. 1986 AL myg

A4



m, Vs scale f; gau~1/f,

In QCD-like theory m? # 0 because of explicit U(1)a breaking
at quantum level (instantons, A)

mg < VAV / >
A4 />>/an

14+ A4/(2mg < T >) \
AL myg

Choi et al. 1986 4
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Models assuming

SM gauge group: 105<m,;<102eV , 109%f,<1012GeV




m, Vs scale f; gau~1/f,

——

In QCD-like theory m? # 0 because of explicit U(1)a breaking
at quantum level (instantons, A)

my < TP >
A4 />>/an

14+ A4/(2mg < T >) \
AL myg

Choi et al. 1986 A4
* Models assuming
SM gauge group: 105<mu<102eV , 10% f,<10'2GeV
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Intensely looked for experimentally...
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(Calibbi et al. 2016)
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m, Vs scale f; gau~1/f,

In QCD-like theory m? # 0 because of explicit U(1)a breaking
at quantum level (instantons, A)
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CD
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* Models assuming
SM gauge group: 105<m,;<102eV , 10%f,<1012GeV
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In QCD-like theory m? # 0 because of explicit U(1)a breaking
at quantum level (instantons, A)
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* Models assuming
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* Models enlarging the strong SM gauge sector, with scale A’ ?



m, Vs scale f; gau~1/f,

P———

In QCD-like theory m? # 0 because of explicit U(1)a breaking
at quantum level (instantons, A)
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10~ < ma<1l}i2:ev , 10?<fa< 012 GeV

* Models enlarging the strong SM gauge sector, with scale A’ ?

'r)’),gj"a2 — QCD part -+ A'4 , A/ > AQCD



m, Vs scale f; gau~1/f,
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In QCD-like theory m? # 0 because of explicit U(1)a breaking
at quantum level (instantons, A)
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* Models enlarging the strong SM gauge sector, with scale A’ ?

m2f2= m2f2 4+ A% , A'>Aqop



m, Vs scale f, gu~1/f,

In QCD-like theory m? # 0 because of explicit U(1)a breaking
at quantum level (instantons, A)

my < ¥ >~ m? f2

QCD
A4 />>/an

1+ A4/(2mg < TP >)
Choi et al. 1986 AL Mg O

?2< My , fa<?

* Models enlarging the strong SM gauge sector, with scale A’ ?

m2f:i= m2f2 4+ A% , A'> Aqop

relax the parameter space



Recent activity on heavy “true” axions

* Enlarging the strong SM gauge group, with scale A’:

Dimopoulos+Susskind 79, Tye 81...Rubakov 97... Berezhiani+Gianfagna+Gianotti 01...

surge since 2016!: . Gherghetta+Nagata+Shifman, Chiang et al., Khobadize...
Hook and many collaborators, Dimopoulos et al. ...

e.g. SU(3)c x SU(N’) both confining
Aaco N A" > Aqcp

N—"
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Recent activity on heavy “true” axions

* Enlarging the strong SM gauge group, with scale A’:

Dimopoulos+Susskind 79, Tye 81...Rubakov 97... Berezhiani+Gianfagna+Gianotti 01...

surge since 2016!: . Gherghetta+Nagata+Shifman, Chiang et al., Khobadize...
Hook and many collaborators, Dimopoulos et al. ...

e.g. SU(3)c x SU(N’) both confining
Aaco N A" > Aqcp
* The ugly part: O and 0’

—>To reabsorb both : unification, and/or SM mirror world related by Zo,
or other constructions ... all require tunings

Nothing works very nicely, but there is movement

—> e.g.f,~TeV, m,~ MeV - TeV sitill solve the strong CP problem



* Much territory to explore for heavy ‘true” axions and for ALPs
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(Pseudo)Goldstone Bosons also in many BSM theories

* e.g. Extra-dim Kaluza-Klein: 5d gauge field compactified to 4d
the Wilson line around the circle is a GB, which behaves as an axion in 4d

* a Moriond example: the “relaxion" (G. Perez talk) is not a GB but part of its
couplings are purely derivative as those of ALPs, e.g. ¢WWWW



* Much territory to explore for axions and ALPs
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We will consider the SM plus a generic scalar field a

with derivative couplings to SM particles

and free scale f;:

an ALP (axion-like particle)

9
L = Lon + 22 5 M-

a

\

general effective couplings

THEORY plus NEW SIGNALS at colliders

Brivio, Gavela, Merlo, Mimasu, No, del Rey, Sanz 2017 arXiv:1701.05379



Up to date, phenomenological studies have mostly focused on
ALP couplings to fermions and photons

a aua 157#1#




But because of SU(2)xU(1) gauge invariance,
a-yy should come together with a-yZ, a-ZZ and a-W+W-:

g Z 4 W
2 ----< a ----< a ----< (, <
g g 7 -



ALP-Lin"ear effective Lagrangian at NLO

SM EFT
If only bosonic ALP-operators are considered:

bosonic

Log = L + = (8“a)(8“a + Z -O?ZS

O; = -BuB""> O = —G%G™ ">
Ja fa
o*a

a apuyv O = (I)T(B (I)
Oy = -WgiWwe fa, a® fa

Georgi, Kaplan, Randall 1986



ALP-Lin"ear effective Lagrangian at NLO

SM EFT
If only bosonic ALP-operators are considered:

bosonic

Lot = ZLsm + = (%a)(a” a) + Z c; O="

OB — —BuyBMVf Oé — _GCL Ga[.LV

OW — _Wa Wa/.l,l/

fa
L
O = i(®''D,0) 0a

fa \f a

SM higgs doublet

Georgi, Kaplan, Randall 1986



ALP-Lin"ear effective Lagrangian at NLO

SM EFT
If only bosonic ALP-operators are considered:

bosonic

Log = L + = (8“a)(8“a + Z -O?ZS

OB — —Bp,z/Blu/ Oé — _Ga Gam/
Ja fa
oHa
a apv O — (I)T(B (I)
OW — _W W“ fa a® l fa
Z’\M/\/\f% ——————— a

Georgi, Kaplan, Randall 1986



ALP-Lin"ear effective Lagrangian at NLO

SM EFT
If only bosonic ALP-operators are considered:

bosonic

Lot = ZLsm + = (%a)(a” a) + Z c; O="

OB — —BuyBMVf Oé — _GCL Gal-“/f
a a
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ALP-Lin"ear effective Lagrangian at NLO

SM EFT
If only bosonic ALP-operators are considered:

bosonic

Log = L + = (aﬂa)(aﬂa) + Z CzOd_

OB — —B#UB“V Oé’ — _Ga Gal“/
Ja fa
Y/ —
O.- — _Wa Waul/ an) = 'I,f— Z (’()/)LYIL’@O-3¢R) - h.c.
v Ja © w=Q, L l
'd)a, a\\ 1/)(:
a ----<Y \;6
wa ]I. ’, wa

Only fermionic a~Higgs couplings

Georgi, Kaplan, Randall 1986



ALP-Lin"ear effective Lagrangian at NLO

SM EFT
If only bosonic ALP-operators are considered:

bosonic

Log = L + = (aﬂa)(a“a) + Z '0?25

OB — B/,w B,uv Oé' — Ga Gap,u
Ja fa
. a ~
O - — _Wa Wa,pu/ an) — 'I,f— Z (’(pLYw@a'3¢R)+ h.c.
v Ja @ p=Q,L

Note: NO a~Higgs purely bosonic couplings

Georgi, Kaplan, Randall 1986



ALP-Lin"ear effective Lagrangian at NLO

SM EFT
Complete basis (bosons+ferm|ons)'

total

Lot = ZLsm + - (Qua,)(a/* a) + Z c;0F=°

Oz = -BuB" Oy = -GG

G
° fa fa
o a d,,a
— a auv H
O W W /, Yy Xy
: "7 ¥=QL,Qr.
Lyp,Lgr

where Xy is a general 3x3 matrix in flavour space

Note: NO a-Higgs bosonic couplings

Georgi + Kaplan + Randall 1986

Choi + Kang + Kim, 1986
Salvio + Strumia + Shue, 2013




ALP-Linear effective Lagrangian at NLO

Complete basis (bosons+fermions):
total

1
Lor = L + 5(8“0,)(8“0,) + Z

7 NO a-Higgs bosonic couplings

Georgi + Kaplan + Randall 1986

Choi + Kang + Kim, 1986
Salvio + Strumia + Shue, 2013



ALP-Linear effective Lagrangian at NLO

Complete basis (bosons+fermions):
total

1 _
Lor = L + 5(5%&)(5’“’&) + Z CiOfii_5

~ a - o )
Ogf = _GuuG ﬁ
0, T "
f . Z Y AI' 1 X ,u',"c'?
J 'lf/’:QL.QR.
Ly, LR

where Xy is a general 3x3 matrix in flavour space

contain a-yy and other couplings

Georgi + Kaplan + Randall 1986

Choi + Kang + Kim, 1986
Salvio + Strumia + Shue, 2013



Because of SU(2)xU(1) gauge invariance,
a-yy comes together with a-yZ, a-ZZ and a-W+W-:

A W+

(I ==== (I == (I == Q ===-

'\

a-yy studies only bounds this combination of couplings

W=

chg -l- chg

0.0025 (f,/TeV)  m, < 1MeV

90% CL: a2 4 e g2 <
’ lepch + cwsol S 2.5-107% (f./TeV) e < 1keV



Because of SU(2)xU(1) gauge invariance,
a-yy comes together with a-yZ, a-ZZ and a-W+W-:

.

Largely disregarded up to very very recently

only a tiny bit in Jaeckel+Spannowsky 2015



We analyzed the impact at LEP, LHC and HL-LHC of bosonic
effective a-SM couplings:

W

(I == (I ==—— Q -==-

329(CW CB) e cocw/v

Largely dlsregarded up to very very recently

only a tiny bit in Jaeckel+Spannowsky 2015



We analyzed the impact at LEP, LHC and HL-LHC of bosonic
effective a-SM couplings:

a ----< ( -—-—< R p——
v 7 -

Qs Wt as 1% Do Q- e
/>< /< ) ""€ "\<
) W= 7 W e
Yo f



We analyzed the impact at LEP, LHC and HL-LHC of bosonic
effective a-SM couplings:

-}New sighals: mono-Z, mono-W, associated aWy, att

Z Z W+
(a ----< (| == o= o= (I = = o=
Y 7 W=

a s W+ (0~ W wa a ~

\\ \\ \\ (8
Y W= 7 W h Pid



Accelerator constraints on a-y-y and a-y-Z
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Oy

Accelerator constraints on a-y-y and a-y-Z
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+ even more at LHC!
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Mono-Z and mono-W ALP signals
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Interesting very recent development:

Cyiv from rare meson decays d;

B—>Ka, K—>ma.... a—>yy
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Interesting very recent development:

Cyy from rare meson decays

B—>Ka, K—>ma.... a—>yy
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But several ops. may contribute:

{CW7 Cad, c’sbz}

+Del Rey et al. in preparation



Observables/Processes

Linear
Astrophysical obs. Garyy Cw Ch
Rare meson decays Cyw/ Cad
% LEP data
'c:u BSM Z width ['(Z — av)
e
2 | LHC processes
§ Non-standard h decays I'(h — aZ)
2 Mono-Z prod. pp —alZ @ @ Cad
Mono-W prod. pp — aW=* @ Ch Cad
-§ Associated prod. pp — aW*~ @ 5 Ca®
? VBF prod. pp = ajj(y) | ¢y € Cad
E Mono-h prod. pp — ha
att prod. pp — att Cad




Higgs EFTs

Linear or Chiral (= non-linear)
|
SM EFT



Higgs EFTs

Hd

SM EFT 0
Higgs field:  @©= (v+h) U (1)
h is in an exact SU(2). doublet U=e™ /v

|

Longitudinal W,Z



Higgs EFTs

Chiral (non-linear)

in chiral: b= (v¥h) U (1)

Uzeiwaaa/v
h may not be an exact SU(2). doublet

Longitudinal W,Z



Higgs EFTs

Chiral (non-linear)

| | 0
in chiral: b= (v¥h) U (1>
Uzeiwaaa/v

Longitudinal W,Z
Typical of “composite Higgs” models

e.g. in SO(5)/SO(4 )

f sm(ﬂ) = 57 008 (%) + \/1 sm(—) # (v + h)




Higgs EFTs

Chiral (non-linear)

N chiral:

U- ei'/raaa/v

Longitudinal W,Z

Fi(h) =1+ a;h/v+ b;(h/v)* + ...

Feruglio 93; Grinstein+Trott 07; Contino et al.10



Higgs EFTs

Chiral (non-linear)

U_ eiwaaa/v
\ Longitudinal W.Z

independent !

some couplings decorrelate:
more operators at given order

N chiral:

Fi(h) =1+ a;h/v+ b;(h/v)* +...

Feruglio 93; Grinstein+Trott 07; Contino et al.10



Higgs EFTs

Chiral (non-linear)

o
LO: #10 = %(ﬁua)((')“a) + copAap(h)  where Azp(h) = iv? faTr[TVu] Fap(h)

Qa

with V,(z) = (D,U(z)) U(z)"
T(z) = U(z)o3U(z)!



Higgs EFTs

Chiral (non-linear)

LO: £,° = %((‘%a)(@“a) + capAap(h)  where

=

h h?
ig Zy 0"a (1 T 2CL2D; + bZDv—z



Higgs EFTs

Chiral (non-linear)

LO: £,° = %((‘%a)(@“a) + capAap(h)  where

=

h h?
v v

y A f\M/\/\fX ——————— a

e an VYo
wa h '/ wa

as in the linear case



Higgs EFTs

Chiral (non-linear)

LO: £,° = %(@a)((’i“a) + copAap(h)  where

h h2\\ ALP-Higgs couplings survive !!

2a2p— + bap—

v v (unlike linear case)

as in the linear case



Higgs EFTs

Chiral (non-linear)

LO: £,° = %(Oua)(('?“a) + copAap(h)  where

=

h h?2\\ ALP-Higgs couplings survive !!
ig Z, 0"a (1 2a3p~ + byp— 99 Ping
v v (unlike linear case)
\ , I

=3 New additional signhals: mono-h, BSM Higgs decays



Non-standard Higgs decays

K h I'BsMm = T'hosaz +1hoazy + 1L a6
/
[pan
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7 I'Bsm + L'sm
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Higgs EFTs

Chiral (non-linear)

2 d“

LO: M0 — %(Gua)(ﬁ“a)+cszzp(h) wers Aap(h) = iv? 7 “TH{TV, ] Fap(h
NLO, bosonic custodial preserving:
~ a . oY a
Ap = —Bu B A1 (R) = 4iBu,,Tr[TV#] + Filh)
. _TA7Q TA/Q uﬁ o a
A = WRWT L A = VT R
Ag = —Ga,Gow = 1, Oy,
¢ fa As(h) = 7By 3 =0 F3(h)

Vu(z) = (D, U(z)) U(z)'



NLO bosonic, custodial breaking:

As(h) = (4;)2ﬁ;vuvujﬁ¢vu: a;a Fa(h) Aulh) = o1 )2 Tr[TVM](;aa:J-'u(h)

Ast) = i) MV Vu.Tr:TVV:% F(h) Aua(h) = - 4;)2’I‘r:TV”: & O Fia(h)
Ao(h) = 3 TH{T(W,, V) fs(h) Ais(h) = (4 g TV a;fw 13(h)

Az(h) = —Tr[TW fa ) Aia(h) = ( 47r)2 ’IY[TVu )
As(h) = 77 ) AGREF0 Ass(h) = (4 % me 0, Fis(h)3” Fig(h)
As(h) = )ZT‘r[TV“]TY[TV“]’H[TV,,] 7 “Fo(h) Aws(h) = ( 47r)2 Tr[TV Fie(h)
Auolh) = 4 TH[TW,u) 0 Fo(h Arr(h) = o1 mTvu]"’}?“ Fur(h).

We also determined the complete basis of hon-redundant bosonic
+fermionic couplings at NLO



Associated production pp —> AWy
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Observables/Processes

Linear
Astrophysical obs. Garyy Cw Ch
Rare meson decays Cyw/ Cad
% LEP data
'c:u BSM Z width ['(Z — av)
e
2 | LHC processes
§ Non-standard h decays I'(h — aZ)
2 Mono-Z prod. pp —alZ @ @ Cad
Mono-W prod. pp — aW=* @ Ch Cad
-§ Associated prod. pp — aW*~ @ 5 Ca®
? VBF prod. pp = ajj(y) | ¢y € Cad
E Mono-h prod. pp — ha
att prod. pp — att Cad




Observables/Processes

Parameters contributing

Linear Non-Linear
Astrophysical obs. Farry Cw Ch Cw T
Rare meson decays Cyw Ca® ) Cy @ Co ce c8 c17
% LEP data
§ | BSM Z width I(Z = av) & o or
g LHC processes
; Non-standard h decays I'(h — aZ) as aip ail—14 a7
2 Mono-Z prod. pp > alZ @ Caq; @ Cap C1 Cy C3 Cr €10 C11—-14 C17
Mono-W prod. pp — aW=* @ Ch Cad 5 CoD €2 cs €10
-§ Associated prod. pp — al./lfi'y @ 5 Ca® @c 5 C2D €1 C2 7 C]
2 VBF prod. pp — ajj(7y) | ¢ €5 Cad | Cyiy Cj C2D €1 C2 Ce C7 CR
E Mono-h prod. pp — ha 11_14 ary
att prod. pp — att I




ALPs: collider constraints fa o fa fa
| | < B - 2o
Ce azp az

Current limits

95%CL

LHC 13 TeV
20 reach

flattish MET are ALP signals



Conclusions

* (pseudo) Goldstone Bosons in solutions to fundamental SM
problems and BSM theories—> derivative couplings.
Strong case for hunting them

* New theoretical development: ALP effective Lagrangian
for non-linear EWSB. —> ALP-Higgs-V signals!

* New ALP signals from linear(SMEFT) and non-linear Lags.
MET —> mono-y, -W/Z, -h, I'ssm(h), etc. besides rare decays

Fish for them Iin your data!

To do: many prompt and displaced signals (with high Et/pt dependence)
If a decaying inside detector



Backup



Validity of the EFT

f. must be significantly larger than the typical energies of the process.

For each given f,, validity conditions:

- for mono-Ws, because the ATLAS search uses mp as discriminating variable;

mp?* denotes the highest mr data bin.

for the rest of accelerator signals, where £ denotes the highest 7 data bin.

e.g. In mono-Z analysis with 2.3 fb~!, the 1 value for the highest bin considered is 1.2 TeV
* That analysis valid for scales f, > 2.4 TeV

Is this safe, give the fact that

For mono-W —> Correlation plot ->




500

Validity of the EFT, mimax<f, vs Vi <f,

Preliminary

V5 (GeV)

probability density of
200 - mono-W events
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Vs
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e.g. the difference between a cut in mrmax and /3 max at 350 GeV would be
16% of events; for 450% it would be 10% etc.



ALP stability at the LHC vs m,

e.g. form,=1MeV
a — vov It would simply become part of the ' contributions

a — Yy The distance d covered in the laboratory frame before decaying

— — h |ﬁa| 8 |ﬁa|
d—’rﬂC—F(a)mac > 4-10 mx(GeV)

a — Yvv ALP-Z-~

. 2 e
d~ 10%?m x ('p"'Vg“Z") > 3.3-10%" m x ( 121 )

GeV3 GeV



Final state radiation off a top

o(pp = tta)[y/s =13 TeV | = c3p (1 eV

Ja

Compare with susy searches of ttbar+2 neutralinos

)2 (50 fb)

> — ] ] 1 l ] I 1 ' ] I 1 I ] I | — 4
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Figure 13: Missing energy distribution for the production of an light ALP in association with tt for 13.3
fb=! of 13 TeV data. The normalization has been chosen with f,= 1 TeV and then multiplied by a factor
10. We show the corresponding simulation of supersymmetric scenarios by ATLAS, as well as their event
count.



Present exclusion limits on cW

from mono-W and mono-Z ¢y (mono-W) | ¢y (mono-2)
/ ¢ 7 e 14
(fa/y) s [TeV 1.28 | 1.65 |3.77 | 254
(fa/cr) .. [TeV] [No Syst.] | 1.72 | 2.46 | 3.79 | 2.54

Table 3: Present 95% C.L. f,/cy, exclusion limits for the effective operator Ay, from mono-W (left),
inferred from the search presented in Ref, [98] as detailed in Sect. 6.3.1 and mono-Z (right) inferred from

the search presented in Ref. [100] as detailed in Sect. 7.1.1. Values obtained without including background
sustematics are labeled [No Sust.].

Prospects on cW from mono-Z ¢yiy (mono-Z)
14 & 7
Luminosity [fb™] 300 | 3000 | 300 | 3000
fa/ci [TeV 10.5 | 15.87 | 9.77 | 14.37
fa/ci [TeV] [Syst.x1/2] | 11.14 | 18.45 | 10.38 | 16.7
fa/ci [TeV] |No Syst.] 11.68 | 21.5 | 10.9 | 19.66

Table 4: Projected 95% C.L. fu/ci reach at LHC, with £ = 300 fb~! and £ = 3000 b~ for iy =
(eyir/ fa)? for the effective operators relevant to mono-Z production, as detailed in Sect. 6.3.2. Top row:
Assuming future systematic uncertainties on the background scale as present ones. Middle row: Assum-

ing systematic uncertainties are reduced by a factor 2 w.r.t. present ones. Bottom row: Assuming no
background systematic uncertainties.
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Figure 3: Transverse mass myp distribution for aW* (W* — ¢*y;) production in the e + Er final
state (Left) and p + Ep final state (Right), generated from Ay, (green), Az (purple), As (orange) and
Asg (yellow). Also shown are the binned experimental data and dominant backgrounds from the 13 TeV
(3.3fb™') ATLAS analysis [98].

cg (mono-W) | ¢ (mono-W)

Luminosity [fb~!] 300 | 3000 | 300 | 3000

fa/ci [TeV] 2.09 | 2.71 | 1.90 2.32

fa/ci [TeV] |[Syst.x1/2] | 2.35 | 3.44 | 2.29 3.01

fa/ci [TeV] [No Syst.] | 2.60 | 4.68 | 3.43 6.10

Table 5: Projected 95% C.L. fo/ci LHC reach for £ = e final states, with L = 300 fb™" and L =
3000 fb~ ! for the effective operators relevant to mono-W production, as detailed in Sect. 6.3.1. Top
row: Assuming future systematic uncertainties on the background scale as present ones. Middle row:
Assuming systematic uncertainties are reduced by a factor 2 w.r.t. present ones. Bottom row: Assuming
no background systematic uncertainties.



Associated aWy

q a

’ | w B ‘
Z/,y 4 +ey +e2 + ey

: o2 Y

(i) (ii) Wt
W:t
q
q J
(iii) o oabos rce (iv)
q J q J

Figure 5: Main diagrams contributing to the processes analysed in Sect. 7.2. Upper line: ayW associated
production. Lower line: VBF-type interaction producing ajj (ii1) and ajjvy (iv). The proportionality of
each diagram to the non-linear parameters is indicated in the figure (overall factors and relative coefficients
are not displayed).

C6 Cyir
Luminosity [fb™1] 300 3000 | 300 3000

Optimal E7" [GeV] | 300 330 | 220 220
(fa/Ci)max [GeV] 470 950 | 3800 6800

Table 6: Optimal missing transverse energy cut E?in, and (fo/¢i)max 20 projected sensitivity reach for
aW~ production, for \/s = 13 TeV and integrated luminosities 300 fb~! and 3000 fb~?.



Associated aWy
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2.5 i —— Constant f,/c;
[ Prospects
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Figure 8: Contours for ¢ = 2 (dashed) and o = 5 (solid) sensitivity to pp — aW*vy (W* — (*v) signal
at the LHC with /s = 13 TeV and for an integrated luminosity of 300fb~—! (dark blue) and 3000 fb~! (light
blue), as a function of {fa,ci}. The left (right) panel shows the results obtained assuming that only the
operator Ag (the combination of operators (AW — tg.Aé) ) is contributing. The hatched region corresponds

to fo < 2E$in, and s excluded by the EFT validity. The yellow region is excluded by the bound on g,z~
reported in Eq. (125). The mono-Z exclusion region from /s = 13TeV LHC with 2.3fb=! of data is

depicted by the red region. The gray reference lines correspond to constant values of f,/c;. The region

Main backg.: Wy, measured in LHC 7TeV. scaled here bv 20% to account for subdominant backs.
Parton level analysis. pJ. > 20 GeV, p% > 20GeV, |7| < 2.5 and |nf| < 2.5

Sensitivity reach: fo/cjy S 3.8 TeV (6.8 TeV)  fa/ce S 0.4 TeV (0.8 TeV)
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Present bounds on gluon-ALP couplings

(1 ===

o a apv v a
AG’ — _G;LI/G

G Ja

G <251075GeV™! (95% C.L.) for mg < 0.1GeV

f
Mimasu+Sanz recasting ATLAS and CMS bounds
in addition to K—>11, SN, etc..

W Present bounds on fermion-Alp couplings
(| o= == 53 D b Z gawmdlagw'YSw
1l Y y=Q,L
Beam Dump: Gaw/ fa < (3-4 1078 —-2.9. 10—6) GeV—! 1MeV Sm, S3GeV
(Dolan et al. 2014)

XENON100: Goe/ fo < 1.5-1078 GeV ™! m, < 1keV
(Aprile et al. 2014)

Red Giants: Goe/ fa < 8.6-10710GeV ! me S eV
(Viaux et al. 2013)



Bounds on photon-ALP coupling

0.0025 (f./TeV)  m, <1MeV

0 : . SR
e.g. 90% CL.: |(’B(’9 + (,W--Sol ,.S 2.5.108 (fa/TeV) mae < 1keV

Current limits

5% Syst.; p; > 700 GeV

Stat. only; p; > 150 GeV
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Mimasu+Sanz 2015
Other Bounds Collider Bounds Future Reach
CAST B LHC @ 7 TeV: mono-y, 5 fb! —— ILC@ 240 GeV, 1 ab!
Beam dump LHC @ 8 TeV: mono-y, 19.6 fo ' -~ TLEP@1TeV,10ab"
Solar v flux s LEP @ M;: tri-y, 66 pb~" Belle Il @ 10.6 GeV, 50 ab '
Horizontal Branch BN LEP @ 189 GeV: tri-y, 153 pb ™" ~—— LHC @ 13 TeV: mono-v, 3ab ™'
N BBN BN CDF:3-y, 12" — LHC @ 13 TeV: tri-y, 3ab ™

Supernova 1987a  LEP: mono-y — LHC @ 8 TeV: tri-y, 19.6 fb !




fa (GeV)
10'710"%10"°10"%10"10"%10""10"° 10° 10® 107 10° 10° 10* 10° 10° 10" 10°

Dark Matter (pre-inflation PQ phase transition) ‘XENOMOO (9Ace: DFSZ)|

NS in Cas A Hint (g, DFSZ) Telescope/EBL Beam Dump
SN1987A (9agp KSVZ) Counts in SuperK

RG Hint RGs in GCs (gp,e DFSZ)

WDLF Hint[ WDLF (gpee DFS2Z)

Black Holes HB Hint g HB Stars in GCs (ga,, DFSZ)

CASPEr  ADMX ADMX G2

31 10 e = = — - ¢clusion ranges as described in the
107'10"°10° 10® 107 10% 10° 10% 102 102 107" 10° 10" 10% 10° 10* 10° 10° . 5
Axion Mass m, (eV) rrvals in the bottom row are the ap-

proximate ADMX, CASPEr, CAST, and IAXO
search ranges, with green regions indicating the
projected reach. Limits on coupling strengths
are translated into limits on m4 and f4 us-
ing z = 0.56 and the KSVZ values for the
coupling strengths, if not indicated otherwise.
The “Beam Dump” bar is a rough represen-
tation of the exclusion range for standard or
variant axions. The limits for the axion-electron
coupling are determined for the DFSZ model
with an axion-electron coupling corresponding
to cos? 3’ = 1/2.




