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 ALPs appear as pseudo Goldstone bosons in many SM extensions
with a spontaneous breaking of a global symmetry at scale f,

e shift symmetry a — a + ¢, couplings momentum dependent

e focus on ALP-fermion and ALP Higgs couplings in a large mass
range

o ALP associated with a heavy new scale f, > v

= Effective Field Theory approach
— which EFT to use?
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* Asin SMEFT, start from a linear realisation of EW symmetry, i.e. with a Higgs doublet H
L=Lsy~+ Ly

 Expand in powers of a/f,, NLO has one insertion

1 1
Lo = 5(0ua)(0"a) + gmaa’ + ey Ay + cpAp + caAg + ST erdy
f=u.d,e,Q,L

Ag = ——- X0, Xrme

- couplings to gauge bosons: fa
Af = On 7 on g

- couplings to fermions: fa
L5 —icig i~ (7r°1)

- for top quark using EOM: fa

* Couplings are proportional to the fermion mass!

= Focus on ALP-top coupling ¢, and set all other couplings to zero

* Couplings to vector bosons are generated at 1-loop level ------@( Yt

[Bonilla, Brivio, Gavela, Sanz, 2021]



https://arxiv.org/abs/2111.14750
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A Y

W+ l
« signal process: tf + a production with leptonic top decay { Vi
* assume ALP collider stable, escapes the detector as missing a b
transverse energy (MET) ‘ """"""" -

* Reinterpret a Run || ATLAS SUSY search for top squarks in

events with 2 leptons, 2 b-jets and MET [2102.134929] LLL\1< [
W_

« SUSY benchmark: pair production of stops with prompt decay
iInto top quarks and neutralinos

- same final state topology 2/ + 2j + MET
W+

U SM 14
with MET = dv+a ALP q b b
v+ 7 SUSY d

e use ALP EFT UFO file and MadGraph5 to generate events q i
Ja

> 550 GeV at 95% CL

Cy



https://arxiv.org/abs/2102.01444
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A. ALP mediated ¢f production:

NS i _
? t light off-shell ALP contributing non-resonantly to gg — a — f1t,
a
" e calculate at tree-level with effective coupling ccfg, =——¢
111111111 1 87
t
T : & > 103.1 GeV at 95% CL
1. CMS: m; distribution in the lepton + jets channel, Run-Il data ¢ '
[2108.02803]
2. ATLAS: p; spectrum of the boosted hadronically decaying top-quark f
a
2202.12134] Z > 169.5 GeV at 95% CL
B. ALP mediated diboson production
JRCLULLLLLULLY NG . 1%
t Non-resonant searches with ALP as off-shell
A P-------- Yt
@ mediator of a 2—2 scattering process
I 1111111111 t v

VV | lower limit on i—‘t‘

Constraints on gy, through gg — V'V diboson production, 77 | 3.5 GoV

data from CMS search at \/E = 13 TeV [Gavela. No. Sanz, Trocéniz. 2019 7; ??8 gcx
v 0 Ge
[Carra et al., 2021]



https://arxiv.org/abs/1905.12953
https://arxiv.org/abs/2106.10085
https://arxiv.org/abs/2108.02803
https://arxiv.org/abs/2202.12134
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o As for HEFT, start from non-linear realisation of EW symmetry = £ = fZLEFT + Z,

L, = 5 (Oua) (0"a)+capAap(h)+cy Ay +cpAgp +CéAé+Z A
i—1

[Brivio, Gavela, Merlo, Mimasu, No, del Rey, Sanz '17]

« many more terms at NLO, all with arbitrary Higgs polynomial functions  7;(h) = 1+ a;h/v + bi(h/v)? +

Aap(h) —z'fuzTr[TVu]a“ - Fap(h) Ag(h) = (470 _TY[TV, | Tr[T V¥ TY[TV, ]0" 7 Fo(h)
Ar(h) = BWT.r[Tvu]avfa 1(h) Avo(h) = i H[Twpy]af‘fa 8 Fio(h)

Aa) = 3 TeW,u V¥ 1 Fah) An(h) = @Tr[wu]m—aﬂfu(h)

As(h) = iB v 0" an 3(h) | Aa(h) = ¢ 4;) Ea , Fa(h)

As(h) = (dn )2Tr[V WV Te[TVH8 fa, Fa(h) A1z(h) = @ 47T) 5 Tr[TV )0 faEl]-"lg(h)

As(h) = (4 )2Tr[V WV THTV]0, 4 = Fs(h) Aua(h) = - 4@2 TY[TV 8, —6“8”]—"14(h)

As(h) = %Tr[T[WW,V“]]a” = Fo(h) Ass(h) = oy THTV,J0" 50, Fis (10" Fis(h)
Az(h) = 4—T&*[TWW]Tr[TV“]8” fa Fr(h) Ase(h) = (4;) ulau—a“fm(h)@”fie(h)
As(h) = (4 7 », TID, VH]o” ~ 7 Fs(h) Ar(h) = (M)Q TV, Jo = 7 = Fir(h).


https://arxiv.org/abs/1701.05379
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o As for HEFT, start from non-linear realisation of EW symmetry = £ = fZHEFT + Z,

Lo =

1 17
5 (Opa) (0"a)+capAap(h)+cp Ay +epgAstcaAa+Y A

1=1

[Brivio, Gavela, Merlo, Mimasu, No, del Rey, Sanz '17]

« many more terms at NLO, all with arbitrary Higgs polynomial functions  7;(h) = 1+ a;h/v + bi(h/v)? +

Aap(h)
Ai(h) =

Az (h)

Az (h) =
Ag(h) =
As(h) =

As(h) =

Az(h) =

As(h) =

= iv2’:[‘r[TV“]8# 7 ]:QD(h) Ag(h) (471-) TY[TV“]T‘I[TV“]T&‘[TVV]ayf
oA v
EB,MV'I‘I‘[TV“’]a fa fl (h) AlO(h) — iTr[TWMV]auf " flO(h)
— " vrar L Eah) L N
47
4i B,,* More general description ()
"« Many more terms at NLO than linear ALP EFT
@n? e ALP-Higgs-Z couplings ah”Z at NLO
i ,
(4W)2T Ja =1 Ja )
%H[T[WMV,V“]]E?"fa Fe(h) Ais(h) = (47r) “]aufaa y Fi5(h)0” Fis(h)
4—T&~[TWW]Tr[TV“]8” fa Fr(h) Ass(h) = ¢ 4;) u]a,,—a“ Fi6(h)0” Fis(h)
( 4 E ,, T|D, V*|" - 7 Fs(h) Ar7(h) = (47r) TY[TVu]a“ i = Fir(h).


https://arxiv.org/abs/1701.05379
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a . h
g 27 7 2 7 7
rCr—yy [plfih(pabll + Pa * Prrb14) + DL (PhRD13 + P PRRD12)
f + 2016 (D)1 Pa - Ph2 + PhoPa - Ph1) + 4015D4Dh1 - Ph2 d; = ¢a;
N ~ ~ ~ bl = Clbl
Z h — p(16m°v%bop — b17p2) + 2msawbs10(PPE — Piypa 'pz)/e]
g - h
a ALP-mediated Di-Higgs + Z production from gluon fusion
% h iIs TREE LEVEL in chiral ALP EFT, effective coupling c

g Z

» Use ATLAS di-Higgs searches in the bByy final state 2310.12301, no veto on MET (Z — vv)
e simplest benchmark scenario: all d; and b; equal 1
« generate events in MadGraph, limits on f_, from )(2 In high mass region:

fo > 0.53y/c TeV

g 00 pmee- h
« we can recast chiral ALP EFT limits into limits t . t \ 2
on ¢, in the linear EFT using top loops 17 W sk M ]
Yt
c Qs cf g 99999/ ¢ 2N h

f2  8mew f2


https://arxiv.org/abs/2310.12301
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Axion-Top coupling constraints

Indirect Z
Indirect 7y 4
X

CMS tf non resonant
Indirect hhZ

U
S
o))
Coud
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m, [GeV]
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Global fit to multiboson final states, first in the linear ALP EFT (WIP)

vertex Feynman Rule in linear ALP EFT
ay~y —;1‘ (cZep + siey,) €47P7 (Pq~1)p (Py2),
a",'Z %820 (Cﬁ - CW) epupd (pZ)p (p“,r)a
aZZ —}11 (sgem + chew) €77 (pz1), (p22),
aWtW~— —ew e (pw+), (Pw-),
agq - %C(‘;(Sabfwm (Pg1 )p (Pg2),
ayW+W- Frew e (pwws),
aZWHW- % ZLeweP (pwwz),
agqgq j-’;gsccfabcf“"pd (pggg)g
p V
a
p V

do/dmyy [pb GeV~]

Theory/Data

| I | | I I | I | I T | T I | |
- _ —1 _
1 ATLAS /s=13TeV, 139 fb Data —+—
- . DIPHOX ]
: SHERPA ——
102 S5
10 £ E
10—4? gyt | L b b By by _E
: ] = } 20 i40 I 60 i 8;) }100i 120 140 160 i180 % I I } } } : { :
1.6 F ] =
14 £ E
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1E -
0.8 E E
0.6 £ E
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0 = | | I I R T B | 1 | I N N N
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invariant mass distribution in the di-photon
final state [2107.09330]



https://arxiv.org/pdf/2107.09330
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ATLAS data compared to SM+ALP signal
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do
dmn
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Lic) =[]

C ONR WSS U A

compare ALP signal + SM background
for different ¢, to data

MadGraph and SM background
uncertainties negligible compared to
experimental uncertainties

tta vertex proportional to ¢,/f,, , global

2
factor (Ct/ fa) in the signal events

Assume a Poisson likelihood

Nyipy €XD (— ((f—t)z sp + bk))) ((f—t)2 sk + bk)

ng

ng!
k=1 k

« use the profile likelihood ratio to obtain

limits on ¢,

— | > 550 GeV at 95% CL
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ATLAS: measurement of the stranverse mass m, distribution in %}ﬁ&(s+ 2] + MET final state

with different lepton flavours: red N
- - —’miss _ . - - - -
mr(Pri>Pro- Py ) = _ Tin_ (max (B C]TF)»\mT(PTzﬁTz)] )
dr1t4m=P1 .
neutrinos

with transverse mass of lepton-neutrino pairs

my(Br.Gr) = /21B711dr| (1 = cos(A®)
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D_irect limit
(ATLAS tta search)

Indirect limit
(ATLAS tt, pr distribution)

_ Indirect limit 2900 116280
(CMS tt, my distribution) |

Loop-induced limit
from g5y, in [1905.12953]

Loop-induced limit
from gz, in [2106.10085]

Loop-induced limit
from g,z- in [1905.12953]

from 9,77z in [2111.13669]

=1
mTT3 ¢ =(4m)?

10,000 100,000

red dashed lines: EFT validity limits



