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Why axions?

* Strong CP problem: no observation of Locp D 0=2 > Ge, G
CP violation in QCD although it would ST
be allowed from first principles CP-violating!
EDM
heutron

A g

https://arxiv.org/abs/1812.02669

SM:dn =06 x 3x10-16 excm
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Why axions?

* Strong CP problem: no observation of Locp D 0=2 > Ge, G
CP violation in QCD although it would ST
be allowed from first principles CP-violating!
EDM
heutron

https://arxiv.org/abs/1812.02669

experiment: dn < 3x10-26 excm
0 < 10-10
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Why axions?

* Strong CP problem: no observation of Locp D 0-2Ga Grva
CP violation in QCD although it would 8w "
be allowed from first principles CP-violating!
Obs.: 6 < 10"

= Solved by axions — BSM particles
that exhibit U(1) shift symmetry

Promote to particle: 6 — a
Absorb CP-violating term In

Laz = 5(0u0)(0"a) + c -G, G +
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Why axions?

= Strong CP problem: no observation of Locp D 0-2Ga Grva
CP violation in QCD although it would 8w "
be allowed from first principles CP-violating!
| _ Obs.: 6 < 10
= Solved by axions — BSM particles
that exhibit U(1) shift symmetry
* In general: axion-like particles =
pseudoscalar pseudo-Nambu-Goldstone Promote to particle: 6 — a
bosons arising from approximate Abelian Absorb CP-violating term in

global symmetries beyond the SM which | . i
are broken spontaneously atascale fy Loz = 5(0,a)(0"a) + ca G, GH + ...
much greater than the electroweak scale ’

could also be dark matter particle or dark matter mediator...
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AX

on “band”

The axion bands can be alternatively changed

enlarging the confining sector beyond QCD.
New contributions of topologically non-trivial

gauge field fluctuations give then additional
contributions to the axion mass

* right of the canonical axion band are heavy
axion models that solve the strong CP
problem at low scales (e.g. f, ~ TeV)

[Rubakov, 97; Berezhiani et al. 01; Fukuda et al, 01;...]

This work: focus

on large masses
O(0.1 -1 TeV)

[FIPs 2022 Workshop Report, arXiv:2305.01715]
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Search for ALPs in top pair production

= ALP couplings: photons, EW bosons, gluons, @assive fermiong

~—

* Produce at the LHC via gluon fusion usual models: Yukawa-like ~ my
* |If ma > 2m;: decay to top quarks — interferes with SM final state:
ALP SM
g 99999 - g / 9 t
l
et e e
g 0999 5 t 9 t I
X Cy X Cq C¢ 3991\
O(m,) = m; Explicit gluon coupling - J !
— Lop quark loop explicitly physics at high scales
considered iIntegrated out
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ALPs vs pseudoscalar Higgs bosons

= ALP coupling to top is similar to an additional pseudoscalar Higgs boson

° e.g. 2HDM+a model, hMSSM, ...

ALP

0,a _
; Z PYuXytp
¢ ¢ QL, R,

gluons CC— Ga G“Va’

fa

other fermions

+ EW bosons

topquark Larp =

Distinguishing ALPs and pseudoscalar Higgs in ttbar final states

Pseudoscalar Higgs (e.g. 2ZHDM)

Iz

LA =19a— (t75t)A top quark
v

+ other fermions
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ALPs vs pseudoscalar Higgs bosons

= ALP coupling to top is similar to an additional pseudoscalar Higgs boson
- e.g. 2HDM+a model, hMSSM, ...

ALP Pseudoscalar Higgs (e.qg. 2HDM)
1M, — _
tOp quark ‘CALP — C¢ ft (t")/5t) LA — ZgAtfﬁ(t/YSt)A tOp quark
a D U
a .. = '
gluons + e — GZV (YHvsa \\ + other f%lons
Ja Top quark coupling can be
+ other fermions rewritten to be identical
+ EW bosons
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Search for ALPs without gluon coupling

Preliminary
= |nvariant tt mass distribution for ALP ' MaLp =400 GEV, Tae/ae =57
and pseudoscalar Higgs (A)
° Dileptonic decay of tt =
. G R et 1L
* Truth level top quark reconstruction > .
- Gausslian smearing (o = 7.5%) to -
model detector response @
“ For ALP with cc = 0: identical to Higgs —+ ALP, cg=0, ¢ = 4.1
* —+ A, gai=1.0
300 400 500 600 700 800
Mt [GeV]

> Translate experimental Higgs limits
nto ALP (assuming cc = 0)
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Search for heavy pseudoscalar Higgs bosons

pseudoscalar, ma=400 GeV, 'A=0.04 - ma Dark Matter mediator production
o MS _uchannel S S e 359 107 (13 TeV)
1 < Chet < -0.6 -0.6 < Chet < -0.2 -0.2 < Cpes < 0.2 0.2 ACher < 0.6 0.6 < Chel < 1
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arXiv:1908.01115 myt [GeV] /
+
— increased sensitivity of up to 30%
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Search for a heavy pseudoscalars

Pseudoscalar Higgs
[CMS arXiv:1908.01115]

CMS 35.9fb! (13 TeV)
5 | 95% CL exclusion :
S 29 Observed 95% expected

Expected BN 68% expected

FA—)H > FA FA/mA = 50/0

—

1.5

‘3.50 local

1.0-

0.5

LU

LTS

—

400

‘ 1.90 global ‘

500 600

700

Ma [GGV]

= CMS and ATLAS have published
searches for additional Higgs bosons

(including pseudoscalars) In tt
ICMS arXiv:1908.01115, ATLAS arXiv:1707.06025]

* Focus here on CMS: dilepton and
lepton+jets final states

= CMS sees 3.50 local (1.90 global)
excess at ma = 400 GeV and 4% width
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Limits on ALPs without gluon coupling

Axion-Like Particle

Pseudoscalar Higgs _
[CMS arXiv:1908.01115] with e =0
CMS 35.9 fb_l (1 3 TeV) Preliminary 95% CL exclusion
. | 95% CL exclusion : —— Observed WM Expected +10
> 2'5_ Observed 95% expected 91 ---- Expected Expected +20
B Expected B 68% expected 8 [ALp/Map=5%  cg=0
20 Fasii > Da ['A/ma = 5% ]
~ " Translation 1 7-
| factor ey T
L [0} 6'
1.5¢ —_— .
55
10_ nmunmumpl 4 -
3
0.5 - >
400 500 600 700 _ 400 500 600 700
macp [GeV]

Ma [GeV]

- Christian Schwanenberger - LHCTopWG Open Meeting
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ALPs vs pseudoscalar Higgs bosons

= ALP coupling to top Is similar to an additional pseudoscalar Higgs boson
- e.g. 2HDM+a model, hMSSM, ...

ALP Pseudoscalar Higgs (e.g. 2ZHDM)
1M, —
op guark Larp = ¢ ft (t”YSt) LA=19a15— = (tVSt)A top quark
a (V)
gluons o ; Ga’ GW,Q + other termions
a \
other fermions "~ Additional gluon coupling for the ALP!
— Effect?
+ EW bosons
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Cross section for ALPs with gluon and top couplings

Preliminary 85 _ ;M ) Preliminary 58 _ 55¥ [pp)
—-10° —=10-1 O 10-1 10° 10! 102 —10"1 0 10-t  10° 101

B | B | .
m,; = 800 GeV
[ ./m,; = 55

0 |
—-0.10 —0.05 0.00 0.05 0.10 —-0.10 —0.05 0.00 0.05 0.10

celfs [TevV™1] celfa[Tev™1]

difference in the dileptonic pp — tt cross section between the ALP model
(including resonance and interference) and the SM
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Search for ALPs with gluon and top couplings

* For cc # 0, shapes in my differ
from simple pseudoscalar!

= Sensitive to relative sign of ce
and C::

* For same sign: different form
of “peak”

~ For opposite sign: “dip-peak”
or pure “dip”

= Can we distinguish ALP and
e.g. 2HDM Higgs for cc # 07?

Distinguishing ALPs and pseudoscalar Higgs in ttbar final states

ALP - SM [a.u.]
o

Preliminary

tt background: POwHEG (NLO)

Mmap =400 GeV, rALp/mALp =95%

signal: MADGRAPH 3 (LO)

- -0.033.0
~+ -0.013.0
A gai -~ +0.033.0

-+ 1.0 -+ +0.013.0

300

400 500

600 700 800

M [GeV]

- Christian Schwanenberger -

LHCTopWG Open Meeting 12




Distinguishing ALPs from pseudoscalar Higgs

ALP with cg 7£ 0

= Use dileptonic variables &
binning from CMS: m: X Cre

" Chel: COSINe of angle between
leptons Iin their helicity frames
- sensitive to parity of signal

= Acceptance taken from the
CMS 2016 result

= EXpected statistical uncertainty
from LHC Run 2 (138 fb)
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Distinguishing ALPs from pseudoscalar Higgs

A P t h O Preliminary Lun 138fb"" 13 TeV
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Distinguishing ALPs from pseudoscalar Higgs
- Preliminary un 2+3 300fb~" 13 TeV
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Distinguishing ALPs from pseudoscalar Higgs
ALP with cg 7£ O . - e 000w 13TeV_
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Expected constraints on ALPs couplings

= Maximum likelihood fits to expected data similar to the CMS setup
* Including most important modeling uncertainties

> Projected limits for ALPs In the c; -

3.0 " 95% CL exclusion

-0.10

Preliminary

Map =400 GeV :

CaLp/Map=5% -
— Run 2
-~ Run 2+3
— HL-LHC

-0.05

0.00
ca/fa[TeV]

0.05 0.10

Distinguishing ALPs and pseudoscalar Higgs in ttbar final states

- Christian Schwanenberger -

Cc planel

Prellmlnary

95% CL exclusion

4 by

800 GeV
5 % -

MaLp =
["aLp/Marp =

— Run 2
- Run 2+3
HL-LHC

1J|uluunnnuum|||“”””””-‘
]| l‘wgg> ALP

-0.05

0.00

0.05

ca/fa[TeV™]
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Comparison to other LHC constraints

o

13 TeV(

g9 — a —>1’w) fb]

ATLAS searches for
narrow resonances

decaying into photon W pOintS (BPS):

el ALP cg ¢
- -0.03 3.0
—+ -0.01 3.0
—— +0.03 3.0

— —+ +0.01 3.0
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Summary

Preliminary

Heavy axions might be able to solve
strong CP problem and could be
Dark Matter particles/mediators

* Heavy ALPs can be searched for in
tt final states at the LHC ~+ oonac

ALP - SM [a.u.]
(@)

« Compared ALPs to an additional pseudoscalar — 0 TP
H|ggS bOSOn (eg 2HDM) 30_?rgelirnir1ary' - 'mii[(?e\‘/] vvvvvvvvv
' EQS% CL exclusion MaLp =400 GeV
* For ALPs with cc = O: identical to Higgs 25} "urline =5% .
- Translate 2016 CMS limits! — 20} —HUC |

* For ALPs with cc # O: different my distribution
- Can be distinguished!

— EXxpected constraints on ALPs couplings - —

and compared to other photon constraints T wmee
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Technical Details

Generator: MadGraph 5 at LO,
showered with Pythia 8

Resonance and interference terms
generated seperately

Reconstruct top quarks at truth level

Apply Gaussian smearing (o = 7.5%)
to model detector response in an
experiment

Distinguishing ALPs and pseudoscalar Higgs in ttbar final states

Preliminary
Mmap =400 GeV, [ aLp/MaLp =5%
f,=1TeV
=
®, 0 fF-===—f-=-—=—-—-—--—c-===
=
N |
=
D
m
—+ ALP, cg=0, ci=4.1
Tea —I_ As gAtf= 1 O
300 400 500 600 700 800

- Christian Schwanenberger -

My [GeV]
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Considered systematic uncertainties

= Systematics are implemented as nuisance parameters with shape effects
In the likelihood fit

« Uncertainties on both signal and SM tt background:
* Renormalization and factorization scales: varied by 0.5/ 2.0 independently

* PDF: 100 replicas for the NNPDF 3.1 set

« Uncertainties on the SM tt background only:
* Normalization: 4% uncertainty (taken from CMS)

- Top mass: varied by 1 GeV up/down (central value 172.5 GeV)

Distinguishing ALPs and pseudoscalar Higgs in ttbar final states - Christian Schwanenberger - LHCTopWG Open Meeting 6



Search for ALPs with effective couplings

derived from
- arXiv:1901.03061

ma=1MeV
ma=10MeV

L
\Y; ~1
chromomagnetic dipole moment

nnnnnnnnn

-~

-

nnnnnnnnn

- Christian Schwanenberger -
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t

measure
spin
density
matrix

DARK
MATTER

35.9 fb' (13 TeV)
1 I 1 I 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1

/ ; — — - theory
/] B 68% CL

95% CL
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Anomalous couplings from Spin Correlations

Coupling Operator type Symmetry properties
:7 e 3 / k ;Zt 2 quarks plus gluon(s) P-even, CP-even
d 2 quarks plus gluon(s) P-odd, CP-odd 7~ N
"_'> / - 6t_ _ 2 quarks plus gluon(s) P-odd, CP-odd — t+ (X) =7 & 39/x+0 5 34%x Y
Nl c_ 2 quarks plus gluon(s) P-even, CP-odd —_—
- f { 6V\;L 4 quarks (weak isospin 0) P-even, CP-even | 24 (x) - 0 * 68/ X+0 g 34* X
X 3 Cva 4 quarks (weak isospin 0) P-odd, CP-even
t Cav 4 quarks (weak isospin 0) P-odd, CP-even —4
{, Can 4 quarks (weak isospin 0) P-even, CP-even
o 4 quarks (weak isospin 1) CP-even
WU, C <)
N 6%%‘-“ (M M \ - &2 4 quarks (weak isospin 1) CP-even
3 4 quarks (weak isospin 1) CP-even
L E‘ -3
-1
CMS 35.9 fb™! (13 TeV) CMS 359" (13 TeV) N—" t
R L L L L —e— Data —— Standard model .
< [ n j . G u, . -0.005 = 0.005 = 0.001 Qi\ o __,__.a-""fﬁ
g \\ / ' d,\\k | At o -0.004 = 0.008 = 0.000 \
I \ // A c__ . -0.017 £ 0.012  0.001 _
i \\ [ [ ,A E c, . -0.002 + 0.003 + 0.000 CS} -1
6 : ] p
L \ // : CW e 0.016 = 0.013 = 0.004
I \\ // :-': — Nominal Cyn o -0.009 + 0.018 + 0.003 -4 -3 -2 1 3 4 "
4 \\& / i +theory — Cay o -0.001+ 0.017 = 0.001 i i i i i i i i
a \\ // ——-theory - c, . H 0.13+0.1120.04
5 B \\ "-.“ / - 68% CL Cy . -0.07 £ 0.14+0.02
- \ 05% CL ] C,—Cy+Cy . :0.012 0.08 + 0.01 -t
- \ ' result = (stat+syst) + (theo)
O'I"' P TR ST T T caoa v v b v Vv b v by b v Ly
-0.2 0 0.2 0.4 0.6 -0.2 -0.1 0 0.1 0.2 0.3 0.4
_ C/ A2 [TeV? Anomalous coupling /_’_,_...———" -
arXiv:1907.03729
Coupling 95% CL Theoretical unc.
n, —0.014 < fi, < 0.004 +0.001 13
arXiv:2105.01078
2
1 TeV
2
—0.68 < (cy Cog — 0.34C%) x [ 7| <238 (95% CL). (53) 4
. . e e e t
€ couplings Cy an GG are derned a € SCale = mMy. 1 € current sensivivi
The ALP coupl dC defined at th le p With th t tivity, {

the measurements of the top-quark chromo-magnetic moment probe the ALP couplings ¢/ f
and Cgg/f at the level of roughly O(TeV™1).

— are such constraints interesting?
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Lagrangians in ALPs searches

—?(Q ~l7fuR+QHYddR+LHYpR+ho)

OZ@ =1 (QLYU&)UR — QLYD(I)dR — ELYE(I)BR) fg + h.c.

a

~ ~ ~

Y,=i(Yucu—cgYs), Ya=i(Yaca—coYs), Y.=i(Yec.—cLY)

arXiv:1901.03061 i arXiv:2105.01078
D<5 1 1 45 E 2
‘Ceff = £SM + 2(3 a)(aua) 2m a E Eeff — LSM 4+ = (a a)(aua) 2a a2 +£SM+ALP + LSMEFTa
oHa 8“a '
+ Cod (<I>TzD D) Z\I!FCF\I!F :
fa .
v,a a I/a , a v,a Gz @ 71V, Q) a v
_CGGfaGA G.U' _CBBfaBuVB'u' —CWWfaW W:U‘ : ESM-FALP_CGGE?G G”’ +CWWﬁ?W‘{VW“ I—I—CBBE?B B/"’
: B“a
! Z rCr Y-
L5 =Lsm + 1(aﬂa)(aﬂa) — %mQaz—l- 5
. = A ~o A v,a a I yx7pv, a oI
- cae L GACHA ey - T TWAWRA _ cpp 7 =By B" + cas Ol | Lovizare = Coc 7 G, G" + Cww 7 W, WH" + Cpp 7 B, B*
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Prospects in ALPs searches

Anomalous coupling

for all of those...

arXiv:1901.03061 : arXiv:2105.01078
CMS 35.9 fo (13 TeV)
f./Cq: dashed-lines m,=1MeV | . o ba _-‘Standard mode!
e , u -0.005 + 0.005 = 0.001
f./Cyw: solid-lines ' !
, d, o -0.004 = 0.008 = 0.000
. LHC14,3ab| ! .
J+'Y+a _—————————————————-]I 1 C__ o -0.017 £ 0.012 = 0.001
. LLHCS8,19.6 fb" , .
MONO-]Clmmn m e e e e e s e e e e e e — : C_, " -0.002 = 0.003 = 0.000
12 S O — LHC14,3ab!| .
: | . Cyy e 0.016 = 0.013 = 0.004
Y+l —eeeee——— 1HC14,3ab ' .
Mono-7 LHCI13, 3ab! : Cya —e— -0.009 = 0.018 = 0.003
E &AV ot -0.001+ 0.017 = 0.001
mono-W p——eeeeee. . HC'13, 3ab’! , &1 H . H 0.13+0.11+0.04
. 1 . .
t+j+a p— LHC14,3 ab : C, | o | 0.07 +0.14 + 0.02
L | | I C oo | | | | L1 111 E 81-624‘&3 -0.01+ 0.08 = 0.01
1 10 fJ/c. [TeV] . | | | | resullt . (stat+syst|) + (theo)
-0.2 0.1 0 0.1 0.2 0.3 0.4
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ALPS resonances

arXiv:2107.11392
95%CL excluded region from gg — a — tt
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extracted from the all-hadronic tt resonance search by ATLAS
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Limits on top couplings for light ALPs

arXiv:2107.11392

95%CL excluded region from constraints on ALP-electron coupling
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