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Why ALPs?

ig CP pr : N0 observation of Locp D Q_Ga G
CP violation in QCD although it would
be allowed from first principles CP-vnoIatmg!
Obs.:
Solved by — BSM patrticles
that exhibit U(1) shift symmetry
In general: =
particles with the same symmetry Promote to particle:
Arise in many high-energy theories Absorb CP-violating term in
Promising candidates for Lopw = %(Qﬂ)(a“a) + ch Ge, G +
or @
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[FIPs 2022 Workshop Report, arXiv:2305.01715]
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ALPs — tt at the LHC

ALP couplings: photons, EW bosons, gluons, massive fermions

via gluon fusion
If m, > 2m;: decay to top quarks — interferes with SM final state:

SM
g ; g t 9 t
t
/ < + s < + +
g ) ¢ g o f
O(Mmay) = My - 4 ¢
. explicitly physics at high scales
considered integrated out
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AL

°s and additional Higgs bosons

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

]

gluons

e.g. 2HDM+a model, hMSSM, ...

ALP Pseudoscalar Higgs (e.g. 2HDM)
o,a
topquark Larp = ¢ f (tyH~°1) L4 = ZgAtt (m t)A topquark
a (Y

+ Co— Ga G,uy ,Q + other fermions
Ja

+ other fermions

+ EW bosons
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ALPs and additional Higgs bosons

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

° e.g. 2HDM+a model, hMSSM, ...

ALP
top quark Lapp = ¢yt (t7°t)
N
gluons 7
+ other fermions
+ EW bosons
03.07.2024
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Pseudoscalar Higgs (e.g. 2HDM)

L= ngtt (tv t)A 1op quark

a ' + other fe/éions
+ca— G G” \\

Top quark coupling can be
rewritten to be identical!

Induces shift in gluon coupling
Basis used in this talk
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ALP vs A — tt

MaLp = 400 GeV, rALp/mALp =2.5%

for ALP
and pseudoscalar Higgs (A)

Dileptonic decay of tt
Truth level top quark reconstruction

Gaussian smearing (o = 7.5%) to
model detector response

ALP - SM [a.u]]
o

For ALP with cg = O: identical to Higgs

A gai ALP cg ¢
-+ 1.0 - +0.000 4.1

300 400 500 600 700 800
my [GeV]

(assuming cg = 0)
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Search for additional Higgs bosons in tt

CMS 35.9 fb~! (13 TeV)

_ w20l 95% CL exclusion )

= CMS and ATLAS have publlshed & [ Observed 95% expected -
searches for additional Higgs bosons - Expected W 68% expected
(including pseudoscalars) in tt I *asie > Fa Tafma =2.5% -
[CMS arXiv:1908.01115, ATLAS arXiv:1707.06025] 1.5 ]

= Focus here on CMS: dilepton and _
lepton+jets final states — see Jorns Talk

= CMS sees 3.50 local (1.90 global)
excess at ma = 400 GeV and 4% width

0.5

400 500 600 700
[CMS arXiv:1908.01115] ma [GeV]
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ALP limit for cg = 0

Pseudoscalar Higgs Axion-Like Particle

[CMS arXiv:1908.01115] with e =0
CMS 35.9 fo’ (13 TeV) 95% CL exclusion
00k 95% CL exclusion _ ---- Expected BN Expected +10
& [ Observed 95% expected - 7{ —— Observed Expected +20
B Expected B 68% expected I Fzridmggzw >Fa a/my=2.5%
‘M Tase > Ta La/mp = 2.5% | 6
i ] i 1 cs=0
1.5] = Translation

factor ey

IIIIHHIIIIIIIIIIII]IHIHIIIIlIIIII

400 500 800 700 _ 400 500 600 700
ma [GeV] ma [GeV]
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ALPs and additional 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. 2HDM)
1Ma - &
top quark Laopp = ¢ 7 (ty°t) L= ngtt L(#7°t)A top quark
a (v
glUOﬂS 4+ CG f_Ga, G/u/ ,Q + other fermions
a \
+ other fermions "~ Additional gluon coupling for the ALP!
— Effect?
+ EW bosons
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ALP with cg # 0

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

maLp =400 GeV, FALp/mALp =2.5%

Sensitive to relative sign of ¢z 3
and c: (% .

For same sign: different form &

of “peak” < ALP cc

- _ - —+ +0.0153.0

For opposite sign: “dip-peak” b _0.0153.0

or pure “dip” A gai -+ +0.0251.0

+ 10 -+ -0.0251.0

300 400 500 600 700 800

my [GeV]
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. ~ [ 'm =400 GeV
ALP with ¢ # 0 , -7
G # (E _
Use dileptonic variables & g
binning from CMS: 5
Chel: COSi_ne of _angl_e _between OF  Cr<-06 ' —06<Cri<-02 ' -02<Cri<02 ' 0.2<Cri<06
leptons in their helicity frames :
- sensitive to parity of signal fooof
Acceptance taken from the 5001
CMS 2016 result 2
Expected statistical uncertainty = o} , _, § § §
from LHC Run 2 (138 fb) e e | | |
-1000} -+ +0.025 1.0 : -+ 1.0 : : :
| -+ -0.025 1.0 o .S.ta.t'.up(.:'. R oo oo
320 480 640 320 480 640 320 480 640 320 480 640 320 480 640

mg [GeV]
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- ~ mo400Gev |
ALP with cg # 0 . =7
G s
S 1sf
Difference of ALP withcc Z0 ¢ |
and Higgs / ALP for cc =0 5
. of ~06<Ch<-02 | —0.2<Chei<0.2 | 0.2<Chei<0.6
Couplings chosen such that :
Cross sections are identical 1000}
Still significant shape 5002
differences! :
= I
|“j O-
_5005 a calfa ci/fa i A gat i |
| -+ +0.015 3.0 -+ 0.95 1 1
- -0.015 3.0 | 0.43 | :
-1000[ + +0.025 1.0 ! —+0.32 : !
[+ 00510 | foer T setuwe
32(.).480 640 320 480 640 320 480 640 320 480 640 320 480 640

mg [GeV]
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ALP with g # 0 .

d20/dmg dcne [fb/GeV]

-0.6 < Chei < -0.2 -0.2<cpei< 0.2 0.2<Cpei< 0.6

Projection to higher luminosity:
LHC Run 2 + 3 ~ 300 fb?! 2000 Fun2:3 |

1000}

~1000F}

1
1
2 cofacha | A gu ,
r —+ +0.015 3.0 -+ 0.95 1 1
_2000} —+ -0.015 3.0 | 0.43 | | |
[ =+ +0.025 1.0 | —+0.32 : ! :
L =+~ -0.025 1.0 ! -+ 087 ! stat. unc. ! !
320 480 640 320 480 640 320 480 640 320 480 640 320 480 640

mi [GeV]
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ALP with & # 0, -+

d?o/dmgidche [fb/GeV]

OF  Cri<-06 ' -06<Chi<-0.2 ' —-0.2<Cei<0.2 0.2<Chet < 0.6

Projection to higher luminosity:
HL-LHC ~ 3 ab? sonoo} HLLHG |

Enough statistics expected for oo}

. . ~ < I
an explicit measurement of cg! 2 |
z I
L 1
-10000 | H
[ a ca/fa cffy 1 A gat 1
L+ 4001530 | —+095 | |
_20000k -0.015 3.0 | 0.43 | :
[+ +0.025 1.0 | —+0.32 : !
i -+ -0.025 1.0 ! -+ 087 ! stat.unc. 1
320 480 640 320 480 640 320 480 640 320 480 640 320 480 640

mg [GeV]
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PrOJected ALP limits

Maximum likelihood fits to expected data similar to the CMS setup
° Including most important modeling uncertainties
° Only taking into account the highest che bin

> Projected limits forALPs In the c; - c; plane!

3.5 959 CL exclusion — 400 GBV
3.0 i * ral'llma 2 5 ofb ]
— Run 2
o5l — Run 2+3 ]
= — HL-LHC
=20t
@
=
‘E 1.5}
1.0F
0.5E
00570 2005 0.00 005 0.10
ca/fa[Tev]
03.07.2024

610 20,05

95% CL exclusmn

ma =800 GeV |
Laima=50"%
— Run 2 ]
— Run 2+3

— HL-LHC 1

pred
Migg > [a

0.00
ce/fa[Tev]
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Summary & Outlook

ALPs are candidates for dark matter mediators

Heavy ALPs can be searched for in
at the LHC

Compared ALPs to an additional pseudoscalar

nggs boson (e-g. 2HDM) 300 400 500mn_[GeV]600 700 800
. - . . . 3.5F 95% CL exclusion ' ' m, = 400 Gevl'
For ALPs with cc = O: identical to Higgs 30} £ Laing=255% )

2.5}

For ALPs with cg # 0O: different my distribution :

cy/f [TeV 1}

2.
1
1

0.

5
Of

ALP - SM [a.u.]
o

maLp =400 GeV, [NaLp/MaLp =2.5%

ALP cg ¢
-+ +0.0153.0

-0.015 3.0
A gai -+ +0.0251.0
-+ 1.0 -+ -0.0251.0

0.5 e

for the future of the LHC! .

— Run 2+3

— HL-LHC

20.10

~0.05

03.07.2024 Distinguishing ALPs and additional Higgs bosons in tt final states

0.00 0.05 0.10
ce/fa[TeV]

17 DESY



Backup
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Technical detalls

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

Preliminary

maLp =400 GeV, ["ALp/MaLp =5%

f,=1TeV
5

8,0 f=====f=========--=—Sc===a

=
w
=
w
m

—+ ALP, cg=0, ci=4.1

- —+ A, gai=1.0
300 400 500 600 700 800
mg [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)
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