HELMHOLTZ CLUSTER OF EXCELLENCE
RESEARCH FOR GRAND CHALLENGES QUANTUM UNIVERSE

SEARCHES FOR LONG LIVED ALPS
N TT EVENTS

L. Rygaard, J. Niedziela, R. Schafer, S. Bruggisser, J. Alimena, S. Westhoff, F. Blekman



OUTLINE

Introduction

e axions & axion-like particles
 ALP model — top scenario

* existing ALP searches at LHC

Analysis detalls

e MC samples

e packground suppressior
e categorization and signal extraction

Results
e expected sensitivity with Run 2 (HL-LHC) data

Summary & outlook

2% Jeremi Niedziela



AXION-LIKE PARTICLES

Axions
 original axions: Peccei-Quinn theory solving the strong CP problem,
* characteristic two-photon vertex:

» light shining through the wall experiments.

Axion-Like Particles (ALPSs)

* more general class of elementary pseudo-scalar particles,

* mass-coupling relation is not fixed,

e Occur in many extensions of SM,

e extensive searches at DESY: ALPS I, (Baby)IAXIO, LUXE, MADMAX...
* many other collider and non-collider searches.
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ALPS MODEL — | OP SCENARIO

The top scenario of the ALP model

* anew (pseudo-)scalar is expected to have Yukawa-like couplings to SM fermions,

* if that is the case, it would couple predominantly to the top quark (light quark coupling suppressed by small masses),
* for simplicity, we assume only top couplings.
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The top scenario of the ALP model

* anew (pseudo-)scalar is expected to have Yukawa-like couplings to SM fermions,

* if that is the case, it would couple predominantly to the top quark (light quark coupling suppressed by small masses),
* for simplicity, we assume only top couplings.

Model parameters

Overall, just 2 free parameters in the model:
* Ma- ALP mass,

* Ctt - top-ALP coupling.
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TT+ALPS AT THE LHC

Searching for ALPs at LHC
Using tt events:
* a natural place to look for such ALPs,
e triggering on tops & requiring tt pair = improved sensitivity,
» assuming 100% efficient trigger,
» assuming 100% efficient top-tagging (recognizing muons coming from top decays).

5 Jeremi Niedziela



TT+ALPS AT THE LHC

Searching for ALPs at LHC
Using tt events:
* a natural place to look for such ALPs,
e triggering on tops & requiring tt pair = improved sensitivity,
» assuming 100% efficient trigger,
» assuming 100% efficient top-tagging (recognizing muons coming from top decays).

Long lifetime:
* displaced decay vertex
e easier background rejection.

5 Jeremi Niedziela



TT+ALPS AT THE LHC

Searching for ALPs at LHC
Using tt events:
* a natural place to look for such ALPs,
e triggering on tops & requiring tt pair = improved sensitivity,
» assuming 100% efficient trigger,
» assuming 100% efficient top-tagging (recognizing muons coming from top decays).

Long lifetime:
* displaced decay vertex
e easier background rejection.

Focus on decays to muons:
* excellent tracking, - = m m m mmEmssssEEEEEEEEss
e easy identification,

* good secondary vertex resolution.
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AL PS AT THE LHC

ALPs have been extensively searched for at the LHC:

* huge mass range: 0.2 to 1600 GeV,

* various final states and production mechanisms, probing various ALP couplings,
* only one (very recent) paper covering top-ALP coupling.

b coupling
K coupling
T coupling
0.2-3 GeV LHCb, JHEP 10(2020)156 15-30 GeV ATLAS, PRD 102.112006, H decays y coupling
0.2-4.4 GeV LHCb, PRL 115, 161802, B decays 16-62 GeV ATLAS, CONF-2021-009, H decays g coupling
0.3-5 GeV LHCb, PRD 95071101, B decays 20-62 GeV cMms, PLB 2019.06.021, H decays t coupling

0.3-5 GeV cwms, JHEP04(2022)062, scouting 5.5 715 ©EN Lk, e

4-15 GeV cwMs, PLB 2019.135087, H decays
3.6-21 GeV cwMs, JHEP08(2020)139, H decays
6-100 GeV ATLAS, JHEP03(2021)243, UPC HI 350-1600 GeV cMS+TOTEM, EXO-18-014
0.5-4 GeV ATLAS, PRL 125.221802, H/Z production 5-90 GeV cwms, PLB 2019.134826, UPC HI
this analysis 15-72 GeV ATLAS, arxiv:2304.14247

* |
very much not to scale! Ma (GEV)
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https://link.springer.com/article/10.1007/JHEP03(2021)243
https://www.sciencedirect.com/science/article/pii/S0370269319305404?via=ihub
https://cds.cern.ch/record/2725141/files/EXO-18-014-pas.pdf
https://link.springer.com/article/10.1007/JHEP09(2018)147
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.112006
https://www.sciencedirect.com/science/article/pii/S0370269319308093?via=ihub
https://link.springer.com/article/10.1007/JHEP08(2020)139
http://cdsweb.cern.ch/record/2759283
https://www.sciencedirect.com/science/article/pii/S0370269319303995
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.221802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.071101
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.161802
https://link.springer.com/article/10.1007/JHEP10(2020)156
https://link.springer.com/article/10.1007/JHEP04(2022)062
https://arxiv.org/abs/2304.14247

AL PS AT THE LHC

ALPs have been extensively searched for at the LHC:

* huge mass range: 0.2 to 1600 GeV,

* various final states and production mechanisms, probing various ALP couplings,
* only one (very recent) paper covering top-ALP coupling.

= this analysis:

* directly probing top-ALP coupling = well theoretically motivated,
 improved sensitivity thanks to tt requirement,

e interesting, uncovered signature (tt + displaced dimuon),

: b coupling
* accessing lower mass range. ,

K coupling
T coupling
0.2-3 GeV LHCb, JHEP 10(2020)156 15-30 GeV ATLAS, PRD 102.112006, H decays v coupling
0.3-5 GV Ltcb, PRD 95.071101, B decays 20-62 GeV cMs, PLB 2019.06.021, H decays t coupling

0.3-5 GeV cwms, JHEP04(2022)062, scouting 5 5-15 GeV LHCh. JHEP0S(2018)147

4-15 GeV cwMs, PLB 2019.135087, H decays
3.6-21 GeV cwMs, JHEP08(2020)139, H decays
6-100 GeV ATLAS, JHEP03(2021)243, UPC HI 350-1600 GeV cMS+TOTEM, EXO-18-014
0.5-4 GeV ATLAS, PRL 125.221802, H/Z production 5-90 GeV cwms, PLB 2019.134826, UPC HI
this analysis 15-72 GeV ATLAS, arxiv:2304.14247

* |
very much not to scale! Ma (GEV)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.112006
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SIGNAL & BACKGROUND SAMPLES

Considering two sources of backgrounds

particles in the jet decay to muon(s)

ttZ”

Z boson (photon) produced in
association with tt pair and

decaying to yty-

MC generation details

 all processes generated with MadGraph 5,

* hadronization and ALP decays performed with Pythia 8,
» setting cw/fa = 1.0/TeV for ALP signal samples,

e setting luminosity to 150 fb-1 (3 ab-1) for Run 2 (HL-LHC).
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SBACKGROUND SUPPRESSION

Suppressing known resonances

Muons coming from decays of known resonances suppressed
by explicit my, cuts:

e considering J/W and W(25) mesons,

* cutting at mr + 5% 'mg.
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SBACKGROUND SUPPRESSION

Suppressing known resonances

Muons coming from decays of known resonances suppressed
by explicit my, cuts:
e considering J/W and W(25) mesons,

* cutting at mr + 5%'mg.

Events

10/
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Exploiting prt spectrum

Signal muon transverse momentum (pr) tends to be harder than
for the backgrounds

— applying pt* > 10 GeV selection.
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DIMUONS SELECTION

Custom-made variable — Rixy
e want to select pairs of muons originating from the same vertex,
* don’t want to be too dependent on detector resolution
(this study doesn’t include detector simulation),
e proposing the following variable:

| different vertex |

_ \/ (e = ) + (9 =y’ L =150 fb”, Vs = 13 TeV |

— 8
Ry, (lxi| + | X824+ (| y#] + | v ])? § 107 g tfj resonant m, = 0.35 GeV Iy, >200 um
> 10 =| [ ttj non-resonant — m, = 0.9 GeV 'l <2.5
» x and y are muon vertex coordinates, c 10°K —m,=2GeV  p|>10GeV ,
» sensitive to the difference in muons’ origin, o - 05 : :Te‘as ;n8a rﬁev My 7 Mypg:M,,
» largely independent from detector resolution, 10* ---nON-resonant
* selection: 103 &
» the pair with the smallest Rixy is picked, 02 z_
» events with Rixy < 0.05 are kept 10 ;
(conservative estimate based on CMS vertex reconstruction resolution = |
— In reality we should be able to do better than that). 10_: ? T R S R S |
0 0.2 0.4 0.6 0.8 1
Rlxy
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SELECTIONS SUMMARY

Pre-selection Expected number of events for 150 fb-
* DTH > 5 Ge\/, Signal efficiency mqe = 0.35 GeV mqe = 0.9 GeV mqe = 2 GeV mqe = 8 GeV
Pre-selection (8.92 £ 0.01)x10~1  (7.94 £ 0.01)x10~1 (6.40 £ 0.01)x10~! (7.25 & 0.03)x 1072
[
ﬂu\ < 2.9, ph > 10 GeV (7.99 £ 0.01)x10~*  (6.79 & 0.01)x10~! (5.58 £ 0.01)x10~1  (6.87 & 0.03)x 102
¢ |y > 200 pm, My # M /0, T (25) (7.99 £ 0.01)x10™*  (6.79 £ 0.01)x10~' (5.58 £ 0.01)x10™' (6.86 + 0.03)x10~*
; g f ton d Rjzy < 0.05 (7.99 £ 0.01)x10~1  (6.79 & 0.01)x10~! (5.58 £ 0.01)x10~1 (6.86 % 0.03)x 102
[
veto muons coming from 1op decays, Events passing pre-selection 19793 £+ 21 17697 £ 20 2516 + 3 1.66 = 0.01
e at |east one pair of OppOSite-Sign Events passing signal selection 17740 £ 20 15116 + 18 2193 £+ 3 1.57 £+ 0.01
muons in the event.
Background efficiency ttj ttZ*)
Pre-selection (2.55 £ 0.05)x10~*  (1.89 & 0.04)x 104
. . ph > 10 GeV (7.4 £0.2)x10™° (9.4 &+ 0.3)x107°
 Known resonances: explicit mass cuts, Rizy < 0.05 (7.1 + 0.8)x1076 (4.9 + 0.7)x1076
o eprit PT Spectrum: oTH > 10 Ge\/, Events passing pre-selection 15131 & 267 0.59 £ 0.01

Events passing signal selection 421 + 45 0.015 £ 0.002

* muons coming from the same vertex: Ry < 0.05.

Summary

 signal efficiency close to 80% for low masses and decreasing to =/ % for higher masses
(other decay channel important and more prompt),

* pT1, My, and Rixy cuts suppress backgrounds by >5 orders of magnitude.
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CATEGORIZATION — TOP SCENARIO

Bins In |xy
* In order to further increase sensitivity to displaced signatures, we bin surviving events in secondary vertex displacement lxy,
* bins based on an existing CMS analysis (EXO-20-014, 2112.13769), driven by beam pipe and tracker layers location.

L=150fb", Vs =13 TeV

(9p) 105 =
|5 = tfj resonant m, = 0.35 GeV ky>200 um
> " Wttj non-resonant —m,=0.9GeV I'1<25
ITREE Tod =tk a~—
- —m, =2 GeV pi>1OGeV
1031 —m, =8 GeV My # Mypy,M,,
- Ry, <0.05
10°E
10 &
: Outer tracker
e
10—1 ] | | | | | | | | | | /]
0O 0.02 0.04 0.06 0.08 011 " 1.3
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—XPECTED SENSITVITY — TOP SCENARIO

Limits — Top scenario

e we derive 95% CL upper limits on cross section times B(a—pp) as a function of ma,

e excellent sensitivity with Run 2 (HL-LHC) luminosity of 150 fb-1 (3 ab-1),

* best limits for low masses <1 GeV,

 >1 GeV limits deteriorate mainly due to other decay channels starting to dominate (but also signal becoming more prompt).

\s=13 TeV

10°
10°
10

1
107"
X 1072
o 10°3
g 107

O
T 107

----- Median expected

- 68% expected

4150 fo

B(a — um) [pb]
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—XPECTED SENSITIVITY — (GENERAL SCENARIO

Limits — General scenario

* more general scenario: a new pseudo-scalar with arbitrary lifetime produced in tt events,

 cT =1 mm: decays in calorimeters and the muon system become important,

* e.g. for signal o x BR(@a—pp) = 1 fb, one can probe lifetimes as high as 1-10 m (20-400 m) with Run 2 (HL-LHC) data.

102 's =13 TeV
(0p) —
e - | tij resonant m,=0.35GeV |, >200 um
2 " Wittj non-resonant  —ct=10"m 'l < 2.5
S 10 ct=10"m p!' > 10 GeV
S : CT=" 0: m My # My, M,
S 1 " Pixel tracker ct=10"m Ry <0.05
LL =
- Outer tracker cojorimeter Muon system
107 =
107E | | |
0 0.11 1.3 3.0 7.3
by [M]
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Limits — General scenario

* more general scenario: a new pseudo-scalar with arbitrary lifetime produced in tt events,
 cT =1 mm: decays in calorimeters and the muon system become important,
* e.g. for signal o x BR(@a—pp) = 1 fb, one can probe lifetimes as high as 1-10 m (20-400 m) with Run 2 (HL-LHC) data.
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“— 4 -3 u LO — B
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5 E CT =1 Of m mHH F mJ/‘P’m\{l Jl 10fb - 104 :
§ " Pixel tracker ct=10"m Ry <0.05 — = ] . £
- Outer tracker cjorimeter Muon system & —
i 01fp - 107
107 z
: - 10
107 3 | | | \ \ \ |; 1
0 0.11 1.3 3.0 7.3 D 6 / 8
Ly [m] m, [GeV]
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SUMMARY & OUTLOOK

Current status
* focus on a well-motivated top scenario ALPs model,
e tt events: a natural place to search for ALPs
» Improved sensitivity,
» uncovered signature with tt pairs and displaced dimuons,
* established selections allowing to suppress backgrounds and keep signal-like events,
* derived expected limits for the top scenario and for more general pseudo-scalars with arbitrary lifetime.

Next
e submission to a journal,
= implementing analysis in CMS and looking at the Run 2/3 datal
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—XPECTED SENSITVITY — TOP SCENARIO
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