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Qutline

Based on the work:

Light long-lived particles at the FCC-hh with the proposal for a dedicated
forward detector FOREHUNT and a transverse detector DELIGHT (Arxiv:
2306.11803),Biplob Bhattacherjee, Herbi K. Dreiner, NG, Shigeki Matsumoto,
Rhitaja Sengupta, Prabhat Solanki

Forward Detectors
Transverse Detectors
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Mortivation

Long-lived BSM particles (LLPs) (c7 2 O(mm)).

1Kling et al, Phys. Rev. D 97 (2018) 035001
2Curtin et al, Phys. Rev. D 98 (2018) 115005
3 Aielli et al., Eur. Phys. J. C 80 (2020) 1177
4Bauer et al., 1909.13022
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Mortivation

Long-lived BSM particles (LLPs) (c7 2 O(mm)).

The CMS and ATLAS detectors extend up to O (10 m).

Light LLPs with large decay lengths are more likely to decay outside the LHC
main detector volumes due to the high boost values — Dedicated detectors
needed.

Depending on the production mode, LLP can traverse either in forward or
transverse direction.

At LHC, FASER (ForwArd Search ExpeRiment)  is one such detector specifically
designed to look for light LLPs in the far forward region while there are proposed
experiments in the transverse direction, like MATHUSLA 2, CODEX-b 3, and
ANUBIS 4.

Not any proposal for 100 TeV FCC-hh !!

1Kling et al, Phys. Rev. D 97 (2018) 035001
2Curtin et al, Phys. Rev. D 98 (2018) 115005
3 Aielli et al., Eur. Phys. J. C 80 (2020) 1177
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Dark Hiaas Scalar

The Lagrangian can be written as °

1
L= Lsm + p2d? — Z,\¢¢476¢2\H\2. )

5Li et al, Arxiv:2212.06186
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h125 = ®sinf + hcosf,
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The Lagrangian can be written as °

1
L= Lsm + p2d? — Z)\¢d>4 — e®?|H|?.

h125 = ®sinf + hcosf,
¢ =dcosh — hsinb,

Ling = ¢sin0> %ff,
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Dark Hiaas Scalar
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Dark Hiaas Scalar

- _ NeGpmgm? sin 6 | 4m? 3/2 @)
Pp—ff — 4\@7‘_ mi;

If the mixing angle, sin 0, is very small, the proper decay length of the dark Higgs
scalar is cT ~ few mm, making the particle long-lived.
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Dark Hiaas Scalar

¢ to be very light, with its mass ranging from ~ 100 MeV to few GeV.

SFASER collaboration, PhysRevD.99.095011
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Dark Hiaas Scalar

¢ to be very light, with its mass ranging from ~ 100 MeV to few GeV.
BE — K*¢ o

m2\ 2
Br(BE — K*¢) ~ 5.7sin20 (1 - —2 (5)
m
b
where mg = 5.28 GeV, mg = 0.494 GeV, and mp = 4.75 GeV .
SFASER collaboration, PhysRevD.99.095011
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Analysis Setup

Main collider detectors
CMS, ATLAS, LHCb, FCC-hh Forward LLP detectors

FASER R 10 cm and ,Ly 1.5 m, placed at 480 m in the z-axis from the IP, aiming to
collect data during LHC run3 2021-2023 7 for integrated luminosity 150 fb—!.

7FASER collaboration, Phys. Rev. D 99 (2019) 095011
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(]_ — e |Dz] )
LS
e [Dz]

; (6)

Pdecay —

where D, = %CT.
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collect data during LHC run3 2021-2023 7 for integrated luminosity 150 fb—!.
FASER2 will possess a radius of 1 m and a length of 5m, and it is expected to collect
data for HL-LHC in the era 2026-2035 with an integrated luminosity of

£ = 3000 fb—1.

=L
(]_ — e |Dz]
Pdecay — 7%) ) (6)
e IDz]
where D, = %CT.
o Zi Péecay
eLLp = ————, (7)
chcnts

7FASER collaboration, Phys. Rev. D 99 (2019) 095011
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Analysis Setup

Ngetector = Tpb X €gt X Br(Bi _>Kj:¢) X eLLp X L (8)

opp = 9.4 x 1011fH8
LLP decays to the visible particles with 100% branching ratio and will be detected in
the detector only if the momentum pg > 100 GeV

8yalidation done with FORESEE package, Kling et al
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Why [00 TeV
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Why OO TeV?

100 TeV
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Why OO TeV?
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Compared to 14 TeV, at 100 TeV, the B— mesons are much more forward.
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At future colliders like LHC at 100 TeV, we are not limited by the space constraint °
Aleksa el at.,CERN-2022-002




Optimizing the detector
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Optimizing the detector
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Detector
Configuration Radius (R) | Length (Ly) | Position (Z)
©100 TeV
FOREHUNT-A | 1 m 10 m 50 m
FOREHUNT-B | 2 m 20 m 50 m
FOREHUNT-C | 5 m 50 m 50 m
FOREHUNT-D | 2 m 20 m 75 m
FOREHUNT-E | 5 m 50 m 75 m
FOREHUNT-F | 5 m 50 m 100 m
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Optimizing the detector
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Dark Hiaas
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CODEM-&

CODEX-b(‘“COmpact Detector for EXotics at LHCb’’) is proposed to search for
LLPs decaying with cr >1m 10 with an integrated luminosity of 300 fb—1. This
detector is to be installed near the LHCb interaction point.

10 Ajelli et al., Arxiv:2203.07316
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CODEM-&

CODEX-b(‘“COmpact Detector for EXotics at LHCb’’) is proposed to search for
LLPs decaying with cr >1m 10 with an integrated luminosity of 300 fb—1. This
detector is to be installed near the LHCb interaction point.

The considered dimensions for this detector is a 10 x 10 x 10 m3 decay volume and if
possible, a bigger size of 20 x 10 x 10 m3, with the following position:

CODEX —b:26.0m<x<46.0m,—7.0m<y <3.0m,5.0m<z<15.0m

10 Ajelli et al., Arxiv:2203.07316
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MATHUSLA

MATHUSLA (‘‘MAssive Timing Hodoscope for Ultra-Stable neutral pArticles’) 11
is proposed to detect particle with ¢ > 100 m at the 14 TeV HL-LHC with an
integrated luminosity of 3ab~!. MATHUSLA is intended to be positioned near the
CMS interaction point at the HL-LHC.

11MATHUSLA collaboration, JINST 15 (2020) C06026
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MATHUSLA

MATHUSLA (‘‘MAssive Timing Hodoscope for Ultra-Stable neutral pArticles’) 11
is proposed to detect particle with ¢ > 100 m at the 14 TeV HL-LHC with an
integrated luminosity of 3ab~!. MATHUSLA is intended to be positioned near the
CMS interaction point at the HL-LHC.

MATHUSLA : 60.0 m < x < 85.0 m, —50.0 m < y < 50.0 m,68.0 m < z <
168.0 m

11MATHUSLA collaboration, JINST 15 (2020) C06026
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DELIGHT

DELIGHT (‘Detector for long-lived particles at high energy of 100 TeV’’) is
a transverse detector that is proposed to detect LLPs at the 100 TeV LHC, as
discussed in 12.

12Bhattacherjee et al., Phys. Rev. D 106 (2022) 095018
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DELIGHT

DELIGHT (‘Detector for long-lived particles at high energy of 100 TeV’’) is
a transverse detector that is proposed to detect LLPs at the 100 TeV LHC, as
discussed in 12.

DELIGHT —A:25.0 m < x < 50.0 m,0.0 m <y < 100.0 m, —50.0 m < z <

50.0 m

DELIGHT —B:25.0 m < x < 125.0 m,0.0 m < y < 100.0 m, —50.0 m < z <
50.0 m

DELIGHT —C:25.0 m < x < 225.0 m,0.0m <y < 50.0 m,—25.0 m < z <
25.0 m

12Bhattacherjee et al., Phys. Rev. D 106 (2022) 095018
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Comparison

mg cr FASER2 CODEX-b MATHUSLA FOREHUNT-C | DELIGHT-B
(GeV) (m) (pp > 100GeV) | (E4 > 1GeV) (Ep > 1GeV) (py > 100GeV) | (Ey > 1GeV)
0.1 10T 1.6 x10—°% 1.0 x10—2% 1.3x10~ 1% 2.1 x102% | 6.5x 10~ 1%
0.1 10% 15 x10~ 8% 1.1x10°% 2.1x107%% 2.1 x1075% 9.2 x10~*%
2.0 10T 3.6 x10~%% 1.8 x1072% | 4.4 x10~2% 4.4 x10~1% 53 x 10" 1%
2.0 10% 48 x10~ "% 1.9 x10%% | 3.4 x10 3% 47 x10~*% 1.5 x10-2%
4.4 10T 8.6 x10~*% 9.2 x1073% 1.3 x1072% 1.0% 25 x1071%
4.4 104 15 x10°°% | 2.3 x10~*% | 5.0% x10 3% 12 x103% | 1.9x10 2%
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2.0 10% 48 x10~ "% 1.9 x10%% | 3.4 x10 3% 47 x10~*% 1.5 x10-2%
4.4 10T 8.6 x10~*% 9.2 x1073% 1.3 x1072% 1.0% 25 x1071%
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DELIGHT performs very well for most of the benchmark points with c7 > 101 m.
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DELIGHT for Dark-Hiaas
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DELIGHT for Dark-Hiaas
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mg = 4.4GeV and ¢ = 1m, FOREHUNT-C outperforms DELIGHT-B by a
factor of O(3 x 103).

DELIGHT-B superior performance for decay lengths > 10 m.

For ¢t ~ 10 m, DELIGHT-B performs better than FOREHUNT-C for LLPs with
masses < 2.5 GeV.
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Conclusion

Detection prospect of light LLPs coming from B-meson decays at the FCC-hh for
dark Higgs boson.
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Dark Hiaas
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Dark Hiaas
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Dark Hiaas
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Dark Hiaas
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Dark Hiaas
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Dark Hiaas
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Dark Hiaas
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acceptance for

acceptance for

mg cr acceptance for

(GeV) (m) first detector at z=50 m | second detector at z=100 (150) m | second detector at z=300 m
0.1 10T 1.4x102 9.9x10~3 (7.0x10°3) 2.9x10—

44 10T 7.0x10°3 2.2x103 (1.0x10 %) 1.9 x10~*

0.1 10% 2.1 x10— 1.9 x10~7 (1.6 x10~7) 9.3 x10~°

44 10% 1.2 x10~° 1.0 x10~° (8.5 x10~°) 4.9 x10—°
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mg cT acceptance for acceptance for acceptance for
(GeV) (m) first detector at z=50 m | second detector at z=100 (150) m | second detector at z=300 m
0.1 10T 1.4x102 9.9x10~3 (7.0x10°3) 2.9x10—
4.4 10T 7.0x103 22x10 3 (1.0x10 3) 1.9 x10 ¢
0.1 10% 2.1 x10— 1.9 x10~7 (1.6 x10~7) 9.3 x10~°
4.4 10% 1.2 x10~° 1.0 x10~° (8.5 x10~9) 4.9 x10°°

mg (GeV) cr (m) 1 m off-axis 5 m off-axis

(pg > 100 GeV) | (pp > 100 GeV)

0.1 10T 0.83% 5.5x10—2%

4.4 101 153 x10~2% 1.2 x10—%*%

0.1 10% 15 x10~°% 8.7 x10~ "%

4.4 10% 8.4 x10~*% 1.7 x10~*%
mg cr FOREHUNT-C FOREHUNT-C FOREHUNT-C
(GeV) (m) (pg > 50 GeV, z=100 m) | (pyp > 50 GeV, z=200 m) | (pp > 50 GeV, z=300 m)
0.1 10! 3.3x10~ 2% 1.8x10%% 1.1x10%%
0.1 10% 3.3x107°% 1.8x10°% 1.2x10°%
2.0 10! 6.0x10~1% 3.0x10~1% 2.0x10"1%
2.0 10% 7.4x10~%% 4.4x10~%% 3.0x10~%*%
4.4 10! 1.1% 5.0x10~1% 3.0x10~1%
4.4 10% 1.6x10~3% 9.0x10~%*% 5.9x10~ %%
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Cost Estimation

The typical cost of BIS78 RPCs are around 3.1k€/m? 13.

We propose to place several circular layers of RPCs transverse to the length of
the cylindrical decay volume.

For FOREHUNT-C, the estimated cost per layer of RPC would be around 245 k€.

13Bauer et al., Arxiv:1909.13022
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