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The MoEDAL experiment

MoEDAL is an LHC experiment
located in LHCb cavern.

It’s mainly a passive detector.

It’s designed to search for magnetic
monopoles.

It can also detect long-lived charged
particles with ct >= 2m

MoEDAL detects only slowly moving
particles with B < 0.15%Q|.

The higher the charge the more
particles it can detect.

There is practically no background in
MoEDAL




Model selection

[M. Hirsch et al; Phys. Rev. D 101, 095033 (2020)]

Sy | Ss | F; | F
Spin 0 0 % %
SU(2)L 1 3 2 2
U(l)y 2 | 3| 3 |-3
Lepton number | -2 | —4 | =3 | 3




Y Model-1 description
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Lepton number violation and scalar
mixing through A5 # 0

h,, breaks BSM parity (for ,, — 0 It is possible to modify the
the lightest BSM particle is stable) model to obtain a coloured
S, and S; mix and form Slng, S33+, S;H version (Model-2):
mass eigenstates ’ o~

S,(1,1,2) — §,(3,1,4/3)
S:(1,3.,3) = 85(3,3,7/3)
F(1,1,5/2) - F3,2,11/6)

For mg < mg , mp there exist
long-lived charged scalars

In the study we vary A5 & Mg, _ -~ _
fit hphp from data, fix mg & mp Fa, 1’; >/2) _>~f(3’ 2, - 11/6)

fix other couplings to small heeees; — hygeds,

values —> mass degeneracy A



mnalysis workflow

SPHENO

MadGraph

: : parameter scan
Fast Simulation

Framework
decay width in

signal estimation m vs. As plane

signal in
m vS. CT

signal in

m vs. As plane .
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Signal estimation

Because no background, the signal thresholds considered are low:
N>21, N>2, N >3

The signal is estimated by

N, (m,7) = 6(m) - L - Z@ By — B) P(B . 7)
MC

o(m) is the production cross-section for pair of particles of mass m

—

f ; is particle’s three-velocity, 3, = 0.15 X | Q| is its threshold value

summation over i includes two particles created in an event

. - Ly B
P(pt)=€(p)-exp| — NT;)(ﬂ) is the probability to reach
ypct

the detector, where €( ) is 1 if particle’s track crosses with and NTD
panel, and 0 otherwise.




Normalised Events
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MoEDAL detects particles with
B < 0.15%Q|

Drell-Yan s-channel production
—> spin conservation disallows
small 3 for scalars

No suppression for photon-fusion
production

s-channel photon-mediated
production «|Q|?

y
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10?

101 A\

109

photon fusion «|Q]4, crucial
for highly charged patrticles

photon-fusion more
significant for heavier
particles, because it allows to
produce slow particles

2-fold advantage: larger
cross-section and lower f3 '
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Model-1 — detection reach
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colour singlet — experimental constraints

currert HSCP beurd

HSCP (Ruu-3)

N, >3WN., >1)

sig = sig =

MoEDAL [Run-3)

MoEDAL (HL-LHC)

36 b - 38] 300 b [ 30fb - 300 fb !
i {(650)) - 190 (290) 400 (600)
Q3 (1750)) 430 (610) 850 (1100
Q4 {(920)) - 700 (960) 1200 (1430)

colour (anti)triplet — experimental constraints

(estimation)

current HSCP bound | HSCP (Kun-3) || MoEDAL (Run-3) | MoEDAL (HL-LHC)
36 fb—! [39) 300 fb—" [39] 30 fb! 300 f—!
S*4/3 ((1450)] 1700 880 (1050) 1250 (1400)
S7/3 ((1480)] 1730 1080 (1250) 1450 (1650)
J+10/3 ((1510)] 1790 1200 (1490} 1600 (1800)
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Conclusions

MoEDAL can study selected neutrino mass generation
models, e.g. model by M. Hirsch et al.

The model predicts long-lived multi-charged particles
for intermediate values of A\s parameter.

MoEDAL Run-3 can compete with ATLAS in searches
only for ST, however, the window is small (40 GeV).

MoEDAL HL-LHC can compete with current ATLAS
constraints for §*3, §¥4 §*73 §*103

For these particles MOEDAL can scan a wide range of
model’s parameters
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Physics program of the MoEDAL experiment

Magnetic Monopoles and Dyons
Scenarios with extra dimensions

Highly lonising Multiparticle Excitations
Doubly Charged Massive Stable Particles

Electrically Charged Massive (Meta-)stable Particles in
Supersymmetric scenarios

Highly lonising particles in different scenarios




Prospects for discovering supersymmetric long-lived particles .‘ EEEEEEN,
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Motivation

"Vanilla" SM does not contain right-handed neutrinos,
hence neutrinos are massless

Experiments confirmed that neutrinos are massive

Need to augment SM by a mechanism leading to neutrinos
having mass

Neutrino mass originates from dim-5 operator:

1 1 . < H>? .
<Y > —WHLH)+ — (LHLH) = (vv + o)
A A A

This operator can be effectively constructed by integrating
out heavy mediators from the full theory

Two popular choices:
Seesaw Mechanism with right-handed neutrinos
Radiative neutrino mass generation

.y
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Model selection
[Martin Hirsch et al.’20]

Radiative neutrino mass generation via
effective dimension-5 operator

Lepton Number Violation
Predicts multi-charged particles

Some of the multi-charged particles can
be long-lived and detected by MOEDAL

S1 | 83 | F i
Spin 0 0 % ]}
SU(2)L 1 3 2 2
U)y 2 135 |—3
Lepton number | -2 | —4 | =3 | 3
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Model-1 description
[Martin Hirsch et al.’20]

K31_35M:3km \

= () eter i+ (hg) ST + (hg) LFSy+h.c. |

7

_ ASHHSlS§+h.c.]
+ A |HZ IS, 17 + Az, | H? 1S5 + Ay | HS3 12 + 241 S, |
\_ Heal SiS317 + A6q ] S385 7 + 2715, 17185 1° )

Lepton number violation and scalar mixing through 45 # 0

h,, breaks BSM parity (for /1,, — O the lightest BSM particle is
stable)

S| and S; mix and form S12J3r, S33+, S;H mass eigenstates

Formg < mg , my there exist long-lived charged scalars

y.
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Model-1 description
[Hirsch et al.’20]

m, =~ 0.05 eV
10-6 102 102 A

/A — mass scale of heavy particles in the model
As < 1

Neutrino masses require Ashphxto be small, but do not fix the ratios of
these parameters

For what values of A5, /i, hthere are long-lived particles in the model? a
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L-conserving L-violating

g-l—

f—'_

J

It mg < myg ,mp and mga — Mgz < My and Mgar — Mgpe < My
then S4+can be long-lived and will have only 4-body decays

For hphz or A5 big, one of the S;Hdecay channels will get large decay
width and S5 will be short-lived

Because we have an upper constraint on /1-/1z X /s it is enough to have
As with an intermediate value when hih5 is fitted from neutrino data

All diagrams lead to 4-body final states, are therefore phase-space
suppressed

If S1 is heavy, all diagrams are suppressed

y.



It is possible to modify the

If mg, < mg , Mg, then S33+ has two relevant model to obtain a coloured
decays: : version (Model-2):
hr-hz .
S5+ — llly, T o |h,y—— S,(1,1,2) = §,(3,1,4/3)
Mem o
e S:(1,3,3) — 85(3,3,7/3)
A<(H)? [(3
S3T - Wil, T« |h, 52 ) i(l’ 1,572) ~ F(3;2_’11/6)
mg My FA,1,—-5/2) - F@3,2,—11/6)
Similar behaviour as for S§'+. heeeeSlT — hededgi
For S32Jr there is
B 2 H_ JH
i+ — U, T o | hy—— ‘A
mFm51 \x'
2 s N
AAH 2 Sya7/3” M Ssias
$* i, o |p, 200 RO A
mgl 1’ \\
L e ‘_’l' ‘ = L




4 Analysis workflow

mass spectrum
mixing matrices

model scalar 2-body decays
Wermion 3-body decays

MadGraph

events
events

Fast Simulation
Framework decay width in
m vs. As plane

signal estimation

signal in
m vs. CT signal in
m vs. As plane
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Signal estimation

Because no background, the signal thresholds considered are low:
N>21, N>2, N >3

The signal is estimated by

N, (m,7) = 6(m) - L - Z@ By — B) P(B . 7)
MC

o(m) is the production cross-section for pair of particles of mass m

—

p ; is particle’s three-velocity, 3, is its threshold value

summation over i includes two particles created in an event

. - Ly B
P(pt)=€(p)-exp| — NT;)(ﬂ) is the probability to reach
ypct

the detector, where €( ) is 1 if particle’s track crosses with and NTD
panel, and 0 otherwise.
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best B distribution for coloured particles
Drell-Yan s-channel production —> spin
conservation disallows small [3 for
scalars

large 3 —> large energy cost —>
smaller xs for high masses

photon fusion enables slowly moving

scalars _ I



I 1038

102

| |
E- 10!
b~
Q
109 MOoEDAL L = 30 fb-!
 — NsigZ].
T80 Ngig=2
T Nsig23
1071 — —
100 125 150 175 200 225 250 275 300
m [GeV]
103
102
~
E- 10!
~
Q
10° MOoEDAL L =30 fb~!
 — NsigZ].
b ] Nsig22
__ Nsig23
10714 : : . . .
100 200 300 400 500 600

m [GeV]

108

102

—_
E- 10!
b~
Q
10° MOEDAL L = 300 fb~!
 — NsigZ].
S Nsig22
T Nsig23
10-14 - T : . .
10 200 300 400 500 600
m [GeV]
103

102

10!

cT [m]

10°
— Nsigzl
b Nsig22
J— Nsig23

MOoEDAL L =300 fb~!

1071 " . . . :
200 400 600 800 1000

m [GeV]

1200




103 103
102 102
— —
IEI 101 E 101
- -
Q Q
10° MOoEDAL L = 30 fb-! 10° MOoEDAL L = 300 fb-!
[ Nyg=1 [ Nyg=1
WS N =2 WS Ny =2
J—_— NsigZB J—_— N51g23
-1 T T T - T - - T 10! T T T T T T T
100 200 300 400 500 600 700 800 900 1000 200 400 600 800 1000 1200 1400
m [GeV] m [GeV]
103 103
102 102
— —
E 10! E 10!
- -
Q Q
10° MOoEDAL L = 30 fb-1 10° MOoEDAL L = 300 fb-1
0 Nyg=1 1 Nygz1
WS Naig =2 W Ny =2
— NsigZS — NsigZS
10-1! T T T T T 10! T T T T T T T T
200 400 600 800 1000 200 400 600 800 1000 1200 1400 1600

m [GeV] m [GeV]



y

Current experimental constraints —
Model-1

current HSCP bound | HSCP (Run-3) || MoEDAL (Run-3) | MoEDAL (HL-LHC)
36 fb ! [38] 300 fb ! [3¢] 30 fb ! 300 fb !
S*2 ((650)) - 190 (290) 400 (600)
g3 ((780)) - 430 (610) 850 (1100)
g4 ((920)) - 700 (960) 1200 (1430)
F*3 1130 1500 800 (1030) 1300 (1550)

Table 2: Summary for the model-independent mass reaches (in GeV) of the multi-charged particles in
Model-1 by MoEDAL (2nd and 3rd columns). The first column shows the current mass bounds from the
ATLAS analysis 38 with 36 fb~'. The numbers in the double-brackets correspond to our naive estimate
of the mass bounds (see the text). The second column represents the projected mass reach in Run-3 (300
fb~') obtained in [39]. The numbers outside (inside) the brackets in the third and fourth columns represent
MoEDAL'’s mass reaches with Ny, > 3 (1) assuming L = 30 (Run-3) and 300 (HL-LIIC) fb~!, respectively.
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Decay length for Model-1

106 ; 106
] snw S*2 MoEDAL MoEDAL
107 = - 5% hee:oélT v 1 hee=01.(1) TeV
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Coloured model — hadronisation

Free parameter k
Spin-1/2 mesons: Prob=k

S+u p (+2/3)
S+d e (—1/3)

Spin-0 baryons: Prob=2/3(1-k)
S+ itii, (—4/3)
S+d,d, (+2/3)

S+ uLdR (—=1/3)
S+d i, (—1/3)

Spin-1 baryons: Prob=1/3(1-k)
S+ uLdL (—=1/3)

S+ uRdR (—1/3)
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Decay length for Model-2

106 106
Y V! MoEDAL MoEDAL
105 — §i7/3 hed=0-]- 105 hed=0-1
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— 3 — 3
.E. 10 g 10
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101 10!
109 100
-1 1 -1
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1 1
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Current experimental constraints —
Model-2

current HSCP bound | HSCP (Run-3) | MoEDAL (Run-3) | MoEDAL (HL-LIHC)
36 fb=" [39] 300 th~" [39)] 30 th~" 300 b~
St43 ((1450)) 1700 880 (1050) 1250 (1400)
§E7/3 ((1480)) 1730 1080 (1230) 1450 (1650)
§*10/3 ((1510)) 1790 1200 (1400) 1600 (1800)

Table 3: Summary for the model-independent mass reaches (in GeV') of the multi-charged particles in
Model-2 by MoEDAL (2nd and 3rd columns). In the first column, the numbers in the double-brackets show
the estimated mass bounds obtained in [39] by rescaling the 8 TeV CMS result [40] to the 13 TeV LHC
with L = 36 fb~!. The sccond column represents the projected mass reach for Run-3 {300 fb—!) obtained
in [39]. The numbers outside (inside) the brackets in the third and fourth columns represent MoEDAL's
mass reaches with N, > 3 (1) assuming 7. = 30 (Run-3) and 300 (TTT-LTIC) fb~!, respectively.
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Conclusions

MoEDAL can study selected neutrino mass generation
models, e.g. model by M. Hirsch et al.

The model predicts long-lived multi-charged particles
for intermediate values of A\s parameter.

MoEDAL Run-3 can compete with ATLAS in searches
only for ST, however, the window is small (40 GeV).

MoEDAL HL-LHC can compete with current ATLAS
constraints for $T3, §*4 F*3, §+7/3 §+10/3,

For these particles MOEDAL can scan a wide range of
hee and As parameters
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