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New physics searches with heavy-ion collisions at the CERN
Large Hadron Collider

Roderik Bruce!, David d’Enterria*?, Albert de Roeck?, Marco Drewes®,

Glennys R. Farrar!, Andrea Giammanco®, Oliver Gould®, Jan Hajer?,
Lucian Harland-Lang®, Jan IHeisig?, John M. Jowett!, Sonia Kabana'”,

Georgios K. Krintiras**, Michael Korsmeier®”!?, Michele Lucente®,
Guilherme Milhano'"'?, Swagata Mukherjee'?, Jeremi Niedziela?, Vitalii A. Okorokov'?,
Arttu Rajantie', and Michacla Schaumann'

This document summarises proposed searches for new physics accessible in the heavy-ion mode at
the CERN Large Hadron Collider (LHC), both through hadronic and ultraperipheral 4+ interactions,
and that have a competitive or, even, unique discovery potential compared to standard proton-
proton collision studies. Hlustrative examples include scarches for new particles — such as axion-like
pseudoscalars, radions, magnetic monopoles, new long-lived particles, dark photons, and sexaquarks
as dark matter candidates — as well as new interactions, such as non-linear or non-commutative
QED extensions. We argue that such interesting possibilities constitute a well-justified scientific
motivation, complementing standard quark-gluon-plasma physics studies, to continue running with
ions at the LHC after the Run-4, i.e., beyond 2030, including light and intermediate-mass ion species,
accumulating nucleon-nucleon integrated luminosities in the accessible fb~™' range per month.

J.Phys. G47 (2020) no.6, 060501, e-Print: arXiv:1812.07688 [hep-ph]



http://arxiv.org/abs/arXiv:1812.07688

New Particles in HI Collisions?

e New production mechanisms

e in the strong electromagnetic fields generated in
ultra-peripheral collisions (fly-by)

e in the quark-gluon plasma itselt
 Different backgrounds compared to proton collisions

* absence of pile-up

« modified triggers
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Ultra-peripheral Collision (fly-by)
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Ultra-peripheral Collision (fly-by)

* impact parameter b is much
larger than ion radius R
* almost no hadronic backgrounds

-.

ultra-peripheral collision head-on collision

un :
Event : 0x00000000D3BBE693



The LHC as a Photon Collider

o electromagnetic fields in HI collisions are strongest
ever created (> 1014Tesla)

o In a HI tly-by, one can study light-by-light scattering
CMS: 1810.04602

ATLAS: 1702.01625, 1904.03536

 In the “equivalent photon approximation” the

fields can be modelled by plane waves of nearly
on-shell photons (Weizsacker 34, Williams “34)

- 720 (E 2 Elb
-2 (5 (4)


http://arxiv.org/abs/arXiv:1810.04602
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http://arxiv.org/abs/arXiv:1904.03536

The LHC as a Photon Collider

« Opens several channels to produce new particles

b Pb 5 Ph p,Pb p,Pb p.Pb p.Pb
Y
\*\C:E/X J_rrr : y
Xr X -
i X LL\‘; Y
v
% ) Pl P
p,Pb p.Pb I)-Pb I)Pb p,Pb p,Pb

» In equivalent photon approximation

dLetr

Oasatn, = [ dnde nGn)s,x = [dm,, =05y
Y

- enhancement ~ 7 ,1.e., more than 10’ for Pb-Pb!
= can compensate for the lower integrated luminosity!



Effective yy-Luminosity
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Effective yy-Luminosity

Lot 161 ~25~1GeV !
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= @ In pp collisions with pile-
L up the identification of
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1 % 1029 L requires tagging of the 2 ' =
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- e Not possible for low
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Effective yy-Luminosity
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Axion-like Particles

« log| linear scale —

| g'e’ =2y (OPAL)
pp—2y (ATLAS) a
e'e —3y (OPAL) 10
pp—3y (ATLAS) \ F
Wﬂw AP
Eﬁfn’gs PbPb (5.02 TeV) — vy, CMS observed
: PbPb (5.52 TeV) — ¥y, 20" nb projection — 107°
[ I| lIIJIIIIl |IIIIIIIII|IIII|IIIIIIIII|IIII|IIII|IIII|IIIIIIIII_
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m, (GeV)
from arXiv:1812.07688

see also al 1607.06083 and LHCb 2103.01862,
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Magnetic Monopoles

Magnetic monopoles can exist as singular “elementary”
objects (e.g. Dirac monopole) or topological field configurations
(e.g. 't Hooft—Polyakov monopole)

Due to screening, both are extended objects

Larger than its

Larger than its
Compton wavelength
Compton wavelength by O(1/a)

by O(1/a)
VW e M MM

Bound state of at least
O(1/a) particles

Elementary monopoles

get dressed by Nonsingular origin, figures:
. c SO no source term Mostly too heavy for -
virtual pairs in Lagrangian LHG cearches Oliver Goud

-» exponential suppression of production in pp collisions due
to small overlap with point-like scattering



Magnetic Monopoles

figure:
Oliver Goud

® ﬂfﬂ,orth

Schwinger-etfect allows for ey oA frorth
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non-perturbative production ety state ¢ T magnetic field

in strong magnetic fields T arn

Afflek/Manton 82 o N[ south
time >

=>» production in HI collisions possible!

m|GeV]

1000 ¢ . .
- —-PbPb (LHC projections)  dedicated experiment:

MoEDAL

. —PDbPb (SPS)
- =—Neutron stars

100
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—Reheating/BBN ~ ___—==""7"
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: |
Gould/Rajantie 1705.07052, see also 2103.14454, 1902.04388,
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New Particles in HI Collisions?

e New production mechanisms

e in the strong electromagnetic fields generated in
ultra-peripheral collisions (fly-by)

o in the quark-gluon plasma itselt
 Different backgrounds compared to proton collisions

* absence of pile-up

« modified triggers



Production from QGP
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Sexaquarks

 hypothetical colour-singlet state of 6 quarks
Farrar 1708.08951

« proposed properties

« extremely stable
spin 0
no net flavour

small coupling to pions, hardons
mass 1.7 -2 GeV

« potential DM candidate Farrar 1805.03723

prediction: Qpm/Qpb=4.5+1 Planck: Qpm/Qb=5.4 +0.05

o thermal production in QGP... but how to detect???
proposed channel: S+n—-A"+KQ —p+nt+7 +7*

de Clercq CERN-THESIS-2019-278


http://arxiv.org/abs/arXiv:1708.08951
http://arxiv.org/abs/arXiv:1805.03723
https://cds.cern.ch/record/2708026

New Particles in HI Collisions?

e New production mechanisms

e in the strong electromagnetic fields generated in
ultra-peripheral collisions (fly-by)

e in the quark-gluon plasma itselt
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* absence of pile-up
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Pile-up Issues

dLlew —2,—-1 -1
an [em™2s7 I GeV ]
T T T T

o for ALP searches: pile-up I Rt
requires tagging, leading to a a0 R0
1x 1031 | pp, + m ]
decreased etfective yy )
o o 11020l 7 X~
luminosity el Ny
1x10%7 |
L 10 10 L 1000
M, [GeV]
» In long lived particle searches invisible particle /'

e- ' i t . .
pile-up C.an.lead to primary ncorrectly A raed particles
vertex mis-identification orimary

vertex .. neutralLLP
primary beams
vertex

HI collisions are free of pile-up!
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A clean environment?

Pb+Pb @ sqrt(s) = 2.76 ATeV

2010-11-08 11:30:46

Fill : 14

Run : 137124

Event : 0x00000000D3BBE693




A clean environment?
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« but: HL-LHC will have ~ 200 pile-up events per bunch crossing,
~5000 charged particles per hard scattering!

~Jmultiplicity in Pb-Pb collisions only factor ~2 higher, for lighter
nuclei even lower! CMS 1902.03603

 and: vertexing in HI extremely good


http://arxiv.org/abs/arXiv:1902.03603

Long Lived Particles

o displacement clearly distinguishes secondary vertex from the mess
in the luminous region



LLP searches in Heavy lon Runs?

Con

1. high track multiplicity

2. low instantaneous
luminosity

3. lower collision energy
per nucleon

4. runs are shorter

Pro

. A? enhancement of # of

nucleon collisions

. no pile up

. can operate main

detectors with very
low triggers

MaD/Giammanco/Hajer/Lucente/Mattelaer 1810.09400
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Leptons

The Seesaw Mechanism (type )

Three Generations

of Matter (Fermions) spin %2

2.4 MeV 1.27 GeV 171.2 GeV
“u *c |°t
up charm top
Ve 104 MeV 4.2 GeV
‘S "b
strange bottom
0 eV 0eVv
Vy/ oV
1
electrpn mugn tal
eutrino neugino | peutyino
.511 MeV 05.7 MeV 1.777 GeV
e | u|h T
electron muon tau

L = £SM + ZI/RaVR — LLFI/RH HT RFTL

1 _ - c
—§(I/CRMMI/R + I/RM;{/_[I/R)

Can explain
e Neutrino masses
« Leptogenesis
« Dark Matter

Asaka/Shaposhnikov 05

three light neutrinos mostly ”active” SU(2) doublet
e W1th masses m,, ~ OMp0T = v2FM;, \pT

three heavy mostly singlet neutrinos
ek N ~yp + 0108
with masses My >~ My,

Minkowski 79, Gell-
Mann/Ramond/Slansky 79,
Mohapatra/Senjanovic 79, Yanagida 80,
Schechter/Valle 80



Displaced Vertex Search

! Model

LD —m—WNQny”eLaW; —

mz

V20

M
— ?Gahﬁa]\f + h.c.

N@Z’}/’U’VLGZM

 we assume that N mixes only with vu

>
Processes

\,

y

\_

(Analysis

e we perform a displaced vertex (DV) search
' x U?2M°with U?=6|?

* to remove SM backgrounds we require a
minimum displacement of 5mm

* to remove backgrounds from interactions with
the detector material we impose a DV invariant
mass cut of 5 GeV

* DV reconstruction efficiency drops linearly
with displacement 1710.04901

1078

0.5

\



http://arxiv.org/abs/arXiv:1806.07396
http://arxiv.org/abs/arXiv:1710.04901

Heavy Neutrino Production in W Decays

r

DEEPHIL (long lived) DELPHI pI‘OC@SS: _

(short lived)

CHARM

\ a | pr cuts used:

10°°

o 25 GeV tor pp collisions

Tons \/s_ L

L Tev 1 e 3 GeV for HI collisions
10 PbPb 55 5/nb NN )
%/ ArAr 63 /PP o _
s 5/pb | . .
e uncertainty in the p factor
107 I 1 ' | s ] | ] c
) ; : - 20 for argon collisions
M; [GeV]

MaD/Giammanco/Hajer/Lucente/Mattelaer 1810.09400, 1905.09828
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A Spherical Detector Model

7

simple analytic formula for # events:

\

Nobs =2 LJUUE [E}{p (—

AN

Do) e
)\N :{p cut

N\

V.

r

Process:

use lo=5mm, determine A(p) from simulation and fit /1= 20cm

ratio of # events predicted by averaged analytic formula and simulation:

1072

1077

1078

1077}

107%

T

PbPb 5.5 TeV ArAr 6.3 TeV ArAr 6.3 TeV pp 14 TeV
L=5nb™" L=05pb™! L=5pb™! L=50fb""
al 1 1 PRI Y | 1 L I R A RIS | 1 L L P SS. t L L o E) e < T
1 2 3 5 10 1 2 3 5 10 1 28 -3 5 10 1 2 3 5 10
M,' [GCV] M,' [GGV] M,' [GCV] Mi [GCV]

1905.09828
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Heavy Neutrinos in B Decays

priGeVl  MaD/Giammanco/Hajer/Lucente 1905.09828

4 N 4
number of observable events: process: uo
) 9 N W+ f
Lopg M
_ 2 —lo/ A =l1 /A
Nops = 1 — 2 UP, € /AN € /AN fcut Bt
9 m
B . + /
p f
§ y §
[ e : K :
N B x omparison to experiment
— +
10°
105:'
lon \/; -
TeV
—| s 10" PbPb 5.5 | =
8 e 8| & v
Za| & Z =
5= w0 Ok
FONLL[ fib-»B")] = 0.403 10* £
1 CTEQ6.6 ] FONLL
|nl<4 i CMS 2017
. differential OB 10 e
T T RN TR
pr [GeV]
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Heavy Neutrinos in B Decays

r

10 DELPHI DELPHI process: po

(long lived)

TeV

1073 PbPb 5.5 5/mnb
?;h 7 ~_ ArAr 63 n'gﬂgg
——-—-pp 14 50/ cuts used:
25 GeV tor pp collisions
10°° 3 GeV tor HI collisions

| ancertainty in the p factor
50 ‘Or argon collisions

M; [GeV]

MaD/Giammanco/Hajer/Lucente/Mattelaer 1810.09400, 1905.09828
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Other Heavy Neutrino Searches

102

1

1010 - . .
Existing Experiments

Future Detectors
New beam lines
Future Accelerator Facilities

10—11

10—12 | L 1 I N T L 1 Lo
10° 10! 10

M; [GeV]



Other Heavy Neutrino Searches

102 E T

1073

1074

weed
E
) C ;
. . . . | FCC E
Existing Experiments ArAr collisions m¢ E
Future Detectors e e g -
_ optimistic 2. 712,772
107 £ New beam lines P UEO‘ _[’;n_*OUT
Future Accelerator Facilities o
10—12 1 T B R N | | L 1 I R T B | L 1 1 [T R T B |
10° 10° 102

M; [GeV]



Soft Lepton Scenarios

GeV-scale particles: heavy neutral leptons  Drewes et al. 1810.09400

[
f
f.f
cascade decays: SUSY Evans, Shelton 1601.01326

Ruderman, Shih 1009.1665

compressed dark sectors Filimonova, Westhoff 1812.04628
Bharucha et al. 1804.02357

leptophilic dark matter Junius et al. 1904.07513

[slide by Susanne Westhoff] D'Agnolo et al. 1906.09269



Conclusions

Summary

« HI collisions can be used to probe New Physics

 In some scenarios and/or parameter regions searches in HI
collisions can be more sensitive than in proton collisions

o This can help to fully exploit the existing facilities and “turn
every stone”

Next steps

e contribution to Snowmass in progress
https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF7 EE8-207.pdf

e A short Snowmass WP is planned - your input is welcome!


http://arxiv.org/abs/arXiv:1806.07396
https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF7_EF8-207.pdf

Backup Slides



Heavy Neutrinos in B Decays

1 1 1 | 1 ! I 1 I | .
_ | 5 i« momentum distribution of
S iy 5 | leading u is hard to
107" g 508 | NN-B +X: : g H
: | | | i determine
g | 3 : : .
| S |« consider two extremes:
= 107 N % i - the decaying B meson
S - VI f itself
z | & Ton \/; | N _ :
AlE Tev | .\ - u produced along with
NESR: PbPb 55 R i amassless light neutrino
E - —— ArAr 63 A\ : &
oo 14 . :\. | e impose pr cuts on those
| l“ ' ‘1‘ 1
1074 | l -
B | ! b
I ] \ “
:NN—}B+ +X-su v+X ‘;‘
: 1‘“1. ‘1‘
lﬂ—ﬁ 1 | ! I ! L 1 . A\
0.5 1 2 5 10 20 20

MaD/Giammanco/Hajer/Lucente 1905.09828
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d{TNN
(TNNEI,UT [GeV]

Heavy Neutrinos in B Decays

10°° |

1077 |

-
L
!

Ion \/;
TeV

PbPb 5.5
———— ArAr 6.3

~——— pp 14

e momentum distribution of
leading p is hard to
determine

 consider two extremes:

- the decaying B meson

itself

- u produced along with

a massless light neutrino

« impose pr cuts on those

N

cut at 25 GeV in pp collisions
misses most events!

MaD/Giammanco/Hajer/Lucente 1905.09828
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d{TNN

Heavy Neutrinos in B Decays

-
L
!

Ion \/;

TeV
PbPb 5.5
———— ArAr 6.3

~——— pp 14

e momentum distribution of
leading p is hard to
determine

 consider two extremes:

- the decaying B meson

itself

- u produced along with

a massless light neutrino

« impose pr cuts on those

N

cut at 25 GeV in pp collisions
misses most events!

cut at 3 GeV in HI collisions

includes a much larger fraction!

MaD/Giammanco/Hajer/Lucente 1905.09828
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What limits the luminosity?

e injector chain limitations

e beam losses

Cross sections for Pb-Pb collisions at 2.76 TeV | nucleon

Process | Cross section (b)

Bound-free pair production 281
Electromagnetic dissociation 226
Hadronic nuclear inelastic 8
Total 515
[Meier et al. 2001]
. : 82+ 82+ 82+ 81+
Bound-Free Pair Production (BFPP): 208pp~T 4 208pp T T, 208pp Ty 208ppt 4 o

[Pshenichnov et al. 2001]
e e 82+ 82+ 82+ 82+
Electromagnetic Dissociation (EMD): 208pp~T 4 208pp T 1, 208ppntt | 207TppttT 4


http://arxiv.org/abs/arXiv:1806.07396

Beam Losses

Beam losses lead to two kinds of problems

« formation of secondary beams

ions with the “wrong” mass to charge
ratio form a new beam that can quench
a magnet

o limited beam lifetime
frequent re-fills reduce

the integrated
luminosity


http://arxiv.org/abs/arXiv:1806.07396

Beam Losses

Interaction
point

Secondary Pb®'* beam
emerging from IP and
impinging on beam

Beam losses lead to two kinds of problems

« formation of secondary beams

ions with the “wrong” mass to charge
ratio form a new beam that can quench
a magnet

| Main Pb%2* beam '

=6.05 x/m 0.05 I\
o limited beam lifetime
frequent re-fills reduce
the integrated
luminosity
figures:

Roderik Bruce
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Beam Losses

Secondary Pb®'* beam
emerging from IP and

Beam losses lead to two kinds of problems

eeeeee

 formation of secondary beams he issue of secondary

eams has been solved by
dditional collimators and
umping them

ions with the “wrong” mass to charge
ratio form a new beam that can quenc
a magnet

‘ 1
—0'.05 x/m 0.05

e limited beam lifetime

frequent re-fills reduce
the integrated
luminosity

figures:
Roderik Bruce
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Beam Losses

\.‘\
4
\ . ) \
\ :
N\ Interaction
point

Beam losses lead to two kinds of problems Secondary P bear

impinging on beam
screen

-,
« formation of secondary beams The issue of secondary
beams has been solved
by additional collimators
and dumping them

ions with the “wrong” mass to charge
ratio form a new beam that can quench

a magnet
. e/
503 e 0.03
o limited beam lifetime
. o 5 — ALICE
frequent re-fills reduce §4 — ATLAS
. N 3
the integrated e — CMmS
; . = —— LHCDb
luminosity E |
0 — o T— figures:
09:00 12:00 15:00 18:00

Roderik Bruce
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Limited Beam Lifetime

—P
¢ initial number of ions per bunch N, (?N) = Np (223%) (852)

. . dN N2 . . ) 1
e time evolution —2 = — b with beam lifetime 7,
dt NoTp, Ttot 1P No
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Limited Beam Lifetime

pessimistic (p = 1) optimistic (p = 1.9)

20 Th ZLave Nxx/ Nipp 20 Th ZLave Nxx / Npp

[ubs™']  [n]  [ubs™Y] [1] [ubs™]  [h]  [ubs™] [1]
1H 21.0-10° 75.0 15.0-10° 1 21.0-10® 750 15.0-10° 1
10 1.43 52.6  1.07 0.0082  94.3 6.48 45.5 0.349
1Ar 0.282 458 0.208 0.00889  4.33 117 2.46 0.105
0Ca 0229  46.0 0.168 0.00811  2.90 129  1.69 0.0811
BKr 0.0706 20.6 0.0454 0.00758  0.311 9.80 0.169 0.0282
8Kr 0.0706 19.2  0.0448 0.00797  0.311 9.15 0.166 0.0296
120Xe 0.0314  7.20 0.156 0.00637  0.0665  4.94 0.0294 0.0120

208Pp 0.0136  1.57 3.79-1073 0.00379  0.0136 157 3.8-10~% 0.00379

2

taken at face value, HI collisions are never competitive!

However, not every event can be seen... what about cuts?
Let’s be conservative and only play with the pr trigger cut.
And use a model where HI collisions offer no other advantage.
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Limited Beam Lifetime

pessimistic (p = 1) optimistic (p = 1.9)

20 Th ZLave Nxx/ Nipp 20 Th ZLave Nxx / Npp

[ubs™']  [n]  [ubs™Y] [1] [ubs™]  [h]  [ubs™] [1]
1H 21.0-10° 75.0 15.0-10° 1 21.0-10® 750 15.0-10° 1
10 1.43 52.6  1.07 0.0082  94.3 6.48 45.5 0.349
1Ar 0.282 458 0.208 0.00889  4.33 117 2.46 0.105
0Ca 0229  46.0 0.168 0.00811  2.90 129  1.69 0.0811
BKr 0.0706 20.6 0.0454 0.00758  0.311 9.80 0.169 0.0282
8Kr 0.0706 19.2  0.0448 0.00797  0.311 9.15 0.166 0.0296
120Xe 0.0314  7.20 0.156 0.00637  0.0665  4.94 0.0294 0.0120

208Pp 0.0136  1.57 3.79-1073 0.00379  0.0136 157 3.8-10~% 0.00379

2

taken at face value, HI collisions are never competitive!

However, not every event can be seen... what about cuts?
Let’s be conservative and only play with the pr trigger cut.

And use a model where HI collisions offer no other advantage.
(actually we used the model that comes now simply because we know it well)
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