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= So far the LHC has not found any new physics beyond the SM
= |nitial focus of the proton runs lies on heavy new physics

= During the high luminosity run the focus will shift towards searches of weakly
coupled particles



Motivation

= So far the LHC has not found any new physics beyond the SM

= |nitial focus of the proton runs lies on heavy new physics

= During the high luminosity run the focus will shift towards searches of weakly
coupled particles

= We propose to utilize also the heavy ion runs for this goal

PbPb Nov 2018

CMS Experiment at the LHC, CERN
Data recorded: 2018-Nov-08"20:48:06.756040 GMT
Run / Event / LS: 326382 /. 308207 / 7




Properties of the heavy ions runs

Advantage Single primary vertex

4

= no pile-up; single primary vertex invisible particle

= large nucleon multiplicity incorrectly
identified charged particles

e.g. A(Pb) = 208, Z(Pb) =82 primary //
vertex neutral LLP
= Number of parton level interactions per collision : a
primary beams
Sca|eS W|th A vertex
OPbPb 2 .
eg — — X AT = 43264 Better event reconstruction

possible

Drawbacks

= There are a huge number of tracks near the interaction point which makes the
search for prompt new physics extremely challenging

= The collision energy per nucleon is smaller. e.g. \/syny = 5.02TeV for Pb
which is problematic for heavy new physics

= The instantaneous luminosity is lower for larger A

= The LHC has allocated much less time to heavy ions runs than to protons runs



The reason for the low luminosities are secondary beams [Jowett 2018]

For heavy ions there are additional contributions to the crosssection

electromagnetic dissociation (EMD): 208pp32+ | 208pp82F 208,82t | 207p 8t |

bound-free pair production (BFPP): 208pp 52+ 4 208pp32F _, 208ppB2F | 208p St | ot

this leads to
= faster beam decay
= secondary beams consisting of ions with different charge/mass ratio
which can accidentally quench the magnets

BFPP1

main beam

EMD1



Lighter ions

= pp and PbPb are only two extreme cases

= remember the runs using pPb 2013, 2016

= there is interest in using intermediate ions

= XeXe has been collided in 2017

= there are ideas to experiment with other intermediate ions

XeXe (2017)

CMS Exgeriment at the LHE, ‘CERN
' 9§ Data recorded: 201Z-Oct-12 20:44:56.751360'GMT,

Run / Event / LS: 304899 /. 8743361, / 90




Crosssections [Jowett 2018]

M /snn
[GeV] [TeV]

1H 0931 14.0
10 149 7.00
W¥Ar 373 6.30
¥Ca 373 7.00
BKr 727 6.46
8Kr 782 6.00
122Xe 120 5.86
28Pb 194 552




Crosssections [Jowett 2018]

M \/snn OEmD OBFPP Ohad  Otot
[GeV] [TeV] [b]  [b] [b]  [b]
1H 0931 1400 0 0.071 0.07

120 149 7.00 0.074 2.4x10°° 1.4 1.47
#9Ar 373 630 12 00069 26 3.81
29Ca 373 7.00 1.6 0.014 26 421

BBKr 727 6.46 12  0.88 41 17.0
8Kr 782 6.00 13  0.88 43 182
122Xe 120 586 52 15 57 727
28Pb 194 552 220 280 7.8 508
A-2)Z3
OEMD X ( ) ogrpp X Z7 .

A



Crosssections [Jowett 2018]

M \/snn OEmD OBFPP Ohad Otot Oow A?ow
[GeV] [TeV] [b]  [b] [b]  [b] [nb] [ub]
%H 0931 140 0 0 0.071 0.07 56.0 0.056

120 149 7.00 0.074 2.4x107° 1.4 1.47 28.0 7.17
9Ar 373 630 12 00069 26 3.81 252 40.3
29Ca 373 7.00 1.6 0.014 26 421 28.0 44.8

BBKr 727 6.46 12  0.88 41 17.0 25.8 157
8Kr 782 6.00 13  0.88 43 18.2 24.0 169
122Xe 120 5.86 52 15 5.7 72.7 23.4 390
28Pb 194 552 220 280 7.8 508 22.1 955
A-2)Z3
OEMD X ( ) ogrpp X Z7 .

A



Instantaneous luminosity

The luminosity at one interaction point (IP) is

_ ﬁ'evnb
47t e

= N are number of ions per bunch

= 1y is the number of bunches per beam

» fey = 277/c is the revolution frequency of 11.2 kHz

= ¢ is the horizontal and vertical geometric RMS emittance

= The [ function of the beam at the position z is related to the width of the its
Gaussian distribution via 02(z) = €3(z).

= [3* is the value of the 3(z) function at the IP (z = 0).

The initial bunch intensity

for arbitrary ions is fitted to the information of the lead run

7Z\"P
AN 208
Ny (4N) = N, (235Pb) (82>
where p = 1 is a conservative assumption while p = 1.9 is a optimistic assumption.

The XeXe run archieved p = 0.75 after only few hours of tuning. This allows to be
optimistic.



Luminosity evolution [Benedikt, Schulte, and Zimmermann 2015]

The loss of number of ions per bunch N over time is given by

dNb Ng np No

_— = — ThH =

dt NoTp ’ b
where njp is the number of interaction points.

B
owotmp Lo

For a given turnaround time t;, between the physics runs

the integrated luminosity is maximised by
. te
topt =TpV Qta , with Hta = sz .
The average luminosity using the optimal run time is

L
Lave( topt) = 0

(14 v0a)®



Crosssection gain vs. luminosity loss [Jowett 2018]

Under Optimistic assumption of p = 1.9 and t,; =2.5h

and neglecting operational efficiencies

Aoy

[12b]

1H 0.056
o 717
1oAr 40.3
¥Ca 4438
BKr 157
8Kr 169

129Xe 390
2%8Pb 955




Crosssection gain vs. luminosity loss

[Jowett 2018]

Under Optimistic assumption of p = 1.9 and t,; =2.5h

and neglecting operational efficiencies

Aoy Lo b Lave
[1b]  [/ubs] [h]  [Y/ubs]
1H 005 21.0x10% 75.0 15.0x103
0 717 943 6.16 35.2
19Ar 403 433 112 2.00
¥Ca 448 290 124 1.38
BBKr 157 0311 9.40 0.135
&Kr 169 0.311 8.77 0.132
122Xe 390 0.0665 473 0.0223
28Pb 955 0.0136 1.50 2.59 x 1073




Crosssection gain vs. luminosity loss [Jowett 2018]

Under Optimistic assumption of p = 1.9 and t,; =2.5h

and neglecting operational efficiencies

AZO'W Lo ) Lave N/N(p)
[ub]  [/ubs] [h]  [Yubs] [1]
1H 0056 21.0x10® 750 15.0x10° 1

0 717 943 6.16 35.2 0.30
1°9Ar 403 433 112 2.00 0.0957
Ca 448 290 124 1.38 0.0735
BBKr 157 0311 9.40 0.135 0.0253
&Kr 169 0.311 8.77 0.132 0.0266
122Xe 390 0.0665 473 0.0223 0.0103

28Pb 955 0.0136 1.50 2.59 x 1073 0.0029

= The gain in crosssection is overcompensated by the loss in luminosity.
= However, low luminosity allows for very low triggers
= Lighter mediators are accessible



Are heavy ion runs interesting for
SM processes?




tt crosssection in pPb [CMS 2017]

pPb run of Nov. 2016 /syny = 8.16 TeV Comparison at /s = 8 TeV

=y
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= CMS recorded ~ 174nb~! of good pPb data which seems to be a tiny amount.
= but it corresponds to a pp Luminosity of 174nb™! x App, = 36 pb™1.
= the nucleon multiplicity in A enables this analysis



0 b-tagged jets

pPb (174 nb™, /s, = 8.16 TeV)

1 b-tagged jet

pPb (174 nb™, s, = 8.16 TeV)

1%} O T
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b-tagging
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2 b-tagged jets

pPb (174 nb™, s, = 8.16 TeV)

n
‘g 350 CMS ety + 24 (22b)
> _f Data
W 30F ‘0
F Bt correct
251 tt wrong
200 M background
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= The b-tagging is a crucial step to reduce the background
= The standard b-tagging algorithms work better in pPb than in pp
= This is not true anymore for PbPb due to track multiplicity

b-tagging in heavy ion searches [CMS 2017]

Invariant mass myop distribution of the t — ji’b candidates

10



Are there models of new physics
testable in heavy ion runs?




BSM physics in heavy ion collisions [Knapen et al. 2017]

An example: Axion like particles (ALP)

A light pseudoscalar a couples to photons

1 1 la~
L=>(da)?—-m?a®> - > 2FF
2( ) 2 ¢ 4N
Detection strategy Charge multiplicity
Ultraperipherical collisions = Each proton can couple to a photon
Pb Ze Pb = The signal scales with Z*4

Ph T e =

This idea exploits only the small subset
of events with almost empty detector.

11



ALPs in PbPb [CMS 2018]

The main backgrounds are

ligh-by-light scattering fake signals central exclusive di-photon
production
Pb Pb(*) Pb Pb(*) Pb Pb(*)
Y g Y
Y
Y —<——c¢*
3 g
Y b C°
Y g Y
Y 2
G
Pb Pb® Pb Pb
Pb Pb®

= Thresholds for photons and electrons are lowered to 1 GeV.

= Exactly two photons with E7 > 2 GeV and || < 2.4.

= Diphoton Invariant mass larger than 5 GeV.

= The rest of the event is empty

= Photon candidates must only be incompatible with stochastic noise in the ECAL

12



Exclusion limits in ALP coupling and mass [CMS 2018]

ALP-photon only ALP-neutral gauge boson

CMS « log| linear scale — CMS « log| linear scale —

le"e 52y (OPAL)

pp—2y (CMS]

e'e' >3y (OPAL) pp2y (ATLAS) e’e -3y (OPAL) pp—2y (ATLAS) .

Pp—2Z(3y) (ATLAS)

PbPb (5.02 TeV) — vy, observed
- PbPb (5.02 TeV) — yy, expected

1 10 20 30 40 50 60 70 80 90 100
m, (GeV) m, (GeV)

PbPb (5.02 TeV) — vy, observed
PbPb (5.02 TeV) — vy, expected

T T P N FRETE FETNE FRNTE FRRTE FEREE FRRT R

10 20 30 40 50 60 70 80 90 100

In comparison to beam dump, eTe™ collisions at LEP and pp collisions at the LHC.

= PbPb data at 5.02 TeV (2015) is competitive with pp Run-1 data at 7 and 8 TeV up
to large m,.
= The analysis covers a blind spot at low m, due to low trigger requirements
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Is it possible to search for BSM
physics in the very busy collisions of
heavy ions?




Heavy Neutral Leptons (HNLS) in the vyMSM [Asaka and Shaposhnikov 2005]

As an example of models with displace vertices we are using HNL.

The SM is extended with 3 sterile neutrinos vg;

_ j p—
AL = —y,ilaed™vri — yiTR O €Tls — 5 (Vg Mivg + TR Mivg,)
where My, is the Majorana mass matrix.

After electroweak symmetry breaking the seesaw mechanism leads to

= 3 heavy mass eigenstates N; ~ (vg + 07 vf); + c.c., where = vyI\/I,\_/,1
The mass can be of order of the electroweak scale
= 3 light neutrinos v; ~ VJ(Z/L - 91/,2?),- + c.c. with a mass matrix m, = —0Mp0"

Phenomenological consquences

= The parameter suffice to explain neutrino oscillation data.
= One of the neutrino decouples and can play the role of dark matter.
= Another heavy neutrino can be a long lived state observable at the LHC.

14



Interactions

Effectively a single HNL N might be visible at colliders

g

L ——NG* WJr ko NW 7N9* Z,
2 /2 a7V €La \@eLaW "7 2cosfyy 2V Via
g g M g M
- FONZ, — == — Gh N———GhN .
2 cos Oy VL aY 5 m Vi \/§ mw Via

Observables are functions of the mass M; and the coupllng U2 =9, ]
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Properties of the HNL

Crosssection
) S e———— St g
10751 100fb --------------- T
1078 - oA
N £ 9
> F A
107L 1fb 4
108 ------- 100ab -~ - .
1079 - -~ it aietalaliriirths Bl o
1 2 5 10 50

Lifetime
104 =N T T N g
1 o 1fs ]
107%¢ \
10761 R
L F . 10 ps Voo
1077 N
ol 100ps . 1ps 7
108 v J
1070 ) AV | Yd
1 5 10 20 50

M; [GeV]

= Masses of a few GeV lead to observable macroscopic displacement.

= In the relevant mass range the crosssection is o o U2
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HNL at the LHC

W-boson mediator Process
= Simulation using MadGraph5_aMC@- o
NLO

p f

N w+

= trigger on first p with pr > 25 GeV
= search for displaced p with d > 5mm w

s Usual strategy to search for displaced » wt f

HNLs in pp collisions

B-meson mediator
= lower trigger possible:
e.g. pr > 3GeV
= already probed at LHCb
= considered by CMS using parked data

17



Analytic estimate

Number of observable events Ny for L = 100fb~* of pp

The decay rate can be estimated to be ~“

GE 2 ppp
I_N":].].QXWUM,

-5

The number of events that can be seen
in a detector can be estimated as

Ng[W — (N — (7fF']

2 —lIo/A —h /A r
~ Linto, U (e o/ _ € 1/ N) feut 7

= /1 is the length of the effective detector

volume I SR
= Jp the minimal displacement that is B LI
required by the trigger e
= Ay = % decay length of the heavy  B_mesons
neutrino
= fuu all efficiencies v, _ Lmog” [1 - (M; )T
9 mpg

x U? (e*IO/AN — ef'l/*N) feut 18



Simulation for heavy ions

We have extended MadGraph5_aMC@NLO to be able to simulate heavy ion collisions.

All event numbers for equal running time with Lj,; = 5.79 x 10*, 7.72 and 102 pb~1.
Simulation for W-boson mediator

Estimate for B-meson mediator

103 \ T
1074 R VR E [ Events _ lons cE
E s, \ » 5 25 2
Freson | 5 3]
"',\\\ S ‘\ ‘-{: i
L RN \‘ / o4 1074k i:
1075¢ BECANON — E i
‘ NN v i
LT *Q‘ ‘\‘ \; NEY 5 E
. NN L ¢ 10 i
=) R NN R EE
—6 RN AT " /41
1077 R | /5]
- / i
. Sl \\/// 2 10—6 B ] ‘::/,i
Events  Ions T Lo . L ]
25 9 e
107 —— —— PbPb RIS
P o—-mm - ATAr :
[ o PP : 107 \ \ ‘ ‘ E
ol | | | I 1 2 3 4 5
1 2 5 10 20 M; [GeV]
M; [GeV]

Con Event rate is not competitive

= Significantly lowered triggers for heavy

ions.
Pro BSM physics is measurable in a new

) = Intermediate ions have an advantage
environment
over pp and PbPb



Conclusion

= Heavy ion collisions allow to search for hidden new physics

= Intermediate ions can be very interesting for searches of new physics

= Lower trigger requirements could be the key advantage of heavy ion collisions over
proton collisions.

= Searches for displaced new physics circumvent the noisy inner tracker

= HNL are a simple example of this idea, but other models are just as well testable
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Thank you

Further open Questions

= Are there other kinds of new physics
that would be interesting to search for
in heavy ion collisions?

= What is the largest possible initial
tensity for heavy ions?

= How much can we gain by leveling?
?
L] DR

We are organizing a Workshop addressing
this questions:

CP3 - UCLouvain
December 4-5 201

Andrea Giammanco
Jan Hajer
Fabio Maltoni

o
Georgios Krintiras

Guilherme Milhano
a Mukherjee

]erenu Niedziela
isciandar

Michacla Schaumann

HEAVY IONS AND

) IS

nomenain ]]EJV‘ mon
particles, long-li

sy | dh((lcm[eramon “lth
well as practical and fundamental
limitations, and to form collaborations for future research.

ngi. ation: agenda.irmp.ucl.ac.be/event/3186
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