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The world is full of long-lived particles
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Their
presence
comes from
conserved
symmetries,
small
couplings or
heavy
mediators.

Source: B.Shuve
@ LHC-LLP
workshop, CERN



https://indico.cern.ch/event/607314/
https://indico.cern.ch/event/607314/
https://indico.cern.ch/event/607314/

Why shouldn’t an exotie/dark
sector have the same structure?

Many BSM models predict LLPs, including RPV /split . SRR
SUSY, GMSB, LR symmetric models, hidden Source: wikipedia.org
sectors/portals

Explain baryogenesis, dark matter and baryons antibaryons

neutrinos: same old strong motivations to
invest in a dedicated long-lived particle
(LLP) program at colliders

See for example:

Shuve, Cui JHEP 1502 (2015) 049

Strassler, Zurek PRD 94 (2016) no.1, 011504

Co, D'Eramo, Hall, Pappadopulo JCAP 1512 (2015) no.12. 024
Chacko, Curtin, Verhaaren PLB 651 (2007) 374-379
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Source: nobelprize.org



https://en.wikipedia.org/wiki/Dark_matter#/media/File:Gravitationell-lins-4.jpg
https://www.nobelprize.org/nobel_prizes/physics/laureates/2015/popular-physicsprize2015.pdf
http://dx.doi.org/10.1007/JHEP02(2015)049
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.011504
http://iopscience.iop.org/article/10.1088/1475-7516/2015/12/024/meta;jsessionid=264328BA0364DF65D5E5F2BBD3C49D1A.c4.iopscience.cld.iop.org
http://www.sciencedirect.com/science/article/pii/S0370269307007721?via%3Dihub

Standard Signatures electron
@ LHC detectors muon

missing
energy

Source : http://www.fnal.gov/pub/today/images/images11/CMSResult04221 1figurel.jpg



http://www.fnal.gov/pub/today/images/images11/CMSResult042211figure1.jpg
https://home.cern/topics/large-hadron-collider

Long-Lived Particle Signatures
@ LHO detectors R T

Source: G. Cottin

Late decaying

Searches can target
specific lifetimes using
different parts of the
detector.

Displaced
Vertex

Detection usually
requires special triggers
and I’eCOnStruction. Inner Detector I

Calorimeter




The lifetime frontier is theoretically and also

experimentally well motivated

The lack of evidence of any new physics at the
LHC motivates unconventional searches, such as
displaced vertices arising from the decay of a LLP

The null results at the LHC may point that the new
physics is so feebly coupled to our SM that its
signatures may have been overlooked or
misidentified by searches not dedicated to LLPs

Displaced Vertex signatures @ LHC detectors
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Using Displaced Vertices @ LHC
to search for New Physies

How? Two studies in this talk (neutrinos and dark matter):

1) Reinterpreting current displaced searches in the context of a left-right
symmetric model with a long-lived sterile neutrino

2) Proposing a mass reconstruction method that uses information on
displaced vertices to find the masses of neutral daughters (i.e dark
matter) and their parents



1) Recasting Displaced Searches @ LHC. Looking
for a light, long-lived sterile neutrino

Based on
arXiv:1801.02734, G. Cottin, J.C. Helo, M. Hirsch



Left-Right Symmetric Models G Patiand & Salam, Plys Rev DIO2TBUSTD

R. N. Mohapatra and G. Senjanovie, Phys. Rev. D23, 165 (1981)

SU(Z)L X SU(Q)R X U(l)B_L

Neutrino masses explained by the so-called see-saw mechanism, introducing the
existence of massive, richt-handed (sterile) neutrinos.

Sterile neutrinos with Majorana masses covering various mass ranges.

Production and decay of the sterile neutrino
depends mostly on the unknown mass of the new,
heavy right-handed gauge boson, WR.

: 9
Source: nobelprize.org



https://www.nobelprize.org/nobel_prizes/physics/laureates/2015/popular-physicsprize2015.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.10.275
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.11.2558
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.23.165

LHC Phenomenology
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Displaced Searches @ the ATLAS detector. Multitrack DV 13 TeV search

Signatures inside inner tracker (lifetimes of order picosecond to a nanosecond)

4
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Source: ATLAS Event Display arXiv:1109.2242

Run 165821
Event 1605517

Pixel modules

Analysis strategy:
* Look for high-mass and track

multiplicity DVs in inner tracker
mDV >10 GeV, nTrk>5

* Standard ATLAS tracking is run
again with looser cuts to gain
efficiency for high-dO tracks

* Veto vertices in material layers
(dominant background vertices)
with a 3D material. After this,
ZERO background search

Source:http://arxiv.org/abs/1710.04901 11
PRD92 (2015) 7. 072004



https://arxiv.org/abs/1109.2242
http://arxiv.org/abs/1710.04901
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.072004

Event Simulation and Selections

We generate events in MadGraph and interphace with Pythia 8.
Detector response to physics objects modeled inside Pythia.

Original analysis triggers on missing transverse momenta.
We propose to trigger on the prompt lepton. We require:

Source: CERN https://atlas.cern/discover

- electron with pT >25 GeV

- One “trackless jet” (a jet with sum_pT of tracks less than 5 GeV) with pT >70 GeV or two
trackless jet with pT>25 GeV

At least one DV with:

- Distance between interaction point and decay position > 4 mm

- Decays within rDV and [zDV|<300 mm

- At least 5 charged decay products with pT>1 GeV and |d0|>2mm

- Invariant mass of DV > 10 GeV, under charged pion mass hypothesis for tracks

12


https://atlas.cern/discover

Acceptance

We scan: - Cottin, Helo, Hirsch (2018)
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Efficiency

Often a difficulty in
recasting LLP analysis
lies in the lack of object
level efficiencies (i.e how
to select DVs in a model
independent way?)

Public ATLAS efficiency
grids to model detector
response to DVs.

Can be applied to
truth-level MC

(nTrk, mDYV, rDYV)

Source: https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-08/hepdata_info.pdf
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-08/hepdata_info.pdf

We find LOW sensitivity to the LR model Vs = 13 TeV

my = 20 GeV, mw, = 4 TeV and ctny = 1.3 mm

N Rel. € [%] Ov. € [%]
All events 10000 100 100
Prompt electron 8721 87.2 87.2
Trackless jet 8704 99.8 87.0
DV fiducial 7615 87.5 76.1
DV Nirk H28 6.9 5.3
DV mpyv 89 16.9 0.9

DV efficiency 6 6.7 0.06

15



: < 10°
yields >
S,

2 50

E 40

30
20

10

NST = 0.02 +0.02

512
821

1126
[ 1352
- 1573

| 1700

1734
1831

| 1833
1674
1638

2

(mg, m_, 1§)=(1400 GeV, 100 GeV, 1 ns)
X

IIII*

3 456 10 20 30
DV r]Tracks

Source: https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-08/

Number of vertices

107"

1072

16


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-08/

So we propose a new strategy, relaxing DV cuts

Cottin, Helo, Hirsch (2018)
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With our proposed “prompt lepton-+loose DV” search, we can reach up to 30
GeV sterile neutrinos with 3000 fb-1 at 13 TeV

Cottin, Helo, Hirsch (2018)
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This motivates the experimental collaborations to perform dedicated DV
searches to target light sterile neutrinos ! 18



2) What else could be measured at colliders (and
what could thus be inferred about the nature of
dark matter) given a displaced vertex signal?

Work in progress
G. Cottin, C. Lester



Construction of a kinematic mass variable that takes into
account the displaced vertex information, starting with the
following hypothesis




Work in collaboration with Chris Lester (in preparation)
Our displaced case

Z 8
mX1_pxl_px"1

mig = (pv +pX1)2 = (pv +px’i)2

Including information on the displaced
vertex positions r, we get extra
knowledge on the direction of the
momentum of the parent

miss

pXI +pxl = Pz r X
P TPy = pj* Px2 = \sz\; = |Pys |T



Unknowns

Define projections of three momenta of daughter and visible along the
directions of the parent to help solve the system

(Pm)]lxg = ('F’xl "F)'F
(PV)|x. = (Pv - 7)7
(pXI)J-XQ = Px1 — (pX1 'ﬁ){ﬁ

(PV)1x. =PV — (PV - )7

(p)m )J-X2 = (pV)-sz



Px: = (A+B)'F — PV

Assuming missing transverse momenta comes only from
daughters

PP =[(A+ B)f —py + (C + D)‘f:’ — py]L
We can solve for A and C

A — A(pi’t’issjp?issj,ﬁj f'f&pV&pV’)
C = C(px", py"*, #, 7, pv,pv’)



We can rewrite the system as

2 .. .2
My, _mx:t_l_a\/mga_i_ﬁ_i_’}(

2 il 9
mX2_mX1+6\,me1+E+C

a=2Fy

d = 2Ev
B=A’-B’+|pv/’

e=C? - D*+ |py/|?

y=mi —2(A+ B)B +2|py|?

¢ =ml —2(C + D)D + 2lpy[?

So we can solve event-by-event, the
system is fully constrained.

In principle we have 8 solutions for
the pair (my,,my,)

But we are interested in the two
requiring positive masses. We will
see zero, one or sometimes two
solutions per event.



Displaced Dark Matter Simplified Model
We use for our study the simplified displaced dark matter model :"___->]_ X
JHEP 1709 (2017) 076 _(Buchmueller, De Roeck, Hahn, McCullough, Schwaller, Sung, Yu) /;,
XQ,».! X2
xt &
X

Figure 3. A representative diagram from the DisplacedDM model that produces displaced verticies

plus #1. The subscripts on Y indicate the spin of the mediator.


https://link.springer.com/article/10.1007%2FJHEP09%282017%29076
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We do a detector simulation and generate the smeared quantities to solve the system again

miss ,,miss
)

Smeared quantities (77',pv, Py 2%

Mass Estimation based on the 1st percentile : i.e (2.3, 49.1) for truth masses (1,50)
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Cottin, Lester (2018)
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Our goal is to be able to extract both masses from the data. Construction
of a confidence region based on our mass estimates

We draw 5 points in our estimation space to be used as “observations”, and construct 95% CR.
The real masses will lie in these regions at least 95% of the time.

Cottin, Lester (2018)

100+ 4 100 1 100 —— 1

= e
o,
™
-
:
=

40 40 40

20k Obs taken from (1,50) | 9pl  Obs taken from (5,75) | 9p)  Obs taken from (9,99) |

0 2 4 6 & 10 2 4 8 10 2 ! 6 & 10

6
my, [GeV] my, [GeV] my, [GeV]



To take home

e We have found low sensitivity for discovering a light sterile neutrino with current displaced
LHC searches. We need dedicated searches if sterile neutrinos are ~ 20 GeV !

e We proposed a method to reconstruct the mass of a (invisible, dark matter) particle and its
long-lived parent. If displaced events are seen at the LHC, the method can be applied,
shedding light on the mass scale for dark matter

We need a dedicated program to systematize LLP searches, to ensure
coverage and to make sure LLP analysis are optimal for recasting. New
methods/ideas are coming from both theoretical and experimental fronts

(LHC-LLP Community White paper in preparation).

The lifetime frontier is the eutting edge of LHC thsics !



https://indico.cern.ch/event/607314/
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ATLAS DYV analysis strategy

ATLAS {z=8TaV, 20.3 10"
| 1 L] LI . ) I ¥ | l_

* Look for high-mass, high-track multiplicity £
displaced vertices in inner tracker with g
mass >10 GeV and at least b tracks

10°
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* Standard ATLAS tracking algorithms are
re-run with looser cuts to gain efficiency for %
high-dO tracks
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.072004

Historic example of a kinematic mass variable, the transverse
mass

m%’if — mg + mg + Q(EEEU - 2ﬁe ’ ﬁu)

m?=FE?—p
" m? = E2 — p?
W pr = (Pe, Py)
' m%V - (Eﬁ + E’-’)E T (ﬁTE +5TH)2 - (pze + sz)z

m4 = (E. + E,)?* — (Pre + Pry)*

mT—m+m +2(EE pTe pTv)



Can not directly compute W mass from the
lepton and neutrino. But can know a lower

E . D@ Run Il Preliminary
N fL,=117pb” * Data
@ [IW - ev
= B QCD
£4000/- . 7] Other bkgd
w

2000

40 60 80 100 120 140
Transverse mass (GeV)

Source: dO.fnal.gov

Entries / 10 GeV

Cuts on this variable also had a
big role in LHC Higgs searches
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Source: ATLAS-CONF-2011-005



https://www-d0.fnal.gov/Run2Physics/higgs/docs/Summer_2003/higgs_summer03.html
http://cds.cern.ch/record/1328619

Displaced Dark Matter Simplified Model

We use for our study the simplified displaced dark matter model in
JHEP 1709 (2017) 076 _(Buchmueller, De Roeck, Hahn, McCullough, Schwaller, Sung, Yu)

Simplified DM models

Variables

DM candidate Interaction

Mg
mi
9x
9¢

Dirac Vector
Majorana Axial-Vector
Scalar-real Scalar

Scalar-complex | Pseudoscalar

Displaced signature extension

T, M2

Decay of xyo — x1.X

X1

0

==X
XQ,". 3 X2
. -

X 14
k4

Table 1. Overview of the different building blocks that form simplified DM models. The lower part
of this table lists the kinematic variables, lifetime (7) and mass (mg) of the excited state yo and

its decay x2 — x1X, which are required to add the displaced signature to the standard simplified

DM models.


https://link.springer.com/article/10.1007%2FJHEP09%282017%29076

Source: JHEP 1709 (2017) 076

F displaced X system
dMETs | dMET); / dMET .+ .- \1MET”+ u- | dAMET +,.- | AMET,
X g et—pair\ e-pair } J-pair T-pair 0

Table 4. Minimal set of dMETSs searches for neutral displaced SM particles. To facilitate the
trigger acceptance for these topologies, especially for soft X systems, the dMET's can be combined
with an ISR signature, such as an additional hard jet or hard y. A list of basic operators that would

give rise to such topologies is shown in table 2.

q

q

Figure 3. A representative diagram from the DisplacedDM model that produces displaced verticies

plus #7. The subscripts on Y indicate the spin of the mediator.


https://link.springer.com/article/10.1007%2FJHEP09%282017%29076

W2

Simulation

qq = Y1 — x2x2 = x1YoxiYo = xaffxafrf.

q

Simulation is done in two stages. We use the UFO model provided by the authors
and simulate with MadGraphb

pp — Y1 — xaX2 at /s = 13 TeV

The output corresponds to events in LHE format that includes the lifetime of the
LLP. The LHE events are passed to Pythia8 to compute the decays

X2 —7 lef

The Pythia output is saved to be further processes with python routines to solve
the system of equations



(rary — Tyry) (YT + DYy + DY) + [(pY, + Y —l—pgﬁss)zf‘fB — (p§ + oY + pgliss)r;](rg - 7‘5 + 72)

A=
(ryrh, — 'r'm'r'é) \/'r% & 7'3 + 72

(2.19)

o — (rary = Tyra) B)ms + pyimy + pme) + [0 + Py + P2 )ry — (Y + Py + 97 )ral(ry + 1y +77)

(ryrs, = rory ) T2 + 12 + 12
(2.20)
with r» = (TIBT’Q?TZ)B = (T;:,T;,,T;), Dy = (p%/ap%/‘ap%/‘) and Dy = (p%r'apxy/rap%ﬂ)'
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Final state X Or Osg

T A X20uw X1 FHY 22 (0,420, ¢1) F*
Z A X2 Oy X1ZM 1z (020, 1) ZH
h X2X1h Aga¢1h
77 25X X1 TE[GHG ] | zzd2¢1 TH[GHG ]
u Az lXax1 Lol
b AR L giubh
tt ArttXax1 R

Table 2. List of example effective operators for the decay y2 — x1X for fermionic (middle column)
and scalar (right column) DM particles. Each of these operators corresponds to different final state
X (left column). Note that this is not an exhaustive list. For example, one could also have diboson
final states. Furthermore, the scalar charge radius operator gives decays only to off-shell photons,
Y= ff, Wrw-.
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Figure 2. Topology for the decay of x2 into x; and SM particles (X) through a light mediator ¢p.

Final state Obpm + Osm

= 9120 X1VuX2 — 999D TVuq >

120D X1 VY5 X2 — gq¢%§7ﬁ752,
—43120D X1X2 — 9¢9DAq

—i9120DX17° X2 — 949DTY°q

fr

Table 3. A small sample list of example vector, axial-vector, scalar, and pseudo-scalar decay
mediator couplings for fermionic DM particles. Similar models may also be constructed for bosons.
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Smearings inside the detector simulation in Pythia8 goes like this:

Jet energy resolution: Use 20% for jets at 50 GeV, falling linearly to 10% at 100 GeV,
then flat 10%.

Jet energy scale: For jets with |eta|] > 2, use 3% flat, for jets with |eta|] < 2, use 1%
flat (I am assuming the jets are above 20-30 GeV by which point this is probably quite
accurate)

Electron resolution: use 2% at 10 GeV, falling linearly to 1% at 100GeV, and then 1%
flat. Electron scale is effectively O so we can forget it.



For displaced mass method we require:

e At least 4 electrons in each event
e Each electron has to be truth matched to a displaced track with deltaR in (7, ¢)
to be less than 0.1

* |do| > 2 mm and pr > 1 GeV A

ry =zl +y? .

tan¢ = p,/p:
d{]\\ .r”l

dyg = r | X sin (@ — @)

Source: EPJ 076 (2016)



https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-016-4330-3

We do a detector simulation and generate the smeared quantities to solve the system again
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Our goal is to be able to extract both masses from the data. Estimated region for every truth
mass pair that gets estimated

Estimated mass plane from
Cottin, Lester (2018) truth mass pair (1,50)

100

Construct a confidence region based on

% 80 our maps in estimation space (we have
= 510 of them, one per each grid point), to
E 60 | ] guarantee that, given an observation,
g @ the real masses will lie in the region at
£ w0l | least some fixed fraction of the time
o (e.g. 95%)
S o)

0 - ‘ - : :

0 2 4 6 8 10

m,, estimated [GeV]



Table 1.

before creating the estimation maps to construct the median 95% confidence regions in Figure 5.

Obs. A (my,;my,)

Obs. B (my,,my,)

Obs. C (my,,my,)

(2.2, 49.0)
(1.9, 49.1)
(2.0, 48.6)
(2.2, 49.1)
(2.3, 49.0)

(5.2, 73.0)
(4.7, 73.0)
(4.6, 73.2)
(5.2, 73.4)
(5.5, 73.8)

(7.9, 96.2)
(6.9, 95.2)
(7.1, 95.9)
(7.3, 96.8)
(7.5, 96.1)

Sets of 5 observations for the mass pair (m,,,.m,,). These were randomly selected



