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We have seen dark matter in the sky
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Unknown dynamics

of baryogenesis

Qpym =Mpyunpu

Can get npy ~ np, usually have to assume mpy ~ mp

Can we get both?
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QDM i 5QB
QCD like Controlled by complicated
\7 (known) QCD dynamics
Qpyv = mpyunpu (Jp = mynp

Unknown dynamics

of baryogenesis
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Propose new SU(Ngy) “dark QCD,” dark quarks

Dark matter is dark sector baryons with mass ~ AdQCD
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Propose new SU(Ngy) “dark QCD,” dark quarks

Dark matter is dark sector baryons with mass ~ AdQCD
Massive bifundamental fields decouple at mass M » Agqcp

Search for model with perturbative fixed point
B(9)1

dg_ B o *
a—ﬁ(g)—OfOrg g = g







Example

Fixed points:

o =0.090 «f =0.168
M = 870 GeV

DM mass:
Mpy ~ 3.5 GeV

T —
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Can co-generate DM and baryon asymmetry

QP d;



Can co-generate DM and baryon asymmetry

@ (I) dz—> SM quark

L bifundamental scalar
dark quark



Can co-generate DM and baryon asymmetry

@ (I) dz—> SM quark

L bifundamental scalar
dark quark

Dark matter is strongly self interacting — potentially solves
various problems of cold dark matter

« Cuspvscore  Missing satellites

e Too big to fail
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Confining SU(N.) gauge group with Nr flavors

13 %
Qz’ Qj Gd
This sector 1s QCD like, and it confines at a scale

Ale—loGeV

At the confining scale we have all the usual states

ZOOd

Stable Decays
to SM
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Motivated by getting comparable asymmetries, put in

heavy mediator which couples to SM and dark sector

Me > Ay

Example 1: ® is a scalar charged under both color and

dark color



\

Motivated by getting comparable asymmetries, put in

heavy mediator which couples to SM and dark sector

Me > Ay

Example 2: Z,is a vector that couples to quarks and

dark quarks

q Qd
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O
Q.



ALEPH event

Quark production at LEP
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Operator used to generate asymmetry mediates decay

Qdd; ; 0,

e
A



Operator used to generate asymmetry mediates decay

QO d;
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Integrate out P /
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Operator used to generate asymmetry mediates decay

QO d;

2]

Dark pion
T decays to
quarks

Integrate out P




Same story for Z4 model:

q Qd
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Same story for Z4 model:

Q|
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Same story for Z4 model:
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Td e Qv,Q dry"dr

q
Can use (dark) chiral Lagrangian to estimate:

2m2

['(rg — dd) ~ 32?1\45 M
Xd

1 GeV\” /100 MeV\? /1 GeV [/ Mx, \"
CT =~ dcm X
de Tq Mo, 1 TeV
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BACKGROUND?

QCD 4-jet productionin PYTHIA8 pr > 200 GeV

4 )

E(1 GeV,n,r) =1, QCD
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| | 2 tracks
0.01E ____________ o ] 2"
= | — | —— 1 track
.9 '
3 -1
& 7
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\_ Y,

* - modified Pythia tune to
increase QCD contribution
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Flavor of earliest
decaying track

track pr > 1 GeV
jet pr > 200 GeV
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QCD Trackless Emerging Jets, n=0

500

I I Ntt71 7

neutron strange

QCD Trackless Emerging Jets, n=2

1500 -

1000 -

NtOt = 3131

neutron strange none

Composition of
completely trackless
background

track pr > 1 GeV
jet pr > 200 GeV
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Choose two benchmarks:

Model A | Model B
Ay 10 GeV 4 GeV
my | 20 GeV 8 GeV
My, | o GeV 2 GeV chgandnf:7

CTr, 50 mm 5 mm

Dark QCD already in PYTHIA!

Run modified version with running
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Number of dark mesons in a jet
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Check to see if simulation makes sense by
looking at average particle multiplicity
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N RUNNIN

Modity PYTHIA to include gauge

coupling running

Orphan pp Girth
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SENULAMARK MEUIAITUR

pp — POT = Qg Quq

Final state Is Cross section is stop-like
e 2 QCD jets o~ few x o(pp — 517?1)
e 2 emerging jets oc(Mg =1TeV) =~ 101b

@ LHC14
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pp — Zg — Qq Q)

Final state Is Cross section depends on
e 2 emerging jets couplings

Work in progress



VUV

Hardest jet pT

Model A
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Four hard jets is enough to pass trigger
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700 ¢

100 [

Jet Shapes, pr > 250 GeV
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Dark Jets, model A

T

Measure girth to get
a sense of jet width

Model A:

me = 1 TeV
Ag = 10GeV

My, = 5GeV

CTr, — o0 mm
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600 |
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Jet Shapes, pr > 250 GeV
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. Dark Jets, model B

0.30

Quite sensitive to
dark sector params.

Model B:

me = 1 TeV
ANg =4GeV

My, = 2GeV

CTr, = 20mm



Q4 q

pp — POT = §Qq
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Cross sections in fb at LHC14:

Model A | Model B || QCD 4-jet | Modified PYTHIA

Tree level 14.6 14.6 410,000 410,000
> 4 jets, |n| < 2.5
pr(jet) > 200 GeV 7.1 9.2 48,000 48,000

Hr > 1000 GeV

Paired di-jet resonance search very difficult!



Cross sections in fb at LHC14:

J Y

Model A | Model B || QCD 4-jet | Modified PYTHIA
Tree level 14.6 14.6 410,000 410,000
> 4 jets, |n| < 2.5
pr(jet) > 200 GeV 7.1 9.2 48,000 48,000
Hr > 1000 GeV
FE(1GeV,0,10mm) > 1 5.9 4.1 41 49
FE(1GeV,0,10mm) > 2 2.6 0.7 ~ 0.08 ~ 0.08
E(1GeV,0,100mm) > 1 2.8 0.3 10 14
E(1GeV,0,100mm) > 2 0.4 < 0.01 < 0.08 < 0.08

Requiring emerging jets changes the game.




Cross sections in fb at LHC14:

J Y

Model A | Model B || QCD 4-jet ‘hModified PYTHIA
Tree level 14.6 14.6 410,000 410,000
> 4 jets, |n| < 2.5
pr(jet) > 200 GeV 7.1 9.2 48,000 48,000
Hr > 1000 GeV
FE(1GeV,0,10mm) > 1 5.9 4.1 41 49
FE(1GeV,0,10mm) > 2 2.6 0.7 ~ 0.08 ~ 0.08
E(1GeV,0,100mm)& 1 2:8 0.3 10 14
E(1GeV, 0,100 mm) > 2 0.4 < 0.01 < 0.08 < 0.08

Requiring emerging jets changes the game.
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Fraction of jet energy
reconstructing outside of
circle

Neutrals (photon, neutron)
do not contribute, hard to
get F=1

Much more robust to pile-
up
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Cross sections in fb:

J Y

Model A | Model B || QCD 4-jet | Modified PYTHIA
> 4 jets, |n| < 2.5
pr(jet) > 200 GeV 7.1 9.2 48,000 48,000
H7r > 1000 GeV
1 jet F/(100 mm) > 0.5 5.3 4.6 130 150
2 jets F(100 mm) > 0.5 1.8 0.8 0.3 0.2

b-jet background too large at r=10 mm

Works pretty well at r=100 mm even for short

lifetime model
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Cross sections in fb:
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Search for long-lived neutral particles decaying into lepton jets
in proton—proton collisions at /s = 8 TeV with the ATLAS
detector

The ATLAS Collaboration

Abstract

Several models of physics beyond the Standard Model predict neutral particles that decay into final
states consisting of collimated jets of light leptons and hadrons (so-called "lepton jets"). These parti-
cles can also be long-lived with decay length comparable to, or even larger than, the LHC detectors’
linear dimensions. This paper presents the results of a search for lepton jets in proton—proton colli-
sions at the centre-of-mass energy of /s = 8 TeV in a sample of 20.3 fo~! collected during 2012 with
the ATLAS detector at the LHC. Limits on models predicting Higgs boson decays to neutral long-lived
lepton jets are derived as a function of the particle’s proper decay length.

arX1v:1409.0746v2 [hep-ex]




arX1v:1409.0746v2 [hep-ex]

Only one category that doesn’t
require muons

Requires ECAL/HCAL < 0.1

Optimized for decays within ECAL,
extremely low efficiency except
possibly for long lifetimes

d

95% CL Limit on oxBR(H—> 4y +X) [pb]

-\ amas [

20.3fb" \s=8TeV

BR(H— 4y +X) = 10%

— FRVZ 4\(d model -
- m, =400 MeV ]

expected = 1o

vl A RTT] B SR A ET] B R
1 10 10 10°
Dark photon ¢t [mm]

See also ATLAS trigger paper: arXiv:1305.2204 [hep-ex].




v

D
A
=1A

A few current searches for long lived stuff:

Search for long-lived neutral particles decaying to dijets

The CMS Collaboration

Abstract

A search is performed for long-lived massive neutral particles decaying to quark-
antiquark pairs. The experimental signature is a distinctive topology of a pair of jets
originating at a secondary vertex. Events were collected by the CMS detector at the
LHC during pp collisions at /s = 8 TeV, and selected from data samples correspond-
ing to 18.6 fb~! of integrated luminosity. No significant excess is observed above
standard model expectations and an upper limit is set with 95% confidence level on
the production cross section of a heavy scalar particle, H’, in the mass range 200 to
1000 GeV, decaying into a pair of long-lived neutral X° particles in the mass range 50
to 350 GeV, which each decay to quark-antiquark pairs. For X’ mean proper lifetimes
of 0.1 to 200 cm the upper limits are typically 0.3—300 fb.

CMS PAS EXO-12-038
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CMS PAS EXO-12-038

’_T tT L
. L. . O CMS Preliminary
Require di-jets all coming R il Jra-menlisamey __
. . =) m,, = 1000 GeV

from a single displaced vertex z | _ m=mce
& ------ Exp..Limit
‘ng-zz_ lExp a2

Throw away energy of tracks
not reconstructed from vertex

Unlikely to be sensitive to S EE

emerging phenomenology v [em]



UV V

Emerging jet search would be
sensitive to other long-lived
scenarios

e Lepton jets

« RPV neutralinos decay to jets

Work in progress
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Important to explore different ways LHC can search for NP

DM exists, exhaustively search for different classes of
models

Emerging jets are novel and motivated, no current
searches are sensitive

Strategies presented here can reach very low cross
sections, sensitive to broad class of displaced models

ATLAS and CMS exotics groups are investigating
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JN MUV
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Fraction of jet momentum carried by
any individual dark meson
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