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Abstract: <p>I will describe a new collider object we have termed emerging jets.<br>
These can arise when there is a confining dark sector connected to the<br>

Standard Model by a TeV scale mediator, a scenario that iswell<br>

motivated by dark matter considerations. The signature of an emerging<br>

jet is O(10) displaced vertices inside the jet each with different<br>

impact parameter, and a small number of prompt tracks. | will describe<br>
strategies that can be used to discover emerging jets even if they<br>

have very small cross sections.</p>
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Getting away from the lamp post

PorTine bea Il'n o \
/ Theor \/

AdS/CFT
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Qpy >~ 50p
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-QD}\{ ~ 5”]}

Controlled by complicated
(known) QCD dynamics

\

Qpym =mpyunpm (g = mynp

Unknown dynamics

of baryogenesis
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par = mpunpar (lp = mynp

f

Unknown dynamics
of baryogenesis

Can get npas ~ np,usually have to assume mpa ~ mpg.
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Qpa =~ 583

Controlled by complicated
(known) QCD dynamics

\

Qpym =mpunpu QOp = mynp

Unknown dynamics

of baryogenesis
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Dimensional
transmutation
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Propose new SU(Nq) “dark QCD,” dark quarks.

Dark matter is dark sector baryons with mass ~ A ;¢cipy-

Massive bifundamental fields decouple at mass M > ;\(|(3( e
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Propose new SU(Ng) “dark QCD,” dark quarks.
Dark matter is dark sector baryons with mass ~ A ;cipy-
Massive bifundamental fields decouple at mass M > ;\(|(3( e

Search for model with perturbative fixed point

dy

~=8(g)=0forg = g" ‘
dl ’ |
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Can co-generate DM and baryon asymmetry.

QPd;
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Can co-generate DM and baryon asymmetry.

G CI) d?- — SM quark

I_. L bifundamental scalar

dark quark

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

« Cuspvscore * Missing satellites

» Too big to fail
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Dark QCD

asymmetry
sharing

Pds Md;
annihilation |

- Ty Pdy - -
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PHENOMENOLOGY




Confining SU(N¢) gauge group with Nr flavors.
V) v
Qz Q; Gd

This sector is QCD like, and it confines at a scale.

Ad ~1—10 GeV

At the confining scale we have all the usual states.

Pd Tdqd 700y
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Confining SU(N¢) gauge group with Nr flavors.
V) Iz
Qz Q; Gd

This sector is QCD like, and it confines at a scale.

Ad ~1—10 GeV

At the confining scale we have all the usual states.

Z (7d|  Zooy

Stable Decays
to SM
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Motivated by getting comparable asymmetries, put in
heavy mediator which couples to SM and dark sector.

ﬂ’[{) >> A(]

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

dark color.

9 QQQAQ0R = = = == P
1

'
Ga QOOQV) (e = = = = = P
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Operator used to generate asymmetry mediates decay:

@ O df,j 7] Q4

I(I)

q /\ aci
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Operator used to generate asymmetry mediates decay:

@ o df,j

: Qd
Integrate out @ /

(_21'1
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Operator used to generate asymmetry mediates decay:

@ o df,j

Dark pion
decays to
quarks

Integrate out P T
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Same story for Z¢ model:

Pirsa: 15020132 Page 25/57



Pirsa: 15020132 Page 26/57



1
M5

Td

Q,Q dry"dg

Can use (dark) chiral Lagrangian to estimate:

(g — dd) ~

327

2 GeV\* /100 MeV\? /2 GeVY [ My, \’
cto ~ 10 cm X _ S _d_
-I-Tr! M own My, 1 [(‘\
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3000
100K
w0 Tracker volume
100

30

10)

30

My, = 5 GeV

0.3

cto = 15 cm
1) 20 3l 40 50 0l)
Py Meson |(‘lt'\"|

2 GeV\? /100 MeV\? /2 GeVY [ My,

! rnm T
-fo.r! M down My, 1 l(‘\

cto ~ 10cem %
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QCD 4-jet production in PYTHIA8 pyp > 200 GeV

7~

~

E(l GeV,n,r) = 1,QCD

5
1 track

[

fraction

0.001

10 100 1000
r|mm)]

* - modified Pythia tune to
increase QCD contribution
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0

QCD Emerging Jets, ne2

‘} - T e L
| Y] 1
]|

Flavor of earliest
decaying track.

track pp > 1 GeV
jet pr > 200 GeV
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Choose two benchmarks:
- [ Model A Model B |
Ay 10 GeV 4 eV
1y 20 GeV 8 GeV
My, H GeV 2 GeV N, =3 and n f = 7

¢Tr, 150 mm Hmm

Dark QCD already in PYTHIA!

Run modified version with running.
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Modify PYTHIA to include gauge
coupling running.

Girth Orphan pr

— Running | — Running
== No Running | -=== NO Running

4:‘!") Gggo

pr (GeV)
Pr notin jets with
P T 2“() (:{‘\"‘
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Check to see if simulation makes sense by
looking at average particle multiplicity.

1000 2000 4000

Vs [Gev)

o 1 ) Sy
(N(8)) xexp | —q/ — log a,(8)
' f \.’ Ty (§) admhy
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Number of dark mesons in a jet.

(LA

Number of dark Mesons per jet, Model A Number of dark Mesons per jet, Model B

10040
RO
HiM

400

10 15
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Number of dark mesons in a jet.

Number of dark Mesons per jet, Model A Number of dark Mesons per jet, Model B
1000
R0
1000

HiN

400

’ \ 200
1 = -
10 15 {

20
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Final state is Cross section depends on

« 2 emerging jets couplings.

Work in progress.
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E(1GeV, n, r)z 1, Model B E(1 GeV, n.r)z 2. Model B

— () tracks

1 track

2 E-jets

f[mm]

My, = 2 GeV
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Cross sections in fb at LHC14:

Model A Model B | QCD 1-jet | Maodified PYTHIA
Tree level 146 4.6 | 410,000 110,000
s jets, gl < 2.5
prliet) = 200 GeV 1.9 8.4 18,000 18,000
He > 1000 GeV

Paired di-jet resonance search very difficult!
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Cross sections in fb at LHC14:

Model A Model B | QCD 1-jet | Madified PYTHIA
Tree level 14.6G 4.6 | 410,000 110,000

s jets, gl 2 2.5
ppljet) = 200 GeV 1.9 5.4 18,000 18,000
Hyp = 1000 GeV

01 CeV, 0, 3 mm) = . 1.1 Y| O7
Fil GeV,0.3mm) > 2 o (0.5 - 008 - 0.04

(1 GeV. 0, 100 mm) = | . <001 | 1 15
L1 GeV, 0, 100mm) = 2 2 =001 <002 0,02

Requiring emerging jets changes the game.
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Cross sections in fb at LHC14:

Model A Model B | QCD 1-jet | Madified PYTHIA
Tree level 146 14.6 110,000 110,000

s jets, gl = 2.5
ppljet) = 200 GeV 1.9 B | 18,000 18,000
Hyp = 1000 GeV

201 CeV, 0, 3 mm) = . 1.1 Y| 07
Fil GeV,0.3mm) > 2 Ry (0.5 - 0.08 - 0.04

(1 GeV. 0, 100 mm) = | . <001 1 15
L1 GeV, 0, 100mm) = 2 2 <001 < ().02 < 0,02

Requiring emerging jets changes the game.
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1000

Madel B, 14 TeV, 100 1h !

100 mm

=
1=
-
=
[
]

30 mm

-

Ve

100 GO sS00 1 OO 1200 1400 1600 100 OO 800 | QO 1200
My [GeV]

My [GeV)

1400

164K)

Assume 100% systematic error on background.

J
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Maodel B, 14 TeV, 100 b !
1000 _ .

100 mm p y 100 mn

30 mm 24 30 mm

100 GO sS00 1 OO 1200 1400 1600 100 OO SO0 1 00K} 1200 1400 160X
My [GeV) My [GeV)

J

Assume 100% systematic error on background.
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Model A, 14 TeV, 3000 b

1000 A
T

oo

A

300

| O mm , . \ 1K
/ \ (x)
OO mimn

cry [mm]

/ -
400 600 800 1000 1200 14000 16040

100 LY s00 1000 1200 1400 1600
My [GeV p

My [GeV]

Better reach with high luminosity.
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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:

Model A | Model B | QCD d-jet | Modified PyTHIA

> jets, | < 2.0
pyijet) = 200 GeV 1.9 8.5 18,000 18,000
Iy > 1000 GeV
1jet F{100 mm) > 0.5 3. K 130 150
2 jets F(100 mm) > 0.5 L. 0.2 (0.2

a(100fh 1) | 549 ; ‘

b-jet background too large at r=10 mm.

Works pretty well at r=100 mm.
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Search for long-lived neutral particles decaving to dijels

The CMS Collaboration

Abstract

af o uppet Tmieis see wiil 855
wtian of o Fexvy acalar particle, 11
ool Dl d meitesd X paricle
vay 0 cpuachaant ek prades T X v progw
sically ) M b

Emerging Jet
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LIIC |l|lll|lllf__‘\\ tem Al

LHCb has excellent I“I
tracking. " "I'

Limited coverage of
eve nt. LHCb Event Display
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Again require to
distinct jets with
single vertex.

Insensitive to
emerging pheno.
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LHCh (7 TeV)
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I ATLAS (7 TeV)
CMS (7 1eV)
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\

0.10
Model B

Model A (.08

=N_ i

(LOG

Muodel A
0.04

% of evenls with

0.02

(100

Ny, With 2 < g < 5

~45% of events have > 0 pions in LHCb.
~30% have > 2.
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Emerging jet search would be

sensitive to other long-lived
scenarios

« Lepton jets

« RPV neutralinos decay to jets
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Squark pair
production

Neutralino decay
to 3 jets

¢Ty [mm]

3000

1000
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RPV model, M,

—— Sy

100 mm

600 8O0 1000 1200 1400 1600

M, |GeV]
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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.

Opportunities for ATLAS, CMS, and LHCb. Exotics groups are
investigating.
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