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Dark Sectors/Hidden Valleys

e Consider a dark sector with SU(N) symmetry and
confinement scale !

« A portal interaction with M | !

e e.g. a QCD like dark sector with a Z' mediator



* [hen you can expect something like this:

q q 9 Q Q hep-ph/0604261

Some v-hadrons are

From M. Strasslers slides, 2006 stable and therefore
Pioneering papers by el

Strassler, Zurek 2006, 2007
v-hadrons |
-
-
But some v-
N = hadrons decay
—__" . @ -t in the detector
< to visible
~

particles, such
as bb pairs, qq

pairs, leptons

Analogous to e+e- - hadrons



Why?

 Hidden valleys generic in string theory
* Dark QCD e.g. in Twin Higgs models

 Asymmetric DM provides strong motivation for
I~ 5 GeV scale in hidden sector

I TeV scale mediator for asymmetry transfer e.g. Bai, PS, 2014

|
I\'/I—! 0O(10%) " rich shower!
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VlioqQel

e Mediators:

1 Bifundamental scalar ®

' or Z' (Hidden Valleys!)

+ couplings to SM

* Pair production of heavy bi-fundamental fields:#

q>\/\/\/<"
q ~

 Decay to quark - dark quark pairs:

two Emerging Jets
PS, Stolarski, Weiler, 2015

-~ O

wo QCD jets,



Dark Pion Litetime

M4 M 4 5
cr(mp — SM) ~ —% ~ cm X (%) (GeV)
c M

e Right order of magnitude for this workshop

| As suggested yesterday, consider it free parameter



Emerging Jets at the LHC

 Characteristic:

I few/no tracks#
IN INnner tracker

« New “emerging™
jet signature

o Universal for#
large class of#
composite DM#
models!

PS, Stolarski, Weiler, 2015



Strategy

calo

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

Veto tracks
here!

More precisely:

Veto on hits in inner tracker
or on reconstructed vertices
with ny <Tr

PS, Stolarski, Weiler, 2015
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Reach ATLAS/CMS

Model A, 14 TeV, 100 fb~!
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Model B, 14 TeV, 100 fb!
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o Optimistic scenario (no non-collisional BGs)

e Also sensitive to some RPV SUSY models etc

PS, Stolarski, Weiler, 2015
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Vliore detalls
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Dark Shower

80 w w — 1l
0 e e = QpQp I e
: . |Pythia 8
60 f ' ' Carloni,
dark i ] M Sjostrand,
meson g ) 2010

+ modifications
github.com/pedroschwaller/EmergingJets

multi- f
plicities 40

30
20— 2000
Vs 1GeV!
QCD and D
Collider Physics 1
#N (8)$ Yoexp

R.K.ELLIS, W.J. STIRLING
AND B.R. WEBBER


http://github.com/pedroschwaller/EmergingJets

Decay Distribution
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Decay characteristics
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H charged tracks per mp

 Number of charged tracks from dark pion decays
* Also depend on flavour structure - some more work!

» Opportunities for LHCb, SHiP, PADME, FCC, NAG2



L Ifetime once more



Dark Pion Litetime

M Mx \* /GeV”
cr(np — SM) ~ —X Ncm><<Te>\</) (me )

e Right order of magnitude for this workshop

 However: Mediator dependence

' /" Tends to predict some stable dark pions " MET#

Semivisible jets: Cohen, Lisanti, Lou, 2015

I Scalar: Can predict range of lifetimes, depending on
flavour structure S. Renner, PS, in progress
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| Ifetime - flavour connection

log(R) !
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Figure 13 : Above bthreshold with model parameters as in 3.1). Ratio R between longest
and shortest proper decay lengths as a function of sifbs and As3, with parameters as given

in Eq.(2.4) S. Renner, PS, in progress



Classification?

Detector

Prompt Displaced Stable

Emerging
Jet

Semivisible
Jet

Semi-displaced
Jet

New!

Escaping

|
e New!




Classification?
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FInal states

* Could imagine that dark pions go to
| |ets
l D's

| |leptons (lepton jets, radiating DM Buschmann et. al. 2015)

 Even if we don't want to design a search for each
of these - we might want to recast other searches
on dark shower models

* Need flexible event generation
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Status of event generation

Pythia has hidden valley model, with running coupling
(since 8.223, thanks to S. Mrennal!)

|/’ production (s-channel)

I Scalar production (heavy parent)

I No t-channel

e Can use parton level generator (MG/ME) for
oroduction - preliminary UFO available (needs testing!)

 Dark SU(N) not implemented in MG/ME - | believe at
this point we don’t want to do dark matching?



Status of event generation

o Shower/hadronization in Pythia

e Some limitations

I two types of dark pions (by default one is stable, one
unstable), fraction set by ng

I No glueballs (I believe)

I Some traces of fixed coupling setup remain (e.g. can't
set dark quark masses to zero)

I Not sure if it can deal with heavy dark flavours
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summary

“Dark QCD” motivated in many BSM scenarios, in
particular: DM and Naturalness

Emerging jets are smoking gun, good prospects for
ATLAS/CMS

First attempt of searching for dark shower
ohenomenology at the LHC!

| ot of work to do... this afternoon

* (apologies for missing topics, e.g. soft bombs,...)

24



Extra slides :)



What is an Emerging Jet?

Tracking

Volume QCD

- -
P -
-
-
-
-
-
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o

neutral, SM
singlet states
(dark pions)
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What is an Emerging Jet?

Possible origin:

Hidden sector with
confining SU(N)
gauge interactions
Odark QCDO

Bai, PS, PRD 2014
PS, Stolarksi, Weiler, JHEP
2015

Also in “Hidden Valleys”
Strassler, Zurek, 2006,2007
Han, Strassler, Zurek, 2007

Tracking
Volume e o
p>— hadrons
PN 2 | .
neutral, SM
~— Singlet states
(dark pions)



Dark QCD

 (Asymmetric) Dark Matter
| Stability (dark baryon), relic density OQpyv =~ nyMpum
I Self interactions (small scale structure)

| Efficient annihilation pppp — Tp7Tp

* Naturalness
I Twin Higgs (top partners w/ dark color)

I Relaxion (dark axion potential from dark QCD)
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Dark QCD

« DM/Naturalness motivates Ap, ~ few GeV
Opm . Mpwm
QB | MB
* Dark pion lifetime possibly macroscopic
4 4 5)
ct(mp — SM) ~ ]\iX ~ cm X <MX> (GeV)

my TeV M,

| e.q.

Also:
Important to close gap between prompt (multi-jet)
and long lived (MET) searches for new physics

30
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Should we have seen this already?

« ATLAS (arXiv:1409.0746) f/'aig ngier;eagzesr

e CMS (arxiv:1411.6530) * Lower track multiplicities
| | from individual vertices

+ LHCD (arxiv:1412.3021)  * MUlp e displaced vertioes

displaced dijet emerging jet| (also: not trackless!)




PS, Stolarski, Weiler, JHEP 2015

Benchmark Signal/Strategy

* Pair production of 1 TeV bi-fundamental scalars
o Trigger on 4 HCAL jets pr > 200 GeV

 Require one or two “emerging jets:"#
Jets with at most 0/1/2 tracks originating from a

distance r < reut

e WO scenarios:

32
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Cut Efficiencies

Signal

El1 GeV, n, r'"=1, Model A
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I ( (! (1 (1

0.100F~
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fraction

Background

E# GeV,n, r$ 1, QCD

0.001}

10_4§
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r 'mm"

« Factor 100-1000 improved S/B per jet, compared to

ordinary 4-jet search



Composition of QCD backgrounds

e QCD jets with pr; > 200 GeV

CD EmergingJets n=0
Q . gingJets o QCD TracklesEmerginglets n=0

100j“
80- Niot = 688 N 146
7 bottom ]
60, charm
i strange
40
20 - B N |
0.1 1. 10. 100 100C neutror strange
r'mm"
Track(s) appears at distance r Purely trackless jets

Flavour of long lived state identity of hardest particle




S/B

fb
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Model A | Model B || QCD 4-jet
Tree level 14.6 14.6 410,000
I 4jets, |'| < 25
pr (jet) > 200 GeV 4.9 8.4 48,000
Ht > 1000 GeV
E(1GeV,0,3mm)! 1 4.1 4.1 45
E(1GeV,0,3mm)! 2 1.8 0.8 " 0.08
E(1GeV,0,100mm)! 1 1.7 ' 0.01 8.5
E(1GeV,0,100mm)! 2 0.2 ' 0.01 ' 0.02

e Can still add paired di-jet cuts

* Will also catch some displaced vertex & SIMP
signals, possibly photon jets
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Reach ATLAS/CMS

Model A, 14 TeV, 100 fb~!
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o Optimistic scenario (no non-collisional BGs)

* More realistic studies under way at CMS (ATLAS soon?)



Other New Physics

\ Kagan®
« RPV SUSY Wrpy O % ik UiDj D W day)

rallk (MOT=—=

e One of the last “natural” MSSM scenarios

qg QCD jet

Emerging jet

Emerging jet

long lived = QcD jet
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RPV SUSY sensitivity

o Competitive with
displaced vertex
searches

e | ess model
dependent

* "Natural SUSY”
scenario with top jets
to be done

cTo !'mm"

RPV model, M, =100 GeV, 14 TeV, 100 fb~!

600 800 1000 1200 1400 160
A@?HSéV"
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Beyono
ATLAS/CMS



| HCb opportunities

/' mediator is difficult to trigger at ATLAS/CMS#
Same it dominant production is off-shell#

q ! 4D q 4D
q dD q/ \ 4D
 Reconstruct individual dark pions, differentiate#
using lifetime, mass, decay products

 Emerging jets without (hard) trigger requirements?

40



Off-shell production

| (9 = 1/A2(ﬂ7uu)(@DW“QD)
10#55 ]
S |
O 6|
) 10° :
+H :
g _
1077
10°8 - ]
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! 11
Tev *

otal rate: o(pp" @pQp)# 82phs —— XNy x Nf
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Forward reg|on
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« Momentum (not pT)
distribution of dark
pionsin 2<! <5




Decay characteristics
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H charged tracks per mp

 Number of charged tracks from dark pion decays

o Also depend on flavour structure - some more work!

» Beyond LHC: SHiP, PADME, FCC, NAG2



"1

o |

e

o | weighted strategy

* Displaced fraction of jet F(r) = Caj_jet > o
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Jet Shape(s)
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» Subtleties: Might loose hardest dark meson, etc...
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Whatifct! mm 7

* No displaced tracks. Can we still discriminate QCD
and dark QCD jets?

* Sub-jets from #
individual dark #

1000 |-

pion decays
= 100+
_E: - 600
Probably discussed 8 years ago ¢ .
in context of Hidden Valleys I

Much better tools

now available!!! 0 10 20 30 40 50 60
I:)T,Meson 1GeV"




