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QCD SHOWERING
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Figure 1: Pictorial representation of the DGLAP evolution of PDFs. The white blob represents the
incoming hadron.

branching of parton b, resolved at scale µ2
F

+ dµ2
F

. This is precisely the Markov process we were looking
for. The transition from parton b to parton a is naturally accompanied by the production of an additional
parton, which accounts for momentum and flavor conservation. The additional particle is ignored when
the PDF evolution is computed. In a Monte-Carlo event generator, it is accounted for as an additional
final-state particle, and the production process is called initial-state radiation.

It is clear that repeated implementation of Eq. (1.2) leads to arbitrarily many parton splittings, and
therefore arbitrarily many particles in the final state. The basic idea leading to parton shower Monte
Carlo event generators is to use Eq. (1.2) to convert the inclusive prediction for the occurrence of parton
a in the beam hadron h into an exclusive prediction for parton a and a certain number of additional
particles, which are resolved at smaller and smaller momentum transfer. Two problems remain to be
solved.

• The DGLAP equations are derived in the strict collinear limit, i.e. any final-state particles are
precisely collinear to the beam particle. If four momentum were conserved, this assumption would
imply a vanishing virtuality of the t-channel propagator, which conflicts with the requirement that
µ
F

be finite.

• The DGLAP equations are fully inclusive, in the sense that parton momenta are integrated over
the entire available phase space. Quantum Chromodynamics instead imposes a resolution scale set
by ⇤QCD.

The first problem is solved in Monte-Carlo event generators by momentum mapping schemes or “recoil
schemes”, which define unambiguously how the kinematics of the process is a↵ected when initial-state
radiation occurs. This can be interpreted as a method to assign “spectators”, which may be a single
particle or multiple particles, that absorb the “recoil” when a “splitter” particle that was formerly on
mass-shell branches into two on-shell particles. It is obvious that if the splitter has zero on-shell mass,
this can only be achieved through absorption of kinetic energy from another part of the reaction, the
spectator.

The second problem is solved by truncating the evolution at a scale of order ⇤QCD. Due to the fact that
parton showers implement four-momentum conservation, this implies a restricted range in the integral
over energy fractions in the DGLAP equation, Eq. (1.2). In the following, we discuss the implications of
these modifications.

1.4 Basic parton-shower kinematics

Consider the splitting process depicted in Fig. 2. All particles are assumed to have zero on-shell mass.
We parametrize their momenta in terms of the light-cone momenta p

a

and n, where n is a light-like

3

Quarks produced at a lepton collider will shower in a 
calculable way in QCD. 

Hoche, 1411.4085. 
They will then form hadrons. 
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QCD SHOWERING

3

ALEPH event

3

Hoche, 1411.4085. 

Figure 3: Sketch of a hadron-hadron collision as simulated by a Monte-Carlo event generator. The red
blob in the center represents the hard collision, surrounded by a tree-like structure representing
Bremsstrahlung as simulated by parton showers. The purple blob indicates a secondary hard
scattering event. Parton-to-hadron transitions are represented by light green blobs, dark
green blobs indicate hadron decays, while yellow lines signal soft photon radiation.

At hadron colliders, multiple scattering and rescattering e↵ects arise, which must be simulated by Monte-
Carlo event generators in order to reflect the full complexity of the event structure. This will be discussed
in Sec. 5. Eventually we need to convert the full partonic final state into a set of color-neutral hadrons,
which is the topic of Sec. 6. The interplay of all these e↵ects makes for the full simulation of hadron-hadron
collisions. This is sketched in Fig. 3.

2 The hard scattering

Event simulation in parton-shower Monte-Carlo event generators starts with the computation of the hard-
scattering cross section at some given order in perturbation theory. Traditionally, this calculation was
performed at leading order (LO), but nowadays, with next-to-leading-order (NLO) calculations completely
automated, it is often done at NLO. Computing the hard cross section at NLO requires a dedicated
matching to the parton shower, which will be discussed in Sec. 4. For now we focus on the evaluation of
the di↵erential cross sections and the related phase-space integrals.

The basis for our calculations is the factorization formula, Eq. (1.1). We rewrite it here, in order to
simplify the discussions in the following sections. The full initial and final state in a 2 ! (n � 2)
reaction can be identified by a set of n particles, which is denoted by {~a} = {a1, . . . , an}. Their flavors

and momenta are similarly specified as {~f } = {f1, . . . , fn} and {~p} = {p1, . . . , pn}. The di↵erential
cross section at leading order is a sum over all flavor configurations, and it depends only on the parton
momenta:

d�(LO)({~p}) =
X

{~f }

d�(B)
n

({~a}) , where d�(B)
n

({~a}) = d�̄
n

({~p}) B
n

({~a}) . (2.1)

Each individual term in the sum consists of the di↵erential phase-space element, d�
n

, the squared matrix

6

Cartoon picture
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DARK SHOWERS

4

A new confining sector (possibly QCD-like) that: 

• Has a relatively low (~ GeV) confining scale. 

• All SM particles are neutral under new force. 

• All light particles that feel the force are neutral 
under the SM.  

If there is a heavy mediator, then have large 
multiplicity of BSM particles at LHC.
Strassler and Zurek, arXiv:0604261.



pp ! QQ



DANIEL STOLARSKI     January 16, 2018      Triggering on New Physics at the HL-LHC

EMERGING JETS
pp ! QQ

6

Schwaller, DS, Weiler, arXiv:1502.05409.
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DIFFERENT DARK SHOWERS

77

Emerging Jets: QCD like, displaced vertices. 

Semivisible jets: missing energy in the jet. 

Soft bombs or SUEP (Soft Unclustered Energy 
Patterns): spherical distribution of particles.  

… 

See also talk by D’Agnolo yesterday.

Schwaller, DS, Weiler, arXiv:1502.05409.

Cohen, Lisanti, Lou, arXiv:1503.00009. Cohen, et. al. arXiv:1707.05326.

Knapen, Griso, Papucci, Robinson, arXiv:1612.00850.

???
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MOTIVATION
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MOTIVATION

9 H. Murayama

LHCb

ATLAS

theorists

CMS

healthy field!
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DARK MATTER

10

We have seen dark matter in the sky.

But not in the lab.

2 Scalar and Pseudoscalar Mediators
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Figure 7. 95% CL observed (full-line) and expected (dashed-line) exclusion limits for the Scalar
model as a function of Mmed for di↵erent /E

T

based DM searches from CMS. Following the recom-
mendation of the LHC DM working group [1, 2], the exclusions are computed for quark coupling
g
q

= 1.0 and for a DM coupling of gDM = 1.0 It should be noted that an exclusion away from
�/�

theory

⇡ 1 only applies to coupling combinations that yield the same kinematic distributions as
the benchmark model considered here.

– 7 –
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ASYMMETRIC DARK MATTER

11

⌦DM ' 5⌦B



DANIEL STOLARSKI     January 16, 2018      Triggering on New Physics at the HL-LHC

ASYMMETRIC DARK MATTER
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⌦DM ' 5⌦B

⌦B = mpnB⌦DM = mDMnDM
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ASYMMETRIC DARK MATTER
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⌦DM ' 5⌦B

⌦B = mpnB

Controlled by complicated 
(known) QCD dynamics

⌦DM = mDMnDM
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ASYMMETRIC DARK MATTER
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⌦DM ' 5⌦B

⌦B = mpnB

Controlled by complicated 
(known) QCD dynamics

Unknown dynamics  
of baryogenesis

⌦DM = mDMnDM
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ASYMMETRIC DARK MATTER

11

⌦DM ' 5⌦B

⌦B = mpnB

Controlled by complicated 
(known) QCD dynamics

Unknown dynamics  
of baryogenesis

⌦DM = mDMnDM

?
Nussinov, ’85.  
Kaplan ’92. 
Kaplan, Luty, Zurek, ’09. 
Bai and Schwaller, ’13. 
…
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ASYMMETRIC DARK MATTER

11

⌦DM ' 5⌦B

⌦B = mpnB

Controlled by complicated 
(known) QCD dynamics

Unknown dynamics  
of baryogenesis

⌦DM = mDMnDM

?

QCD like

?

Nussinov, ’85.  
Kaplan ’92. 
Kaplan, Luty, Zurek, ’09. 
Bai and Schwaller, ’13. 
…
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TWIN HIGGS/FOLDED SUSY

Gauge hierarchy problem: 

Solved in composite Higgs (SUSY) with top-partners 
(stops) 

Do these partners need to be coloured?
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Now consider again the Z
2

symmetric top quark sector, Eq. 3. To quadratic order in h this

takes the form

i�thqAtA + �t

✓
f � 1

2f
h†h

◆
qBtB . (11)

From this Lagrangian, we can evaluate the radiative contributions to the Higgs mass pa-

rameter. The contributing diagrams are shown in Fig. 1.

qA

h

tA

h
�t �t

+
h
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h

tB

�tf

��t/(2f)

FIG. 1. Cancellation of quadratic divergences in the Mirror Twin Higgs model. The cancellation

holds when the top and its partner are charged under di↵erent SU(3)s.

Evaluating these diagrams we find that the quadratic divergence arising from the first

diagram is exactly canceled by that of the second. The first and second diagrams have been

colored di↵erently to emphasize that the particles running in the two loops carry di↵erent

SU(3) charges. The first loop has the SM top quarks which carry SM color. The particles

running in the second loop, however, are twin top quarks charged under twin color, not SM

color.
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relatively light charginos and neutralinos in the superpartner spectrum. (Of course, after

EWSB, these physical states may also contain admixtures of electroweak gauginos.)

hu hut hu hu

t̃

FIG. 1. Higgs mass corrections

Next, we turn to quantum loops. We assume that q̃L, t̃R have approximately the same

mass, mt̃, for simplicity, and we also neglect the µ and A-terms. We work pre-EWSB since we

are concerned with sensitivity to parametrically higher scales. By evaluating the diagrams

in figure 1, we find that the m2
hu

parameter receives the following correction:

δm2
hu

= −
3y2t
4π2

m2
t̃ ln

(

ΛUV

mt̃

)

(5)

Naturalness therefore requires, very roughly,

mt̃ ! 400GeV. (6)

There are also electroweak gauge/gaugino/Higgsino one-loop contributions to Higgs mass-

squared. Again, working before electroweak symmetry breaking (gaugino-Higgsino mixing)

and just looking at the stronger SU(2)L coupling, the Higgs self-energy diagrams are in

figure 2.
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W hu
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FIG. 2. Higgs mass correction

The Higgs mass correction is then given by

δm2
hu

=
3g2

8π2
(m2

W̃
+m2

h̃
) ln

ΛUV

mW̃

. (7)
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12
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TWIN HIGGS/FOLDED SUSY

No! But still need factor of 3.  

Most models have twin colour which confines  
around GeV scale (or slightly higher).  
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Chacko, Goh, Harnik, hep-ph/0506256.  
Burdman, Chacko, Goh, Harnik, hep-ph/0609152. 
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SIMULATION

1515

Dark QCD is in Pythia. Can vary number of dark 
colours and flavours as well as mass scales.  

Two mediators also implemented. 

• Scalar 

• Vector

Carloni, Sjorstrand, 2010. 
Carloni, Rathsman, Sjorstrand, 2011. 
Further updates in versions > 8.2.

pp ! ��† ! q̄ Qd Qd q

pp ! Zd ! Qd Qd
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VALIDATION
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Figure 11: Average dark meson multiplicity in e+e� ! Z 0⇤ ! Q̄

d

Q
d

as a function of the centre-of-mass
energy

p
s. We compare the output of the modified PYTHIA implementation for n

f

= 7 (blue circles)
and n

f

= 2 (red squares) to the theory prediction Eqn. (15), where we only float the normalisation.
The dark QCD scale and dark meson spectrum corresponds to benchmark model B.

are radiated and the number of mesons that are produced, such that the average particle multiplicity

as a function of the energy of the process is calculable, up to an unknown normalisation factor. In

next to leading high energy approximation (MLLA) it was found that

hN(ŝ)i / exp
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see e.g. [21] for a partial derivation. This behaviour of the average multiplicity as a function of the

energy has been verified experimentally for QCD in e+e� ! q̄q processes.

To test the modified dark QCD parton shower implementation in PYTHIA 8, we simulate pro-

duction of dark quark pairs through a Z 0 boson in e+e� collisions at centre-of-mass energies between

500 GeV and 4 TeV, followed by a dark parton shower, but without letting the dark mesons decay.

The energy dependence of the average particle multiplicity is shown in Fig. 11, and agrees well with

the theoretical prediction Eqn. (15). For smaller n
f

the running of the coupling to smaller values is

faster, so that less partons are radiated at higher scales, resulting in a lower number of dark mesons.

This is the reason for the di↵erence in the curves for n
f

= 2 and n
f

= 7, and further highlights the

importance of including the running coupling in the analysis.
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see e.g. [21] for a partial derivation. This behaviour of the average multiplicity as a function of the

energy has been verified experimentally for QCD in e+e� ! q̄q processes.

To test the modified dark QCD parton shower implementation in PYTHIA 8, we simulate pro-

duction of dark quark pairs through a Z
d

boson in e+e� collisions at centre-of-mass energies between

500 GeV and 4 TeV, followed by a dark parton shower. We set the dark mesons just the pions?

to be stable here. The energy dependence of the average particle multiplicity is shown in Fig. 11 and

agrees well with the theoretical prediction Eq. (15). For smaller n
f

, the running of the coupling to

smaller values is faster, so fewer partons are radiated at higher scales, resulting in a lower number of

dark mesons. This is the reason for the di↵erence in the curves for n
f

= 2 and n
f

= 7, and further

highlights the importance of including the running coupling in the analysis.

28

Check to see if simulation makes sense by 
looking at average particle multiplicity.

Ellis, Stirling, and Weber, 1996.

nf = 2

nf = 7

16
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DARK JET SHAPES

1717

(a) 1a (b) 1b

Figure 1: girth of leading jet (highest PT in event), with a cut on PT > 200 GeV

(a) 2a (b) 2b

Figure 2: Event level metrics (sphericity and transverse sphericity). With cut on at least one hard jet of
Pt > 200 GeV

2

Work in progress with Dylan Linthorne and the dark showers working group. 

QCD-Like Dark Showers

Dylan Linthorne, Sophie Renner, Pedro Schwaller, Daniel Stolarski

January 2, 2018

Hidden valley models [1] with QCD-like hidden sectors allow for interesting collider signatures. For
concreteness, we take the dark gauge group to be SU(Nd), where Nd � 2, and we call the confinement scale
⇤d which sets the mass of the dark hadrons. Because the dark sector is QCD-like, there are also nf flavours
of dark quarks whose bare masses are lighter than ⇤d. Finally, there is a portal that couples the dark sector
to the SM, and we take the mass of the portal M to be M � ⇤d. The portal can be an s-channel vector
mediator, Zd which couples to SM quarks and dark quarks, or a t channel scalar mediator, X, which carries
colour and dark colour and can decay to a quark and a dark quark.

When dark quarks are produced, they shower and hadronize and we can use the same tools that are
familiar for QCD to simulate these processes. Because of the large gap between the mediator mass and
the confining scale, there will be large particle multiplicity and the dark hadrons will typically form into
jet-like structures. Motivated by [2], we take the dark baryons to be stable and the dark mesons to decay
via a virtual mediator. Due again to the mass gap, the mesons will be long lived; we take their lifetime
range to be between ⇠mm and ⇠m. Therefore a jet of dark hadrons will be created as dominantly invisible
particles, but at long distance, the dark mesons will decay back to Standard Model particles and appear like
an ordinary jet. Therefore, the jet emerges as it travels through the detectors, and this signature has been
termed Emerging Jets [3].

We simulate these events with the Hidden Valley [4] version of Pythia [5]. Pythia hosts a hidden val-
ley class which incorporates the SU(Nd) model, allowing the user to vary the masses of the spectrum
(⇡d, ⇢d, Zd, etc) and parameters of the running coupling (Version � 8.2). We ran proton-proton collider sim-
ulations at

p
s = 14 TeV, while only considering the resonance process qq̄ ! Zd ! qdq̄d at tree level. Jets

were clustered using the anti-kT algorithm in FASTJET [6] with radius R = 1 and pseudorapidity ⌘ < 3.0.
Various arrangements of unstable masses (⇡d, ⇢d, qd), number of flavours Nf , and Nd were considered (while
maintaining dark confinement) to obtain a broad scope of the model with variables we now describe.

As we change parameters of the dark gauge group such as Nc and nf , the running of the gauge coupling
is modified which in turn should change the shape of the jets produced. As the coupling runs slower, the
distribution of hadrons should be more spherical and the jets should become fatter. Informative metrics are
necessary in understanding these model dependences on jet events. One such metric is the event variable
sphericity [7], defined as S = 3

2 (�2 + �3). Where �i are the ordered eigenvalues of the following matrix

S

ab =

P
i p

a
i p

b
iP

i |p2i |
, a, b = x, y, z. (1)

Sphericity measures the deviation from a spherical angular distribution for the hadrons. This is an event
level variable, but we also want to study the jets themselves. We also plot girth [8]

girth =
1

P

j
T

X

i

p

i
T�Ri. (2)

In Figures 1 and 2 we see how those choices in parameters a↵ect the event’s sphericity as well as the leading
jet’s girth. Figure 1 shows the girth distribution for the leading jets, for PT > 200 GeV. The number of
flavours Nf and Nd were varied in Figure 1a. We held the mass of qd and the ratio M⇡d/M⇢d constant while
letting the unstable masses vary in Figure 1b. Lastly, two benchmark pionts for ⇤d and Mqd were used in
the sphericities in Figure 2.

1

Dark shapes do not change much varying 
parameters in Pythia. 
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DARK JET SHAPES

18

Dark shapes do not change much varying 
parameters in Pythia. 

18

Work in progress with Dylan Linthorne and the dark showers working group. 

(a) 1a (b) 1b

Figure 1: girth of leading jet (highest PT in event), with a cut on PT > 200 GeV

(a) 2a (b) 2b

Figure 2: Event level metrics (sphericity and transverse sphericity). With cut on at least one hard jet of
Pt > 200 GeV

2

Sphericity
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SOFT BOMBS

1919

FIG. 1. Schematic representation of a soft bomb event with ⇠ 100 tracks, showing electrons and

muons in blue and green respectively. The cylinder represents the inner boundary of the ECAL.

An O(1) fraction of the tracks are too soft to reach the ECAL, generating Emiss
T if the bomb itself

is recoiling against other hard particles in the event.

existing level 1 (L1) trigger. (For VBF and VH production of Higgs bombs, associated

hard jets or leptons permit the same.) Moreover, a sizable fraction of the final states –

so called ‘loopers’ – are too soft to reach the electromagnetic calorimeter (ECAL), as

shown schematically in Fig. 1. This means that a soft bomb recoiling against a hard

object can generate sizable Emiss
T , and thereby also pass the (L1) Emiss

T trigger with a

reasonable e�ciency.

ii) At the HLT level, we search for a highly localized population of hits compared to the

more di↵use background from pile-up interactions. To minimize the spreading of the

signal hits, we focus on the innermost layer of the tracker.

iii) In an o↵-line analysis it should be possible to fully reconstruct the event, and enhance

background rejection via requirements on track multiplicities. In addition, it may be

possible to extract extra information from the factorial moments and cumulants of

the multiplicity distributions [49]. Variables based on the track multiplicity are also

promising for more weakly coupled hidden valleys [50].

To explore the e�cacy of this strategy, we simulate soft bomb generation and propagation

inside a simplified model of the ATLAS detector for a number of representative benchmark

points and estimate the signal e�ciencies that can be obtained at both stages of the trigger.

We show that the triggering e�ciencies for bombs of mass several ⇥ 100 GeV could be as

high as ⇠ 10%. Further, the acceptance rate for Higgs bombs triggered in the manner is

5

Soft bombs have approximately isotropic 
particle distribution. 
Knapen, Griso, Papucci, Robinson, arXiv:1612.00850. 
Possibly more in talk by Simon next.

Can be simulated with a thermal  
distribution. 

has been found to be proportional to the first � function coe�cient and hence to vanish for

a CFT. We will therefore assume the approximate validity of the GL relation for our HV

sector, such that one finds [53]

hn(Q)i /
✓

Q

⇤

◆1+O(1/
p
�)

, (3)

for � � 1. This is consistent with a picture of unsuppressed emission of a large number

partons, all sharing a similar amount of energy. In the large � limit it is moreover possible to

compute the two-point function of the stress-energy tensor in the weakly coupled AdS dual,

and to show that to leading order the soft bomb events ought to be spherically symmetric

in the center-of-mass frame [58–60].

Equation (3) is suggestive of a statistical ensemble, and therefore also provides a sense

of the distribution of hadronic energy and momentum. Studies of models of meson mul-

tiplicities, beginning with the Fermi statistical model [61], and followed by the Hagedorn

fireball picture [62], the Bjorken-Brodsky model [63] and more recently phenomenological

fits to QCD data and AdS/CFT calculations [64], all point to a description in which the high

energy tail is exponentially suppressed, approximately following a thermal (either Maxwell-

Boltzmann [65] or Tsallis [66]) distribution characterized by a “temperature” of the order of

the confinement scale. In particular in gauge theories with gravity duals, it has been found

that T/⇤ ⇠ 1-2.5 [64], while pion and kaon spectra in hadronic collisions are well fitted by

T ⇠ 160-190MeV [67–70].

In this work, since we are mostly interested in the leading order characteristics of these

events, we will assume a simplified picture of the fragmentation, in which mesons are spher-

ically distributed, with a Maxwell-Boltzmann momentum distribution

dN

d3p
⇠ exp

n

�
p

p2 +m2/T
o

. (4)

Here the temperature T and meson mass m are both of order ⇤. (We elaborate on our

assumptions regarding the meson spectrum in the next section.) Should soft bomb events

be observed, studying the deviations from these assumptions would provide valuable infor-

mation on the HV gauge sector.

8
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INTERPOLATION?

2020

SUEPs*	to	Jets:	
Parameterizing	the	Theory		

Cari	Cesaro8	
Harvard	University	

In	Collabora?on	with	MaB	Reece,	MaB	Strassler	
LLP	Trieste,	October	20	2017	

*SoL	unclustered	energy	paBerns	
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INTERPOLATION?

2121

Seems that you can simulate the interpolation 
using an extra dimensional model and the AdS/
CFT correspondence.  

See talk by Cesarotti at Trieste workshop for 
more details.  

https://indico.cern.ch/event/649760/
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TRIGGERING
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EASY WAYS TO TRIGGER

23

Easy ways to trigger on dark showers: 

• Lots of energy: use HT or multi jet trigger. 

• Missing energy.  

Will almost always get one of these if mediator mass is 
large (SUEP is an interesting exception). 

• Isolated leptons (difficult if multiplicity is large).
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SIMPLE STUDY

24

Can do simple trigger study 
using known trigger 
thresholds. 

Pythia hidden valley. 

Current thresholds, not 
high-lumi. 

ATLAS not CMS.  !

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

Eur. Phys. J. C 77 (2017) 317
DOI: 10.1140/epjc/s10052-017-4852-3

CERN-EP-2016-241
30th May 2017

Performance of the ATLAS Trigger System in 2015

The ATLAS Collaboration

During 2015 the ATLAS experiment recorded 3.8 fb�1 of proton–proton collision data at a
centre-of-mass energy of 13 TeV. The ATLAS trigger system is a crucial component of the
experiment, responsible for selecting events of interest at a recording rate of approximately
1 kHz from up to 40 MHz of collisions. This paper presents a short overview of the changes
to the trigger and data acquisition systems during the first long shutdown of the LHC and
shows the performance of the trigger system and its components based on the 2015 proton–
proton collision data.

c� 2017 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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ISR FOR TRIGGERING 

25

For any dark shower, ISR is always there. 
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ISR FOR TRIGGERING 
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For any dark shower, ISR is always there. 
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For any dark shower, ISR is always there. 

q

q
Zd

Qd

Qd

g

g



DANIEL STOLARSKI     January 16, 2018      Triggering on New Physics at the HL-LHC

ISR FOR TRIGGERING 
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For any dark shower, ISR is always there. 
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Strategy of mono-X searches.
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ISR FOR TRIGGERING 

26

For any dark shower, ISR is always there. 

q

q
Zd

Qd

Qd

Strategy of mono-X searches.
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TRIGGER EFFICIENCY

27

PRELIM
INARY

Work in progress with D. Linthorne.

High mass means 
high efficiency.

HLT HT trigger (850 GeV) 
dominates.
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TRIGGER EFFICIENCY

28

PRELIM
INARY

Work in progress with D. Linthorne.

ISR
More ISR

HLT HT trigger (850 GeV) 
dominates.
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LESSONS

29

Some showering models can naively be impossible to 
trigger. 

Even for worst case model, can get a few percent 
trigger efficiency with ISR jet. 

Worthwhile to simulate ISR (using usual matching 
procedure) to can get more coverage.
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ONGOING WORK

30

To do: 

• See if you can do better with multiple (vanilla) 
triggers.  

• Check electroweak ISR. 

• Compare to dedicated triggers. 

• Interplay between L1 and HLT. 

Stay tuned!
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DETAILS

32

Model A Model B
⇤
d

10 GeV 4 GeV
m

V

20 GeV 8 GeV
m

⇡

d

5 GeV 2 GeV
c ⌧

⇡

d

150 mm 5 mm

Table 2: Dark sector parameters in our two benchmark models. ⇤
d

is the dark confinement scale, m
V

is the mass of the dark vector mesons, and m
⇡

d

is the pseudo-scalar mass. c ⌧
⇡

d

is the rest frame decay
length of the pseudo-scalars. We take N

c

= 3 and n
f

= 7 in both benchmarks.

multiplicity being much smaller for QCD like theories [3], and even further suppressed in the large

dark N
c

limit [4]. Since one can expect that all dark mesons decay to dark pions on a time scale given

by ⇤�1

d

⌧ �(⇡
d

! d̄d)�1, the dark pion lifetime will be crucial to determine where the dark jets will

emerge in the detector.

2.3 Benchmarks

In this section we will describe some of the parameters of the dark sector and the mediator, and we will

give benchmark models that we will analyze in the rest of the paper. We take our benchmark mass for

the mediator mass m
X

to be 1 TeV, though we will vary this parameter in order to estimate the LHC

reach for these scenarios. For the dark sector parameters, we consider two benchmark parameter points

which capture the relevant phenomenology and let us study which observables are model dependent

and which are relatively robust within this framework. The benchmark points are shown in Tab. 2.

Inspired by QCD, we take the dark vector masses to be somewhat heavier than the confinement scale

⇤
d

, and we take the dark pion masses to be lighter for both benchmarks. This means that dark vectors

will undergo rapid decay into dark pions before they can decay into SM hadrons.

Model A describes a somewhat heavier dark sector such that an average of O(10) visible hadrons

will be formed in each dark pion decay, while Model B is lighter and there will only be a few visible

hadrons per dark pion decay. Model A also has a relatively longer lifetime so that a substantial

fraction of the dark meson decays will occur in the calorimeters or beyond, while Model B has a short

lifetime and most decays occur within the tracker. In App. B we explore the parameter space of the

dark sector in more breadth and describe how our analysis is relatively robust to this variation. We

also give examples of collider level observables that are sensitive to the dark sector parameters. The

search strategy that we will present in the following is largely independent of the details of the dark

sector.

8

Delta function detector

3m

3m

Trigger menu (or):  
• HT > 850 (pT > 50) 
• 3 jets > 175 
• 4 jets > 85 
• 5 jets > 60 
• 6 jets > 45


