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Need to Go Beyond the Lamp Post of QCD

How to Do So?

Leptons and Photons : General experimental approach

1. Pair them & use invariant mass; or

2. Count them

• Limit use of (model-dependent) jet information until these are done

• Theory uncertainties only enter in recasting

• Weird jets / weird events:  Develop improved theory/simulations

• Showering

• Hadronization

• Also need more work on hadron spectrum and hadronic decays
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Leptons using jet-independent searches
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A: 2-lepton bump hunt in semi-exclusive Drell-Yan events
 A’: same as A but no isolation and tight d0 cut
 A’’: same as A but endpoint instead of bump hunt

B: 4 leptons in two equal-mass pairs, bump hunt

C: 5 or more leptons

D: Displaced lepton pair

Signature: leptons + X Typically 
<2 ll pairs

Typically 
2 ll pairs

Typically 
>> 2 ll pairs

Resonant A B B, C

Resonant but less isolated A’ A’, B B, C

Non-resonant A’’ A’’? C

Displaced D D D
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Cf. Schabinger and Wells ‘05

B

C

Recommended by Izaguirre and Stolarski 2018
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Recast for HV/DS with Dark Showers?

 Uncertainty from hadronization?
 Effects of lepton isolation?

C: ATLAS multilepton 
Limits slightly weaker
• Higher pT cuts
• Upward fluctuation
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In progress with Junyi Chen, Rabia Hussein, and Lingfeng Li
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NOTE: New Version of PYTHIA HV
• Corrects settings for b and 
• Updates defaults to Monash tune
• Changes some parameter details
Caution for backwards compatibility!

In progress with Junyi Chen, Rabia Hussein, and Lingfeng Li
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  Preliminary Claim:
  Lund model parameters need only

 minor adjustments



Yes! 
Largest uncertainty 
from 

0.5 < probVec < 0.75

Might these unfamiliar dark jets escape from ATLAS/CMS  
search strategies that assume SM-QCD-like dark jets?

In progress with Suchita Kulkarni 
and Joshua Lockyer

≈ 3

Maybe
oversimplified

𝛼𝑁𝑐 𝛼𝑁𝑐

𝛽 =
𝑑𝛼

𝑑 ln 𝜇
 𝛽 =

𝑑𝛼

𝑑 ln 𝜇
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𝑛 ~ 𝑄 / Λ𝑐
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Might these unfamiliar dark jets escape from ATLAS/CMS  
search strategies that assume SM-QCD-like dark jets?

𝛼𝑁𝑐 𝛼𝑁𝑐

𝛽 =
𝑑𝛼

𝑑 ln 𝜇
 𝛽 =

𝑑𝛼

𝑑 ln 𝜇
 

Might these unfamiliar dark jets escape from ATLAS/CMS  
search strategies that assume SM-QCD-like dark jets?

Compared to QCD, the coupling runs slower, but is larger in the UV, 
so more radiation (at larger angles) happens in the UV
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Exact

PDG

Conformal Window

SM QCD and similar

(Assumes  ln 𝛾  small)

Gardi Karliner 1998
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In Conformal WindowBelow Conformal Window
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Do not approximate 
the 2-loop ; use its 

exact form
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With this result, 𝑅 =  ∆𝑎 𝑄1, 𝑄2  can be solved for Q2
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Do not approximate 
the 2-loop ; use its 

exact form

Use a simpler 
method based on 
the exact form of 

the 2-loop coupling
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PYTHIA capabilities: Do not use in red region
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QCD-Like Confinement

Conformal Window

Colors

Flavors

Not Coded

Spectrum/Hadronization 
Not Valid

Infrared-Free



51

Do not approximate 
the 2-loop ; use its 

exact form

Use a simpler 
method based on 
the exact form of 

the 2-loop coupling

Short-term workarounds? 
Long-term solutions?



Summary

To advance our reach for HV/DS discovery requires diverse methods

Sure, let’s look for QCD-like jets – but nature may not provide them

Need to look more widely, yet not be dominated by theoretical uncertainties

Options discussed here:

• Don’t focus on the jets, just look for the leptons and photons

• Discoveries are possible without assuming a model

• Focus on the jets, but improve theory/simulation

• Need to search for & train on non-QCD-like jets (e.g. large Nf / Nc)

• But can only do that with better theory/simulation

• Understand spectrum, showering, hadronization more broadly
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Backup Slides
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“Dark Jets”
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“Semi-Visible Jets”
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“Emerging Jets”
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“SUEP”

58



59



60

Our results are consistent with ATLAS, and 
consistently weaker by a bit less than a factor of 
2.

This gives us confidence to recast the search.
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1979

None of this is true for hadronization into glueballs
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No splitting Lund Model
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𝑞 ത𝑞

𝑞 ത𝑞

Nf ~ Nc , rapid splitting

Splitting completes before oscillation;
Splittings are space-like separated!

𝑞 ത𝑞

Lund Model
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𝑞𝑖 ഥ𝑞𝑖 𝑞0

𝜋

𝑞𝑗 ഥ𝑞𝑗
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In Conformal WindowBelow Conformal Window
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Given Q1 , need to find (lower) Q2 where next parton is radiated:

  Trick: choose random number R, solve 𝑅 =  ∆𝑎 𝑄1, 𝑄2   for Q2 . 

  Problem: can’t solve it analytically

  Trick: find overestimate for integrand of ∆𝑎  such that    can be solved analytically,
  then correct for the overestimate (“veto algorithm”)

  Problem: good at 1-loop, but at 2-loop, using PDG formula, can’t solve analytically

  Trick: overestimate includes replacing 2-loop by 1-loop formula and veto algorithm

  Problem: not an overestimate in conformal window, and PDG formula diverges in IR
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HV/DS Signatures

Hidden Valley / Dark Sector Scenario:

• Wide variety of unusual signatures can result

• New neutral particles, possibly low mass

• Some invisible and/or some visible, some resonances, some LLPs

• Odd clustering ➔ weird jets, weird events

• Large fluctuations event-to-event

• Exotic H/Z/W/t decays

• Among models, most common signals from new objects:

• New vectors V ➔ dileptons – easy

• New scalars S ➔

• Di-heavy (bb, cc, ) – good target for searches, but almost ignored!

• Di-gluon, with rare diphoton – challenging unless  somewhat common

• New fermions F ➔ S(*) + MET or V (*) + MET – a little harder, not so different

70

Portal

Portal
SM HV/DS

MJS & Zurek ’06, 
MJS ‘06, ‘08



HV/DS Signatures

Hidden Valley / Dark Sector Scenario:

• Motivations vary

• Naturalness: e.g. variations on Twin Higgs Chako, Goh, Harnik ’05 ; Craig et al. ‘14

• Dark Matter: many models now , e.g. Kribs et al. ‘09, Hochberg et al. ’15 (SIMPs), …

• In recent years, some signatures have been given memorable names

• “Emerging Jets”: clustered LLPs with few/no prompt tracks

• “Semi-Visible Jets”: w/ both invisible and visibly-decaying objects

• “Soft Unclustered Energy Pattern” (SUEP): spherical blob of soft-ish particles
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Portal

Portal
SM HV/DS

MJS & Zurek ’06, 
MJS ‘06, ‘08

Schwaller, Stolarski 
& Weiler ‘15

Cohen, Lisanti & 
Lou ‘15

replaces “soft bomb”, Knapen et al.  ‘16
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Dark Hadron Production in Fraternal Twin Higgs Model



Misconceptions About SUEP

1. “SUEP is due to conformally invariant physics (CFT)” (i.e. scale-invariant) 

Simply wrong. Physics depends on the CFT’s coupling constant * 

 

• CFT can give QCD-like jets, fatter jets, many soft jets, or SUEP

2. “SUEP is spherical, smooth distribution”

Not necessarily. Only if: * Nc >> 1 , MUV >> IR  not far above QCD 

• If dark hadrons heavy enough (IR >> 1 GeV), many soft jets ➔ spiky 

• If MUV >> IR not large or * Nc not so large, few dark hadrons ➔ spiky + soft

• If some dark hadrons stable i.e. invisible, then gaps ➔ spotted

• If unfamiliar confinement (e.g. only gluons) ➔ far from spherical

74

* Nc << 1 * Nc >> 1

From String Theory
 MJS 08
 Alday & Maldacena 08
 Also Hatta, Iancu & Mueller 08



The First SUEP Simulation (with many soft b’s)
MJS ‘08
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QCD-like SUEP-y

For related study, see also Cesarotti, Reece & MJS ‘20



Long-Lived Particles: Subtleties

• Process with many b’s or many short-lived LLPs

• Many displaced tracks

• High multiplicity of low-track-multiplicity vertices

Can these be found with only L1 tracks from the outer tracker?

• Clustered Long-Lived Particles

• E.g. HV/DS “emerging jets”

• Prompt tracks and decays in outer tracker/HCAL/muon system

• Will these interfere with one another?
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