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1. Motivation and background

2. How to simulate dark glueball
hadronization?

3. Collider Signatures

4. Conclusions
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Dark showers are a generic signature that arise from confining dark
sectors Strassler, Zurek, hep-ph/0604261

Complex dark sectors are theoretically motivated as they can address
naturalness issues, e.g. Little Hierarchy Problem (Twin Higgs etc...)

(BDhadeo, GSE’ Hlfmg’ irXI_llv: h.ekp—pg\({0_5g6256h/0609152 Craig, Katz, Strassler, Sundrum, arXiv: 1501.05310
draman, LNacko, oh, Harnix, aralv: hep-p Cohen, Craig, Lou, Pinner, arXiv: 1508.05396

Poland, Thaler, arXiv: 0808.1290 . . _
Cai, Chen, Terning, arXiv: 0812.0843 Cohen, Craig, Guidice, McCullough, arXiv: 1803.03647

In the Nf = () limit, the only hadronic states that can form are ‘dark
glueballs’, composite dark gluon states (no light quarks < A )

So far very few quantitative studies of dark glueball showers, due to the fact
all known hadronization models (e.g. Lund string model) no longer hold

Andersson, Gustafson, Ingelman, Sjostrand, Physics Reports 97, 31 (1983)
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Majority of knowledge % Juknevich, arXiv: 0911.5616

comes from lattice QCD 2.5 21 E—
studies " T e 20 |3 o
Athenodorou, Teper, arXiv:2106.00364 9—+ 1+
 Spectrum of 12 (stable) L
states " 10 ot
 Masses parameterised by ”
0.0 |

the confinement scale, M T S —
m, ~ 6A>>A
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« Assume dark quarks couple to the SM
Higgs

 Dark sector glueballs able to decay

via heavy quarks running in loop 2n HT

* [Integrate out to get an effective —
dimension 6 operator Juknevich, arXiv: 0911.5616

2
dp Y
L = ——H'HG! G,

3x M? Y
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 Note that for most parameter space motivated by neutral naturalness,

glueballs are generically long lived particles with mass 10-50 GeV
Curtin, Verhaaren, arXiv:1506.06141

 Additionally, across the spectrum of glueball states, lifetimes differ by
orders of magnitude

\O

//

30 40 50 60
mg (GeV)
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has to be tuned to data
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1. Perturbative shower built from the Pythia 8 module in
]\6‘ = 0 limit

2. Shower terminated at some p,_ . and the gluon color
string loops undergo color reconnection

3. Each color string loop is ‘fragmented’ into dark
glueballs
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the N. — oo limit color in the N, = 3 limit string length quantity, A
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connecting
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A minimal set of string
pieces with total mass,

M, ... = m,, is selected to
turn into a glueball
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connecting
string pieces with
largest string-length is
selected first for
fragmentation

A glueball is then emitted, taking
a fraction of the string pieces
momenta. The remaining
momenta is then distributed
between the remaining string

pieces 12

A minimal set of string
pieces with total mass,

M, ... = m,, is selected to
turn into a glueball
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Freedom to pick fragmentation function that determines
the energy ‘taken’ from adjoining string pieces. General
forms considering below with phenomenological

parameters a and b / kﬂ :

1 - 94
Jrspr(2) & &e

Z A glueball is then emitted, taking
' / , a fraction of the edge string
a—1 (mO mG) pieces momenta. The remaining
]fﬁ(z) X < (1 Z) b momenta is then distributed
between the remaining string
pieces 13
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Freedom to pick fragmentation function that determines
the energy ‘taken’ from adjoining string pieces. General
forms considering below with phenomenological 2°

parameters a and b / kﬂ :

—— ISFF,a=1,b=1
——= LSFF,a=1,b=2 R N
— B, a=2ks =2
——- B,a=5 ks =3

2.0 1

(1 - Z)Cl s

—bm?lz =
fLSFF(Z) X Te e =

fﬁ(z) o Za—l(l - Z)kﬁ(mO/mG)z
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Freedom to pick fragmentation function that determines
the energy ‘taken’ from adjoining string pieces. General
forms considering below with phenomenological 2°

parameters a and b / kﬂ :
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Glueball Speéles Ilstrlbu'fflah

 Species is chosen randomly,
only including spin multiplicity
weightings (assume no bias)

* However, a mass suppression
does come from invariant
mass of string pieces, only

ms < m;,. glueballs
accessible
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Gluel-all Speélescllstrlbuff"h
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Amazingly, the thermal distribution of

glueball species is an OUTPUT of this Overproduction of heaviest states

model resembles thermal distribution found
. - for heavy quarks in SM
100? _ Thaa = 1.04Ap Monte Carlo N |
| N _:
107! default benchmark Best Fit ~ 18 2 Heaviest flavor, R?, Ti.q
| T 107 *  u/d, 099, 142 MeV
- 107 3 o + s, 098,149 MeV
- 1031 T 10} e ¢, 098,99 MeV
; = }8; b, 0.98, 83 MeV
10-4 107°
wosc Lt m (GeV)
Or+r2trQ~t1t—2 T3 -3t T1--2""3" 270"~

18



g g ‘. " 5 AT o o' ' : o 0 EFRL T g
. . . .
’ .' L > % . TE 3 ¢ % & @ RIS s ‘e
. o -4/ : 2 ‘ .
p X IR - .

'%.Iue Hallronlzatlon Su.'?"ma Y.

arX|v' 2310 13731 (W|thA Batz T Cohen, D: Curtm G D Kan)

Pure
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.

« Benchmark parameters provided in paper to profile over hadronization
uncertainty:

¢ | function shape parameters ap(Prmin) | 2 | 02 | Thaa/AD

default | 1.8| LSFF |[a=1.9 x 107*|bmi = 0.26 1.0 0.0 0.3 1.04
soft |[1.4| beta a = 90. ks = 810 1.6 0.1{0.01f 0.911

hard |2.1| LSFF a = &2 bmg = 660 0.76 0.9(0.01 1.38

 Thermal distribution of glueball species robustly emerges from the flux ring
dynamics, supports this is physically reasonable

 Talking with Pythia authors to possibly incorporate into the Hidden Valley
module for public release
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MATHUSLA is a proposed displaced vertex

detector for the HL-LHC upgrade

Chou, Curtin, Lubatti, arXiv:1606.06298
Alpigiani et al., arXiv:1811.00927

Able to probe much longer lifetimes

Multi-layer tracker

Surface

Double layer tracker

Wall/floor detector

LHC beam pipe
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Dark top quark mass

»  Previous estimates only considered the lightest In two different models

glueball (0++) and assumed Higgs only decays
to two glueballs, conservative estimate

B Inclusive 12500

BN Prev. estimate 5000

~\

« Severely underestimated the reach, missed
larger lifetimes of heavier glueball states

 Uncertainties included and don’t qualitatively
change the parameter space reach

11500

« Hadronization and matrix transition elements 11000

mrsusy (GeV)

(AQD) HLAW Yy

 Probing the TeV scale is the goal of neutral

naturalness models! 1500
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ATLAS collab., arXiv: 2305.18037

« Typical of dark sectors with hadrons of various lifetimes /
stability
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Cohen, Lisanti, Lou, arXiv: 1503.00009 0.8+ \ ATLAS 1 —
_ L _ o _ | Vs=13TeV, 139 fb’
 Jet-like event coinciding with missing energy signatures

| Semi-visible jets t-channel ~
« Parameterised by mass of mediator and fraction of dark - i | Limits at 95% CL (A=1) -

shower that is invisible to the LHC, R. 0.6~ / o B -

Expected + 10
Expected + 20 7

 Dark glueball showers naturally provide a benchmark for
this signature due to the differing lifetimes

/o

0.4
Nd -

0.2

R P F Cohen, Lisanti, Lou, Mishra-Sharma,
arXiv: 1707.05326 my, [TeV]
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« Higgs production

. . 1750
« Assume gluon fusion and VBF production
—~ 1
* Rescaled branching fraction to dark gluons > >00
3 1250
« Simplified analysis: ¥
~ 1000
At least one glueball escape the CMS =
N
tracker = 750
« At least one prompt glueball decay within S 500
the tracker
* No glueball decays within the tracker with 250
10 20 30 40 50

transverse displacement > 50 mm

mg (GeV)
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. QDQD annihilate to dark gluons 10 20 30 40 50 60
producing dark glueball shower mo (GeV)

* Produces quirk-y bound state that can

de-excite via dark glueball radiation
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« Open question, but assume
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. A Nf = () dark QCD sector is both a theoretically motivated
but also a relatively generic and minimal BSM extension

 This methodology allows quantitative studies of dark

glueball signatures with theoretical uncertainties
Incorporated

e Dark glueball showers can generate LLPs in MATHUSLA,

emerging jets, and semi-visible jets across the motivated
parameter range
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Figure 12: Distributions of r,, for various values of the lightest glueball mass m,

in the Z' production model with mz

= 3 TeV and Mg ~ My /2, where 71y, is

the fraction of dark hadrons that are invisible to the semivisible jet reconstruction.
Solid histograms come from using the default hadronization benchmark, and dashed
histograms come from the sott and hard variations. Means ;¢ and standard deviations
o are displayed, with uncertainties corresponding to hadronization variations.
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Figure 14: Distributions of |p'|/mg for the three sets of benchmark parameters

listed in Table 1, measured in the rest frame of the dark gluon shower.
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distributions of the two lightest species are shown, as well as the inclusive distribu-
tion. As expected, glueballs from “harder” parameter variations tend to have larger

momentum.
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Figure 13: Distributions of rq.. for various values of the lightest glueball mass m,
in the Z’ production model with myz = 3TeV and Mg ~ Mz /2, where rqe. is the
distance of glueball decay vertices within the CMS tracker to the IP. Solid histograms

come from using the default hadronization benchmark, and dashed histograms come
from the soft and hard variations.
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 Quirkonium dynamics

 [f DM could annihilate to the
heavy quarks, they would form a
‘quirky’ bound state

« This system can only de-excite
by glueball emission, once each
crossing time, still unknown

« Eventually the heavy quarks
annihilate into gluons which Kang, Luty, arXiv: 0805.4642
then produces a glueball shower
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—— GlueShower v2 (default)
----- GlueShower v2 (soft)
1254 GlueShower v2 (hard) Rl

my, = 10 GeV yar R
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