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 Consider an extension of the Standard Model, a new dark
SU(N)

o In the Nf = 0 limit, the only hadrons that form below the
confinement scale, /\, are ‘dark sector’ glueballs

 Similarly the case when all qguark masses are above the
confinement scale
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 Why extend the SM with a new SU(3) gauge group?

Strassler, Zurek, arXiv: hep-ph/0604261

 Generic example of a confining dark sector

Burdman, Chacko, Goh, Harnik, arXiv: hep-ph/0609152

» Specific examples: Twin Higgs, Folded SUSY, many more...

Chacko, Goh, Harnik, arXiv: hep-ph/0506256

 Such theories of neutral naturalness provide solutions to the
(I Ittle) Hierarchy Problem Poland, Thaler, arXiv: 0808.1290

Cai, Chen, Terning, arXiv: 0812.0843

Craig, Katz, Strassler, Sundrum, arXiv: 1501.05310
Cohen, Craig, Lou, Pinner, arXiv: 1508.05396

Cohen, Craig, Guidice, McCullough, arXiv: 1803.03647
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* Original solutions to the Hierarchy problem (e.g. SUSY, composite Higgs)
lead to coloured states expected at the TeV scale

 Neutral naturalness theories protect the Higgs mass with a new discrete
symmetry, with additional SM colour neutral (or dark/twin) fields

« Lack of evidence of coloured states at the LHC increased motivation for
neutral naturalness models:

A. Protect the Higgs mass at the TeV scale

B. Avoided the new LHC collider constraints
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FTH is just one realisation that motivates studying
dark glueball showers, but N = 0 QCD is a

general dark sector setup

Iwin
confinement

IN GENERAL WE NEED TO UNDERSTAND THE
DYNAMICS AND PHENOMENOLOGY OF DARK
SECTOR GLUEBALL PRODUCTION
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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
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Andersson, Gustafson, Ingelman, Sjostrand, Physics Reports 97, 31 (1983)

 Lund string model:

 In general, hadronization and the non-perturbative physics of confinement is
a priori unknown

 In SM QCD, we have motivated phenomenological models, that we are able

to tune to data
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Andersson, Gustafson, Ingelman, Sjostrand, Physics Reports 97, 31 (1983)

 Lund string model:

T

 In general, hadronization and the non-perturbative physics of confinement is
a priori unknown

 In SM QCD, we have motivated phenomenological models, that we are able

to tune to data
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Andersson, Gustafson, Ingelman, Sjostrand, Physics Reports 97, 31 (1983)

* Lund string model: No light quarks.... .

 In general, hadronization and the non-perturbative physics of confinement is
a priori unknown

 InSM QCD, we have motivated phenomenological models, that we are able
to a No data....
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arX|v' 2202 12899 (W|th D Curtln c B Verhaaren)

£ Ko

1. Start with a standard pure glue, virtuality (invariant
mass) ordered, angular ordered parton shower

* Probability a gluon evolves from initial virtuality to

a smaller virtuality without splitting is given by the Invariant mass of gluons

decreases

Sudakov form factor, O
t / S
dt oA 0.
A(Z) — CXpP| — t’ de—ﬂng(Z) A
to ‘ O
@,
* If a gluon splits, daughter gluon energies are ,‘ O Angular opening of
determined by the gluon-to-gluon splitting O O gluon splittings
7 7—1 .‘ .. decreases
function, P, (z) = 2N, — - Fz(1 — 2) O C

2. Stop perturbative splitting once gluons are unable to

split with some minimum scale, 7_.
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£ Ko

3. At end of shower, exploit angular tr~ A
ordering and my > > A
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aerv 2202 12899 (WIth D C“rt'" C B Verhaare")

£ T

3. At end of shower, exploit angular
ordering and my > > A
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BASIC IDEA:
EVOLVE GLUONS IN
PERTURBATIVE SHOWER

WITH 7, ~ 2my , AT

min
9209999990000 min

*Note: 7, .. sets minimum scale a gluon can reach, WH I C H PO I NT TH EY AR E
the gluon urzltljally ends with virtuality O(1) larger than 7. P U T 0 N S H E L L AS A
GLUEBALL
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Also need to include entire
spectrum of glueball states,
so the *actual® glueball
species Is randomly drawn
from an input distribution

1min a
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Since m, > > A\, glueball production from flux tube energy density is extremely suppressed

Additionally, soft gluon effects (long range interactions) between gluon branches will only lead
to p ~ A > > my momenta exchange, subdominant effect

 Implicitly this has to occur to ensure colour singlet states can form from the perturbative
gluon

Glueball hadronization is independent on each branch

Input distribution is thermal (motivated by SM QCD thermal production):
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e How sensitive 1s our shower to the exact scale at
which we terminate the shower?

e How sensitive Is our shower to the exact
hadronization temperature we assume for the
Boltzmann distribution?

 Can we guarantee that glueball production occurs
independently?
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e How sensitive I1s our shower to the exact scale at
which we terminate the shower? , _, 51 .

e How sensitive I1s our shower to the exact
hadronization temperature we assume for the
Boltzmann diStribUtiOn? T.a=dA,d~06(1)>1

 Can we guarantee that glueball production occurs
independently? . .ider two possibilities... JET MODE and PLASMA MODE
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Previous we assumed

c ~ 1, thus a single glueball
can only be produced

o~ 2 ¢ my
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ﬁ"',-arX|v 2202 12899 (W|th D Curtln C B Verhaaren) '

* First version of the hadronization algorithm still very useful

 Contains all the perturbative physics, and motivated assumptions

* Publicly available Python code,
https://github.com/davidrcurtin/GlueShower

 We provide a range of benchmark parameter points, {JET/PLASMA ,

N4 5 Ti.q }» allowing the user to bracket over hadronization
possibilities

* First attempt to quantify theory uncertainty on glueball production
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An Updat'" Hadromzatlon Methodolﬂgy'f{‘"-'-..ﬂ

arX|v 2310 13731 (W|thA Batz T Cohen. D: Curtm G D Kan)

‘. ,

 Built from the Pythia perturbative shower code

* Orders of magnitude faster

Works with the colour flux rings, not just perturbative
gluons

* Process:

Perturbative Shower — Color Reconnection — Glueball fragmentation
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Gluons evolve in the String pieces are String connections are
perturbative shower In randomly reassigned reassigned to minimise the

the N. — oo limit color in the N, = 3 limit string length quantity, A
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connecting
string pieces with
largest string-length is
selected first for
fragmentation

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 edge string
pieces momenta. The remaining
momenta is then distributed
between the remaining string

pieces 31

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 32

—bm7lz



» - - . . s ik K " . s - . . ¢ . .
” . . . : o ® " o p- o . ; 5 % . " - . °
‘ . . . oo 8 . . . . . B P ¢ :

o L N » ) ’ .. d . .' . " .. . Ty o . N ".. - - . @ iy ‘.‘ . .
. - Zo . ¥ . e . . . 2 ‘. . 3 "~ A . R x , i 4 2 & ‘

X 2 A A 3 i / N 5 % 3 “ -3 . ¢ . o .

¢ Jeo., ] T . . e ®- . * = o ey e, e 4 ; » .
: d sl o “ 5 . . :
. . "

.0 . . o T o, '. X G
e Rl gt

. " N ”
- A g ¥ .l
R > . . -~ .
ee = L . ’. @
5 ~° . it % .
5 5 . 5 .
. e » L
- > = . ’

-
il

. y .
. -
. e

® o F, . : s o
. * . .
. .
P . o . ” ° \ : o «°
. . ) . E . ® - . f e o ‘ - 2 o A) ‘ ." or-, - 4 . - ‘ g -, A 1 : s .
. . . .5 . . . . > o e . o p - v . R
. - » 2 . = 4 . ; » L x ° K L, o8 . - . e g .
- & e : ' _ L3 : s : = J ; = ; . . ¥ e 3 L 3 ' o . \ o o ; v > 3 ' a
. < . . 0.' - . ‘o .“ e < . . - ' e ¢ 2y 3 ‘3 » ciai g 2 P 3 v 2 .
. . o . . . . . ' i . . - S i ® oo *s ~ - - . . .
- - ¥ e e -, AR g RS e a5
. . . . . g g ° - L - ¢ ® . e o
. - e’ < . . A < ™ » . - . e
> - . . ; : » g .’ ¥ & o : B / » v . ' P y > . .- e
o 2 : g £ : ' £ ot T # : ~ o . " SN R : : i .
" . v -~ ® < g . e y .. - 0.. » . - v »
. g ) o ¥ e AP .. x " 3 ; ‘ f \ : P 2 )= s 3
o 53 . ‘. . . 2 . Fagl . . s . s L 2
«3 - - _ s . . - . - - - o« » . ’ . . s
; i ¥ g : . R TR ' ‘. K I AT D : ‘ " . ) " Sr? ; . . N o : ; . B . e A e & L P . y 2
. o .. .. § [\ . . ‘. o e . Rl har & o T 5 o* k3o . “ R a5 : .. P : [ .‘. < . % ,' 3 SR A 7, ; - 2 ) . 4 -
% ES . . ®: ., % oo . ! - . ; .’ o ® ° : OB, 2 3 e - . . g, . - : s . - o . -
. . “ . 08 . ¢ ¥ ¢ .‘ - . < % e R 2, w5 . ., - i k) . . N < < Ve » - \ NEag 5 ; o - A L
. . : - 2 - = : . %, X . . .‘. . : . e K ; L] .. V- ,-. > . & o . ' t ’ . s . . - & o 4 ks ) . - . v - £ ¥ . = p . A ’ . L - ., P &
o - 2 ‘s < > . . - o? : ° . . ' 9 . d . {
. . . ; <y ; . . . - . " ¥ e v "
. . . Z R L e s g? x, - . ’ " . o L
X! 3 ‘e o < o . . .
é ' P2 . ; ’ . ° . s ‘. . 4 A 4 2 L s : % o» ; S - A L ® g re B
. : . . . g 2 . » = ¥ . . . B s : B

. - - . . » .
- -
£l 4 . . > o . %N
= ' . : . 2 _, <'s ‘e : .-
? . 2 ’ . . o 5
. v . . o v : . Je s il " é ’ ; . o .
-9 ® ‘. 0 3w : . PR ] ‘ ) .
d ' < . - e ® X . »

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

* However, a mass suppression
does come from invariant mass of

string pieces, on!y me < m,.
glueballs accessible

 Suppression depends on
arrangement of string lengths
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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"~
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Benchmark parameters provided in paper to profile over hadronization

uncertainty:

Improves upon v1 by incorporating a more realistic handling of the flux ring

fragmentation

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 Hidden Valley module for

public release

¢ | function shape parameters ap(Prmin) | = | 02 | Thaa/AD
default [1.8| LSFF |a=1.9x107*|bm2 = 0.26 1.0 0.5 0.3 | 1.04
soft |[1.4| beta a = 90. ks = 810 1.6 0.1{0.01| 0.911
hard [2.1| LSFF a = 82 bmg = 660 0.76 0.910.01] 1.38
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Curtin, Grewal, arXiv: 2308.05860
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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
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*old dimensions

LHC beam pipe

CMS —

m; (GeV) in Folded SUSY

Y 2 . - B . . o S g { ) SR
. 5 iR ; 3% % . . 3 6. .'. : e A 3 o 2 . .. _ : ; ' . by
v . ; S .' ¥ RO b e ;o ~ - ; b b : 0. . O: 2 “n i R - Y ¢ &, N o,
O ; i : o _ & * % : ' : o - , : ‘ ‘ k : ‘. e
) . ® " : ' g . P » L © : " . T .?
’ 2 ® : - l . 2 ’. — : - .‘ K <l
S » . g ..- . ) . . - At e . 3 5 : °: ® M
. ‘ A0S e, : 3 . ® 0 £ : . e . o . w . i o .. . (0 . i bR : § v , Y . “~ 2 . ?
.: : s .. » ¢ £ : : : . ; ... : K S e . . . ’ A : - : ’ e o .. . . : c . q ] ' $ . ; o ] : : -.. .T '-. B . : . o £ Y .

., -
e

R ‘ ¥ 0
.

B (MS)x(MS or IT)

W (1 lepton) x (IT, r > 50um)

1200

1000

800

600

400

200

LW
) »

i E
® ve
’ .
.

“

. ".,,..‘._'-

*

.
¢ > g
o Lay LI
AR

I l
; &
’

: > 4 e T L
- ; - S '
N iVl i Tad
_...

o

Curtin et al., arXiv: 1806.07396
B (VBF hobb) x (IT, r > 4cm)

B MATHUSLA W TLEP Br(h-sinvis)

- /s =14 TeV, 3000fb~" N > 4
1400

Ty
|
\

60

2000

1800

1600

1400

1200

1000

800

600

400

200

6" p
; '. . g Y o ’ i
. ‘. \ . ) °” ® €0 v : ;
. . . . . e . ’ oy y ‘ 2
g ' b .. 2¥ e g . - N . . ; ot ; 2 A
. g @ . - g . .. 1 . . « . '. * o
. . -" g . R . . . . o
i . . . gy o . e ® " - . ’. M .
., . 2 . A o 2 * ' . . ™ . . £
g g -y ' % . . s . 95t o .
‘ . g
e Y ; . : .- . . - ot e i b
A 2 B ® 3 . , oY _—
. . . . ® K < . .
. ® . ¢ 3 ' : ; i .
. b > . ° . -
" . . & o 3o ¢ ‘e .\ ® o
5 A b BR 2 ® . ‘5 c * L T
: : . ° : e . * 4 -
® . ' = . . . . .
. ’ ) P = N 4 1 > ' z y :
‘e . . . a
» . - . . : ) . oy . _ .. ‘. &
S - ¢ ..' i ps " i s . ’ . . B " . 2
. . % g - - . Y ° , - . . - ° . o .
E O, o8 g .- S0 TR 3
- 4 . ’ . . . . ‘ . . . - s
PR F 4 A : -' . . & l. g & g A . . % 4 &
. E L . - . o . - . - 2hS . % o . Y.e . - .
P S
. . e
Z . .
i'® . . . P . .
> .

.,' ....

mt (GeV) in Twin Higgs

37



a g . » . . .- 5 o - . e | ot ‘ o, A d g . g v 2 P ’
&£ 8- BT T T L . o : N : o S RN : ey X
{ . . e oE . . 2 y o 5 : . . * . ; . e » @ . 3
o i = .. - . : . : » .. o . ; - . ‘." ¢ ¢ § 4 g < : A .
° . . . o * . 28 - . . - . ?, , . e : 8 o X 4 ‘ v TP Gt
i . p : L 'e : 3 £ S " @ .. . . .
®- . ‘s R o sl ., @ : . Y ; ® \ ’ ¢
. . " P G ” v . . g S

i od .,
. . B3 .
o ' , ¢ ..o
. . R . . ’. .
° e . g S
. o~ . . 2
2 b N\ . ? it
. " N - . ®,
. ., v % -
. . . :
N ' " R
° ) ’ ‘e <
s il
e . o \ .
. : .
- ~ . A ' :
3 % " . N\ .. » ) 2
0 y . . N e . j A"
o ' - . - . . a A 2
$ e r, ’ . " g " g . Pk
. F Py o s e . . . . * o . .
2. % \ Mg . ' L -
» - . . . .
> ._. : > 1 . X e X 9 2 2
S . . .
. ] .« ® . : e
> ) AR - 2 °
3 . R . . °
. o . - ., - . o
©

% - K ! ? N ; Tk 2 . .
S5 » . ". : = ey 4 ". '.. 3 ; : > . y . ’ - b B N = . .
; ¥ Vi # é > : ... .. " ; : ., o . 4 ‘, 4 . ;.":. o ,.' & S ¥ -. : S . . .. . .0 . , V.
‘ “ ‘ ; . e '. . "' & . .'. d ~‘ N » o - . N : . e ' b . . . .- : . . ' . > S - . vy
% N : P X . 5 y A . . o ® . L 3 . . ° Lo s 7S o1 37 . % . 63 Z 5 8 2oy . ~ " 4 » . » ; ® " e . 4 '.'. . "
3 ; ; 2 ..._‘ 3 it Vit " -0 : ... ] AR - - - . S v i c . aull TR - 53 e - T o . , . ‘el K .
: a ; : : | \ 3 : S : ° ' P " . v [ ) . : ‘. : * 9 A ; ‘ . ® . . ; . . '..A ® - . ? ® e ' - . *» ‘ . A i 2 . e ©° .
‘ .t s i ; . ; b’ . s : ' ? . 4 . ‘ A PN y < Yo :
o : - @ . . .. : . : A ” X 2 ‘ g ° = : . : ' . .o
; ; . : : : . - . - ¢ o s . . . ' ‘ 1) :
; - : . .o ..- y o : b o - K . ¢ Y -'. -' . ¢ - 4
. . . % ¥ > X . ; . " ° ; - i " : B - '-' . . A Y - . e A . » \ g : - 2 . & : = .'.. : . 23 ’ p ' z -~
g > . ) i - g e 1 e . - D .. : . ¢ ) ] . . . r gl n : " e . ' .. - .
b e , 26 : gt .'. R St oy . R s ; e i W ¥ T q ' < ¢ dad %, e . i : =d ” ¢ . S g g PR
.. . X a ". L . y o 3 . » > % i ] ‘ . . . IS .' , °© ¢ 4 " ,' .. .' ; 5, s . "' ... s ) e 3 : & . : &) . » o . N °.. ; 2 / . Y e 9 3 4 - ; 3
- ; ; ¢ ’ . . o BB . ; 2 % : ke S .
“ e . ey * o ' ' : : . '
Y .'.' < 2 8 > < > . T T D .. R i oy R g o : ¥ A

-

@ .

® . L o ’ 4 o397 . . .
. ® o PR L , .- ’ . N e . . SR :
» 4 e . - . . %% ." .
: o : St e g . U
. " " g 3 AR N\ R : 5 ; ‘ . 3 e .
. - .o -2 . . 2P '.. " » : . ®
& ! L oK © V4P ! - -

Dark top quark mass

- Previous estimates only considered the In two different models

lightest 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

11500

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

(AQD) HLAW Yy

11000

mrsusy (GeV)

 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

I:%inv

I I I I I | I I | I I I I | I I I I
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

e Assume gluon fusion and VBF production

 Rescaled branching fraction to dark
gluons

« Simplified analysis:

« At least one glueball escape the tracker

mrsusy (GeV)

« At least one prompt glueball decay within 500
the tracker \
Y\
* No glueball decays within the tracker 10 20 30 40 50 60
with transverse displacement > 50 mm my (GeV)
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« /' production

7000

, °
»  Assume heavy mediator production, Z" production

pp = Z' = Op0p , (my = 3 TeV) 6000
5000

4000
3000
2000

_ 1000
»  (p0p annihilate to dark gluons 10 20 30 40 50 60

producing dark glueball shower my (GeV)

* Produces quirk-y bound state that can

de-excite via dark glueball radiation
Kang, Luty, arXiv: 0805.4642

« Open question, but assume
M ~ My /2 such that radiation is
minimal

M/y (GeV)
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 Higgs production 1750

 Simplified analysis:
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0t h* — SM, hh 99,77, 4%, 44, WW
2+t 0"+ + h* 99,77, 4%, ZZ,WW
0~ - 99,vY, 4%, 44, WW

- I {0++72++70_+} + {77 Z} I

2+ 0=+ + h* 99,v7, 27, ZZ,WW \

37~ 17~ + h* 27T+ {1, 4

3+ {27F,07 ", 27"} + A 17~ +{v,Z} Decays to lighter glueball

27~ {17,387 } + {077,277,07", 27" + {v, Z} + gauge boson

1~ 17~ + h* {07F,277,07 7,277} + {,Z}, f

27— {177,377 ,277,177} {07F,277,07", 27"} + {v, Z}
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Glueball Higgs Portal Gauge Portal Twin Higgs-like
o+t h* — SM, hh 99, Yy, LY, LLWW h*
2+ 0tT + h* 99, v, Z~v, ZZ, WW 0t + h*
0~ - 99,vY, LY, ZZ, WW 99, 7YY, LY, LLWW
_ {0++’ 2++,0—+} + {% Z}
2—T 0~t + h* 99,vY, 2y, ZZ, WW
3T~ 17~ 4+ h* {or+, 271,077,277} + {~, Z}
3+ {2++, O_+, 2—+} + h* 17— + {% Z}
27 {1*=,3" "} +h* {ot+,2t+ 0-*, 271t} + {v, Z}
17~ 17~ 4+ h* {or+v, 27,07, 27"y + {~, Z}, ff
21~ {iT—, 3,27, 17"} + h* {0+, 271,07 ",27 "} + {~v, Z} {1¥—,3t—,27=—,17 7}

Assumes both Dimension 6 (Higgs) and Dimension 8 (Gauge) operators,
but Dimension 6 dominates
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Dark glueball photon spectra computed using GlueShower v1
and a range of decay portals

Higgs Portal 1 Gauge Portal 1 Twin Higgs-like
Mpm = 100 GeV MpM = 100 GeV MpMm = 100 GeV
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mo = 10 GeV mo = 10 GeV mo = 10 GeV
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o 15-
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—— Apgg/2mo =1, Tyad /T, = 1, jet-like —— Apga/2mg =2, Tyad /T, = 1, jet-like —— Apgg/2mg =4, Tyad /T, = 1, plasma-like Apaa/2mgy =6, Thad /T, = 1, plasma-like
=== Apga/2mgy =1, Tad /T, = 2, jet-like === Apga/2mgy =2, Trad/ T, = 2, jet-like === Apaa/2mgo =4, Tad/ T, = 2, plasma-like Apaa/2mg =4, Thad /T, = 2, plasma-like
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Utilising likelihood functions from Fermi-LAT, arXiv:1611.03184
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Evoli et al., arXiv:1607.07886

Antiproton spectra propagated using DRAGON
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| mo=10GeV | mo =10 GeV | mo =10 GeV Plasma-like

1

(ov) [em?

Thermal Relic (cv)

~—
o~
-§_
—-_--
- ——— -
- T " ———————————— - ———————— -

b -
-~
“_—
—————— ———
IS s T e p————— TR

-
—~—
—
™
- —
- -
——
T —————————————————————————

10—26-

- 10! 1> 1100 10> 1010  10* 10
Mpm [GEV] Mpm [GGV] M pM [GEV]

47



o arX'lv' 2211 05794 (W|th D Curtln) i
500_? ]1,1 ]2,1 _ 2450
Eight different - .
hadronization S 100
ERE L 25.00
benchmarks S >
/27 - —25.25 cE
10: | = -—25.50 \E/
_ 12 12,2 )
Antiproton constraints | 2575 2
—26.00
—26.25
: / : a —26.50
Photon constraints Yo 100 500 10 100 500 10 100 500 10 100 _ 500
mpm [GeV] mpm [GeV] mpm [GeV] mpm [GeV]

48



7 Ghprogress)
29 - Higgs Portal 95
mo =10 GeV —— GlueShower v2 (default)
— 20 - 20 4 === GlueShower v2 (soft)
> ----- GlueShower v2 (hard)
@ = Mppyr = 100 GeV
~ 815_ moleGeV
— 15- -
- <
° z
Z * 10 7
- 10- =)
*
m "
5 i
0
102 107

== - - E [GeV]
101 100 101
Energy [GeV] 49



®9

------ bb [arXiv: 1611.03184] PRELIMINARY
GlueShower v1
B GlueShower v2 /
10—24-
)
o>
&
=,
[
10—26
ot 10> 1027

rnDNIBSe\q

10%

(ov) [em®/s]

------ bb [arXiv: 1611.03184] PRELIMINARY
GlueShower vl
B GlueShower v2 /
10—24-
10—25
1026
___ 0 = 50 GeV
o' 102 3 T

rnDh1U3qu

10%






2 G . p Kl @ . * = 3 i < . - . e & " g o . ® . A -
.- s R Bl SR OO e g N ' e e L R
v L o . ° L . e $ ’ o’ . . v ) . . Sy
«* - é . ® £ : 2 -t % “ s ¢
o . : - . o v 28] . -y : . - ’ (. " , . X ? e
4 ’ ' e %o A “ ¢ 3 . e TR : : o, "
IR " . R ®- . . o 4 ey -, @ . ; 4 ® .
. . ¥ ’ . : W L
R b e i RS R R S S RS - . ?
. . - - [ . . B ; . .
. . . Y 4 r % . > K s o . .
. A $ . ’
4 . .

. - - L - -
, o on . o .
5 B " X - 5 - ‘
© B ¢ . & 4 .. ] 4 . . :
. . . . . ° . . ® o'
. S . . o ¥ . ; . -
' 4 e N *e e’ ? P 2 2 ’ . . ¥y o Wi " ’ ® v . .
. ' * . - N B3
‘ e . i c e . 1 .- f LT G
° - o * ; . o L 5 L ; @ 2 -, A > o LY ‘ X s b
p e - ™ . e v po . i) ‘. - . 5 - o & ..
. : > . . o . 5 ¢ y .. ; . . ~ : . . . . 2. . @S ® . ' . X e ee
- oi S "ie . ; e . ‘ : ' i PA . ® s v . A . P » gt - S R ) . e ? . : R T CRR 3 ® b
. . . . 3 v : . g % o M . TP » s - , y - e ..‘ . N ' ' °. . * ® * . .
: ; b . SR . . A A5 a ¢ W : .. - - g o % . B : A o , 3 ot A ° . 8
3¢ . 3 " N e : . . . . o ° - . R : B
s 8 ° ° ¥ EX . g - . . . ) .
: : ., - - . . . . . . . > v by L . -
3 . » . ® .. 3 » . o ° M . o ® . .
53 : . - o< ® : . L I * 1. 8 . . e 3 y 0 ) .
o - . & ® °: @ . ‘™ . ) £
: . - . - . - o W : g Vi .
L 4 ' . % . . e ‘ ' 3 o . . d ' . g . .
. ' o e s ° . - 9 " I s 5 L . S a % . y b (s % - s L e \
. - ’ . 4 o . . . s o . 3 . .
. . A o . 3 < . . . 4 <8 . ' b . ” ’ o
8 e . ; - ‘ ° A { ° . . < - i d pe ‘ ’ .
vy . B B . b .' S A ... g ” ; . ® ™~ . . ¢ > . b Y . r = ,‘.‘.. Wi . '-. - ’ > 5 . 5 - 3
3 P ! .. . . 34 . R v . L . 3 ooy q g . i o . 3 B : ’ 2 ' e $ . 4 S v ® - ¢
B A g . ; » ~ ¢ : . .. . . o w 2 ot 2 . s ® / . . & A & p
: 2 . % S o : .0 ° .. o ‘ i g B » 3 . v . ‘ .o ' ® © AR B . - e - . . % - ° - ey
- . N . -
" % - . ‘e 3 » . < & - v i Se » . . . e .. .' . . y s é e e . Y % ; N . ] CA % . ” é A " . o
A . ; . . o : . 3 ® . e : . . ’ . . . . . ° L . - - y 4
: : -0 o - SR . TR " v . , ¢l e . e : o " . o
2 L p > . . - k. . w B s ° . o » ; ° . " ’ ® .
. : ‘ . 4 . - . . . .0 . o - ; re . . e i -’y
. : ' . . . ¢ * % - * * E . ’ ) o
L : . s R e el R e . v ey - » S Bl . -,
S . . % : - ’ »* . "o ; & ’ X . ® o ¥ \ : s °. "

.'.
-

.
o.

-

e T 9 ] i ; . :

 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 DM
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e AMS-02 antinuclei excess

« AMS-02 is potentially seeing comparable rates of antihelium-4
production to antihelium-3 production

. Naively should expect O(10° — 10*) suppression relative to each species

due to phase space suppression
Winkler, De La Torre Luque, Linden, arXiv: 2211.00025

« Other papers have hypothesised the ability of a confining dark sector to
boost SM Parton multiplicity to overcome the phase space suppression

 Dark sector glueballs are generically too long lived to achieve this, but
could other dark sector implementations work? SUEP?
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e A Nf = () dark QCD sector is both a theoretically motivated but also
relatively generic BSM extension

e GlueShower and its updates provide the first MC simulations to allow
quantitative studies of these model observables

e (Collider sensitivity estimates
* |ndirect detection constraints

e | ots of work still to do: further iterations on the GlueShower physics,
addressing new astro anomalies, detailed collider searches...
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