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UNI Dark matter: where are we?

Snowmass cosmic frontier arXiv:2211.09978
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UNI Can dark matter be composite instead of elementary?

Spectrum

A

baryons

In IR

Dark quarks

Gluon

e UV and IR dynamics are correlated with each other; learning about UV can teach us about
IR and vice-versa

e m, > Apleadsto gluebells
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UNI Conceptual setup

e External SM - DS mediator necessary to keep thermal equilibrium with SM sector,
typically done by introducing a new U(1)p gauge group

Hochberg et al arXiv:1512.07917

DS

Contains a confining
non-Abelian group
with scale Ap

External mediator: feeble SM
interactions with SM, scale 1,4

e DM longevity needs to be ensured

* Impose external symmetries Zp
e Use accidental symmetries e.g. lightest ~ Tr[Q*Ty] = 0
baryon (proton) is stable in the SM due to 0 ____
von (p & - 0% x 1

baryon number conservation

e Construct models to ensure stability Zp
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UNI (Side remark SM mediators)

New ATLAS results here

If dark sector if charged under the Standard Model, there are typically no jets

J. Butterworth, L. Corpe, S.K. et. al. arXiv:2105.08494
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-021/
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UNI (Side remark SM mediators)
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UNI New avenues

| GRAZ|
Hochberg et al arXiv:1512.07917, Kribs et al arXiv: 1604.04627,
14 Cline et al arXiv:2108.10314, Beriln et al arXiv:1801.05805
121 ] e Large self interactions consistent with
10! ] DM abundance
| ] - : M 3/10
81 - e Relicdensity n,(ov);,~H = o« m>
g . Braat, Potsma arXiv:2301.04513 | i
6! .
41 ] *
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e Experimental search program in

infancy

— Dark quarks/hadron

e Llack of understanding between ——  SM quarks/hadron

theory space and experimental

Dark Parton Shower + hadronization

signatures

SM Parton Shower + hadronization
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UNI New avenues - real representations

Kulkarni and Pomper (in preparation)

e For SU(2Nf)/SO(2Nf) coset spaces,
theories with two Dirac flavours do

Np=2
16 :
B 1
: 1
14F //// /
: i
- /
1
B 1

not work

“Jo!

e (Dark) jets can only be simulated for —— Dark quarks/hadron

SU(Nc) gauge theories with fermions ——  SM quarks/hadron

in fundamental representation

Dark Parton Shower + hadronization

SM Parton Shower + hadronization
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UNI

Why strongly interacting theories

® Composite Higgs: dark sector (DS) scale related to SM

® This talk: no relation between DS and SM scales

F

New class of signatures

Production

HV parton  pecay to SM
showering,

hadronization

Strassler et al hep-ph/0604261

Cohen et al arXiv:1503.00009

Schwaller et al arXiv:1502.05409

LLP community report
arXiv:1903.04497

' < Kahlhoefer et.al. arXiv:1907.04346

Hofman et al arXiv:0803.1467
Strassler arXiv:0801.0629
Knapen et al arXiv:1612.00850

\SPAE
2%

= gl
Diagram by
Caterina Doglioni
-~ @< —> 00

L

Nussinov Phys.Lett.B 165 (1985) 55-58, Chivakula
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arXiv:1308.4130, Kribs et al.,arXiv:0909.2034,
Buckley et al,arXiv:1209.6054 , Francis et
al.,arXiv:1809.09117, LSD, arXiv:1301.1693,
Boddy et al., arXiv:1402.3629 , Detmold et al.
arXiv:1406.2276 , Farrar et al arXiv:2007.10378,
Kaplan et. al. arXiv:0909.0753
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New dark matter candidates

T

Hochberg et al arXiv:1512.07917
Kribs et al arXiv: 1604.04627
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SUNI What we have in mind

e Only thinking about new SU(N.) gauge group uncharged under the SM with s-channel
DS - SM mediators

DS

Contains a confining
non-Abelian group
with scale Ap

External mediator: feeble SM
interactions with SM, scale 11,4

e Jets with large MET inside
= Darkshowers e Jets with displaced vertices

e Jets with too many or too

few tracks

Production

HV parton  pecay to SM
showering,

hadronization
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Simulation challenges

® Thanks to the existence of data, SM QCD continues to enjoy it's success story

ATLAS ATEEC

CMS jets

W, Z inclusive

finclusive ___________
t decays

QQ bound states

PDF fits

e'e jets and shapes

Electroweak fit

ATLAS Zp_8 TeV

l
ATLAS

Preliminary

T T T
-@- Hadron Colliders

-@- Category Averages PDG 2022
-@- Lattice Average FLAG 2021
-@- World Average PDG 2022
~®- ATLASZp_8TeV

0.1185 = 0.0021
0.1170 = 0.0019
0.1188 + 0.0016

0.1177 = 0.0034

0.1178 = 0.0019

0.1181 = 0.0037
0.1162 = 0.0020

L 0.1171 = 0.0031

0.1208 + 0.0028

—; 0.1179 = 0.0009
I l0.1 183 = 0.00PQ

0.125 0.13
as(mz)

QCD strong coupling a;

ATLAS+CMS Preliminary My SUMMmary, Vs = 7-13 TeV Oct 2022
LHCtopWG
""""" World comb. (Mar 2014) [2]

stat total stat

total uncertainty _ Mgy  total (stat + syst) 5 Ref
LHC comb. (Sep 2013) LHCtopWG 24— 173.29 + 0.95 (0.35 + 0.88) 7TeV [1]
World comb. (Mar 2014) H*H 173.34 + 0.76 (0.36 + 0.67) 1.96-7 TeV [2)
ATLAS, I+jets H—=— 172.33 £1.27 (0.75 +1.02) 7Tev (3]
ATLAS, dilepton s 173.79 + 1.41 (0.54 +1.30) 7 TeV (3]
ATLAS, all jets f—=— 1751+ 18 (1.4 £1.2) 7 TeV [4]
ATLAS, single top =t 172.2 £2.1 (0.7 +2.0) 8TeV [5)
ATLAS, dilepton H=H 172.99 £ 0.85(0.41 £ 0.74) 8 TeV [6)
ATLAS, all jets = 173.72 £ 1.15(0.55 +1.01) 8TeV [7)
ATLAS, l+jets H= 172.08 + 0.91 (0.39 + 0.82) 8TeV (8]
ATLAS comb. (Oct 2018) H*H 172,69 + 0.48 (0.25 + 0.41) 748 TeV (8]
ATLAS, leptonic invariant mass H=H 174.41+£0.81(0.39 +0.66 £0.25) 13 TeV (9]
ATLAS, dilepton (*) e 172,63 +0.79 (0.20 + 0.67 £ 0.37) 13 TeV [10]
CMS, l+jets =t 173.49 + 1.06 (0.43 + 0.97) 7 TeV [11)
CMS, dilepton et 172.50 +1.52(0.43 + 1.46) 7 TeV [12)
CMS, all jets —=—— 173.49 + 1.41 (0.69 + 1.23) 7 TeV [13)
CMS, l+jets HeH 172.35 + 0.51 (0.16 +0.48) 8TeV [14)
CMS, dilepton o= 172.82 +1.23(0.19 +1.22) 8 TeV [14]
CMS, all jets HeH 172.32 + 0.64 (0.25 + 0.59) 8 TeV [14]
CMS, single top H— 172.95 +1.22(0.77 + 0.95) 8 TeV [15)
CMS comb. (Sep 2015) HH 172.44 + 0.48 (0.13 + 0.47) 748 TeV [14]
CMS, I+jets - 172,25 + 0.63 (0.08 + 0.62) 13 TeV (16)
CMS, dilepton Hot— 172.33 +0.70 (0.14 + 0.69) 13 TeV [17)
CMS, all jets et 172.34 +0.73(0.20 +0.70) 13 TeV (18]
CMS, single top HeH 172.13 +0.77 (0.32 + 0.70) 13 TeV (19)
CMS, I+jets (%) ag 171.77 +0.38
CMS, boosted (*) o+ 172.76 + 0.81 (0.22 +0.78)

* Preliminary
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® \/enturing into regime with no data requires extreme care

do ~ & X doy(Q) X PS(Q — u) x MPI X Had(u — A)
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® Aim: To make educated choices for free parameters in absence of data
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UNI LHC phenomenology

138 fb™ (13 TeV)
L. T T

95% CL upper limits
Inclusive

2

95% CL obs. upper limit on o B [pb]

— Observed
M . . — Median expected
O m pt | y VI a : - -68% expected
. --:95% exgected
- OGeV,am=am
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two body decays

—
<Q

L . — . .
Finy Stable/ (N stable + N, unstable) Cohen, Lisanti, Lou
arXiv:1503.00009

GZlLlLgllgnxie
uoleloqe||od SIND
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o
N

e Small r,,: dijet search strategy;

Large r;,,: monojet searches; m, [TeV]

Intermediate r, : Dedicated searches First experimental for semivisible jets

16.1 fb™ (13 TeV)

Emerging jets  woise_— N

= Expected limit

=== Expected limit £ 10

e Dark mesons with finite lifetime: jet with
multiple displaced vertices

69001°018L:AXIe
uoleloqe||od SIND

had rons Schwaller, Stolarski & Weiler
arXiv:1502.05409

95% CL upper limit on cross section [fb]

e Unflavoured case: one lifetime for all dark I

[ L M

400 600 800 1000 1200 1400 1600 1800 2000

e Flavoured case: diagonal, off-diagonal My, [Gev]
dark hadrons have different lifetime First experimental for emerging jets

Phenomenology has not always been realistic e.g. missing particles and symmetry constraints; now
updated within snowmass study

I '
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UNI LHC phenomenology

romptly via
two body decays

Cohen, Lisanti, Lou
arXiv:1503.00009

°r inv — Stable/ (N stable + N unstable)

e Small r;,,: dijet search strategy;
Large r;,,: monojet searches;
Intermediate r;,,: Dedicated searches

Emerging jets  «ui= f:—:i Q\l

e Dark mesons with finite lifet
multiple displaced verti-

e Unflavoured case-

Schwaller, Stolarski & Weiler
arXiv:1502.05409

gonal, off-diagonal

hadrons

e Flavour-

e different lifetime
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First experimental for emerging jets

Phenomenology has not always been realistic e.g. missing particles and symmetry constraints; now

updated within snowmass study
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UNI Strongly interacting theories: pathways

How to make systematic progress in the landscape of darkshowers?

mmetri n .
Symmetries and New cosmological

symmetry breaking analysis of DM

mechanisms

Strongly
interacting dark
matter theories

Masses,
LECs,
Cross sections

Lattice simulations New experimental

sighatures

New understanding of
non-perturbative
dynamics?

Chiral perturbation
theory/EFT techniques

N.B. All calculations can be done on lattice, but they are expensive,
perturbative analysis is pragmatic way out

S. Kulkarni 12 05 September 2023



UNI Dark sector: composition

Spectrum
A

baryons

In IR l

Confinement
(Chirally broken phase)

degenerate)
Dark quarks

Dark Gluon

UV physics contains * Two discrete parameters N, , N,

* Gauge fields (gluons) e Two continuous parameters m, , ap(u) (UV)

e Matter fields i.e. Dirac/Majorana fermions, e Ar.m. JAnorm. .m. Im. (IR)
D> V195 D Tp? %)) Pb
scalars (in representation N,)
' * N, #2: tundamental representation in

e This talk: mass degenerate Dirac fermions SU(2) gauge group is pseudo-real

in fundamental representation of SU(N¢,) e N £ 1:1f 0 ] ,
( event generators limitation) fp 7 2 1 AVOUMTREOTY NAs RO PIONS
Flavour, parity, CP conserving SU(N ) theories

S. Kulkarni 13 05 September 2023



UNI Non-SU(N. ) gauge groups

Snowmass dark shower incl. S.K., S. Mee, M. Strassler arXiv:2202.09053
S.K., A. Maas, S. Mee, M. Nikolic, J. Pradler, F. Zierler arXiv:2202.05191

S.K., J. Pomper (in preparation)
See also Hochberg et al arXiv:1512.07917

complex [ pseudo — real J [ real J
2 — Flavor QCD Sp(4) — Fund. SO(N¢) — Vector
ue) x UQ) [ () ) L(4) J
\L \L \L Axial anomaly
SUR)x SUQR) x U1y | | SU(4) | SU(4) )
l \L \L Chiral condensate x. # 0
deg.mass Mgy = My F 0
SU@) x U() L Sp@ ) | 50(4) J

e Number of pions and rho mesons in 2 flavour theories
e Complex:N, =3,N, =3
e Pseudo-real: N. =5,N. =10
Tp Pp
e Real: N =9, N. =6
p PD
e Colour flows are different for pseudo-real and real gauge groups; not encoded in current

event generators

S. Kulkarni 14 05 September 2023



UNI SU(N¢, ) collider signatures

Few different regimes in signature space

Theories don't make (dark) jets
They make

(QCD-like theories) Soft Unclustered Energy Patterns (SUEPs)
Small 't Hooft coupling

Theories make (dark) jets

Large 't Hooft coupling

\/

In this talk Event shapes in between Not in this talk

Can simulate with PYTHIAS8
imulate wi Out of scope of current

event generators

Few special tools exist

S. Kulkarni 15 05 September 2023



UNI QCD-like theories

* For mass degenerate fermions theory has four free parameters N, , N, ,m, /Ap, Ap

Fundamental

Theory is
asymptotically free
(QCD-like)

Antisymmetric

arXiv:2008.12223

Nc Nf o

>
3 <<9 |5
4 << 13 %
5 <<16 |
6 << 18

6f

4t _ _Symmetic ;

ol ) — Adjoint

% 3 4 5 7 8
N

e QCD-like theories: asymptotically free theories and are in chirally broken phase

S. Kulkarni
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2N Mass spectrum

e SUN, ),N, >?2 theory with N, mass degenerate quarks has fo)— 1 mass degenerate

dark rho, pions, plus 1 spin -0 and spin -1 singlet

0 0 w
/ﬁ*_% k KZ ) [ %+
M — T —”—2 4 % K + 1 prSM = ”
SRS NCY |

Pi K

GrE KD | e
* 2

Kuo §w/u)

3.6}

3.4}

2 Q 3.2

" 55 [ 0 " % 3.0]
A, A, Ap A3 s

e Currently ignored singlets phenomenology

r, must decay for

visible darkshowers

—— Data from hep-ph/0605173
— Fit 1

Pp = TIpllp

1.0 1.5 2.0

S. Kulkarni |7
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_UNI Flavour symmetry breaking leads to (dark)showers

SU(Nc,) Fund .tep ., SUWNE ) = 2, Qp = Diag(+1, - 1)

Coupling with Z'
|

e Example 1: N, =2;n, =n, =3; Qp = Diag(+1, - 1);
Doublet (7™, z57); (pp™.pp7)
Singlets (z9); (p9)
pp — Z' mixing leads to visible decays

For charges of type Diag(+1... -1) only one diagonal pg mixes
with Z'

e Example 2: N, =4;n, =n, =15; Qp = Diag(-1,+ 1, -2, +2);

All diagonal pp mix with Z'

S. Kulkarni 18 05 September 2023



SUNI Dark rho meson decays

Beriln, Blinov, Gori, Schuster, Toro arXiv:1801.05805
 Analysis of broken symmetries and chiral Lagrangian set dark meson decays

P pE ~ans!

Regime 1 Regime 2 f Regime 2

Pp = ZpTtp Pp 7> TpTtp Pp 7> ZipTtp

See also Born, Karur, Knapen, Shelton arXiv:2303.04167

e Regime2 m, <2m_: | ls =13 TeV
PD p ) =
mll < 60001 " /
e PD . B _
- F(pD — ﬂfo) X A6 1 = POtent|a| I_I_PSI 5000 4 P ; Ag =10 GeV
DmZ/ u P NCD =3, Nf =4
4000f~  Resme? m, =31 GeV
_ i i 3 f m, =17 GeV
Not captured in previous LHC phenomenology 3000k )
. ) - m,=1TeV
e Example 1: N, =1 both off-diagonal pp, decay via  2000- ;
three body 1000F- <
- Regime 2 f
® . — . O_|||||||||||||||||||||||||||||||||||||||||||||||
Example 2: N; =4 seven pp, decay via three body b 5015 20 55 30 85 40 45 50
Mqa[GeV]
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UNI Dark pion decays

See Strassler, Zurek hep-ph/0604261

In addition to Z’

UV theories

IR portals

LHC signatures

SVJ composition depends on , .
, , SVJ typically rich in HF
Z properties

S. Kulkarni 20 05 September 2023



UNI Effects on jets
|__GRAZ|
» 10?[]]]]1]][[[[]]][[[[1 IIIIIII |ILAIIIIIIIIIIIIIII— » 10»_IAlI|1AlI|lAllIIIIIIIIIIIIIIIIIIIIIIII[IIIIIIII-? » :IIIIIIIIIIIIIIIIIIIIIIII IIIIITIII‘IIII‘IIII‘IIIIE
2§ - — 1mdecay “2mdecay ] 2§ - —1ndecay - 2mdecay z§ B — 1n decay - 2ndecay
1g_—-:3ndecay E 1§_~~3ndecay E — -3 m decay
i i » ) L .
107" E 107°E == E 10
tljl_ : : E _2:_, ;
102 102 S
2 . = ] v ]
L' Ia ] = ]
1073 1 N 1073 L 107 3 3
: = : F : :
- : . L,_,J J__Ji - ]
107F E 107E "o = 107 i
E - hf E E : Snowmass darkshowers :
10°F 105k = 1075 E-arXiv:2202.05191 .
10—6 llllll[lllllllllllll"ill""""""llllllll | 10—6’_ LLLLL l"V‘lllllllllllllllllllllll[[[lllllllll_ 10—6_llllIIllllllllllllll[[lllllllll|l"V"' 1q
0 10 20 30 40 50 60 70 80 90 100 0 0102030405 06070809 1 0 0.10.20.304 0506070809 1
Multiplicity (GenJet, R=0.4) p.D (GenJet, R=0.4) Girth (GenJet, R=0.4)
. . . ~ 2
e pyD: jettransverse momentum dispersion p;D = +/2p/(2p;y)
e The details of jet structure depend on the details of the decay modes and number of
stable/unstable particles
[ ]

Careful analysis design is necessary to circumvent too much dependence on jet

properties

S. Kulkarni
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UNI Hadronization uncertainties

UNIVERSITAT GRAZ

Hidden valley hadronization UNIVERSITY OF GRAZ | - B

“% universitat
i wien
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Hidden valley angular ordered shower, based More flexible cluster hadronization

on new shower interactions framework [Platzer, Stafford]
[Masouminia, Richardson]
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[Kulkarni, Masouminia, Papaefstathiou, Platzer, Siodmok, Stafford — in progress]

Herwig package complementing Pythia’s hidden valley model.
Blindly relying on validity of coherence and quasi-collinear limit ... among many other questions.

Slide from S. Platzer
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UNI Hadronization uncertainties

Kulkarni, Platzer, Stafford in progress
e e e e S S e e T T 1 T T T T 7 T T T T 7 T T 1 T
_ l l l N N l l L 103 l l l I_E
102 = — =
— - m — -
o w 7 102 ". —
i . = =
101 | m-.’ : :
1;{ 10" £ =
14 — B i )
_ - 1E =
-1 |— —
10_1511‘11|1‘|1|1||111‘|111‘111|‘11||11 Jlﬁ 10 ELocoa e |h11__ Al fLE lfﬂllllllf
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0 0.01 0.02 0.03 0.04 0.05 0.06
Tap = 03,2 Tap= 121

Tap = Y y:(z\/l—cosez.)“ (E]i;)ﬁz 3 (EE )ﬂ

i
jetEjets i€jet jet€jets i€jet Tot

e Angularities for two different dark QCD benchmarks

e Angularities differ significantly depending on the details of the model
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UNI Conclusions

e Strongly interacting dark sectors lead to interesting dark matter
candidates and present interesting opportunities at the experiments

e A strong phenomenological and experimental program exists

e A successful exploration of strongly interacting sectors benefits from understanding the
theories in UV and IR and is further complemented by lattice simulations

e Exemplified some theories with mass degenerate Dirac fermions
e In depth explorations of such scenarios is necessary in order to make systematic progress

e More SM - DS portals can be constructed and can lead to more exotic dark showers
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