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The Dark Matter energy scale

mass scale

Dark sectors
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Primordial
black holes
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Need for new particles SM

in addition to DM
(the “mediator(s)”)




The “WIMP” paradigm

Weakly Interacting Massive Particles (WIMP) models:
One of the dominant models for more than 3 decades
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The “WIMP” paradigm

Weakly Interacting Massive Particles (WIMP) models:
One of the dominant models for more than 3 decades
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The “WIMP” paradigm

Weakly Interacting Massive Particles (WIMP) models:
One of the dominant models for more than 3 decades
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Thanks to these interactions, DM with a mass O(100 GeV) can
“freeze out” and obtain the measured relic abundance

S.Gor WIMP “miracle”? ... or “coincidence”



We have learned a lot about WIMPSs!
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We have learned a lot about WIMPSs!
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Strongly interacting massive particles
(SIMP) in a nutshell

Hochberg, Kuflik, Volansky,
Wacker, 1402.5143,

oyl Hochberg, Kuflik, Murayama,
. Volansky, Wacker, 1411.3727

A new scale for DM?
WIMP SIMP

( 2 — 2 ) 3 — 2
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Strongly interacting massive particles
(SIMP) in a nutshell

(*) Hochberg, Kuflik, Volansky,
e 1 Wacker, 1402.5143,
l\\L/ Hochberg, Kuflik, Murayama,
><“ Volansky, Wacker, 1411.3727

(*) Needed to
maintain thermalization
between the two sectors

A new scale for DM?

WIMP SIMP
( 2 — 2 ) 3 — 2
mpM ~ Oann(TeqMp) Y2 ~ TeV MpM ~ Qann(T2 Mp1)"/* ~ 100 MeV

Possibly realized in a QCD-like theory SU(N¢) with
SU(N;) x SU(Ny) — SU(Ny) N

Ne-1 pions  Light pions Lwzw = 15m275 P Tr (w8, md,mhpm o)

If the portal operator is not too small, the dark pions

can be in thermal equilibrium with the SM Detection?
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Chapter I

SIMP cosmology

Dark Energy
Accelerated Expansion

Afterglow Light
Pattern  Dark Ages Development of
380,000 yrs. /’ Galaxies, Planets, etc.

1st Stars
about 400 million yrs.

Big Bang Expansion
13.7 billion years




3—2 annihilation

mw)w 1

I m?r

['3—2) = ’/7,72r <0v2> : <O'U2> ~ ( Hochberg, Kuflik, Murayama, Volanski, Wacker, 1411.3727

SU(N;)xSU(N;) / SU(N;)
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102 10~ - 1 1d

my [Gev] R

Relatively narrow range of allowed masses
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3—2 annihilation

m;\10 1
['3—2) = ’/7,72r <0v2> : <O'U2> ~ (f—ﬂ) —=  Hochberg, Kuflik, Murayama, Volanski, Wacker, 1411.3727
m
a T SU(N;)xSU(N;) / SU(N}) -
: N \‘\ _510 a
m - perturbativity ™. | ; &
fF—— > 1 S ~p Al 5
’ 2@ < B — — SUM@),N; =3 |14 E:
T RN SUGB), N =3 |3 3
S | su10), N =3 )] §
R 41071 ©
vector mesons nearby in mass ]
47 1) IR | | 55500 DI N T
my ~v fﬂ- 102 107 —_ 1 16
vV N, my [GeV] R

Relatively narrow range of allowed masses
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Spectrum and portal to the SM

A concrete realization for SIMPs

Berlin, Blinov, SG,
Schuster, Toro, 1801.05805
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Spectrum and portal to the SM

A concrete realization for SIMPs o
Berlin, Blinov, SG,

Schuster, Toro, 1801.05805

€
Al B
/ 2 cosbw \
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The stability of pions

Pions need to be long-lived on timescales compared to freeze-out. A

However, the neutral pions:

* SM % additional 1
€ contribution:
A* §
SM
I N qr pion
m\< . matrix
‘D pwaB g/ ' TrO Tr (O M. UT h.c
€ SM 47Tf7r he pv ap 1 Q ! (Q q ) +h.c.
2 2 4 11
« aem € 7n7T
0 o Iy => T(r —4f) ~ -2

2048 T f2mf,
e.g. Q= (+1,—1,—-1)
no contribution to the neutral pion
decay from the chiral anomaly.

Lifetime can be comparable to the time
of recombination.
OK |f mno > mr[+

U(1)p charged pions are stable -} they can be DM
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The dark pion relic abundance

Berlin, Blinov, SG, Schuster, Toro, 1801.05805
Several processes can contribute to the dark pion annihilation:

mﬁ)lo 1

1. 37p = 27p annihilation ['3—2) = n?r (av2> : (av2> ~ (f—

5
ma
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The dark pion relic abundance

Berlin, Blinov, SG, Schuster, Toro, 1801.05805
Several processes can contribute to the dark pion annihilation:

e ~\10 1
1. 37p = 27p annihilation ['3—2) = n?r (av2> : (av2> ~ (7;:—) —
T ma
2. mpmp — Vpmwp semi-annihilation
-
V AI* é"‘

my < 2my
(If the dark vectors (V) have a mass

close to the mass of the dark pions)
e—(’lnv—'lnﬂ—)/T e—nz,r/T

<O-'U> ~ m721. ~Y m72r
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The dark pion relic abundance

Berlin, Blinov, SG, Schuster, Toro, 1801.05805
Several processes can contribute to the dark pion annihilation:

mw)lo 1

1. 37p = 27p annihilation ['3—2) = n?r (av2> : (av2> ~ (f_

ma
2. mpmp = Vpmwp semi-annihilation
—

V AI* é"‘

my < 2my
(If the dark vectors (V) have a mass

close to the mass of the dark pions)
e—(’lnv—'lnﬂ—)/T e—nz,r/T

<O-'U> ~ m721. ~J m72r
T, 0—
3. tprp — 010 £

e A,* (H-
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The dark pion relic abundance

Berlin, Blinov, SG, Schuster, Toro, 1801.05805
Several processes can contribute to the dark pion annihilation:

QL m-\10 1

1. 3np = 2np annihilation T'(3 — 2) = n?2 (ov?) , (0v?) ~ (—W) —

f’/T mﬂ'

2. mpwp = Vpmp semi-annihilation
{— Thermal Dark Matter, (), = Qpum
£ 10_15 T T T T
VoA o+ 102¢ 2.
C Semi—lAnni}qilation
my < 2my 107

(If the dark vectors (V) have a mass  « 10-4;
close to the mass of the dark pions)

_5:

e—(m,v—7n7r)/T e—Tnvr/T 0 EE 1’.‘:‘ my/my = 1.9 —) ]

ov) ~ 2 - Faq myimy =18  ——| ]
(o) R lo-of &9 E,;;m”is _J 3

F © my/m, = 1.6
10—7 A ! il ! Lol ! IR
n. - 1072 107! 1 10
3. TpTp — et € m, [GeV]
e ES

— A (" Broader range of values of my are possible
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Chapter 11

SIMP signatures at colliders




S.Gori

Fixed target experiments

s
_—) P =@
Fixed-Target e <«
Experiments g

Several detection strategies to discover dark sectors.
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Fixed target experiments

-3
_—)e =0
Fixed-Target o
Experiments .

Several detection strategies to discover dark sectors. For example:

e S ;
Missing momentum or energy DM beam dump ”l,,é"-g
NA64, LDMX, M3 BDX, DarkMESA ’6/6;
HCal :
Erecoil < V4 Ebeam fb—— 10 m —>¢— 10 m —
Tracker ECal e~ Dirt
i ————
4 —8
e, Beam Dump Detector
et e dark matter, dgrk .”?a”er
e invisible
XX invisible

S.Gori 10



Fixed target experiments

9y
_—)e =0
Fixed-Target o
Experiments =,

(E137)

Several detection strategies to discover dark sectors. For example:
L P
Missing momentum or energy DM beam dump 017&1-5
NAB4, LDMX, M3 BDX, DarkMESA ’6/6?,
HCal 5
Erccoil < Y4 Ebeam fb—— 10 m —>¢— 10 m —
Tracker ECal e~ Dirt
i =
A =
e, Beam Dump Detector
U S S
| "% jnvisible _
2®0un8tableSM ................................................
\\\6 e, dark partlcle_ particles IZ)sf'"ruI:?uest
: Visible beam dump
DarkQuest, HPS, Magix " ‘
10

.................
25




SIMP production at fixed targets

€

Al BH » Dark photons can be produced at colliders

2 cos Oy (they mix with the SM photons)

— —

S.Gori
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SIMP production at fixed targets

€

A Buv » Dark photons can be produced at colliders
nv

2 cos By (they mix with the SM photons)
Electron fixed target Proton fixed target
28 2%
brems- brems-
e strahlung p strahlung

3k meson decay. Eg.

0 ’/ 0 ’
oy — YA, w — oA

3k Drell-Yan production: pp—A’

The dark photon will be produced either at the target or in the dump,
depending on the experiment

+ Direct production of vector meson through bremsstrahlung (subdominant)
S.Gori 11



An example: production at 120 GeV
proton fixed target

€

A, B
2 cosOy HY
Berlin, SG, Schuster, Toro, 1804.00661 E,

T N D b i
10 c — 10-51 rems
106 ﬁ 3 P strahlung
105 w - a° A \ é N 7 N

e \ E
Ny 104 T~ - \ ? 7 A
103 "N . meson

2 : ' @— Q- decay
10 3 ~
10! K

&
1 L1 11l 1 1
110-2 107! Generically larger rates than at
(@ 1018 POT)  ma [GeV] electron fixed target experiments
€ \2/ma\2[/EOT
. N4 (e Brem.) ~ — ( )
Huge production! | <10 6> (GGV) 101#
4 e \2 /(POT
N4+ (p Brem.) ~ 10 x <10_6> ( 018
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SIMP decays of the dark photon

A’ > nhm, (DM)

e,p

€,p A,

7r_
, D
-

N
N+
™

mass

|

—A’

— V),
T

Berlin, Blinov, SG, Schuster, Toro, 1801.05805
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SIMP decays of the dark photon

A’ tr— (DM Y /
— mp7p (DM) I — A
_ Vv
“P ™ o 72
. Nl Invisible
A > w;; As decay Berlin, Blinov, SG, Schuster, Toro, 1801.05805

Z g? 100

\ 101

-2

€,p 7r(l)) £ S 3::8_3

~

'- N B
£ 9 4 6 8 10 12

Missing Visible
energy A’ decay

102 101 10° 101
ap =102, e=10"3 my [GeV]

T — ——

Displaced decays of the dark vector
Good for beam dumps!
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DarkQuest and LDMX

Let us focus on two proposed experiments:

Erecoil < V4 Ebeam - L D MX @ S LAC ,0,
Oy,

Tracker

e- Bea

4 x 1014 electrons on target, 4 GeV beam (phase 1)
roreet 1016 electrons on target, 8 GeV beam (phase 2)

DarkQuest @ Fermilab l7®2

Top View (Bend Plane)

1120 Khag [scacracang scacracons [ |||
| GeV e e | = |
»€°"' ; e*(h*) : Experiment | Proton energy POT Dump | Decay volume
;4..5 W““ﬂxk ll m DarkQuest 120GeV 1018 | 5 m |
: l: - Z (m) ‘ R F“:;I- " LSND 800MeV 1022 30 m 10 m
\ ' z'l"(m') s \ I NA62 400 GeV 10 | 100 m 250 m
\ A SHiP 400 GeV 10%° 65 m 125 m :
decay of Vi o niote — —

the dark vector VO



The reach for SIMPSs (243 body decays)

Berlin, Blinov, SG, Schuster, Toro, 1801.05805

2- and 3-body decays, m,/fr = 3

I

102

1073
Belle-11 ) ;

Yo

1077 Lo
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The reach for SIMPs (2+3 body decays)

Berlin, Blinov, SG, Schuster, Toro, 1801.05805

2- and 3-body decays, m,/fr = 3

Belle-11

Relic
line
(our goal)

S.Gori

lllll

Bound from DM
self-interaction

Gray:

reach of past experiments:

- Babar:

+ _— / ’ .
e"e” —-~vA, A — inv
- E137:
past electron beam dump

experiment. Search for
visibly decaying A’

A — 7TDVD
V2 s ot

VE o wiete
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The reach for SIMPSs (243 body decays)

Berlin, Blinov, SG, Schuster, Toro, 1801.05805

2- and 3-body decays, m,/fr = 3

I

lllll

ranls 11 11111

Relic
line

(our goal)

—

S.Gori

Bound from DM
self-interaction

ap = 1072, ma /my = 3
(*) the collaboration is working on this:

In color:
reach of past experiments:

- Belle ll: (same Babar signature)
ete” > ~A', A’ — inv

- LDMX: invisible A’
- LDMX: visible A’
- HPS: electron beam

dump experiment. Search
for visibly decaying A’ (*)
DarkQuest

A — mpVp

VS — ete-

VE o niete

https://indico.jlab.org/event/411/contributions/6724/attachments/5550/6888/SIMP_Analysis_at_HPS_11.20.20.pdf 14



The reach for SIMPs (2 body decays)

If the charged vectors are
heavier than 2mn,

then only the neutral vectors
will appreciably decay visibly:

VO s ete-

\ E137 (pa§t) bounds are

. relaxed since the
experiment had a long
baseline (~400 m).

ms) Larger regions of

10_7 1 Sl 1 1 [ R B A | 1 1 I B N B
arameter space are open
10-! 100 ot P P P

mar [GeV]

5 SeaQuest

- —_— - .L )

S (F € -)
'_‘ -

ap = 1072, ma /mr = 3
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Conclusions

Strongly interacting massive particles are
an interesting thermal DM candidate:

- natural emergence of O(100MeV) scale
(3—2 annihilation)

- (possible explanation of DM self-interaction
observations)

** Wide range of viable DM masses, once we
consider all processes depleting DM in the
early universe (3—2, semi-annihilation,
annihilation)

** Reach collider phenomenology to be
searched for at several fixed target
experiments

S.Gori 16
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Dark sector decays

€2

DA — €5 7) = =2 (1-41)"* (1+2r}) ma
I'(A” — hadrons) = R(vs =ma/ ) T(A" = uTp7)

2ap (1—4r2)3/2

(A" — 7m) = 3 (1-r) mar

D 1P p) = 227 ("‘:ﬁf"y [1-262 +78) + 02 =30
D 1P ¢) = 22T (mj,if“)4 [1-262+r) + (2= ma
T(A — 7° w):3;527::2/ (m’;:f"y [1—2(r,2,+r3,)+(r,2,—r%,)2]3/2 myr

' 0 77+0 o0 j*0 3C’D7'%/ mx/ fx ! 2 2 2 2 12]%/2
L(A"— K" K*0, K° K*%) = ——— . [1—2(7'1r+7‘v)+(7'1r—7'v)] s

a2 4 3/2
0wt o) = 0T (2Ll ) a2 ) (2 -7
™
3ap r? <\ 3/2
P — k= k) = 2200 (P a2 4 )+ (2= )] ma
™
 4p231/2 2 _eard _ 496
(1—ry)
_,_ 27aemapé r= \° 2 21/2 (.2 2 2 \—2
Llp—€77) = 3 T (riy —4rg) = (ryy +21r) (1 —7ry) ™" ma
™ ™
+ 16T aemap € re \ 2 2\1/2 (.2 2 2 \—2
L@g—=707) = 3 e (rv —4rg) '~ (ry +2rg) (1 —ry)" ma
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The SeaQuest experiment

Fermilab Accelerator Complex

120 GeV This is a nuclear physics experiment,
proton beam with the goal of measuring the anti-quark
content of the proton at large Bjorken-x

Ring

+ 2 B rl
« S
- - Booster el
Fixed-Target 7 2y » N
Test Beam Z
lllll Z A Linac 3
Muon ——S\\
fon Sou \
2 &
%
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E906

St-4 muon ID

KMag |st-2 tracking St-3 tracking
St-1 tracking o
. | Beam Target DR g o
B ok .: :o
o - .. ..
5 ./o main = = B
|nJeCtOr ab X (m) [ard  NEW ba_—u'war1 il
beam st jece detedtor b\"'hb
2F Z (m)
" A s : . . - . A P A . L | | 1
0 3 10 15 20 25
Dump Decay
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Kinematics of the decays

Electron Bremsstrahlung Proton Bremsstrahlung
I T T T T [ T T T T I T T T T I T T i [ T T T I T T T T I

103L

Arbitrary Units
)
Arbitrary Units

10}

o
W
—_
—_
wn
o+
n
o
S

Evy [GeV] Evy [GeV]

Berlin, Blinov, SG, Schuster, Toro, 1801.05805
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