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What about everything else?

Is there structure beneath the Planck scale beyond
known interactions?

Dark Standard
Sector Model

Sector with new gauge interactions

Standard Model gauge symmetries largely forbid
couplings to other sectors
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What about everything else?

Is there structure beneath the Planck scale beyond
known interactions”?

Dark Standard
Sector Model

Sector with new gauge interactions

Standard Model gauge symmetries largely forbid
couplings to other sectors

We nonetheless suspect that new sectors exist -
SUSY breaking sectors...etc



A Simple U(1) Example

Gauge kinetic mixing is a “portal” that can link the
Standard Model to new dark forces

oL = eFy Fa

Loops charged under

M and dark sector
Y A )WW A

GUT or Planck scale quantum corrections
[Holdom “86]

A? = =
e B Y Yl ~10°—107°
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Ordinary Matter and Dark Forces

Photon mixing with massive A’ is equivalent to

electrically charged matter acquiring a milli-charge
under the A’

o

(equivalent)




Mass Scales

A Mpi Weak coupling to dark sector is natural,
but what about the mass scale?
GUT or Planck scale?
Massless?
: My, Nearly massless?
Agep

Anywhere (technicolor like dark sector) ?

What about the weak-scale?
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A Simple U(1) Example

Gauge kinetic mixing is a “portal” that can link the
Standard Model to new dark forces

5L = eFy Fa

Loops charged under

M and dark sector
8 | MNON\N A’

GUT or Planck scale quantum corrections
[Holdom "86]

A? e ol
E:‘:ﬁzg}; E DzY ].Il— "“-‘10 4"‘10 -
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Ordinary Matter and Dark Forces

Photon mixing with massive A’ is equivalent to

electrically charged matter acquiring a milli-charge
under the A’

-

(equivalent)




Mass Scales

A Mpi Weak coupling to dark sector is natural,
but what about the mass scale?
GUT or Planck scale?
Massless?
: My, Nearly massless?
Agep

Anywhere (technicolor like dark sector) ?

What about the weak-scale?
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New U(1) Near The Weak-Scale

Assume that weak-scale SUSY exists, and couple the
Standard Model to a dark sector via kinetic mixing.

Supersymmetric kinetic mixing:
€
f /d29§W{}WA P = h.c.
Dark sector matter:

W=upH H or W =ANSH _H_

Pirsa: 09120020 - . Page 12/8
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Mass Scales

A Mpi Weak coupling to dark sector is natural,
but what about the mass scale?
GUT or Planck scale?
Massless?
: My Nearly massless?
Aocp

Anywhere (technicolor like dark sector) ?

What about the weak-scale?
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New U(1) Near The Weak-Scale

Assume that weak-scale SUSY exists, and couple the
Standard Model to a dark sector via kinetic mixing.

Supersymmetric kinetic mixing:
€
£ fd29§W$DVA « + h.c.
Dark sector matter:

W=upH H or W =ANSH_H_
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New U(1) Near The Weak-Scale

Dark U(1) and hypercharge U(1) D-terms mix

Dark Sector D-term Potential:

C(}sQJ
gD(Zq iloil® — gy Mw)z

Electro-weak symmetry breaking triggers dark
U(1) breaking:

qigp cos 23
m2, — 29 M2, < (1GeV)?

2gy
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New Dark Gauge Forces - Where to Look?

Mp,

Theoretical Region of Interest:

New weakly coupled gauge interactions
with mass scale beneath the weak scale

My
Agep

Dark gauge forces? —— A good place to explore!




Phenomenological Motivation

What if dark matter belongs to a dark sector

Suppose that dark matter 1s a TeV mass thermal relic charged
under a dark U(1) that kinetically mixes with the photon

Dark Sector Standard Model

Dark matter: y + x©

~ TeV

Mw
< GeV Aocp




New Dark Gauge Forces - Where to Look?

Mp,

Theoretical Region of Interest:

New weakly coupled gauge interactions
with mass scale beneath the weak scale

My
Aocp

Dark gauge forces? — A good place to explore!




Phenomenological Motivation

What if dark matter belongs to a dark sector

Suppose that dark matter 1s a TeV mass thermal relic charged
under a dark U(1) that kinetically mixes with the photon

Dark Sector Standard Model

Dark matter: y + x©

~ TeV

Mw
< GeV Aocp




Dark Matter Charged Under a GeV-Scale
Gauge Force

Several Striking Consequences:

® Annihilation enhanced at low velocities

® Annihilation into light, not heavy states

® Excited states split by O(MeV)
® Scattering off matter:
® rate similar to neutral current

® scattering into excited state, enhanced
Pira: 09120020 modulation



Dark Matter and Dark Forces

Direct Detection Rates:

;gp cos 23
m‘_‘if — € 49D .RZ[‘Q.V
\QQY
2
€ pee e
A ~ ~

Despite lack of SM charge, dark matter can naturally
-have weak-scale scattering rates with ordinary mattes!



Dark Matter and Dark Forces

Very small dark matter mass scales:

| Tucker-Smith and Weiner:
Arkani-Hamed, Finkbeiner, Slatyer, Weiner]

In Non-Abelian dark sectors. radiative effects
can split dark matter states

4?*

y s

6ﬂIDAI ~ aD(sAIgauge ~ a%ﬂfgwge ~ 100 keV

(radiative splittings) (custodial symmetry
breaking )
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Dark Matter and Dark Forces

Direct Detection Rates:

T A — "\'[“r"
\QQY
2
€ pee e
T =4

Despite lack of SM charge, dark matter can naturally
-have weak-scale scattering rates with ordinary mattes!



Dark Matter and Dark Forces

Very small dark matter mass scales:

| Tucker-Smith and Weiner;
Arkani-Hamed, Finkbeiner, Slatyer, Weiner]

In Non-Abelian dark sectors. radiative effects
can split dark matter states

41’*

— &R ,

(Sﬂfpfu ~ aD(SA[gauge ~ (IQDAJQQUQE ~ 100 keV

(radiative splittings) (custodial symmetry
breaking )
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Dark Matter and Dark Forces

InelaStiC Scattenng: li{;t*?;i:tg;i;i:;i:;z Slatyer, Weiner]
SMpar ~ apdMyauge ~ M gauge ~ 100 keV
(radiative splittings) (custodial symmetry
breaking )

Vector mediated scattering 1s automatically inelastic,
with a 100s keV energy splitting

Page 25/83



A’ Mediation of Inelastic DM-Nucle1 Scattering

Dark matter mass splitting:
~100 keV

Large modulation amplitude, characteristics of
recoil spectrum. and null results of other

experiments explained by inelastic collisions
[ Tucker-Smith and Weiner;
Arkani-Hamed, Finkbeiner, Slatyer, Weiner]

C
u i =
=

e DAMA/Nal (0.29 tonxyr) - « .
: (target mass = 873 kg) (target mass = 2328 kg)

Residuals (cpd/kg/keV)

L = B = R e R

: : . . : et . i oSS L
S00 1000 1500 2000 2500 3000 3500 4000 4500
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[he Origin of a 100 keV Dark Sector Splitting

Non-Abelian Higgsed Sector:

Dark matter 1s a chareed mul[iple[ [Arkani-Hamed, Finkbeiner, Slatyer, Weiner]

5]\/[DM ~ aD(SA/Iqauge ~ aDJ\/[gauge ~ 100 keV

(radiative sphittings) (custodial symmetry
breaking )

Non-Abelian Confined Sector:

Dark matter is a dark heavy flavor meson  [Alves, Behbahani, PS, Wacker]

A3
5]\/1}3;\,1 ~ — ~ 100 keV — ADark‘ ~ GeV

(hyperfine splittings) LDM

Pirsa: 09120020 Page 27/83
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A’ Mediation of Inelastic DM-Nucle1 Scattering

Dark matter mass splitting:
~100 keV

Large modulation amplitude, characteristics of
recoil spectrum, and null results of other

experiments explained by inelastic collisions
[ Tucker-Smith and Weiner;
Arkani-Hamed. Finkbeiner, Slatyer, Weiner]

arXiv:0804 2741, Bernabei et. al. 2-6 keV
-t DAMA/Nal (0.29 tonxyr) > « ,
:j: E (target mass = 873 kg) (target mass = 2328 kg)
204 F 3 3
| |
% 2.08 :
-0.08 : :
= 0.1 L == i . : il : < | - . ! \ L
500 1000 1500 2000 2500 3000 3500 4000 4500
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['he Origin of a 100 keV Dark Sector Splitting

Non-Abelian Higgsed Sector:

Dark matter 1s a chareed mul[iple[ [Arkani-Hamed, Finkbeiner, Slatyer, Weiner]

JJ\/[DM ~ aD(”\/[gauge ~ a%f\/fgauge ~ 100 keV

(radiative splittings) (custodial symmetry
breaking )

Non-Abelian Confined Sector:

Dark matter is a dark heavy flavor meson  [Alves, Behbahani, PS, Wacker]

2
(ﬂ\/fpgu ~ ADark ~ 100 keV — ADark ~ GeV

(hyperfine splittings) DM
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Anmhllatlon into Leptons

Standard Model
Particles

(m<ma’/2)
[Arkani-Hamed, Finkbeiner, Slatyer, Weiner;
Pospelov & Ritz]

Positron fraction

EMe +e')GeV: /em?sec

Pirsa: 09120020
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New Gauge Forces
Are there new gauge forces? — an intriguing possibility

Do new gauge forces explain astro/direct-detection data?

Insight from laboratory experiments
needed!

Pirsa: 09120020
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Production Mechanisms

15‘1
E]_ (1 — .I_.'}

Fixed-Target: Electron or Proton collisions,

A’ decays to di-lepton. pions. multiple channels
(Jefferson Lab (Hall A, Hall B/CLAS), SLAC,
MAMI (Mainz), ELSA (Bonn), XFEL (DESY).
COMPASS (CERN), FNAL, ..)

Colliding e+e-: On- or Off- shell A’,
X=dark sector or leptons & pions
o (BELLE, BaBar. BES-III,

¥ KLOE. CLEO)

High Energy Hadron Colliders:
New heavy particles decaying into
dark sector (lepton jets) (CDF & DO)

Page 32/83









Normalizing Production
Rates from DAMA/LIBRA

/X
A"
X
€E P\ -
. S X
€
Q‘E = 8§ = (1{)-}8 (}E‘Vﬁ)z qj — “2;'2 < rn,i,

Can estimate production cross-section from
e o200 DAMA/LIBRA scattering cross-section



DAMA-Normalized Production Rates

yA' Pair Cross Section (Form—Factor iDM)

10° Mpy=1000 GeV. C=0.01

Z decay sensitivity

i
—
i
*--
-
p— L
—__

{ #—2),, constramnt

100. =

~100 events
in BaBar data

Cross—Section (fb)

0.1

0.1 0.2 05 1.0 20 50 10.0
A' Mass (GeV)
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DAMA-Normalized Production Rates

yA' Pair Cross Section (Form—Factor iDM)

10" Mpy=1000 GeV, C=0.01

Z decav sensitivity

105 e —————

—
-
.
-
-F_.___..-
i
——
—
—
e

_{g—2), constrant

100. -

~100 events
in BaBar data

Cross—Section (Ib)

0.1

10.0

50

0.1 0.2 0.5 1.0 20
A' Mass (GeV)

Page 38/83









Pi

Final States (direct production)

e “Generic”: eTe — 1["‘[— - BaBar [via Y-decay
search, H. Kim] v'?

- Belle [Y. Kwon, J. Rorie]

K ' - BES-lll [H. Li, Y. Zheng]

- KLOE [F. Bossi]

* “Generic + higgs™ e'e — Vh' — 6l (or 2l +E)

- not yet!
wvwr., [interest from BaBar,
Belle, BES-IlII, KLOE]

e “Nonabelian™ e ¢~ — V™ — 4l
E == — ’_:___‘[h['
| MG w - BaBar [4l, M. Graham] v
! 7 2
i :
i Also: higher multiplicity (confining), 41 + &7, ... :
I

IIIII

From e+e- workine eroup summary (SI AC Dark Forces workshon)



Search for narrow et —
resonance pairs in Sensmwty to € ~ 10
e'e”—4 |lepton @ BaBar
rSonnsst EEEEA  [M. Graham, arXiv:0908.2821]

~ Cross Section Upper Limits

BaBar 2w BaBar = 4
preliminary ‘_'_5 preliminary :

YRR Y
g
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ue Fixed-Target Kinematics

[see: Bjorken, Essig, PS. Toroj

do ():3 Kinematics very different

d:r: T m2-z @1 = _> from massless photon
bremsstrahlung

£ ) (narrow)

r 5

Heavier product (here A") Eps~FE—mgy
tikes most of beam energy

Pirsa: 091 Page 47/83
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Unique Fixed-Target Kinematics

[see: Bjorken, Essig. PS. Toro]

do o’ Kinematics very different

2
= €
dx T m2-zx mi(l — ) f/j\/._r from massless photon
bremsstrahlung

E A
B e Tr—
E
= (f) (narrow)
& - e - —eent ~ My
— ..............................
1/2 =
Energy = E ) _
(wide) ...or other decays
=
Heavier product (here A") Epx~FE —mgy
*"{dkes most of beam energy E. ~ mu i







U

i-lepton decay:
e = 80 pum

e ~1 em

Pirsa: 09120020

lflxed Target Territory

atell Pospelov. Rit

(.‘;r' = 2)t

—
L

001

(ﬂ == 2);1
0.1

BABAR

Y(3S) — (" )

0.01

MegaWatt x Year
lower limit for
seeing >10 events
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Beam Dump Experiments

>

shield decay volume
(10 cm - 100 m) (50 cm - 100 m)
e beam | =
. -
thick target tracking, calorimetry, ...

SLACEI37: 10®e(30C) at20GeV,  200m shield
SLACEI4l: 10'%e at 9 GeV, 12 cm W target
FIRAL E774: 10%¢ at 275 GeV, 20 cm W target
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Past Beam Dump Limits

(A’ di-lepton decay modes)
10~

10~

|

10-3 BB
3 H—_&g_._tl | l e
: 0_4 &
10>
| 1 0—6
1 0_7
shield decay volume
(10 cm - 100 m) (50 em - 100 m)
e beam - !
O :ﬂ
thick target tracking, l:aia-ri.lf';'bEtl'yE’ag.e 53/83







Past Beam Dump Limits

'see: PS, Yavin, Toro;
Batell, F'usp::ou. Ritz, Shang] (scalar decay modes)

0.1 |
0.1° e 0.1 Strong laboratory
| constraints in the
' DAMA/LIBRA
0.01 0.01 region of interest
= 103 1073
: If dark matter can
10-4 | 104 annihilate into dark
: | sector states,
| then there are
1072 10-3  constraints from solar
capture of dark matter
0.1 |

Pirsa: 09120020 m(hD) (GeV') Page 55/83



New Experiments?

Focus on di-lepton (electron, muon, pion) parameter space
given existing constraints on non-direct dark sector decay
modes



New Beam Dump Reach

Di-lepton
decay channel “D-term” line — also explains
I0ecm 10cm ~30 cm decay DAMA/LIBRA
Jarget _shield vohsne - 0.01
1 | 10~
=2 i B 3
-4-..._______ -
| | 10
) /v /‘
tracking : - -5
s ecal/trigger 10
3 10°°
300d Beams:
107" 10~
FEL at JLab
LA 107° 107%
S C 0.01 0.1 |
Duke mA'/GeV

ElLSA, Mainzer Mikrotron (MAMI), Max-lab

Isee: Biorken. Essig PS. Torol



Beyond Beam Dumps

® Electron beam dump experiments set
strongest bounds.

® To see higher €, ma (best DM region) need
thinner target — now beam gets through, too!

(work hard to keep S/B large, not just stat. significance!)
® Two strategies:
® Resonance Search

® Vertex and recoil tagging

Pirsa: 09120020 Page 58/83



Approaches for New Experiments

Features of conceptual design:  Two-arm spectrometer

® Very good forward coverage C
(signal production is peaked forward) mon B

® Fast trigger (high event rate)

® Fast detector and continuous beam
(control coincidence backgrounds)

® | % or better mass resolution
(kinematic discrimination)

® Silicon good for fast precision
tracking (use vertex discrimination)

Small with variable geometry



Heavy Photon Search Working Group

SLAC JLab

R. Essig R. Partridge P. Bosted

C. Field P. Schuster S. Stepanyan

M. Graham + J. Sheppard L. Weinsten

J. Jaros (Chair) C. Spencer B. Wojtsekhowski
C. Kenney N. Toro

T. Maruyama U. Oregon

K. Moffeit FNAL R. Frey

A. Odian M. Demarteau '

CEBAF - Continuous Electron Beam Accelerator F acility

Developing:

New experiment (parasitic)
in JLab Hall B

; Fa ¥
Pirsa: 09120020 Page 60/83






JL.ab Hall A :
/ ,
2.0 GeV/c positron . /

*

i

HRS-left

Sensitivity Range of Proposed Run Plan

- NN - 0.1 02 03 04 0.5
septum hﬁ‘ﬁﬁ““ﬁﬁﬁﬂ | - I'.r
HRS-—migh
: 2 0 GeV/c electron s \H\‘ :':; 103 103

Background vs. Signal Kinematics :}-:

o

25 S

"

0.1 02 03 04 0.5
e e (A') Mass (GeV)

Proposal by: "1*- :
R. Essig, PS

N. Toro,

Pirsa: 09120020

S B s
- - U R 'E ~ x
B. Wojtsekhowski "0 os w0 15 20 2s sens ~ (2) X 18
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JL.ab Hall A -.
/ ,
2.0 GeV/c positron 4 /

Sensitivity Range of Proposed Run Plan

——————— - 0.1 02 03 04 0.5
'/m - "

= &7\{\{ 2 0 GeVic electron ~
= J \ 'A“ :TA Backgroand vs. Signal Kinematics

103

—
=
|

€ (2o sensitivity)

! o
, E
T"'E"lﬂ
Proposal by: 21s
R. Essig, PS =10 01 02 03 04 05
E!Ij E"t'_[.r".\'l Mass (GeV)

N. Toro.,
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A Fixed-Target Experimental
Program to Search for New Gauge

Interactions
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see: Freytsis, Ovanesyan, Thaler]

. SR,

Blectren Bonn —— i T Hall A
/ <N \ (24 days)
001 0.1 1

DAMA/LIBRA

region of interest

10~
i  Improvements:
- Sensitivity with existing beams
10™  but better acceptance

Pixel tracking extends reach

Final version of SLAC/JLab

-5
10 experiment may have extended reack

10~

Complementary coverage from

-6 . ‘

=10"" B-factories: higher mass,
multi-lepton chanpess

1078
0.01 0.1 1

irsa: 09120020 mAl /Gev




Summary

® Dark forces are an intriguing possibility, well-
motivated by existing data

® |[aboratory tests are crucial and complementary to
astro/direct-detection hints and upcoming data

® Broad array of experimental investigation is possible

® Sensitivity to many decades in mass and cross section
with existing data and new small-scale experiments

~New searches and experiments on ~year timescale!-



see: Freytsis, Ovanesyan, Thaler|

Elevtron Bemm ————ou ?-:"
/ ' -

Volume
o :::
:c;. Thepe ——
.I. x
Il .

" L)

0.01 0.1

DAMA/LIBRA

region of interest

Improvements:
Sensitivity with existing beams
but better acceptance

Pixel tracking extends reach

Final version of SLAC/JLab
experiment may have extended reack

107*

10~ 10~
Complementary coverage from
-6 : ‘
=10"" B-factories: higher mass.
multi-lepton chanre#s

10°°
0.01 0.1 1
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Past Beam Dump Limits

'see: PS, Yavin, Toro;

3atell, Pospelov, Ritz. shang]  (SCalar decay modes)

0.1 1
0.1 —~———— T — 0.1 Strong laboratory
| constraints in the
| DAMA/LIBRA
0.01 0.01 region of interest
. 1073 N0~
| If dark matter can
104 104 annthilate into dark
:. ; sector states,
| then there are
10-5 : 10‘5 constraints from solar
capture of dark matter
0.1 |
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Past Beam Dump Limits

Pirsa: 09120020

(A’ di-lepton decay modes)
10~

107!

|
P e -
- 107= Production Mode:
> —= oo By 2
1 +‘£~\§’_’_£I | ]_ oA
. 0_4 &
107>
| 1 0—6
. 0_7
sﬂield decay volume
(10 em - 100 m) (50 em - 100 m)
e beam | L
thick arget tracking, Cﬂjﬂri.l:'betl‘yeag.e 7283
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Past Beam Dump Limits

000000

(A’ di-lepton decay modes)
10~

10~

a,
= —CN
10 W

|

= ] 1 '
| pY L
+<%—._£-]— l l =
— :
10~ &
; 0_5
| 1 0—6
1077
shield decay volume
(10 cm - 100 m) (50 cm - 100 m)
e beam -=
|
1 :U
| .f',
thick target tracking, calorimetrypage 73/83







Past Beam Dump Limits

'see: PS, Yavin, Toro;
Batell, F'usp:i:uv. Ritz. Shang] (scalar decay modes)

0.1 |
0.1° s 0.1 Strong laboratory
o constraints in the
| o DAMA/LIBRA
0.0 0.01 region of interest
L 107 11073
| If dark matter can
10-4 | 104 annthilate into dark
i : sector states,
| then there are
1073 10~>  constraints from solar
capture of dark matter
0.1 |

Pirsa: 09120020 m(hD) (GeV') Page 75/83



Past Beam Dump Limits

'see: PS, Yavin, Toro;
s, pospeon e shang (Scalar decay modes)

0.1 |
0.1° o~ 0.1 Strong laboratory
constraints in the
. DAMA/LIBRA
0.0 0.01 region of interest
. 1073 107
| If dark matter can
10_4E 104 annthilate into dark
_; | sector states,
| then there are
1075 1073  constraints from solar
capture of dark matter
0.1 |
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Past Beam Dump Limits
(A’ di-lepton decay modes)

=t W 1 :

mman | 1) B Pmductiqq Mode:

S a y
1073 - Lo 103 L) .wljm“*“” S
10~* 1074 &
107> e
= _
10°° 10°°
_ e
. S sﬁ-;a:ao e
10_3 - "'éN (10cm - 100m) {W?-Imm} :
10—9 : ﬂ — | I
[ e | = % .
Pirsa; 09120020 thick target tracking, calori age 77/83
B s v s (W) -







see: Freytsis, Ovanesyan, Thaler]
Trscong

Elevtrun

i

P

0.01

Volume
. :::
e g —
LiLS e
- =
l \
a=0 =1

0.1

DAMA/LIBRA

region of interest

Improvements:
Sensitivity with existing beams
but better acceptance

Pixel tracking extends reach

Final version of SLAC/JLab
experiment may have extended reack

107 :107
1 Complementary coverage from
6 110-6 : ‘

10 wl =10 B-factories: higher mass.

001 0.1 = - s
irsa: 09120020 -_r~ /GeV muiti- epton C11al 1) Pegerores




A Fixed-Target Experimental
Program to Search for New Gauge

Interactions
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New Beam Dump Reach

Di-lepton
decay channel “D-term” line — also explains
10 em IO_cm ~30 cm decay DAMAJ/LIBRA
Mﬂmﬁdﬂ - O-GI
_...--""'HHF_——“ - 10—3‘
h""""--....____
| ) 10~*
+ g/ / "
: i:l.u" ecal/trigger W 10
107°
300d Beams
107" 10~
FEL at JLab
LA 107" 1078
S C 0.01 0.1 |
Duke mA'/GeV

ELSA, Mainzer Mikrotron (MAMI), Max-lab

lsee: Biorken Essia PS. Torol



New Beam Dump React
Di-lepton

“D-term™ line — also
DAMA/LIBE
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