Current Status of sub-GeV Hidden Particle Searches

Sarah Andreas

DESY

July 8, 2010
6th Patras Workshop on Axions, WIMPs and WISPs

in collaboration with:
O. Lebedev, S. Ramos-Sanchez, and A. Ringwald

Sarah Andreas (DESY) Hidden Particle Searches PATRAS - July 8, 2010 1/20



.
Outline

0 Motivation for sub-GeV Dark Sector
@ Bottom-Up
@ Top-Down

© NMSSM CP-odd Higgs
@ Introduction
@ Constraints

© Hidden U(1) gauge boson
@ Introduction
@ Constraints

@ Conclusions

Sarah Andreas (DESY) Hidden Particle Searches



Outline

0 Motivation for sub-GeV Dark Sector
@ Bottom-Up
@ Top-Down

Sarah Andreas (DESY) Hidden Particle Searches



WA Bottom-Up

Bottom-Up Motivation
Dark Matter

Several astrophysical and terrestrial observations
that might originate from Dark Matter

Sparvoli]

PAMELA: rise of positron-fraction with energy! "

FERMI: deviation from power-law in et + e~ spectrum!'*/ “trieari]

DAMA: annual modulation in nuclear recoil event rate!'*/ “eruil]

@ CoGeNT: excess of events in low energy nuclear recoils
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WA Bottom-Up

Bottom-Up Motivation
Dark Matter

Several astrophysical and terrestrial observations
that might originate from Dark Matter

k Sparvoli]

PAMELA: rise of positron-fraction with energy!""'

rigari]

FERMI: deviation from power-law in et 4 e~ spectrum[‘“lk St

but: PAMELA: no excess in anti-protons

DAMA: annual modulation in nuclear recoil event rate!'*/ “eruil]

@ CoGeNT: excess of events in low energy nuclear recoils

but: CDMS & XENON: no signal Observed[mlk Balakishiyeva, Oberlack]

V.
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DM Observations

Difficulties for standard WIMPs
PAMELA & FERMI

DAMA & GoGeNT vs. CDMS & XENON
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DM Observations

Difficulties for standard WIMPs
PAMELA & FERMI

@ larger annihilation cross section required than
needed for correct relic abundance:

@ dominant annihilation into leptons (leptophil):

@ high mass scale:

2
OVann > Uvgf,’7

xx — It~
m ~ O(TeV)

DAMA & GoGeNT vs. CDMS & XENON
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DM Observations

Difficulties for standard WIMPs
PAMELA & FERMI

@ larger annihilation cross section required than

needed for correct relic abundance: TV = avgff
@ dominant annihilation into leptons (leptophil): XX — 171~
@ high mass scale: m ~ O(TeV)

DAMA & GoGeNT vs. CDMS & XENON
o light DM candidate: m~5—10 GeV

@ inelastic heavy DM with excited states: Am ~ 100 keV
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DM Observations

Difficulties for standard WIMPs
PAMELA & FERMI

@ larger annihilation cross section required than

needed for correct relic abundance: TV = avgff
@ dominant annihilation into leptons (leptophil): XX — 171~
@ high mass scale: m ~ O(TeV)

DAMA & GoGeNT vs. CDMS & XENON
o light DM candidate: m~5—10 GeV

@ inelastic heavy DM with excited states: Am ~ 100 keV

= non-standard WIMP? |
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Alternative Scenarios

Hidden Sector with light messenger particle
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Hidden Sector with light messenger particle

@ Sommerfeld effect = enhanced annihilation cross section
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Alternative Scenarios

Hidden Sector with light messenger particle

@ Sommerfeld effect = enhanced annihilation cross section
@ kinematics = decay into light leptons

@ inelastic scattering on nuclei
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Alternative Scenarios

Hidden Sector with light messenger particle

@ Sommerfeld effect = enhanced annihilation cross section
@ kinematics = decay into light leptons

@ inelastic scattering on nuclei

Example
@ Axion-like Particle
» NMSSM CP-odd Higgs[Huupor & Tait 2009]
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Alternative Scenarios

Hidden Sector with light messenger particle

@ Sommerfeld effect = enhanced annihilation cross section
@ kinematics = decay into light leptons

@ inelastic scattering on nuclei

Example
o Axion-like Particle
> NMSSM CP-odd Higgs'"'~ e & 1t 2000
o hidden U(1) Photon

» Hidden Sector[ﬂrk;mi Hamed et al. 2009]

» Asymmetric Mirror World' " < /- 2010]
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JICEARC
Top-Down Motivation

String compactifications

Hidden Sectors (HS)

appear naturally in various supersymmetric models descending

from string theory
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VCEADET

Top-Down Motivation

String compactifications

Hidden Sectors (HS)

appear naturally in various supersymmetric models descending

from string theory

» mediators are weakly coupled to visible sector

» mediators can be

light

Hidden
Sector

AVAVAVAVAVAV

Messenger

Sarah Andreas (DESY)

Standard
Model
SU(3)x SU(2) x U(1)

Hidden Particle Searches
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String compactifications

@ heterotic string can reproduce the NMSSM!ebedev&itamos—Sanches]
» in a Peccei-Quinn limit

> with a light Pseudo-Goldstone boson, an axion-like particle (ALP)
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VCEADET

String compactifications

@ heterotic string can reproduce the NMSSM[]x)l)(?(lo\'&H;:mn:)ssz\nch(?x]

» in a Peccei-Quinn limit

> with a light Pseudo-Goldstone boson, an axion-like particle (ALP)

@ breaking of larger groups down to the SM gauge group can yield
hidden U(1) symmetries
» may remain unbroken down to small energy scales
> hidden Photon may be light

» weak coupling to visible sector via kinetic mixing
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Outline

© NMSSM CP-odd Higgs
@ Introduction
@ Constraints
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Why NMSSM?

Sarah Andreas (DESY) Hidden Particle Searches



Why NMSSM?

@ p-problem: Why is 4 < Mgut?
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Why NMSSM?

@ p-problem: Why is 4 < Mgut?

solution: replace mass term p by coupling to scalar field S

W C ASH,Hg = 1 =\(S)
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NMSSM CP-odd Higgs RRLI{L TS

Why NMSSM?

@ p-problem: Why is 4 < Mgut?
solution: replace mass term p by coupling to scalar field S

1
W = ASH,Hy + §553 = 1 =\S)

Z3-symmetric NMSSM
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NMSSM CP-odd Higgs RRLI{L TS

Why NMSSM?
@ p-problem: Why is 4 < Mgut?
solution: replace mass term p by coupling to scalar field S
1
W = ASH,Hy + §Hs3 = 1 =\S)

Z3-symmetric NMSSM
= new particles: additional CP-odd Higgs A° (ALP)
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NMSSM CP-odd Higgs RRLI{L TS

Why NMSSM?

@ p-problem: Why is 4 < Mgut?

solution: replace mass term p by coupling to scalar field S
1
W = ASH,Hy + §Hs3 = 1 =\S)

Z3-symmetric NMSSM
= new particles: additional CP-odd Higgs A° (ALP)

e little hierarchy problem /fine-tuning:

tree-level prediction m, < myz vs. LEP bound my, > 114 GeV
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NMSSM CP-odd Higgs RRLI{L TS

Why NMSSM?

@ p-problem: Why is 4 < Mgut?

solution: replace mass term p by coupling to scalar field S
1
W = ASH,Hy + §/€53 = 1 =\S)

Z3-symmetric NMSSM
= new particles: additional CP-odd Higgs A° (ALP)

e little hierarchy problem /fine-tuning:
tree-level prediction m, < myz vs. LEP bound my, > 114 GeV
solution: additional decay h — 2A° for light A° reduces LEP limit
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NMSSM CP-odd Higgs RRLI{L TS

The Zz-symmetric NMSSM

@ Higgs potential with approximate Peccei-Quinn symmetry in limit
k—0

e naturally light pseudoscalar A% with m3; ~ —3kA,s
where Kk < 1 and A,,s ~ EW scale
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NMSSM CP-odd Higgs RRLI{L TS

The Zz-symmetric NMSSM

@ Higgs potential with approximate Peccei-Quinn symmetry in limit
k—0

e naturally light pseudoscalar A% with m3; ~ —3kA,s
where Kk < 1 and A,,s ~ EW scale

e from string theory x > 107°
= muo ~ 100 MeV
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NMSSM CP-odd Higgs RRLI{L TS

The Zz-symmetric NMSSM

@ Higgs potential with approximate Peccei-Quinn symmetry in limit
k—0

e naturally light pseudoscalar A% with m3; ~ —3kA,s
where Kk < 1 and A,,s ~ EW scale

e from string theory x > 107°
= muo ~ 100 MeV

e coupling of A® to fermions

_ 1 _
AL = —j Casr <md dvysd + ——m,, tysu+ my /’}/5/> AP

2my tan?2 3
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NMSSM CP-odd Higgs RRLI{L TS

The Zz-symmetric NMSSM

@ Higgs potential with approximate Peccei-Quinn symmetry in limit
k—0

e naturally light pseudoscalar A% with m3; ~ —3kA,s
where Kk < 1 and A,,s ~ EW scale

e from string theory x > 107°
= muo ~ 100 MeV

e coupling of A® to fermions

AL = —i

Casr <md d"}/5d —|— ———my Uysu+ my 775/) Ao

2mW ﬂ

@ avoid violation of perturbativity and/or finetuning
= 1072 < Car £ 102
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NMSSM CP-odd Higgs MENETEIIS
Constraints
© 2my, < my < 3my: Cpgr < O(1072) from K- and B-decays
® mpo ~3mr —my:  Casr < O(1071 — 1) from T-decays

® mup > 12 GeV: Camr < O(10) from ete™ — bbA® — bbbb
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NMSSM CP-odd Higgs MNEEIET 1

Constraints
© 2my, < my < 3my: Cpgr < O(1072) from K- and B-decays
® mpo ~3mr —my:  Casr < O(1071 — 1) from T-decays
® mup > 12 GeV: Camr < O(10) from ete™ — bbA® — bbbb

@ mpo < 2my: not well studied

Mot = M(A® = 47) + T(A% = ete)

v

Meson-decays (visible & invisible)

» Pion-decay

v

Muon g — 2

v

Beam dump experiments

» Reactor experiments
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Meson-decays
invisible
X—=Y+A = Yiinv

visible
XS5 Y+A 5 Y +ete
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NMSSM CP-odd Higgs MNEEIET 1

Meson-decays

invisible
X—=Y+A = Y+ inv. 103 B
; o
AQ sufficiently long lived to escape 1021 i
detector F ’\
rX%YwLAO/rtot < BeXP 108 E
g L xSy ytiny.
o o &)
visible 08
X5 Y+A S Y +ete DL BaR v
1072
10
....................... KISmitinr, e
107 1073 1072 107!
m 4o [GEV]
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NMSSM CP-odd Higgs

Meson-decays
invisible
X =Y +A" = Y+inv

AQ sufficiently long lived to escape

detector
rXH Y+A0/rtot < Bexp

visible
X > Y+A 5 Y tete

AP decays within detector

BRXHY+AO *BRAO—)e+e_ < Bexp

Sarah Andreas (DESY)

Constraints

103

102

10

0 e
“! 1 =
| 1 =
R ]
RS I N

.. \..~\ B

; RO ]

g 'B-»Ke el

Y(lS)—>y+mv N R
= _Yﬁs)ﬂy-tmv._ '_'~~.._ \\\

g

N

ey

L. B winy, 1

PR

Hidden Particle Searches

m 4o [GEV]

PATRAS - July 8, 2010

13 / 20



NMSSM CP-odd Higgs

Meson-decays
invisible
X =Y +A" = Y+inv

AQ sufficiently long lived to escape

detector
rX% Y+A0/rtot < Bexp

visible
XS5 Y+A 5 Y +ete

AP decays within detector
BRX*)Y+AO *BRAO—)e+e_ < Bexp

Kt st + X

peak in " momentum spectrum
v

Sarah Andreas (DESY)

Constraints

1035
£ ]
102 l
; A
s s
10- e
1 :
- Y(AS)-y+iny.
107!
B > K +iny.
1072
1073
K*>x*+inv. |
.................. it i
107+ 1073 1072
m 4o [GEV]
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Pion-decay & Muon g — 2

70 — ete™
10°

102

Y(1S)-y+inv.

K*>at+iny.
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Pion-decay & Muon g — 2

70 — ete
. c I | T
in SM through loop diagrams 10 4y
tree level channel through A° 107 i
10 LR
a, g - S
)
107"
"~ B'K4iny.
10723
107
""""""""" | i
107 1073 1072 107!
m o [GeV]
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Pion-decay & Muon g — 2

70 — ete
in SM through loop diagrams
tree level channel through A°

0
r7r°A—>e+e*/rtot < Bexp

10°

10%

10

au

—

Sarah Andreas (DESY)

g Y(1S)-y+inv.
&)
1071
E B> K +iny.
1072
1073
""""""""" | )
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m, [GeV]
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Pion-decay & Muon g — 2

70 — ete
in SM through loop diagrams 10°
tree level channel through A° 102

0
r7r°A—>e+e*/rtot < Bexp

a,L L Y(1S)->y+inv.

currently a;,; " > aEM 10"

several NMSSM contributions

B> K +iny.

negative A® loop contribution

1074 1073 1072 10~
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NMSSM CP-odd Higgs

Pion-decay & Muon g — 2

70 — ete”
in SM through loop diagrams
tree level channel through A°

0
r7r°A—>e+e*/rtot < Bexp

a, oi Y(1S)-y+iny.
currently a;, " > a3M
several NMSSM contributions B'oK +iny.

negative A° loop contribution

. 1073 4
not worsen discrepancy beyond 5o oyt !
.................. e
107 1073 1072 107!
m o [GeV]
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NMSSM CP-odd Higgs

Beam-dump & Reactor Experiments

Sarah Andreas (DESY)
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NMSSM CP-odd Higgs

Beam-dump & Reactor Experiments

search for decay A — ete™

Sarah Andreas (DESY)

Hidden Particle Searches

10°
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NMSSM CP-odd Higgs

Beam-dump & Reactor Experiments

search for decay A? — ete™

beam-dump experiments s 'E Y8 sysimn
1S
ALP emitted via bremsstrahlung :
B K +iny. o
from e- or p-beam o &
~ 40 cm ~ 120 cm 1073
target + shield decay volume K*>n*+iny.
e 103 TR, T
> oA F Fermilab E774
e | et 10%

bl ol vl il il il

e
IS

1 10-2 102 10t
mpo [GeV]

Sarah Andreas (DESY) Hidden Particle Searches



NMSSM CP-odd Higgs MNEEIET 1
Beam-dump & Reactor Experiments
search for decay A? — ete™

beam-dump experiments £ Y(Syytinr.

ALP emitted via bremsstrahlung
from e- or p-beam

~ 40 cm ~ 120 cm
target + shield decay volume
e 103 T TR T T T
A | 5 Fermilab E774
e et 102§

Kuo-Sheng

reactor experiments
ALP emitted in place of photons

bl vl vl Al il il

from excited nuclear levels w7
oh
NMSSM results published in: S.A., O. Lebedev, S. Ramos- :4 TR | PE— Ll P Lol .
Sanchez, and A. Ringwald, arXiv:1005.3978 10~ 10~ 10~ 10°
mpo [GeV]
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Outline

© Hidden U(1) gauge boson
@ Introduction
@ Constraints
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Hidden U(1) gauge boson LN ITSET]

Hidden Photon and Kinetic Mixing Lk Redondol

@ additional U(1)p-symmetry in HS
= hidden photon +/

@ SM not charged under HS and vice versa

dominant interaction: kinetic mixing of 7/ and J

@ most general Lagrangian
P - =
B i R T
o X~ & ~0(107*-1073)
generated by loops of heavy particles charged under both U(1) groups

@ ' couples and can decay to SM fermions through kinetic mixing
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Hidden U(1) gauge boson

Constraints

Muon & Electron g — 2

past beam-dump experiments
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Hidden U(1) gauge boson

Constraints

Muon & Electron g — 2

one-loop contribution from hidden
Photon[POSpelov 2009]

past beam-dump experiments
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Hidden U(1) gauge boson eSS

Constraints 1071}
1072
Muon & Electron g — 2
. . . 107
one-loop contribution from hidden
photon[l)()spo]m’ 2009] > 1074
. 107
past beam-dump experiments
~' emitted via bremsstrahlung 107
from e_beam[B_]ork(:n et al. 2009] 107
search for decay 7/ — ete™ 102 107! 1
’ my [GeV]
target + shield decay volume
o
,.Y/
e et
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Hidden U(1) gauge boson eSS

Constraints 101}
1072
Muon & Electron g — 2
. . . 107
one-loop contribution from hidden
photon[l)(mp(t]n\' 2009] > 1074
. 107}
past beam-dump experiments {
~' emitted via bremsstrahlung 107
Bjorken et al. 2009
from e-beam!"iorken et n ] 107
search for decay 7/ — ete™ 102 107! 1
’ my [GeV]
sensitivity of future experiments target + shield ___decay volume
o
,.Y/
—>—
e et
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Hidden U(1) gauge boson eSS

Constraints 107!

Muon & Electron g — 2

one-loop contribution from hidden

“."-.. HIPS (thin)

photon[l)(mp(t]u\' 2009] > 1074:

past beam-dump experiments

~' emitted via bremsstrahlung

from e_beam[B_](n’k(‘u et al. 2009]

search for decay 7/ — ete™ 102 107! 1
ol my [GeV]
sensitivity of future experiments ~ 40 em ~ 120 em
target + shield decay volume
@ JLab experiments e.g. APEX .
o thick target at DESY: HIPS > A -
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Outline

o Conclusions

Sarah Andreas (DESY) Hidden Particle Searches



Conclusions

Summary

@ HS well motivated: DM, SM extensions, string theory

@ possibly light particles in HS with very weak couplings to SM

@ constraints from various experiments

o NMSSM: A® heavier than 210 MeV or with 10 000 times weaker

couplings to fermion than SM Higgs

@ Hidden U(1): 4/ can be searched for at future beam dump
experiments
complementary searches at
» JLab = see next talk by A. Afanasev
» DESY HIPS = talk tomorrow by J. Mnich
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@ Hidden Sector with hidden photon!Biorken et al. 2009]

10_1? T T 1T H‘ T 1T H‘ T T \\\\\4\4‘:
E ADM CoGeNTZ
L ADM DAMA -
1072
1073 -
> 1074
|
10750
10-6F
10_7:'.'.""""""5-""'""""""'"'"""""""""""""""‘5;'-'5-"5-'-'-'-'-'-'-'-'-'-'-'-'-""'""‘""";:‘
1072 107! 1

m, [GeV]
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N
@ NMSSM and PAMELA[Hmpw & Tait 2009]

o %% — A% followed by h — A°A% and A® — ete™ (top) or utpu~
(bottom)
@ normalized to PAMELA, boost from Sommerfeld enhancement

— |
— mpe=200 GeV, m,=1.22 MeV
--- mp=200 GeV, m,=200 MeV -
0.20 [~ mp=130 GeV, m,=200 MeV P
— = PAMELA o |
-
%
g
X
K
0.01 | | N | |
10 20 50 100 200
E. (GeV)
T T — =
—— mpe=600 GeV, m,=212 MeV b
020" m,»=600 GeV, m,=250 MeV —
: = PAMELA
‘o
L]
+
o
&
<
R
0.01 | | Ll |
10 20 50 100 200
E. (GeV)
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