- Searching a Dark-Photon with 'HADES

Romain Holzmann, GSI Darmstadt
for the HADES collaboration




Dark Matter in the Universe

Many astronomical & astrophysical observations support the existence
of a large amount of non-baryonic matter, so-called Dark Matter, in the universe:

= Cosmic microwave background (CMB) anisotropies:

PLANCK full sky survey
: dark energy: 74%

dark matter : 22%

visible matter : 4%

= Pattern and dynamics of large-scale structures
in the universe (galaxies, clusters of galaxies)
In particular: rotational-velocity profiles of galaxies

Recent reviews:
Bertone, Hooper & Silk, Phys. Rept. 405 (2005)
(see also PDG review on dark matter

= Gravitational lensing of far-away objects
and Livio & Silk, Nature 507, March 2014)

= Also, hints from cosmic ray spectrum:
e*/e- excess (PAMELA, AMS-02), narrow y line (Fermi)
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Observation of Dark Matter particles

D = dark-matter particle, S = standard-model particle

Method Experiments Interaction Standard-model particles involved
Direct LUX, CoGeNT, D\“./‘D @ Nuclear matter
detection DAMA/LIBRA S/‘ \S (quarks, gluons)
: . Dy S /
Indirect CTA¥*, HESS, o ® Bosons
detection AMS, PAMELA D/‘ \S N (photons, W, Z, Higgs)
Sy _~»D - Leptons
Tooider Ol s
S, D taus, neutrinos)
) Star and galaxy Dy »D
Astrophysical surveys*, B None
helioseismology™* D D

taken from Livio & Silk, in Nature 507 (March 2014)
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Observation of Dark Matter particles

D = dark-matter particle, S = standard-model particle

Method Experiments Interaction Standard-model particles involved

Direct LUX, CoGeNT, D\“./‘D o Nuclear matter
detection DAMA/LIBRA S/' \‘S (quarks, gluons)

e

Indirect CTA¥, HESS, 0 g 0 @ Bosons

detection AMS, PAMELA D/‘ \S (photons, W, Z, Higgs)

. LHC, 100Tev gD e
Collisions collider .\‘ @ (clectrons, muons,
S, D taus, neutrinos)
Astrophysical Star and gilaxy Dy »D
observations SUrveys®, /.\ --------------------- None
helioseismology* D D

taken from Livio & Silk, in Nature 507 (March 2014)

Our search has focus on DM manifestations in radiative meson decays
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Standard Model and Dark Matter

= Electromagnetic interaction L
_ _ Electroweak unification
= \Weak interaction GUT

= Strong interaction
= + Gravity

Standard Model: SU(3). ® SU(2), ® U(1),

PANIC2014 Hamburg, Germany R. Holzmann, GSI S



Standard Model and Dark Matter

Electromagnetic interaction L
_ _ Electroweak unification
Weak interaction GUT

Strong interaction
+ Gravity

Standard Model: SU(3). ® SU(2), ® U(1)y® U(1), ® .... € hidden sector(s)

Kinetic mixing of the U(1), and U(1), gauge bosons provides a natural portal
to this hidden sector via an effective interaction:

L. =€e Aﬁ ]gM & L.B. Okun, Sov. Phys. 56 JETP (1982); B. Holdom, PLB 166 (1986)

Photon and Dark Photon (or U boson or A‘) mix at level €, with €? = o' /a.

Where M, = sub-MeV — multi-GeV and € = 1071?2 — 10™% (model-dependent!)

If m, > 2 m,, the dark vector boson can decay into lepton (e*e- or p*u’) or hadrons.
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Searching the U In electromagnetic processes

All EM processes can be modified by World set of U boson searches:
mixed-in dark photon =» search e.g. in: upper limit (CL=90%) on €2
e +Ase +X+U (APEX, MAMIAL) | —
104 StatUS 2013 n & —
" d->n+U (KLOE-2) - NG ]
= 10> y+U (WASA, HADES) — I s -
"n—-y+U (HADES) . 4
3 "F // E
= ete-— utu + U (BaBar, Belle, BES3) i -
= various beam-dump expts. ,"' .
o APEX MAMI |
10 L e+Ta— e+Ta— -
"= g—2 (e andp data) E c+Tasele ©+Tate'e
i 1 1 L1 11 | 1 1 1 L 11 I_
Theory: 107! 1
M, [GeV/c?]

P. Fayet, PLB 95 (1980) 285, etc.
Pospelov et al., PLB 662 (2008) 53
Pospelov, PRD 80 (2009) 095002
Batell et al., PRD 79 (2009) 114008
Reece & Wang, JHEP 0907 (2009) 051
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Constraints from the muon g—2 anomaly

Dirac: point-like spin-%2 particle has a gyromagnetic factor g = 2
QED high-order terms leadtog>2 = g-2 anomaly
Very precisely measured and calculated for the electron:

(Je2)exp = 0.00231930436146(56)

exp & theory agree within errors
(Je-2)iheo = 0.00231930436225(172)

Remeasured recently at the Brookhaven AGS for the muon:

3.6 0 mismatch! =» maybe due to new physics

e.g. a dark photon ?7??

(9,2)exp = 0.0023318418(13)
(9,2)heo = 0.0023318360(10)

T C
HMNT 07 (e*e -based)
—285+51

) —e—i 1
_ e T Muon g-2 status:
with e (;@ —e— Exp.: G. Bennet et al., PRD 73 (2006)
a, =(g-2)/2 e gL el Theo: M. Davier et al., EPJC 71 (2011)
7H2I?_)I\é/|§11'810 (e*e” w/ BABAR) ‘
EIELS (znewest —a—i Constraints on the U boson from g-2:
DR e e o M. Pospelov, PRD 80 (2009)
BL-£821 (world average) i M. Endo et al., PRD 86 (2012)
\_\H.MH.\.\H\.\..Il.\.\ J

i — o s 3 s s sl A B B N
-700 -600 -500 -400 -300 -200 -100 0
11
exp 36 0] %10
1

aH - aL
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Searching the U In electromagnetic processes

All EM processes can be modified by World set of U boson searches:
mixed-in dark photon = search e.g. in: upper limit (CL=90%) on 2

e +Aoe+X+U (APEX, MAMI) —

10

®—->n+U (KLOE-2)

m —y+U (WASA, HADES)

n—vy+ U (HADES) -
~ 10

e*e — u*y- (BaBar, Belle, BES3)

various beam-dump expts.

10—5 f’ APEX MAMI

:_," e+Ta— e+Ta— =
= e and p g -2 anomaly 3 e +Tase'e € +Tatee ]
i 1 1 L1 11 | 1 1 1 L 11 I_
Theory: 107! , 1
M, [GeV/cT]
P. Fayet, PLB 95 (1980) 285, etc.
Pospelov et al., PLB 662 (2008) 53
Batell et al., PRD 79 (2009) 114008 Is not fully excluded yet!

Reece & Wang, JHEP 0907 (2009) 051
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Constraints on Dark Photon (status 2013)

A' - Standard Model ) A’ — Standard Model
-2 10— e e
107 _';;5_0__'_ o mEr!/ :
10-3E ) W B ILr ’
37‘{ e APEX/MAMI = f
_4_ — a. F14] est kuns
10 _ Orsay _E BaBar _
10-5% e “retRuns '
10—6_ CHARM ]
10_7;_ E137 E E
of \iSND i
1078 ‘: E
109 |
_105 /4 | filled: data E
10 e 7 open: proposed u7o
U S S Y L
1907 102 107! 1 107 107 1
my (GeV) mp (GeV)

taken from 2013 Snowmass Working Group Report, Essig et al, arXiv:1311.0029 [hep-ph]
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The HADES experiment at GSI HADES

High Acceptance DiElectron Spectrometer

= large acceptance

= <2% mass resolution Shower
= hadron & lepton PID Tofino / RPC

® up to 50 kHz trigger rate

MDC I

RICH MD

. Magnet
- MDCI

http://www-hades.gsi.de
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The HADES experiment at GS| HADES

High Acceptance DiElectron Spectrometer
- Iarge acceptance

= <2% mass resolution Shower
= hadron & lepton PID Tofino / RPC
" up to 50 kHz trigger rate  TOF

Physics accessible with HADES:

. Dielectrons in N-N: p+p and n+p

. Dielectrons in HIC: from C+C to Au+Au

. Vector mesons in cold matter: p+Nb

. Strangeness production: p+p, p+A, A+A
. Pion-induced reactions: m+p, m+A

N e . SIS100 @ FAIR: (>2017)

. Side benefit: Dark Photon search

IVILI N (1l

Magnet

http://www-hades.gsi.de
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The RICH: excellent lepton
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The RICH: excellent lepton ID

V > l 8 RICH single ring event]  xx01114041928 DST.root RICH single ring event|  xx01114041923 DST.root
photon hita on mirror (projestion 1n %y, +2) event: 0004835 phatan hits an mirer (projactlon In x-y, +2) avent: 0002995
ring: 00052 100 ring: 00027 100
g - -
%)
B
= — —80
=3 80
Q.
o
=
-2 —60 §c°
o
ﬁ 1
E=5
=
beam V. o o
Q i
0 0
HT: 135 PM: 698 amplitude: 296 HT: 736 PM: 1075 amplitude: 1107
pad#: 21 locmad: 7 pad#: 36 cmaxd: 8

7t° Dalitz pair Y conversion pair
M
TCO §e+ Y e+
—~<® ~15.20  W\We=—> @ ~ 2.20
e- e
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e*e” spectroscopy in few-GeV reactions  EXBIES

Modus operandi:

.’:y:% 1. produce hadron
™®n . let decay into leptons

| ")) 2
Jq 3. detect products
4. reconstruct inv mass

e

] 1= — = p+Mb 2.5 Gev 3
% ::"-' 3 . 5 G eV o p+p 3.5 GeV ] t . I .
§J1D-1f_ ‘_. p+Nb Irlqip;?“ G _f yplCa palr
:E‘ :q& ""'. 5 - = eey Spectrum
. - . . |_|1G_d _E i .'4.... A, cEeM E
Pair invariant mass: g [ | aowew
= ool % Feseiegs PO ]
= i Fone ! 3
S | ptpe fa. ot
_ 2 N e o T
Mee — \/ (pl + Pz) _ T e fRasd!
10°° yl R | | [H
' Tk Ty sl .
L S
107 Rl T "*[
107 el o b ]

0 02 04 06 08 1 1.2
M,. [GeV/ic?]
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U boson search in meson decays

Y oo Y oo
N <
™o U() - U(D)p m,n ot
3 kinetic mixing <>
_‘W/M/M a inetic mixing _‘\< .
y* < U
e’ e’

ete” branch

Measurement of m%/n—yU—ye*e™ in radiative decays:

= Search for a sharp structure in the e*e™ pair spectrum
= U natural width is small (<<1 keV) )
- expected peak width = mass resolution of spectrometer & os

wu threshold

BR,,
Important requirements for the dark photon search: .
1. Large e*e” data samples Lyere Py 4 Tumspasron
. q) 0.1 0.2 03 04 0.5 06
2. Very good mass resolution M, [Gevicd
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Searching Dark Matter in HADES

A How-to-do

. Search for a peak structure in the
raw dN/dM,, spectrum taking into
account mass resolution

. If no peak found, get an UL on peak

. Transform this UL into an UL on the
mixing parameter ¢ (or on &?)

. Compare with other experiments

. If better, publish result

PANIC2014 Hamburg, Germany

Reaction | Npvri N0 Ny

p+p 3.0 x 107 [ 2.5 x 107 |[1.5 x 107
p+Nb | 7.7 x 107 | 5.9 x 107 (3.0 x 10
Ar4+KCl | 2.2 x 107 | 7.7 x 107 [1.9 x 10®

B M., resolution
ob  (from simul)

107 &

counts / 1 MeV

=
o
||l#| -LIIQI‘, T T TTTTIT

T

0 0.1 0.2 03 04 05 06
M., [GeV/c?]
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Peak search procedure and UL HADES

Analysis steps :

RAW invariant mass spectra
= Slide search region over data in 3-MeV
steps

10" ® Fit inspected region using sum of a

5th-order polynomial and a Gauss

= Keep position and width o of Gauss fixed

10° g
v ® Fit window has width M, + 40
e = Use counts & fitted bkg to get UL at CLgg,
1 Input to the UL method (TRolke):
0

» total pair yield in peak region

» fitted background yield

» error on bkg from fit

» error on eff & acc correction = 15%
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Peak search procedure and UL HADES
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steps
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Peak search procedure and UL HADES

Analysis steps :

RAW invariant mass spectra
= Slide search region over data in 3-MeV
steps

10" ® Fit inspected region using sum of a

5th-order polynomial and a Gauss

0 = Keep position and width o of Gauss fixed

= Fit window has width M, + 40

I_]_IIIILLI -1

104

= Use counts & fitted bkg to get UL at CLgg,

Input to the UL method (TRolke):

1IIIIIIIIIIIIIIIIIIIIIIIIII
o 01 02 03 04 05

06 0.7
» total pair yield in peak region

» fitted background yield

» error on bkg from fit

» error on eff & acc correction = 15%
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Peak search procedure and UL HADES
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Peak search procedure and UL HADES

Analysis steps :

RAW invariant mass spectra
= Slide search region over data in 3-MeV
steps

10’ ® Fit inspected region using sum of a

5th-order polynomial and a Gauss

" = Keep position and width o of Gauss fixed

= Fit window has width M, + 40

I_]_IIIILLI -1

10

= Use counts & fitted bkg to get UL at CLgg,

Input to the UL method (TRolke):

1IIIIIIIIIIIIIIIIIII L1 1 1 1 Lill Wil
0 01 02 03 04 05 08 07

» total pair yield in peak region

» fitted background yield

» error on bkg from fit

» error on eff & acc correction = 15%
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Smoothing the UL by resampling HADES

3.5GeVp +Nb
2 o - .
S - To reduce the statistical fluctuations on UL
S o a resampling method was used based on
Tg ; Resampling of UL: the Asimov data set (Cowan et al.).
2 of median
n H
Q@ [
O 10 A +
= I +20
(%)
S ol
c s L Statistical Methods:
© _,8 m: W.A. Rolke et al. NIM. A 551 (2005) 493.
N ol
D) 9, E G. Cowan et al., Eur. Phys. J. C 71 (2011) 1554.
_I 1 | 111 | L1 1 1 | 11 1 | I I | | | e s e
0.2 0.3 04 0.5 0.6

M, [GeV/c?]
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Smoothing the UL by resampling

10°

-
o

counts / 1 MeV
Ty T gz o,

pair spectra

p+NDb

1 p+p x 0.2

0 0.1 02 03 04 0.5 0.6
M, [GeV/c?]

PANIC2014 Hamburg, Germany

1.76 GeV/u
7 Ar+KCl
= W
5 IR IN
| irs 'l‘\*m
r e
i | Wy ?#
o102 03 04 05
M, [GeV/c]

= 3.5 GeV p+Nb

CLgy,, (counts)

o 02 03"624' 05
M, [GeV/c?]

w 35 GeV p+p

Clgy, (counts)
v

o7 02 03 08 05
M, [GeV/c?

R. Holzmann, GSI

U.L. on counts
+ median & s.d.
(Asimov data set)
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Transforming UL on counts to UL on €?

U boson ,,production rate“:
2
N, = &"BR

—>e+e—/1 U—ee

mixing kinematic factors
parameter & form factors
& source parameters

L(M,)
N\

pnp threshold

U—se'e

Usete _"_ U_)(ﬁﬂf —i‘_FUﬁhadrozf
Ll L1 L1 Ll Y - L

% 01 02 03 04 05 06

Cumulated luminosity: 107
M 5
- 2 3 i
L(My)=2N,BR,, | F,} (1-=%)
n "
M; i
2N BR,  |F,[(1-—L) U
T T T mﬂo W i
10
ﬁ3/2(m2,m2 ,MZ) E
+N,BR, ., | F} i J.A(mA)|FA i 13/2(’;;,:;;’0[)] 1&52‘.\

ptp
p+Nb

combined UL

F

UL(1+2+3) =

JUG UL U

10.5 Ll
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Comparison of HADES with World data [EFNBIHSE

HADES: Phys. Lett. B 731 (2014) 265 " HADES coverage : 0.02 <My < 0.6 GeV
104 5 ] = Clear improvement at low masses
- e . (M, < 0.1 GeVic?)
- ONKLOE . ¥ 5 i
L e v I 1 = Parameter range favored by the
~ 105 //F \ muon g-2 anomaly excluded to large extent
W E /| .
- . : = Added complementary information to the
. ’,,*" ﬂ.ﬁ?ﬁi ] KLOE-2 results at M, > 0.13 GeV
e e +Tat+e'e € +Ta+te'e

10" 1
M, [GeV/c?]

PANIC2014 Hamburg, Germany R. Holzmann, GSI 28



Comparison of HADES with World data [EFNBIHSE

MAMI update: PRL 112 (2014) 221802 " HADES coverage : 0.02 <M, < 0.6 GeV

Clear improvement at low masses
(M, < 0.1 GeV/c?)

Parameter range favored by the

10° muon g-2 anomaly excluded to large extent

Added complementary information to the
KLOE-2 results at M, > 0.13 GeV

2
IIIIIII|

MAMI 2014

e+Ta—ee'

10°
=>» Updated MAMI A1 result further lowers

, L o UL in 40 — 200 MeV range,

MU1FéeV!cz] 1 but does not yet fully exclude g-2 band!
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What's coming up next ?

= Adding data from a recent Au+Au run, ) HADES 2014
HADES can lower its UL by a factor =2 A N N S
. . 105k : A
= Dedicated expts.are coming up é ~ I
APEX, HPS, VEPP-3, Dark Light 105k |
= expected to reach 107° — 1078 level B ' ;
. 10 3 /VEPP—3 APEX _
= RHIC & LHC expts. entered game too: 108F B
PHENIX, ALICE | s ;
107
=> present sensitivity approaching e? ~ 107° _ ]
1071 filled: data 3
=> expect to reach €2 = 1077 level 115 open: proposed ur 3
after planned upgrades 107 153 102 101 T
my (GeV)

=» could access m;>1 GeV region
via QGP thermal radiation
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Update from U70 beam dump data

Blimlein & Brunner, Phys. Lett. B 731 (2014) 320

- T T I T TTTT | T T I T TTTT | T T T TTT I:
h _ SINDRUM Ge_~ ]
102 KLOE £ N
- WASA 3
10-3 HADES pabar ]
§ E774 APEX Al E
: . Analyzing:
10— L E141 ]
o F -Cal L) : 0 decays
105 Call . p bremsstrahlung
= (p—Brems— =
E strahlung) 3
107° = =
- NOMAD
107 & Ppsiol E
E E137 CHARM 3
[ 1 Ll 1 Ll 1 L1 1l
1072 107! 1
my [GeV]
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More from HADES
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Bonus track: UL onn — e*e"decay [ IEHS

mjﬂ L B R S
- } peak area R S B >
1208 set t0 ULgyy, .
[ - " ‘ \ »
= B B K a g L]
v B0 105 | £ gg o
— : = ‘g ol »
£ oof i | l 9’; <]
S %r 10°E e g g%
o | F | al T| =
© 40l i | g ]
_ Jr + 107 } %
o u | 2
20: H 'I' 'H' +++HH 1082— . A . }
D_—|| } '_.m._ } } | E. ‘
04 045 05 055 0.6 065 0.7 P 3 A N EEE B R SN DA R RIS
£33 Ff3 33 8§85 3z Eozios
M, [GeV/c?
BR) _e+e.< 2.5%10 at 90% CL “‘
=>» Still far above QCD inspired
HADES: Phys. Lett. B 731 (2014) 265 theoretical expectations: BR=~ 5x10°
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Combined UL on €? HADES

All 3 data sets are of comparable statistical

quality and ULs can be joined into

i one combined UL following

o2l a statistics-driven ansatz:

107 _
b UL(1+2+3) _
107 -2 ) ~2y-1
‘ \/(UL<1) +ULp +Ulg)
1cr5j..
L N F N S - The combined upper limit UL ;.5
M, [GeVic?] is overall about 10-20% lower than

the p+Nb value taken alone.
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Technical layout of HADES HADES

HADES + FW
1 out of 6 HADES sectors _ AT

DC

AR

. y "y
. ::', 4
. e

inner

B field
region

RICH not shown !
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