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DESY 06-098Produ
tion and Dete
tion of Axion-Like Parti
les at the VUV-FEL:Letter of IntentUlri
h K�otz,� Andreas Ringwaldy,z and Thomas Ts
hents
herxDeuts
hes Elektronen-Syn
hrotron DESY, Notkestra�e 85, D-22607 Hamburg, GermanyRe
ently, the PVLAS 
ollaboration has reported eviden
e for an anomalously large rotation of thepolarization of light generated in va
uum in the presen
e of a transverse magneti
 �eld. This may beexplained through the produ
tion of a new light spin-zero parti
le 
oupled to two photons. In thisLetter of Intent, we propose to test this hypothesis by setting up a photon regeneration experimentwhi
h exploits the photon beam of the Va
uum-UltraViolet Free-Ele
tron Laser VUV-FEL, sentalong the transverse magneti
 �eld of a linear arrangement of dipole magnets of size BL � 30Tm.The high photon energies available at the VUV-FEL in
rease substantially the expe
ted photonregeneration rate in the mass range implied by the PVLAS anomaly, in 
omparison to the rateexpe
ted at visible lasers of similar power. We �nd that the parti
le interpretation of the PVLASresult 
an be tested within a short running period. The pseudos
alar vs. s
alar nature 
an bedetermined by varying the dire
tion of the magneti
 �eld with respe
t to the laser polarization.The mass of the parti
le 
an be measured by running at di�erent photon energies. The proposedexperiment o�ers a window of opportunity for a �rm establishment or ex
lusion of the parti
leinterpretation of the PVLAS anomaly before other experiments 
an 
ompete.INTRODUCTION AND MOTIVATIONNew very light spin-zero parti
les whi
h are veryweakly 
oupled to ordinary matter are predi
ted in manymodels beyond the Standard Model. Su
h light parti
lesarise if there is a global 
ontinuous symmetry in the the-ory that is spontaneously broken in the va
uum | anotable example being the axion [1℄, a pseudos
alar par-ti
le arising from the breaking of a U(1) Pe

ei-Quinnsymmetry [2℄, introdu
ed to explain the absen
e of CPviolation in strong intera
tions. Su
h axion-like pseu-dos
alars 
ouple to two photons viaL�

 = �14 g �F�� ~F�� = g � ~E � ~B; (1)where g is the 
oupling, � is the �eld 
orresponding tothe parti
le, F�� ( ~F��) is the (dual) ele
tromagneti
 �eldstrength tensor, and ~E and ~B are the ele
tri
 and mag-neti
 �elds, respe
tively. In the 
ase of a s
alar parti
le
oupling to two photons, the intera
tion readsL�

 = 14 g �F��F �� = g � �~E2 � ~B2� : (2)Both e�e
tive intera
tions give rise to similar observablee�e
ts. In parti
ular, in the presen
e of an external mag-neti
 �eld, a photon of frequen
y ! may os
illate into alight spin-zero parti
le of small mass m� < !, and vi
eversa. The notable di�eren
e between a pseudos
alar andyCorresponding author.
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BFIG. 1: S
hemati
 view of (pseudo-)s
alar produ
tionthrough photon 
onversion in a magneti
 �eld (left), sub-sequent travel through a wall, and �nal dete
tion throughphoton regeneration (right).a s
alar is that it is the 
omponent of the photon polar-ization parallel to the magneti
 �eld that intera
ts in theformer 
ase, whereas it is the perpendi
ular 
omponentin the latter 
ase.The exploitation of this me
hanism is the basi
 ideabehind photon regeneration (sometimes 
alled \lightshining through walls") experiments [3, 4℄, see Fig. 1.Namely, if a beam of photons is shone a
ross a mag-neti
 �eld, a fra
tion of these photons will turn into(pseudo-)s
alars. This (pseudo-)s
alar beam 
an thenpropagate freely through a wall or another obstru
tionwithout being absorbed, and �nally another magneti
�eld lo
ated on the other side of the wall 
an transformsome of these (pseudo-)s
alars into photons | appar-ently regenerating these photons out of nothing. A pilotexperiment of this type was 
arried out in Brookhavenusing two prototype magnets for the Colliding Beam A
-
elerator [5℄. From the non-observation of photon re-generation, the Brookhaven-Fermilab-Ro
hester-Trieste
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FIG. 2: Two photon 
oupling g of the (pseudo-)s
alar ver-sus its mass m�. The upper limits from BFRT data [6℄ onpolarization (rotation and ellipti
ity data; 95% 
on�den
elevel) and photon regeneration (95% 
on�den
e level) are dis-played as thi
k dots. The preferred values 
orresponding tothe anomalous rotation signal observed by PVLAS [7℄ areshown as a thi
k solid line. The proje
ted 95% 
on�den
elevel upper limit whi
h 
an be obtained with the proposedexperiment (see text) is drawn as a dashed-dotted line.(BFRT) 
ollaboration ex
luded values of the 
ouplingg < 6:7� 10�7 GeV�1, for m�<� 10�3 eV [6℄ (
f. Fig. 2),at the 90% 
on�den
e level.Re
ently, the PVLAS 
ollaboration has reported ananomalous signal in measurements of the rotation of thepolarization of photons in a magneti
 �eld [7℄. A possi-ble explanation of su
h an apparent va
uum magneti
di
hroism is through the produ
tion of a light pseu-dos
alar or s
alar, 
oupled to photons through Eq. (1)or Eq. (2), respe
tively. A

ordingly, photons polarizedparallel (pseudos
alar) or perpendi
ular (s
alar) to themagneti
 �eld disappear, leading to a rotation of the po-larization plane [8℄. The region quoted in Ref. [7℄ thatmight explain the observed signal is1:7� 10�6 GeV�1 < g < 5:0� 10�6 GeV�1; (3)1:0� 10�3 eV < m� < 1:5� 10�3 eV; (4)obtained from a 
ombination of previous limits on g vs.m� from a similar, but less sensitive polarization exper-iment performed by the BFRT 
ollaboration [6℄ and theg vs. m� 
urve 
orresponding to the PVLAS signal (
f.Fig. 2).A parti
le with these properties presents a theoreti-
al 
hallenge. It is hardly 
ompatible with a genuineQCD axion. Moreover, it must have very pe
uliar prop-erties in order to evade the strong 
onstraints on g fromstellar energy loss 
onsiderations [9℄ and from its non-observation in helios
opes su
h as the CERN Axion So-lar Teles
ope [10, 11℄ (
f. Fig. 3). Its produ
tion in stars

HB stars

Galactic dark matter FIG. 3: Ex
lusion region in mass m� vs. 
oupling g forvarious 
urrent and future experiments. The laser experi-ments [6, 7℄ aim at (pseudo-)s
alar produ
tion and dete
tionin the laboratory. The gala
ti
 dark matter experiments [12℄exploit mi
rowave 
avities to dete
t pseudos
alars under theassumption that these pseudos
alars are the dominant 
on-stituents of our gala
ti
 halo, and the solar experiments sear
hfor axions from the sun [10℄. The 
onstraint from horizontalbran
h (HB) stars [9℄ arises from a 
onsideration of stellarenergy losses through (pseudo-)s
alar produ
tion. The pre-di
tions from two quite distin
t QCD axion models, namelythe KSVZ [13℄ (or hadroni
) and the DFSZ [14℄ (or granduni�ed) one, are also shown.may be hindered, for example, if the �

 vertex is sup-pressed at keV energies due to low s
ale 
ompositeness of�, or if, in stellar interiors, � a
quires an e�e
tive masslarger than the typi
al photon energy, � keV, or if theparti
les are trapped within stars [15, 16, 17℄.Clearly, an independent and de
isive experimental testof the pseudos
alar interpretation of the PVLAS obser-vation, without referen
e to axion produ
tion in stars(see [18, 19℄), is urgently needed. In Ref. [20℄, one of us(AR) was involved in the 
onsideration of the possibil-ity of exploiting powerful high-energy free-ele
tron lasers(FEL) in a photon regeneration experiment1 to probethe region where the PVLAS signal 
ould be explainedin terms of the produ
tion of a light spin-zero parti
le. Inparti
ular, it was emphasized that the free-ele
tron laserVUV-FEL [22℄ at DESY, whi
h is designed to providetunable radiation from the va
uum-ultraviolet (VUV; 10eV) to soft X-rays (200 eV), will o�er a unique and timelyopportunity to probe the PVLAS result. Notably, thehigh photon energies available at the VUV-FEL in
reasesubstantially the expe
ted photon regeneration rate inthe mass range implied by the PVLAS anomaly, in 
om-parison to the one expe
ted at visible (� 1 eV) lasers. In1 This idea has been 
onsidered �rst in Ref. [21℄.



3TABLE I: A
hieved (2005) and expe
ted (2007) VUV-FELparameters. 2005 2007Bun
h separation [ns℄ 1000 1000Bun
hes per train # 30 800Repetition rate [1/s℄ 5 10Photon wavelength [nm℄ 32 32Photon energy [eV℄ 38.7 38.7Energy per pulse [�J℄ 10 50Photons per pulse # 1:6� 1012 8:1� 1012Average 
ux [1/s℄ 2:4� 1014 6:5� 1016this Letter of Intent, we propose a 
orresponding photonregeneration experiment.PHOTON REGENERATION AT THE VUV-FELThe proposed experiment is based on the assump-tion that the VUV-FEL 
an deliver photons with anenergy ! = 38:7 eV and an average photon 
ux _N0 =6:5 � 1016 s�1 (
f. Table I). For the proposed photonregeneration experiment at the VUV-FEL, we study alinear arrangement of 12 normal 
ondu
ting dipole mag-nets whi
h are freely available at DESY2. Ea
h of thesemagnets has a magneti
 �eld of 2:24T and an integratedmagneti
 length of 1:029m. The default arrangement
onsists of six plus six magnets, the beam absorber be-ing pla
ed between the �rst and se
ond six. This ar-rangement 
orresponds to a magneti
 �eld region of sizeBL = 2B` = 27:66Tm. The proposed 
on�guration istoo large to �t into the VUV-FEL experimental hall. Ithas to be built on the ground before the entran
e. Cor-respondingly, the FEL beam line has to be extended tothe proposed experiment.The photons leave the VUV-FEL with horizontal linearpolarization. In order to have a maximal 
oupling witha possible pseudos
alar/s
alar, the magneti
 �eld ~B ofthe magnets before the absorber should lie in the hori-zontal/perpendi
ular dire
tion. We therefore foresee toexploit both possibilities of the magneti
 �eld dire
tion.For the proposed experiment, the expe
ted 
ux of re-generated photons is_Nf � 1� 10�4 s�1 F 2(q`)  _N06:5� 1016 s�1!�� g10�6 GeV�1�4� B2:24T�4� `6m�4 ; (5)where q = m2�=(2!) (� m�) is the momentum transfer2 An option to use super
ondu
ting magnets is under study.

to the magnet andF (q`) = " sin �12q`�12q` #2 (6)is a form fa
tor whi
h redu
es to unity for small q`, 
or-responding to large ! (
f. Fig. 4) or small m�,m� �r2� !` = 3� 10�3 eVs� !38:7 eV��6 m̀�: (7)For smaller ! or larger m�, in
oheren
e e�e
ts set inbetween the (pseudo-)s
alar and the photon, the formfa
tor getting mu
h smaller than unity, severely redu
ingthe regenerated photon 
ux (5) (
f. Fig. 4). Therefore,a photon regeneration experiment exploiting the VUV-FEL beam has a unique advantage when 
ompared toone using an ordinary laser operating near the visible(! � 1 eV): the sensitivity of the former extends to mu
hlarger masses3. In parti
ular, the mass range (4) impliedby PVLAS is entirely 
overed, for ! = 38:7 eV photons(
f. Eq. (7)).In 
ase a signal is found, one may use the possibility totune the photon energy for a determination of the mass
FIG. 4: The se
ond power of the form fa
tor F , Eq. (6),as a fun
tion of the laser frequen
y !, for �xed length ` =6 m of the magneti
 �eld region and di�erent values of thepseudos
alar mass m�, 
orresponding to the 
entral value,m� = 1:35 meV (solid), the lower value, m� = 0:7 meV (shortdashed), and the upper value, m� = 2:0 meV (long dashed),of the range (4) suggested by PVLAS.3 Running at 
onventional syn
hrotron radiation sour
es 
an ex-tend the a

essible mass range by more than an order of mag-nitude. However, they do not bring an advantage in terms ofaverage photon 
ux. But the 
ontinuous energy spe
trum of the
onventional syn
hrotron radiation rea
hing to high energies willresult in a mu
h larger ba
kground.



4of the parti
le. This is done by lowering the energy of theFEL photons and observing the on-set of the in
oheren
eexpe
ted around ! � m2�`=2�. A determination of theform fa
tor F as a fun
tion of ! (
f. Fig. 4) will allow anextra
tion of m�.EXPECTED RESULTSThe 
ux predi
tion (5) uses the ben
hmark values forthe VUV-FEL 
ux and for the proposed magneti
 �eldarrangement. For g and m� in the parameter region pre-ferred by PVLAS, Eqs. (3) and (4), this results in a rateof regenerated photons ranging from about 1 mHz up to1 Hz.The very low predi
ted rates require therefore a dete
-tor system with� a large single photon eÆ
ien
y at � 40 eV,� a short response time,� and a low noise rate.Three dete
tor options are being 
onsidered: ele
tronmultipliers, multi-
hannel plates, and avalan
he photodiodes. One manufa
turer quotes an eÆ
ien
y of about7% for ele
tron multipliers. For the two other options,extrapolations point to a value of around 10%. All threedete
tors show a response time in the 10 ns range. Thisshort response time allows a redu
tion of the noise rateby timing, exploiting the time stru
ture of the photonbeam. These dete
tor performan
es, in parti
ular the ef-�
ien
ies and the response time, have to be studied at abeamline of the VUV-FEL as soon as possible. At thesame time, the general ba
kground rates in the VUV-FEL environment have to be studied as well.In the 
ase of a non-observation of photon regenera-tion, for an assumed running time of 12 � 12 h with anaverage photon 
ux of _N0 = 6:5�1016 s�1 at ! = 38:7 eV,a 7% single photon eÆ
ien
y and zero ba
kground, theproposed experiment 
an establish a 95% 
on�den
e limitof g < 8:8�10�7GeV�1, form� <� 3�10�3 eV. In parti
-ular, the experiment is expe
ted to be able to �rmly ex-
lude the parti
le interpretation of the PVLAS anomalyand to improve the 
urrent laboratory bound on g in them�>� 10�3 eV range (
f. Fig. 2).CONCLUSIONSThe proposed experiment o�ers a window of opportu-nity for a �rm establishment or ex
lusion of the parti
leinterpretation of the PVLAS anomaly in the near future.It takes essential advantage of unique properties of theVUV-FEL beam. The available VUV-FEL photon ener-gies are just in the range where the photon regeneration

rate is most sensitive to the hypotheti
al parti
le's mass.Moreover, the well-de�ned beam of the VUV-FEL willnot produ
e beam-related ba
kgrounds.The experiment should be done soon, before other ex-periments [23, 24, 25, 26℄ 
an 
ompete. A �rst step to-wards this goal is the study of possible dete
tors andtheir ba
kground rates. Finally, the proposed experiment
ould serve also as a test fa
ility for an ambitious larges
ale photon regeneration experiment [27℄.A
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