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Introduction: Pseudoscalars and portal interactions

Bounds on pseudoscalar-fermion interactions
Bounds on pseudoscalar-photon interactions

* The relevance of proton beam dump experiments
= Constraints on pseudoscalar portals from Primakoff production
= Constraints from heavy-ion collision

Conclusions and outlook
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Why consider weakly-coupled light particles?

>

Light particles may still remain to be discovered if they have very small
interactions with SM particles — and thus with our experiments.

Such new weakly-coupled light particles may have interesting implications
for the phenomenology of Dark Matter (DM).

Even if these particles themselves are unstable, they may act as the mediator
for the interactions between the SM and the dark sector.

Moreover, if the new state is lighter than DM

(m, < m) DM can directly annihilate into pairs of DM - A
mediators, which subsequently decay into SM g
states. DM
Requiring that the new state decays before BBN a9
then places a lower bound on the coupling of the DM S A

new state to SM particles.
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The pseudoscalar portal

> An attractive and well-motivated example for such light and weakly-coupled
new states are axions and axion-like particles (ALPs).

> ALPs naturally arise as pseudo-Goldstone bosons from spontaneously broken
approximate global symmetries.

> The underlying symmetry protects their mass from receiving large
corrections, while interactions with SM particles are typically suppressed by
the large scale of spontaneous symmetry breaking.

> In particular, ALPs can couple to the SM via derivative interactions with

fermions -
> i f 0,4
2fa
f=q,¢
and dimension-5 couplings to gauge bosons

1 = o
— 1 9oy PF P 9ov ™~ or

> We take the ALP mass as a free parameter, although in many models there is a

common origin For the small mass and the weak couplings.
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Pseudoscalars and dark matter

> Pseudoscalar mediators with £pm = 7 g, A X7’ X (or analogous derivative
interactions) are particularly attractive for dark matter phenomenology,
because they predict a strong suppression of event rates in direct detection

experiments.

> In the absence of strong constrains from direct detection experiments, a
range of other interesting signals may be observable:

I I
¢ Mean flux — ICS ]
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= |tis possible to obtain observable indirect
detection signals and potentially explain the
Fermi-LAT Galactic Centre gamma-ray excess.

108 [
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> Coy Dark Matter (Boehm et al.,
arXiv:1401.6458)

108 |

Energy [GeV]

= Alight mediator offers the possibility to obtain large self-interactions in the
dark sector and to explain the discrepancies between N-body simulations and
the observations of small-scale structures.

> Note: for pseudoscalar mediators self-scattering is suppressed in the same way

as scattering off nucleons — very difficult to obtain sizeable self-interactio
Felix Kahlhoefer | Pseudoscalar portals into the dark sector | 23 February 2017 | Page 5 %



Dark matter annihilations

> Two processes can be relevant for the freeze-out of DM in the early Universe:

DM b
o 10!
DM F

8x
- depends ong, and 9y 10O: Dominantly ¥ x - f f
— s-wave annihilation f ——————————mmmmmmmma ]
& . Dominantly y y - A A /“ 03
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-7 107'E [ 0.2
I /v [
DM f |I | 0.1
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107! 10° 10!
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— p-wave annihilation

— unobservable in indirect detection
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Dark matter constraints

> The pseudoscalar-quark coupling g, is 5= A

however tightly constrained by precision i
measurements of rare decays. Lz

W=
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109 Dolan, FK et al., arXiv:1412.5174
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Dark matter constraints

> The pseudoscalar-quark coupling g, is A
however tightly constrained by precision , . ,," 9
measurements of rare decays. Lz

w*

g, fixed by relic density requirement

10°
o0 Galactic centre excess Dolan, FK et al., arXiv:1412.5174
107" B > Form,<10GeV, itisimpossible to
by flavour d th l bund .
02 o reproduce the relic abundance via
. the process DM DM — ff
(@)
107 TR
> Annihilation into pseudoscalars
10-4 m, = 43 GeV must be dominant in the Early
ukawa-like Universe.
107°
> This raises the question which
1073 T TS process causes the ALPs to decay

before BBN.

mg [GeV]
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Dark matter constraints

> The pseudoscalar-quark coupling g, is A
however tightly constrained by precision , . ,," 9
measurements of rare decays. Lz

fixed by relic densit i t w=
o g, fixed by relic density requiremen
o0 Galactic centre excess Dolan, FK et al., arXiv:1412.5174
107" B > Form,<10GeV, itisimpossible to
L reproduce the relic abundance via
10-2 constraints P
. the process DM DM — ff
(@)
107° e
> Annihilation into pseudoscalars
10-4 m, = 43 GeV must be dominant in the Early
ukawa-like Universe.
107°
> This raises the question which
10° 5 pper S process causes the ALPs to decay

before BBN.

One possibility: Ma[GeV]
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Another possibility: leptophobic pseudoscalars

> Constraint from B, — uu disappears

> Possible to have direct annihilation into SM fermions provided the
pseudoscalar mass is sufficiently large that B — Kyyis forbidden
, Dolan, FK, Pradler, Schmidt-Hoberg;
> Apossible way to test such a .7 Contribution to B2TIP
scenario: radiative Y decays 193 R

Fermi |
excluded |

> Specifically, consider the decay j , ]
Y(2S) —» y + A (= hadrons) and look | JERSEeE ___[—
For fFeatures in the distribution of 1 - _olibeaee g

the photon momentum. mom = 30 GeV ]

gr

> Strong constraints from BaBar,
further improvements possible i .
with Belle I : |

B - Kyy allowed

107" g Belle Il prolected e

10—2 A S W W, 5 o
2 4 6 8 10

ma [GeV]
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ALP-photon coupling

> The focus of this talk will be on the case where the interactions between ALPs

and the Standard Model (and hence ALP decays) are dominated by the
effective ALP-photon coupling

Log 109 [GeV
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ALP-photon coupling
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ALP-photon coupling

> The focus of this talk will be on the case where the interactions between ALPs
and the Standard Model (and hence ALP decays) are dominated by the
effective ALP-photon coupling

104 10-3 1072 1071 100

m; [GeV]
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ALP-photon coupling

> The focus of this talk will be on the case where the interactions between ALPs
and the Standard Model (and hence ALP decays) are dominated by the
effective ALP-photon coupling

Large unexplored 1 L =
parameter region for 7 Gavy Q F* Fuy
relatively heavy ALPs
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ALP-photon coupling

> The Focus of this talk will be on the case where the interactions between ALPs
and the Standard Model (and hence ALP decays) are dominated by the
effective ALP-photon coupling

Large unexplored 1 The sensitivity of a given beam-

. VT
parameter region for — g Jav @ F™ Fuw dump experiment depends on:
relatively heavy ALPs

1071

= The production cross section for

102 ALPs in the target.

= The probability For ALPs to travel
through the absorber without
decaying and then decay within
the detector.

Gay [GeV']

= This probability depends on the
ALP decay length in the laboratory
frame

l. = T =
104 10-3 1072 1071 100 “ B’y 2 m4
ga/y

m; [GeV]
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ALP-photon coupling

> The Focus of this talk will be on the case where the interactions between ALPs
and the Standard Model (and hence ALP decays) are dominated by the
effective ALP-photon coupling

1 5
B Zg“'TaFWFW

The sensitivity of a given beam-
dump experiment depends on:

= The production cross section for
ALPs in the target.

= The probability For ALPs to travel
through the absorber without
decaying and then decay within
the detector.

Gay [GeV']

= This probability depends on the
ALP decay length in the laboratory
frame

\ o4 Lk,
1078 lo=BYT~ 55—
1074 107° 1072 107" 10° 9ary Mg

m, [GeV]
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Proton beam-dump experiments

> For large couplings g, the ALP production cross section is very large, but the
ALP decay length is much smaller than the length of the absorber ({ << L), so
the number of observable ALP decays is exponentially suppressed.

> The most promising way to improve on existing bounds is to increase the
beam energy, leading to larger ALP boost factors and hence larger decay
lengths in the laboratory frame.

> Proton beam-dump experiments are the obvious choice for this purpose, as
they combine a very high reaction rate with high centre-of-mass energy.

> However, proton beam-dumps are also complicated: In order to calculate

experimental predictions, we have to deal with the composite nature of both
the proton and the nucleus.
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Primakoff production

> Crucial observation: It is possible for GeV-scale ALPs to be produced from the
fusion of two coherently emitted photons (Primakoff production).

> Both the proton and the nucleus scatter elastically, so the interaction can be
described using simple atomic form factors.

> Moreover, since the photon couples to the entire target nucleus, the ALP
production cross section is enhanced proportional to 2.

> Transverse momenta are very small, so cross sections are very strongly

peaked in the forward direction.
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How is this possible?

e

Both the proton and the ALP are surrounded by the virtual photons that make
up the usual electric field of a charged particle.

In the respective rest frames, these photons are soft, i.e. they do not resolve
the sub-structure of the proton/nucleus.

e
o

However, in the rest frame of the one particle, the photons emitted from the
other particle are significantly blue-shifted.

SO
VAAONAA

These photons provide enough energy to produce rather heavy ALPs.
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ALP production cross section

> We start from the Weizsaecker-Williams approximation to obtain an
equivalent photon spectrum y(x).

> This formalism is then extended to include non-zero transverse momenta,
which are necessary to calculate angular distributions.

2 2 2
9 al+(1—ux) q o, T 9
Yz, q;) = D(q°) + +C(q
( )y 1t ) 27t T (qf + 513'2 m2)2 ( ) 2) ( )
%ngeV protons on copper target 411g)_pGeV protons on copper target
m , =50 MeV : :
|0‘Qmw ] |°Qmw
1.0 1.0
= 102 =
'i 0.5 E ] 0.5
@ 0 @ 0
| -0.5 el . -0.5
-1.0 -1.0
" : |
100 T T Débrichetal., w0 i
Es [GeV] arXiv:1512.03069 Ea [GeV]
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Existing constraints from past experiments

[R
—
L
10~
10-2 CHARM NucCal
E, .. 400 GeV 70 GeV
1072
B D 480m  64m
& A0 L 3m  23m
= 10 N, 2.4e18  1.7el8
(@]
10-8 Target Copper Iron
6_ 7mrad 0 mrad
i
10 6 12 mrad 15 mrad
10-8 Débrich et al.,

107 10° arxiv:1512.03069
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Probing further

> To extend the sensitivity further, we need new experiments
= Higher beam energy (difficult)
= Higher integrated intensity

= Shorter absorber, longer decay volume

> However, all these modifications ALP decay length << Absorber length
may lead to larger backgrounds. O R
I 0.30
> To isolate the ALP signal, we 0004} o o -
require that both photons | £ D '
produced in the ALP decay reach ~_ ooosr & 0.20
the detector (with sufficient 28 0.15
separation). oo02r o3 0.10
oo0il T G 0.05
> We calculate the resulting : ko
detector acceptance for such a 0.000L

signal from a toy Monte Carlo.

Y
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Example: NA62

> NAG62 in beam-dump mode: 400 GeV protons on a copper target

> Excellent sensitivity to photons in Liquid Krypton Calorimeter (LKr)

— — - _ Dobrich et al.,
.10_2 = 81, m,‘L - 135 m, 0. - O.? mrad, 6 1-0252 mrad arxiv-1512 D309

1072 . 1073 .
107 - 10~
= 5
> >
& 10° 1 g'i 107
1 0—6 = 10_6
1 0_? = 10—7
10—8 1 N PR T T | i i i 10_3
1072 107! 1072

m; [GeV] m, [GeV]

> NAG62 can have about 1.3e16 protons on target per day.

> This data-taking period would already be enough to probe new paramete

regions!
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> The proposed SHiP facility is optimised to search for hidden particles.
= Upto 2e20 protons with energy 400 GeV on a molybdenum target
= D=70m,L=50m

= @ =20 mrad (covers the peak of the ALP distribution)

T T T LA | -g
Débrich et al., ]
arXiv:1512.03069

E

T The Swiss Fitzcarraldo:
1072 107! 10°

Driving a Ship into the Alps
m, [GeV]
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Light-by-light scattering

Evidence for light-by-light scattering in heavy-ion
collisions with the ATLAS detector at the LHC

> I
8 i —e— Data, 4ifl)cub" ATLAS i
em-fields @ g oM PosPb [5,-5.02 Tev ]
2 | [ZCEPyyMC .
r Signal selection ]
— 6 with Aco < 0.01 -
af .
V=-C C ]
2 B
em-fields

% 5 10 15 20 25 30
m,, [GeV]

SPIEGEL ONLINE

Extremes Experiment

Erstmals Kollision von Lichtteilchen beobachtet

Felix Kahlhoefer | Pseudoscalar portals into the dark sector | 23 February 2017 | Page 25



Searching For axion-like particles with heavy-ion collision

> Can heavy-ion collisions be used to search for BSM physics?

> Yes! An axion-like particle in the 10-100 GeV mass range would appear as a
resonance in the photon-photon invariant mass.

Knapen et al., arXiv:1607.06083

Pb N

Z
Phb I —
a ! Enhancement
-‘{:: > proportional to
) Z4~5* 107
P P
Phb e

Pb )

> One can again make use of the equivalent photon approximation to calculate
the photon luminosity.

> New tool to include form factors and transverse momenta: STARlight
Klein et al., arXiv:1607.03838
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Today's discovery is tomorrow's background

> Crucial observation: ALPs are 102 Knapen et al., azxui\g1\?07106083
produced almost exactly at rest — = 1o e LBL
m, = 40 GeV Fakes
. . Brem |
The two photons are back-to-back: -
~ [ Ldt=1nb"
|A¢p— 7| < 0.04
= Very little total transverse
momentum: |
‘ﬁTﬁ 3 ﬁTvz ’ < 0.2 Gev 10 20 30 40 50

My (GeV)
> Irreducible background from

= Light-by-light scattering
= Hadronic processes (e.g. n°n® production)

= Bremsstrahlung

> Reducible background from electron misidentification
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Expected sensitivity

log ¢ linear aFF coupling log ¢+ linear aBB coupling
T T LI [ T !
|OPAL, 2y|. [36pb7%.eemepefmiein
-------- ATLAS, 2
U " 103}
|
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p 10 o | p 10 ~
—~ | - 3
- g | L. - =
=) ||| . W --” =)
E | Seee- E
5 | “t ppy/s =TTeV s | © ppy/s =T TeV
10-5 L || == Pb-Pb /5., = 5.5 TeV | 10-3 || == Pb-Pb /5., = 5.5 TeV |
s & 85 2 40 60 80 100 s &85 2 40 60 80 100
m, (GeV)

Knapen et al., arXiv:1607.06083 mq (GeV)
> Search limited to m_> 5 GeV due to photon trigger with p. > 2 GeV.

> Optimum sensitivity for 10-20 GeV: Sensitive to A ~ 10— 10> GeV.

> For higher masses: limited by photon luminosity
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> A~10%-10°GeVis not a very large number!

> Coupling to photons is only induced at the loop-level, so really the vertex
should be written as a / (4nA), requiring A < 100 GeV.

> Forrelated model-building issues, consult your favourite paper on the 750
GeV diphoton exeessdisappointment.

A. Strumia
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Conclusions

> Low-mass BSM physics can potentially be probed with existing and near-
future experiments with comparably low effort, providing a complementary
window to what is covered by high-energy accelerators.

> ALPs (i.e. pseudoscalar mediators)
coupling the visible and dark
sectors are interesting from
model-building and
phenomenological perspectives.

> ALP-fermion couplings are
strongly constrained by
measurements of rare decays and
flavour-changing processes. =

Unification of Forces

New Physics
Beyond the Standard Model

> ALP-photon couplings can be
tested with beam-dump > | %
experiments and heavy ion rontiex The C°

collisions.
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Conclusions

> Low-mass BSM physics can potentially be probed with existing and near-
future experiments with comparably low effort, providing a complementary
window to what is covered by high-energy accelerators.

> ALPs (i.e. pseudoscalar mediators)
coupling the visible and dark
sectors are interesting from
model-building and
phenomenological perspectives.

> ALP-fermion couplings are
strongly constrained by
measurements of rare decays and
flavour-changing processes. =

Unification of Forces

New Physics
Beyond the Standard Model

> ALP-photon couplings can be
tested with beam-dump > | %
experiments and heavy ion rontiex The C°

collisions.
Thanks!
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