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Dark photons

Portal framework

ﬁportal = Z OsmOpbs

The lowest dimensional portals

> Vector: dark photon A}, < F' BH

T 2cosfy | pv
> Scalar: dark Higgs S, (uS + AS?)HH
» Fermion: heavy neutral lepton N, YyLAN

» Pseudoscalar: axion-like particle a, %FWI:_’“’
a

The Lagrangian of the minimal dark photon model
2

L= Low— ~FLEm — Cfr g T
SM™ gt 2cosfy M 2 H

Simultaneous rotation of (W2, BH,/Z\L) — interaction —eeim A,



Searches for visible decays of +/
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LHCb: 15 fb™ (solid), 300 fb™" (dotted)

yarkQuest: 10" pot (solid), 10 pot (dotted)
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Mechanisms of o' production

m., determines the dominant mechanism

1. m, < 0.4 GeV: meson decays m — 'y (m: 7°, 1) due to
mixing with the SM ~.
2. 0.4 GeV < m, < 1.8 GeV: proton bremsstrahlung.

3. my > 1.8 GeV: Drell-Yan process qG — 7.
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Electromagnetic proton form factors

Matrix elements of the electromagnetic current jim = >, QiGiv"qi
can be expressed through the Dirac Fi(t) and Pauli F,(t)
electromagnetic proton form factors

(p(p2) il 12(p1)) = (p2) | Pt + 1 2\ (s 1), | ().

Ouy = i[’Y/J?’YI/] /21 t= (P2 - P1)2

Electromagnetic proton form factors measurements
> spacelike region, t < 0: ep — ep
> timelike region, t > 4M?: ete™ — pp
» unphysical region, 0 < t < 4M?: interpolation



Absolute values of Dirac and Pauli form factors
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Inelastic proton bremsstrahlung: idea of calculation

Particles momenta in the lab frame

p = {Ep)0707 P}a
k = {Ex, ki cosy, k| sinp, zP},
p=p—k

X We would like to factorize inelastic
bremsstrahlung cross section with the help
of master splitting function wmas(z, k?)

d?c(pp — 7' X)
dzdkf_

= Wmas(Z kJ_)ert(Z kJ_) ( pp — X)



Inelastic proton bremsstrahlung: details
The matrix element of the inelastic subprocess p(p — k)p(P;) — X

M" = Alp -k, P)u" (p— k)

can be extracted from the full bremsstrahlung matrix element

ip—k+m) ,
(p_k)—Q_W(—lee)x

< (P () + ol K (1) ) ()00 9
by replacing propagator numerator with polarization sum

—k+M=>"u"(p— k)T (p— k)

r/

Mr/\ :A(p_ka PI)

and simplifying propagator denominator

(p— k> —M?>=—H/z

Part with Fi: S. Foroughi-Abari and A. Ritz, Phys. Rev. D 105 (2022) no.9, 095045



Inelastic proton bremsstrahlung: vertex functions
For simplicity, we introduce the vertex functions

Vi =3 (p— K)(E) v (p),
1
r'rx —
Vi = (o k) (@) k] v (p)
and ﬁnally extract the input of subprocess to the amplitude

== LM (VPA) + iR ()

The square of fuII matrix element

Z |MI’)\|2 (g) <NZ |Mr/‘2 +AZM,«’ (M*)—r’>
r/ r/
contains the normal and anomalous spin-flip parts

N =|F? (I + 1) + | Rl (o + 1) + (FLF5 + FaFy) (o + 1)
A=(FF5 — FaFy) (Ui + Jih) -

Part with |F1|?: S. Foroughi-Abari and A. Ritz, Phys. Rev. D 105 (2022) no.9, 095045



Inelastic proton bremsstrahlung: splitting functions

Master splitting function

Wmas(za ka_) = Wll(za kJ2_)|F1|2+
+ woa(z, k7)|Fol? + waa(z, k1) (FLF3 + FaFy)

and three auxiliary splitting functions

2
e z(1—-=z H
wii(z, kJ2_) 27r7-rln (z — 7( m ) (2/\/72 + m,2Y,) + Do ) ,
,y/

2 ey M2/ 1— 2H
e, 7 = S0 v(z—“%mmw A

2rH 8M? H zm?,
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wia(z, kD) = 5 (4 )

Part with |F1|?: S. Foroughi-Abari and A. Ritz, Phys. Rev. D 105 (2022) no.9, 095045



Auxiliary cross sections independent of EM FF
Dirac, Pauli and interference cross sections

oD wi1(z, k?3)
_/ wa(z,k2) | Fa.(z, k3 )o(pp — X)dzdk?,

virt

(o] W12(Z, kJZ_)
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Full inelastic bremsstrahlung cross section

o(pp = v'X) = |F|Pop + |FlPop + (FLF5 + F2Ff) o).
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Expected sensitivity of future experiments to visible dark
photons decays, 95% CL
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Conclusions and future plans

» Found new contribution from the Pauli form factor to
inelastic proton bremsstrahlung cross section

» Showed that its input is non-negligible and can make decisive
contribution to the total cross section for certain dark photon
masses

> Refined the sensitivity curves for future dark photon searches
at T2K, DUNE and SHiP taking into account both Dirac
Fi(m2,) and Pauli F(m2,) form factors

» To do: estimate the contribution of virtual A*-resonance to
the inelastic proton bremsstrahlung

» study the limit of negligible dark photon masses m,, < M,
what happens to splitting functions?



