Millicharged particles from proton bremsstrahlung in
the atmosphere

XES (FARKFV)IEF )
SR EZR S [2211.11469]

£ _Jaitt FAZ B FIES FHYERDG OIS
ERAMESREN (FE5HMILUERRATREX)

2023%F5H8H







ticle

primary par

&

N

.l.l.l....l.lll....l.ll.....llll.....ll.

N

l...




ticle

primary par

N




Outline

Millicharged particles
Proton bremsstrahlung
Atmospheric flux

SuperK signal & limits

[Mingxuan Du, Rundong Fang, ZL, 2211.11469]




Millicharged particles




Millicharged particles

L =ecAjrtxy+m, jx
Aﬂ : photon
¥ : millicharged particles (MCPs)

n,, . mdss

¢ : millicharge <« 1




Millicharged particles from atmospheric collisions

millicharged partciles [R. Plestid et al., arXiv:2002.11732]

[M. Kachelriess et al., arXiv:2104.06811]
&L = ecA, yy*
'“)(y £ [C. A. Arguelles et al., arXiv:2104.13924]

only meson decay (MD)

Other BSM particles see e.g.,
[J. Alvey et al., arXiv:1905.05776]

[L. Su et al., arXiv:2006.11837]




2-body meson decay

3-body meson decay

[R. Plestid et al., arXiv:2002.11732}
[M. Kachelriess et al., arXiv:2104.06811}
[C. A. Arguelles et al., arXiv:2104.13924]
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Proton bremsstrahlung (PB) in the atmosphere




Proton bremsstrahlung (PB) in the atmosphere
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Proton bremsstrahlung (PB) in the atmosphere
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Proton bremsstrahlung (PB) in the atmosphere
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Energy spectrum in the proton bremsstrahlung process

dN,® 22 [ A2 4m,
= [ — [+
iE, 2]\ r

[see e.g. 1810.06856, 2111.15533]

proton-nitrogen xsec o, ~ 253 mb
k* = off-shell photon mass

¢ = millicharge

E. = max & min E of MCPs

y

P k= (E, k)
' )
N > X
- kk,
D elbel (k) =~ g, + -

l
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Splitting kernel

FWW (Fermi-Williams-Weizsacker)

Relativistic & collider conditions

[see e.g. 1311.3870]

Our method

[see also 2108.05900]
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Our method to compute the splitting kernel




Our method to compute the splitting kernel

ratio of do(p(p,)p(py) — pP(P3)P(P4)y*(k))
to 6(pp — pp) at s34 = (3 + ps)°

2
d ‘@pw*p 1

d*o(pp = r*pp) _

dE,cos 0,  o(pp — pp)(s3)

dE;, cos 0,
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xsec of pN — y*X

k= (E,k)
X
_ splitting in CM p'N xsec
des d’P . >
= = [a’E,?dcos «9,? S
dE; dEYd cos 6
lab frame T

form factor

Fy(k)| o,(s;) 8(E(E],0)) — Ep)

T

Lorentz transformation
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Fy(k) =

2

V=pp/p//a)a)/a)/

Time-like form factor

2 _ 12 _ g
mi; — k

my (GeV) Ty, (GeV)|  f,
p 0.77 0.159 | 0.616
W 0.77 | 0.0085 @ 1.011
P’ 1.25 0.3 0.223
W'’ 1.25 0.3 -0.881
P’ 1.45 0.5 -0.339
" 1.45 0.5 0.369
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Energy spectrum in proton bremsstrahlung (PB)

e’e”

- 6n2
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Atmospheric flux




PL

Proton energy spectrum

Proton energy spectrum at the top of the atmosphere

both power-law (PL) and actual data (PDG)

_2.7
d*® 0.74x1.8x10* [ E
P (h,.., =65km) = P
dEdep m? s sr GeV GeV

Proton energy spectrum at height h via cascade equation

d | d°®, , , d°®, ,
an | agaa, | = g aa ™

o,y = interaction xsec ~ 253 mb
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D! d*® (h) N,
S %S — JJ dthp £ nT(h)GpTz );
d*® ,(h)
= proton flux at height h
dEdep

np(h) = air density at height h (NRLMSISE-00)

o,r = interaction xsec ~ 253 mb

dN;
dE;

= MCP energy spectrum in channel : (PB or MD)

MCP flux at Earth surface

Atmospheric MCP flux in one-dimension approximation

e neglect air attenuation for MCP
e jsotropic (1D approximation)
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Earth attenuation




Earth attenuation for MCP

dE

Energy loss in rock —— = 82(61 + OE)

dX

X = slant depth traversed

adopt paras for muon in standard rock

a = 0.233 GeV/mwe

b=4.64x%10"*mwe-!

[Comput. Phys. Commun. 184 (2013) 2070-2090]

mwe = 100 g/cm”
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Flux @ detector

MCP flux underground

d* @7 (X)
dEAQ

e2bX

2RS
D

dE3dQs

X=pL=p\/(Re—d)2+R62—2(Re—d)Recos (6-6,)

ES =

(£,+

d

b

) exp (£°bX)

d

b

[see e.g. Gaisser, Engel, Resconi (2016)]
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SuperK signal & limits




MCP signal events at SuperK

[R. Plestid et al., arXiv:2002.11732]

e water-Cherenkov detector [M. Kachelriess et al., arXiv:2104.06811]
e fiducial volume = 22.5 kton of water
e rock = 1000 m [C. A. Arguelles et al., arXiv:2104.13924]

MCP



Electron recoil in SuperK

X X
e o
2 2
do - E. +2E//E —2E, —m,—m,/m,
= e“am
dk, E.m, (E% — m)?)

E){ = MCP energy

E = electron recoil energy




Number of events

[SK, 1111.5031]

SuperK data & statistics

3 runs: 1497, 794, 562 days
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S exp(—S))

D!
90% CL limit
fZ(m)(, £)
TS = —2log < 4.6
Z(m,, e =0)
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SuperK limits on millicharged particles

[Mingxuan Du, Rundong Fang, ZL, 2211.11469]

order-of-magnitude improvement on €
better than ArgoNeuT & MiniBooNE
start to lose sensitivity above 0.4 GeV
probe para space below 0.1 GeV

2
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Summary

e \We compute millicharged particles from the proton bremsstrahlung
process in the atmosphere

e The light millicharged particle flux from the proton bremsstrahlung process
iIs much larger than the previously studied meson decay process

e This leads to an order-of-magnitude improvement in the constraint on €?

(where € is the millicharge), surpassing the current best experimental
limits, such as ArgoNeuT and MiniBooNE, in the mass range of 0.1-0.4 GeV.

[Mingxuan Du, Rundong Fang, ZL, 2211.11469]
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splitting kernel in the CM frame

JdEg Jd¢§),k %2—6

AEJdcos 0f  0r-a(os) 5120 EPEY | V0 — 8

2
d ‘@P—)V*P 1

M H_,~ = the matrix elementof the pp — y*pp process
0,_,-(8554) = the cross section of the pp — pp process

Eg = the energy of the final state proton
qbé) . = the azimuth angle of ?3 in the transverse plane of

k

6’,? = the angle between y* and the initial state proton
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Atmospheric MCP flux in the MD process

The calculation for the MD process is the same as the PB process, except the energy spectrum of atmospheric
MCPs in Eq. (1). For the MD process, one has

i =22 [ S B ), (A1)

where m denotes the parent meson in the decay process, v, = E,,/my, is the meson boost factor, dN,,(E,)/dvp, is
the spectra of the averaged multiplicity of mesons, the factor 2 comes from the fact that two MCPs are produced in
each meson decay, and F), (ES ,Ym ) is the MCP energy spectra in the lab frame, which is obtained by boosting the
spectra in the rest frame of meson m to the lab frame. We use the EPOS model 78] in the CRMC package [79] to
compute dN,,(Ey)/dvm.
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The Sf)litting kernel in the FWW approximation is gi{fen by [69; 83, 84| - FWW

TPpors 130,020 CLE202 (302,52 1Fy (0) (2,02, (B1)
dE}d cos 0y, dzdp?,

—

where k* = (FEg,k) is the 4-momentum of the virtual photon, 6 is the angle between the virtual photon and the

initial proton, pr = |k|sin@j is the transverse momentum, z = cos0x|k|/ |Dp| with p,, being the momentum of the

initial proton, ‘J (2, p%)‘ is the determinant of the Jacobian matrix between (z,p7) and (E%,cosf), and w(z,p7) is
given by [69, 83, 84]

14+ (1 —2)? 2m? + k? 2m?2
w (z,p7) ~ 2 { +(1-2) 22(1 — 2) ( 2 22—p)

o2mH 2 H H?
(B2)
) mi?,k2 0 k4
—|—2z(1—z)(z—l—(1—Z)) 773 F22(1 — 2) ﬁ}’

where H = p3 + (1 — 2)k* + szg. We note that the FWW approximation is valid in the relativistic and collinear

limit: E,, Ex, E, > m,, VEk?,pr [69-74, 83, 84]. Thus, in our analysis, we impose in the lab frame the following
three conditions for the FWW approximation (denoted as the “FWW cuts”):

1. pr < 0.1 J :69, 70:,

2. pr <1 GeV [69, 70],

3. |¢2in| < Adcp [72], where |¢2,.| = [pF + (1 — 2)k? + 2°m?] 2 4E22%(1 — 2)?] [83, 84] and Aqcp ~ 0.25 GeV
is the QCD scale.
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dzpp%fy*p
‘FVIQ dErd cos ;.

Diff PB methods

E, =5 GeV @ lab frame

VEZ = 0.77 GeV

cosf = 1 (New PB)
------ cosf =1 (FWW) _
cos = 0.99 (New PB) ]
cos = 0.9 (New PB)
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Diff PB methods & diff CR proton spectra

IIIIII
.
" Emn

+PL -
—-— New PB + PDG :
---- FWW + PL

....... MD + PL

i
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Comparison with other papers in the MD process

SuperK with MD only
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This work

-=-=== This work (no attenuation) _

——==- Plestid et al.

—-— Kachelriess et al.

------- Arguelles et al.

i

m, |GeV]

[R. Plestid et al., arXiv:2002.11732]
[M. Kachelriess et al., arXiv:2104.06811}

[C. A. Arguelles et al., arXiv:2104.13924]
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dN/dE [m~2 sr™ ! s71 GeV!]
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Other SuperK data sets
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