Seasonal variation of
atmospheric muons

A theoretical discussion with emphasis on
compact underground detectors like MINOS
where detector dimensions are small compared
to their depths

7/5/21 Tom Gaisser & Stef Verpoest



Outline

 Muon production vs atmospheric slant depth
— Analytic solutions of hadronic cascade equations

— Parameterization based on simulations (see Stef
Verpoest, PoS 357)

 Effective temperature, T «
— Convolution of T(X) with P (X)
— Convolution of T(X) with dP (X)/dT

* Correlation of muon rates with T ¢

— Compare two energy/depth ranges
— MINOS at FNAL (Ep = 100 GeV); at Soudan (=TeV)



Muon production and rates

R(6, ¢) = / dx / dE, Act(Ey, 0, ¢)P(E,, 0, X)
E,u,min

For an extended detector like IceCube, muon survival depends on depth
of entry and is included in the dependence of Aeff on Epn

For a compact detector, muon survival depends only on slant depth
between the surface and the detector, and detector area factors out™:

R(O) = Aeg(6) / dx / dE, P(E,,0,X)
E,u,min

— Aeﬁ(g)/dXP(> E,u,minaQaX)
— Aeff(e)l(Eu,minaH)a

*assuming a flat overburden with azimuth-averaged detector area



Analytic: P(>E ,,8,X)

Az (X)

( u,min ) ( ,Ll),}/+(y+1)BﬂM(X)E’uCOSQ/€7r

v+1
Ayr,u(X) = INn 17k e_X/AN,
AN(y+1) 1-rg

)/+2 1 — 7"%-‘-1 X e_X/AN

B X) = Y+ 11— 2" A* e X A — e~ X/An"

Equations derived from two channel solution to the hadronic cascade equation
Similar forms for the K* channel are added to get the full P(>Eu,G,X)
Integration over X gives inclusive spectrum of muons, not applicable to multi-p



Parameterization for P(>E ,0,X)

dN
d—X(> E,, Ey, A, 0, X) = Npax X exp((Xmax — X)/A) (4)
X L XO (Xrnax_XO)/)\ XmaX . X
X X
Xmax - XO )\(X o XO)

1 AE N\
F(E, E, 0, X 1 — a :
< FEEy, 0, X) % fEMCOS(gXX< E0>

First 2 lines represent production of parent mesons; Factors in last line are:
F for decay vs re-interaction, energy-angular dependence, threshold factor.
A is nuclear mass; E, total energy. F contains the critical energies for * and K*

m.c> RT T T
_ = ~ e = 857 GeV X
= e g PGV X oK K 220K

Parameterization applied to seasonal dependence of multi-p in arXiv: 2106.12247
Here applied to total rates, which are dominated by single muons



Effective temperature

* Rates depend on T-dependence of €,, €x

* T is asingle value for each time interval
[dX P(E.,0,X)T(X)
deP(E 6, X)
— Option 2: calculate the variance w.r.t. T of the rate
AR(0) / dx / dE, Aer(E ., 6)

dP(E 0, X)
dT
—Then set AR=0and AT =T(X) — Tog to get

—Option1 740 =

[dX [ dE, Acr(E, 0)T (X)L EmX

[dX [ dE, Acq(E,,, 0) T EnsX)

Teff(g) —




Correlation of rates with T

OR ol
= QT ——
Rav Tav

This equation defines the correlation between rate and T4 with

OR = Rz — Rav and 01 = Teff,i — Teff,a/u

where the subscript i indicate a day or other time interval
for which rates and T are available.



Results of calculations

* The following sequence of plots shows the
correlation between calculated rate and T _¢

— Left: linear definition of T ¢
— Right: derivative definition

e Results for both the TeV region (MINOS FD)
and the lower-energy region of MINOS ND

— The headings give the calculation type: analytic or
parameterization
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TeV range (ND) parameterization
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SRJ(R,)
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SR./(R,)

Low energy (ND) parameterization
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Conclusions

* The derivative definition of T

— Reduces scatter; minimizes deviation of calculated
rate from value expected for a given T ¢

* Correlation with T is larger at high energy

— Expected because pions are fully correlated at TeV but
not for the lower energy where E = €,

— The pion channel dominates the rate

 The K* fraction is larger for the parameterization
than for the analytic calculations, but, for the
low-energy case, the o are also larger

— contrary to expectation because the partial a;  are
smaller than the a;



