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Executive Summary

Research in theoretical elementary particle physics was performed by the PI Yannick Maurice 
and co-PI Mary Hall Reno. New techniques designed for precision calculations of strong 
interaction physics were developed using the tensor renormalization group method. Large 
scale Monte Carlo simulations with dynamical quarks were performed for candidate models 
for Higgs compositeness. Ab-initio lattice gauge theory calculations of semileptonic decays 
of B-mesons observed in collider experiments and relevant to test the validity of the standard 
model were performed with the Fermilab/MILC collaboration. The phenomenology of strong 
interaction physics was applied to new predictions for physics processes in accelerator physics 
experiments and to cosmic ray production and interactions. A research focus has been on 
heavy quark production and their decays to neutrinos. The heavy quark contributions to 
atmospheric neutrino and muon fluxes have been evaluated, as have the neutrino fluxes from 
accelerator beams incident on heavy targets. Results are applicable to current and future 
particle physics experiments and to astrophysical neutrino detectors such as the IceCube 
Neutrino Observatory.

I. INTRODUCTION

HEP theory research at the University of Iowa has been funded by the DOE since 1997. 
This is the final report for the period of May 1, 2013 through March 31, 2016 for Yannick 
Meurice and Mary Hall Reno.

Y. Meurice develops new field theoretical methods which can be used in situations where 
perturbative methods are inaccurate or fail. This involves improved perturbative methods 
obtained by cutting off the large field configurations in the path integral, the 1 /N expansion, 
semi-analytical calculations of renormalization group flows and Monte-Carlo simulations in 
lattice gauge theory. The long term goal is to bring higher standards of accuracy in quantum 
field theory and to be able to make predictions that can be compared with experiments which 
emphasize precision as well as to understand the question of conformal windows in gauge 
theories. He is also working with the Fermilab/MILC lattice collaboration on semi-leptonic 
decays of B-mesons. These ab-initio lattice calculations are related to ongoing experiments 
and provide tests of the standard model.

M. H. Reno’s research is in the area of elementary particle phenomenology, focusing on 
neutrino phenomenology and more recently particle dark matter. Her research has included 
work on standard and non-standard model extrapolations of the neutrino-nucleon cross sec
tion, in particular target mass corrections and an evaluation of the transition through heavy
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quark thresholds. In general, the cross sections are relevant to underground, underwater and 
under ice detectors as well as air shower and radio Cherenkov detectors. Part of Reno’s focus 
has been on lepton electromagnetic energy loss, an important ingredient in the analysis to 
interpret underground events induced by muon neutrino interactions. Particle physics in
teractions are a critical element of the evaluation of atmospheric neutrino and muon fluxes. 
Reno has focused much of her effort in this area, and she has applied some of the same 
principles to high energy neutrino production in a class of sources. She has also included 
particle dark matter physics in her research efforts.
II. Lattice Gauge Theory in the LHC Era: Y. Meurice
Overview

Decades of joint theoretical and experimental effort have established that the Standard 
Model (SM) is an amazingly good description of the fundamental interactions up to the 
highest energies probed at collider experiments. The recent Large Hadron Collider (LHC) 
results concerning the decay rates of the Higgs into photons, gauge bosons and matter fields 
show a remarkable agreement with the SM in most channels studied [1, 2]. However, for a 
variety of reasons which include the original superconductivity analogy, the hypothesis of a 
composite Higgs boson is a very attractive idea. If the new constituents interact strongly 
through nonabelian gauge interactions, it is well-understood that the new strong dynamics 
needs to be quite different from quantum chromodynamics (QCD). In this context, the 
indications for narrow resonances decaying into gauge boson pairs are taken very seriously. 
Lattice gauge theory (LGT) is playing a major role in finding or limiting discrepancies with 
the SM in weak decays and in proposing alternative to the standard Higgs mechanism. In 
the following, we report our progress for 1) accurate LGT calculations of semileptonic decays 
of B-mesons, 2) studies of the low energy behavior of multiflavor LGTs near the boundary of 
the conformal window, and 3) the development of new renormalization group (RG) methods 
to deal numerically with the continuum limit of LGT models.
B-physics

Comparison with the SM predictions for weak decays of hadrons requires precise LGT 
calculations. Semileptonic decays of B-mesons into light mesons offer a variety of interesting 
possibilities closely related to the ongoing LHCb effort. I spent part of my sabbatical leave 
at Fermilab and B-physics has become a more important part of my research group activity. 
Our Iowa research group is actively involved in the Fermilab/MILC semileptonic effort. 
Three of my graduate students have been involved in this effort since 2010. Two have 
already graduated and obtained post-doctoral positions. Very recently, three important 
ab-initio calculations have been completed: the most accurate estimate of |VUb| using the 
B ^ nlv decay [3] and the differential decay rates for the rare processes B ^ nl+l- [4] 
and B ^ Kf+f~ [5]. For both differential decay rates, the experimental results appear 
to be consistently below the LGT prediction, however, the statistical significance of the 
discrepancy is still being evaluated.

We have made good progress for the differential decay rate of Bs ^ K£u and expect 
to have predictions before LHCb provides experimental results. We are in the process of 
improving the accuracy of B ^ nlv, B ^ nl+1-, B ^ Kf+f~ and Bs ^ Klv by using 
new improved gauge configurations (called HISQ) and new extrapolation methods. We also 
provided theoretical support for the experimental side of the Iowa group, in particular for
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FIG. 1. Left: partial branching fractions for B+ ^ n+^+^- (upper panel) and B+ ^ n+r+r- 
(lower panel) outside the resonance regions. For B+ ^ n+^+^-, new measurements from LHCb 
are overlaid [8]. Right: chiral-continuum extrapolation of lattice form factors f± for Bs ^ K£v 
as functions of EK in r\ unit. The physical-mass continuum-limit curve is shown as a black curve 
with cyan error band (Y. Liu, preliminary). The notations for the form factors and ensembles used 
are similar to Fig. 11 in Ref. [3].

the study of the decay B± ^ J/^^K± [6, 7].
Recently, the semileptonic subgroup completed a calculation of the B ^ n semileptonic 

form factors based on MILC asqtad 2+1-flavor lattice configurations at four lattice spacings 
and light-quark masses down to 1/20 of the physical strange-quark mass. This includes 
the first ab-initio QCD calculation of the tensor form factor fT. The lattice form factors 
were extrapolated to the continuum using staggered chiral perturbation theory in the hard- 
pion and SU(2) limits and the z expansion to extrapolate from large-recoil momentum to 
the full kinematic range. The resulting calculation of B ^ nlv was simultaneously fitted 
with the experimental data for the differential decay rate obtained by the BaBar and Belle 
collaborations together [3]. This resulted in the the estimate \VUb\ = (3.72 ± 0.16) x 10-3.

The form factors were also used for the rare decay B ^ nl+l- [4] which arises from 
b ^ d flavor-changing neutral currents and could be sensitive to physics beyond the SM. 
After our paper was submitted for publication, LHCb announced a new measurement of the 
differential decay rate for this process at the 2015 DPF conference [8]. A comparison of 
the shape and normalization of the Standard-Model prediction and the LHCb experiment is 
shown in the left part of Fig. 1.

During his last year as my graduate student, Yuzhi Liu started to work on the Bs ^ Klv 
decay mode. The project is now almost completed and we will be able to predict the 
shape of the differential decay rate before the LHCb experiment provides data and obtain 
an independent estimate of \Vub\ when the experimental data becomes available. He has 
extrapolated the form factors of the Bs ^ Klv following the same methods as for B ^ nlv. 
The main difference is that the spectator is now a strange quark. He has obtained reasonable 
chiral fits and is in the process completing the analysis. One of the preliminary fit results is 
shown in the right side of Fig. 1. The final results of the form factors will be presented as 
the coefficients of the z expansion and the correlations between them.

Analyses of semileptonic B decays rely heavily on chiral perturbation theory (yPT). These
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analyses require nontrivial amounts of code that are written by each researcher for each 
project. Our student Z. Gelzer has written code in Python to be used as a common analysis 
tool for the Fermilab Lattice and MILC collaborations, as well as others elsewhere. He 
actively develops this code on a publicly available GitHub repository: https://github.com/ 
zgelzer/semileptonic. The code’s strengths are its ease-of-use, extensive documentation, 
and straightforward expandability. It performs chiral fits on data pertaining to form factors 
for both B ^ n£v and B ^ KH. We are planning to add a section involving the z-expansion 
based on a critical comparison of the two parametrizations of the z expansion used in form 
factors and known as BCL [9] and BGL [10] in order to attempt to reduce the significant 
errors bars at small q2 visible in Fig. 1.

New RG methods and study of near conformal lattice models

If the Higgs boson is a composite particle bound by new gauge interactions having a 
characteristic scale of a few TeVs, its lightness compared to the mass of hypothetical rho- 
like excitations is often thought to be the remnant of an approximate conformal symmetry. 
For this reason it is important to determine the minimal number of fermion flavors necessary 
to produce an attractive infrared (IR) fixed point where the conformal symmetry is manifest 
and the dynamics completely different from QCD. The asymptotically free models possessing 
such IR fixed point are said to be in the “conformal window”. Understanding the new strong 
dynamics near the boundary of the conformal window is crucial to do reliable model building 
for composite Higgs models [11].

It has been pointed out [12] that the transition from the conformal window to QCD-like 
theories when the number of flavors decreases could correspond to nontrivial zeros of the beta 
function disappearing in the complex coupling plane. For this reason, we have developed 
methods to calculate and interpret RG flows for complex couplings [13-16]. In this process, 
we found that the zeros of the partition function, called Fisher zeros, determine the global 
properties of these flows. We have been studying the Fisher zeros for a 4-dimensional (4D) 
SU(3) LGT with up to 12 fundamental flavors (12 is known to be close to the boundary of 
the conformal window but the side of the boundary is still debated). For intermediate values 
of the bare mass, we found a clear indication for the zeros pinching the real axis like L-4 and 
a stabilization of the real part signaling a zero-temperature first order phase transition [17]. 
As the mass increases, the line of first order transitions in the mass-coupling plane ends. A 
massless 0+ particle is expected at this end point. We are still studying the finite size scaling 
of the Fisher zeros near this critical end point. Understanding this phenomenon from the 
point of view of an effective theory involving the 0+ states will help clarifying some of the 
ongoing discussion on the boundary of the conformal window. We are also working on the 
effect of action improvement on this question [18].

The blocking method used to coarse-grain the lattice and construct lower energy effective 
action is central to RG calculations. This is the tool that ultimately should be used to study 
numerically the continuum limit of LGT models. However, its practical implementation has 
remained a very difficult problem. Recently, we have developed tensor RG methods (TRG) 
which allow us to write exact blocking formulas and where the only approximation consists in 
truncating the range over which the indices of the tensors run [19-27]. We have shown that 
the method can be used for spin and pure gauge models [20]. The method has no apparent 
sign problem and allows numerical applications for complex coupling and chemical potential 
[21, 23]. We have studied fixed point equations and calculated critical exponents for the
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two-dimensional (2D) Ising model [19] and made nontrivial numerical checks using exact 
results or independent methods for two dimensional nonlinear sigma models [21-23, 27]. 
The behavior of the Fisher zeros of the 2D O(2) model [21] was found consistent with the 
so-called Miransky scaling possibly occurring in some multiflavor LGT models [12].

We have used the TRG method is to produce a manifestly gauge-invariant formulation 
of the abelian Higgs model [26]. We are in the process to generalize this construction to 
the nonabelian case and theories with fermions and to combine the TRG method with weak 
coupling expansions. Recent developments in the understanding of asymptotic series, called 
resurgence theory [28-31] provides a new perspective on improved perturbative methods that 
we developed in the past by considering the effects of a field cutoff [32-34] .

Our effort to study the Fisher zeros for SU(3) with Nf flavor in collaboration with D. 
K. Sinclair was partially supported by a separate one-year DOE grant which ended in June 
2013. It was not possible to renew D. K. Sinclair contract and our graduate student Z. Gelzer 
is now in charge of the numerical simulations. More recently, a new graduate student, Diego 
Floor has joined the effort. We calculated the Fisher zeros for SU(3) with Nf = 4, 8 and 
12 flavors of staggered fermions for various values of the fermion mass. We have conducted 
extensive runs for Nf = 4 and Nf = 12 at NERSC facilities. Calculations at non integer 
values of Nf are possible as we are using the rational approximation and seem to interpolate 
smoothly between the integer values. For Nf = 12 with a not too large mass, there is a 
discontinuity in the average plaquette and < EE > at approximately the same, volume 
dependent, values of fl. What could be interpreted as a finite temperature transition for 
small value of the length of the temporal size in lattice units Nt, turns into a first order bulk 
transition where the real part of the zero stabilizes instead of increasing logarithmically with 
Nt as in a finite temperature transition.

It is clear that if we increase the mass sufficiently, the fermions decouple and the first order 
transition which is not present in the pure gauge theory disappears. We have illustrated this 
for m = 0.02 in Fig. 4 of Ref. [17]. A second order phase transition should appear at the 
end point. It is believed that the class of universality is the same as the 4D Ising model with 
mean field exponents and an effective theory describing a 0+ particle.

Z. Gelzer has been searching for the endpoint of the line of first-order phase transitions 
in the m-fl plane. Having found this endpoint with high statistics on a small V = 44 
lattice, he is working to find it on larger lattices and with improved actions [18]. From the 
ongoing unimproved simulations for SU(3) with Nf = 12 on V = 124, 164, it appears that 
the endpoint exists between m = 0.075 and m = 0.125 (see Fig. 2). We expect to find some 
stabilization for V = 244, because the volume effects seem small beyond V = 124. Once we 
have found the endpoint, we will conduct an analysis with Fisher zeros around the critical 
fl and check if the exponents are the mean field ones. For v = 2, one expects the Fishers 
zeros to pinch the real like L-2 instead of L-4. We will also find this endpoint for a class of 
improved actions. These improved actions exhibit novel behavior: we are working to confirm 
the broken shift symmetry phase [35] on V = 124, as well as observing the deformation of 
this phase as we lessen the improvement parameters. For a sufficiently large mass, the 
broken shift symmetry phase disappears and we have a possibly new universal behavior in 
the vicinity of this tricritical point. For an action improved with nHYP-smeared staggered 
fermions, we have studied the effects of slowly turning off the improvement on the broken 
shift symmetry phase.
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FIG. 2. Unimproved hybrid Monte Carlo algorithm for SU(3) with Nf = 12 on V = 124, where 
chiral condensate (blue) and average plaquette (green) are plotted versus the inverse coupling R 
The fermion mass is m = 0.075 on the left panel and m = 0.100 on the right panel (Z. Gelzer, 
preliminary).

New methods in Lattice field theory

From a conceptual point of view, the RG is the ideal method to address the question of 
the continuum limit of LGT models at infinite volume. The knowledge of the RG flows near 
the fixed points of interest separates the physics from the artifacts due to the finite lattice 
spacing. One of our long term goal is to understand the problem of the conformal window 
using the TRG method. However, before attacking this difficult problem, we need to fully 
understand how the method works for simpler models sharing some important features with 
the multi flavor LGT near the boundary of the conformal window.

The TRG formulation allows one to write exact, compact, and manifestly local blocking 
formulas and exact coarse grained expressions for the partition function for most models 
studied by lattice gauge theorists. We provided exact blocking formulas for several 2D spin 
models (the O(2) and O(3) sigma models and the SU(2) principal chiral model) and for 
the 3D gauge theories with groups Z2, U(1) and SU(2) [20]. Other authors were able to 
combine some of these results with fermions to deal successfully with the lattice Schwinger 
model [36, 37] with a topological term. It is important to realize that the only approximation 
introduced for the numerical treatment of the TRG transformation is some truncation in the 
summation over the tensor indices. Our initial effort was motivated by the success of a 
specific truncation method, the Higher Order Tensor Renormalization Group (HOTRG), of 
T. Xiang’s group for the Ising model on square and cubic lattices [38]. We realized that 
the HOTRG method sharply singles out a surprisingly small subspace of dimension two for 
the 2D Ising model [19]. We showed that in the two states limit, the RG transformation 
can be handled analytically yielding a value 0.964 for the critical exponent v much closer 
to the exact value 1 than 1.338 obtained in Migdal-Kadanoff approximations. We proposed 
two alternative blocking procedures that preserve the isotropy and improve the accuracy to 
v = 0.987 and 0.993 respectively. The improvement of the 2-state approximation is nontrivial 
[39] and requires a better understanding of the symmetries of TRG equations. This work is 
still in progress.

The TRG truncations rely on the diagonalisation of positive matrices and seem insensitive
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to sign problems. A long term goal is to apply the TRG method to the calculation of the 
Fisher zero of multi flavor LGT and QCD at finite density and temperature. Again, we need 
to start with simpler models with sign problems. We have considered the 2D Ising and O(2) 
models with complex fl [21] and O(2) with a chemical potential [23, 27]. The Fisher zeros 
can be determined precisely with the TRG method. For the Ising model with complex fl, 
we found good agreement with the exact Onsager-Kaufman solution at finite volume. We 
checked the convergence of the TRG method for the O(2) model on a square lattice and 
discussed the finite size scaling of the Fisher zeros of this model. The results agree very well 
with the Kosterlitz-Thouless transition assumption which is similar to the Miransky scaling 
invoked in multi flavor LGT [12]. This implies the 3/2 power scaling of the imaginary part. 
The location of these zeros agree with Monte Carlo reweighting calculation for small volume.

We have considered the 2D O(2) model with a chemical potential ^ with a transfer 
matrix approach [23, 27]. This allows us to take the time continuum limit and to do real 
time calculations. We compared the particle density with the worm algorithm developed 
for this model [40] and found that the two methods agree well. We calculated the thermal 
entropy and the entanglement entropy. For a sufficiently large temporal size, this process 
reveals an interesting fine structure: the average particle number and the winding number 
of most of the world lines in the Euclidean time direction increase by one unit at a time. 
At each step, the thermal entropy develops a peak and the entanglement entropy increases 
until we reach half-filling and then decreases in a way that approximately mirror the ascent. 
This suggests an approximate fermionic picture that is presently under study.

J. Unmuth-Yockey has optimized the HOTRG algorithm by exploiting symmetries asso
ciated with the charge conservation of the 2D O(2) model to create a sparse HOTRG code. 
He has worked on a tensor formulation for the 2D non-Abelian Higgs model following the 
procedure developed for the Abelian Higgs model [26]. With these new tools he has studied 
the phase diagram, the time continuum limit and the Polyakov loop for the Abelian Higgs 
model. A preprint should appear soon.

III. Phenomenology of neutrinos and dark matter: M. H. Reno 

Overview

Research results supported in part by my DOE support for 2013-2016 are reported here. 
I was Chair of the Department of Physics and Astronomy from July 2009 through June 
2014. The College of Liberal Arts and Sciences provided some financial support for my 
research program and a partial summer salary during that period. Two University of Iowa 
graduate students are involved in this effort: Mr. Minh Vu Luu and Mr. Weidong Bai. 
Mr. Luu passed his comprehensive exam in December 2014, with a planned graduation date 
of Summer 2017. Mr. Bai earned his MS degree in December 2014, and he is aiming to 
graduate in Summer 2017.

On-going work that started during the project period continues with several collaborators. 
Dr. Yu Seon Jeong, now at KISTI (Korea), has continued to work with me since her 
graduation in July 2011. Recent papers have included collaborations with Jeong’s former 
supervisor, Prof. Kim at Yonsei University, Korea. I continue to collaborate with Profs. 
Sarcevic (Arizona), her former postdoc Bhattacharya (Belgium) and Enberg (Uppsala), and 
I have established new collaborations with Prof. Halzen (Wisconsin) and his students (Wille, 
Arguelles), and with Prof. Stasto (Penn State). Together with Jeong and Kim, I contributed
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to the physics justification document for the Search for Hidden Particles (SHiP) proposed 
for the CERN SPS, extending my collaborative effort.

Since May 2013, I presented 11 invited talks and 1 contributed talk. I authored or co
authored 6 journal publications [41-46], 1 preprints [47] (accepted for publication in the 
Reports on Progress in Physics) and 1 conference proceeding articles [48] in the same time 
period.

Color dipole cross section and applications to high energy processes

At high enough energies, processes involving hadrons may probe the small-x regime of 
structure functions and parton distribution functions. At some point, the standard DGLAP 
approach to parton distribution function evolution will fail as ln(1/x) becomes sufficiently 
large. One way to handle the small-x behavior is with the color dipole model. In this 
approach, the electromagnetic structure function Fi comes from the convolution of the virtual 
photon wave function squared |^Lr(r, z; Q2, mf, ef)|2 (for virtual photon splitting into the 
color dipole qq) with the dipole cross section for the color dipole to scatter with the target 
proton 7dip(r, x), as discussed in e.g., [49, 50]. After integration over the spatial splitting of 
the dipole r and the longitudinal momentum fraction z of the quark (f) in the dipole,

F2 (x,Q2) Q2

4n2 ae ^ I d2r I dz | )(r,z; Q2,mf ,ef) |2 7diP(r,x)
f,P=T,L '

(1)

Here, Q2 is the momentum transfer squared and ae is the electromagnetic fine structure 
constant. Similar formulas apply to the structure functions in neutrino-nucleon scattering
[51] , and with suitable modifications, the dipole model can be applied to hadronic interactions
[52] , for example, for charm pair production at high energies.

The dipole cross section 7dip is not directly calculable. One can start with a form for the 
dipole cross section guided by theory, then use F2(x, Q2) measurements to make fits for the 
unknown dipole cross section parameters, e.g., by Golec-Biernat and Wiistoff [49], and by 
Soyez [50]. We used the Soyez results in our earlier evaluation of the atmospheric charm 
contribution to the prompt neutrino flux at high energies (the ERS flux) [53] using the dipole 
model.

With Luu, Jeong and Kim, we took a different approach to model the dipole cross section 
[41]. Using a simple form of F2 by Donnachie and Landshoff [54] and a more recent F2 fit to 
a wealth of electromagnetic scattering data by Block et al. [55], we translated the small-x 
functional behavior of F2 to a dipole cross section [41], the inverse of the usual procedure to 
relate 7dip and F2. We inverted eq. (1) for mf = 0 using insights to the relation between 
F2 and 7dip from Ewerz et al. [56]. We used Fourier transforms to factorize the convolution, 
then we found approximate solutions for mf = 0. The method works well for Q2 = 0.1 — 10 
GeV2, with differences between the starting F2 and the calculated F2 using our approximate 
7dip of less than ~ 10%. For larger Q2, the discrepancy is larger, but still only ~ 20% for 
small x. Despite a normalization offset, the dipole cross section encodes the small-x behavior 
dictated by the F2 parameterization.

Given a dipole cross section, other cross sections for a variety of processes can be calcu
lated. With Halzen, Arguelles Delgado, Wille and Kroll, we used an additional approxima
tion of the dipole cross section to calculate electromagnetic, weak interaction and hadronic
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cross sections [42]. We showed in Ref. [41] that the approximation discussed in Ref. [56], 
that for large Q and z0 = 2.4, the approximate 7dip(x, r) ~ n3r2Q2dFYp/dQ21Q2=(z0/r)2 works 
reasonably well for Q2 = 10 GeV2 relevant to charm pair production, and for Q2 ~ 100 GeV2 
and higher, relevant to neutrino-nucleon scattering. We used the Block et al. parameteriza
tion of F2 [55] to connect 7dip and the ln(1/x) and ln2(1/x) behavior at small x in F2. In 
our recent paper [42], we used this approximate dipole cross section to evaluate the cross 
sections for yp ^ ccX, pp ^ ccX and vN inelastic scattering. Even the pp cross section has 
a reasonable high energy behavior using this approach.

Our dipole cross section input gives a consistent high energy behavior across different 
processes. Several of these cross sections are relevant to to a number of high energy neutrino 
physics areas. The high energy neutrino-nucleon cross section will be an important ingre
dient in the eventual measurement of the cosmogenic neutrino flux. It is also a component 
of the Auger Observatory analysis limiting the astrophysical vT flux at ultrahigh energies. 
Atmospheric production pN ^ ccX, then charm decay to neutrinos, is the dominant high 
energy background to IceCube high energy neutrino measurements, and as discussed below, 
we are nearly finished with our update of the flux of atmospheric neutrinos from charm using 
the dipole cross section as one of the QCD approaches.
Astrophysical neutrinos from charm

Most of the literature on astrophysical sources of neutrinos relies on pion production and 
decay (dominant for py interactions), however, for pp interactions, kaon production and 
decay can extend the neutrino spectra predictions from astrophysical sources (see, e.g., Ref. 
[57]). In our earlier work on high energy neutrinos from charm in astrophysical sources [58], 
we found that charm production and decay could further extend the neutrino spectrum. 
Our recent paper [44], with Bhattacharya, Enberg and Sarcevic, explores in more detail 
the charm contributions, especially the energy dependence in the charm production and 
decay. We focused on charm in the slow-jet supernova model of Ref. [59] because the 
standard astrophysical parameters yield an energy cutoff and spectrum normalization in the 
ballpark of the observed IceCube spectrum. While there are astrophysical challenges to the 
slow-jet supernova model [60], IceCube can set observational limits [61]. If the cutoff in 
the measured high energy neutrino spectrum does not persist as IceCube gets more data, 
slow-jet supernovae as the dominant astrophysical sources of neutrinos will be disfavored.
Neutrinos from dark matter decay in IceCube

In Ref. [45], Bhattacharya, Sarcevic and I investigated the possibility that the observed 
high energy events at IceCube could be a combination of a diffuse astrophysical E-2 neutrino 
flux and a component of neutrinos from the decay of very heavy dark matter. We considered 
several decay channels. With a combination of a power law astrophysical neutrino spectrum 
and the neutrino flux from the decay of a dark matter particle with a mass in the range 
150 — 400 TeV, the fit to the observed neutrino events is better than that obtained from a 
best-fit astrophysical flux alone. The decaying dark matter helps to explain the absence of 
events above a few PeV. We also used the IceCube observations to impose constraints on the 
decay lifetimes. Allowing the astrophysical flux normalization to vary leads to modifications 
of these limits, however, there is still a range of dark matter mass and lifetime that is 
excluded by the IceCube results.
Neutron star constraints on self-interacting dark matter
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On a separate dark matter topic, we considered the effects of dark matter capture by 
neutron stars [46]. Our particular focus was on scalar dark matter. McDermott, Yu and 
Zurek [62] put constraints on “asymmetric” dark matter from neutron stars. Asymmetric 
here means the dark matter does not self-annihilate. The constraint explored in their paper 
was for the dark matter-nucleon cross section, assumed to be the only interaction that could 
result in dark matter accumulation in the neutron star.

With Guver, Erkoca and Sarcevic, we extended the work of Refs. [62] and [63]. We 
considered both fermionic and scalar asymmetric dark matter (x), and we include the effects 
of self-capture (7XX). We evaluated the time evolution of the dark matter sphere as it 
collapses within the neutron star, taking into account both the dark matter interactions 
with neutrons and self-interactions. We used a bosonic version of the Chandrasekhar limit 
for fermions to set new constraints a combination of the dark matter-nucleon interaction 
cross section and the dark matter mass for some choices of self-interaction cross section 
and dark matter density. For example, we showed that for a dark matter density of 103 
GeV/cm3 and dark matter mass mX < 10 GeV, there is a potential exclusion region for 7xN 
three orders of magnitude more stringent than without self-interactions.

Tau neutrinos in proposed beam dump experiments designed to search for Dark 
Matter

Jeong, Kim and I contributed Section 7.1 in the physics justification document for the 
Search for Hidden Particles (SHiP) proposed for the CERN SPS [47], coordinating and dis
cussing primarily with F. Tramontano and his CERN colleagues. Although SHiP is planned 
primarily to search for non-standard model particles, with a 400 GeV proton beam incident 
on a thick molybdenum and tungsten target, a prompt flux of vT + vT from Ds production 
and decay Ds ^ tvt will be a fortuitous by-product. This copious source of tau neutrinos 
will be useful to make precision measurements of tau neutrino and anti-neutrino charged 
current cross sections and to probe structure functions F4 and F5. We determined the en
ergy spectrum and normalization of the tau neutrinos and muon neutrinos from charm in 
this configuration, using the approximation that charm decays and tau decays to vT are 
collinear with the charmed quark momentum. We used the NLO QCD evaluation of the 
cross section using the HVQ program based on the work of Nason, Dawson and Ellis [64-66]. 
The collinear approximation is a limitation of this calculation.

Work with Mr. Weidong Bai is in progress to improve the predictions from NLO QCD 
without using the collinear approximation. Our preliminary results show that the the full 
kinematics are important for the flux predictions. As this project progresses, we will also 
consider dark matter production in several models to see the extent to which the detector 
configuration is important. There is the potential to study off-axis configurations for both 
neutrinos and “hidden particles,” as was done in, for example, Ref. [67].

Atmospheric neutrinos from charm

The main focus of recent work has been a new evaluation of the prompt neutrino flux 
from charm decays, where the charm is produced in hadronic interactions of cosmic ray 
nuclei incident on the atmosphere. In 2008, we published a prompt atmospheric lepton flux 
prediction based on a dipole model calculation of the charm pair cross section [53]. Our recent 
work (BERSS) [43] uses a full next-to-leading order QCD calculation of the charm pair cross 
section, with modern parton distribution functions and a more realistic input cosmic ray
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--------- Broken power-law CR flux

---------  Gaisser H3p CR flux

---------  Gaisser H3a CR (central only)

Honda conventional v (rescaled to H3a)

105
E [GeV]

0.010

------  Dipole Model Black: BERSS

0.001

Broken power law

FIG. 3. (a) The prompt flux evaluated using NLO QCD for pp ^ ccX [43] with the broken
power law and two 3-component cosmic ray flux models [71]. (b) A comparison of NLO QCD from 
ref. [43] and an updated evaluation, together with dipole model and kT factorization results for 
the broken power law cosmic ray flux (work in progress).

flux. We were motivated to give an improved prediction based on perturbative QCD for the 
atmospheric neutrino background to the IceCube high energy events, interpreted as neutrinos 
from the diffuse astrophysical flux. Recent results from LHC and RHIC experiments allowed 
us to narrow the QCD uncertainties from the renormalization scale and factorization scale 
choices from the cross section [68] and forward charm rapidity distributions [69] and thereby 
reduce the theoretical error on the flux prediction.

We use the HVQ code for the next-to-leading order QCD calculation of cc production 
[64-66]. This is the fixed order part of the FONLL code [70]. The cosmic ray spectrum and 
composition [71] have strong impacts on the predicted neutrino flux from charm, especially 
at high energies where the cosmic ray spectrum becomes steeper. Fig. 3 (a) shows our flux 
presented in ref. [43] for three models of the cosmic ray flux, the two three-population fluxes 
of Ref. [71] (labeled H3p and H3a) that reflect a more realistic cosmic ray composition and 
energy dependence than the third model, the broken power law. Fig. 3 (b) shows our results 
for using the broken power law input cosmic ray flux for comparison. Our BERSS flux is 
shown in black. Work in progress using perturbation theory is shown with the blue shaded 
band. The other two bands show complementary approaches to evaluating the prompt flux. 
The dipole model discussed above, using several dipole cross sections and a range of scales, 
is shown with the pink band. The dipole cross section approximation from our ref. [42] lies 
in the pink band. The green band is from the kT factorization approach which has larger 
uncertainties at the high energy end of the spectrum. We expect that the paper describing 
these results will be submitted for publication by the end of June 2016.

I presented invited talks on the prompt neutrino flux from charm at the News in Neu
trino Physics workshop at Nordita (April 2014), the Neutrino Astrophysics and Fundamental 
Properties program at the Institute for Nuclear Physics in Seattle (June 2015), the IceCube 
Particle Astrophysics Symposia (May 2013, May 2015) in Wisconsin, at the KITP Santa Bar
bara Workshop Neutrinos 2014 (October 2014), at the Aspen Center for Physics (September 
2013), and at the OSU CCAP workshop on Cosmic Messengers (February 2014). I also gave 
a contributed talk on this topic at the APS Meeting in April 2015.
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On broader topics in high energy cosmic ray physics, I also gave talks on the neutrino 
connection with cosmic ray origin at the 7th International Workshop on Very High Energy 
Particle Astronomy in Tokyo (March 2014) [48], an invited talk at the April APS Meeting 
in 2016 on high energy interactions of cosmic neutrinos, a colloquium at the University of 
Arizona (November 2014) and a seminar at Virginia Tech (March 2016).
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LHC, (19 pages) arXiv:1502.01076, Journal of High Energy Physics, JHEP 06 (2015) 
110.

• A. Bhattacharya, R. Enberg, M. H. Reno and I. Sarcevic, “Charm decay in slow-jet su
pernovae as the origin of the IceCube ultra-high energy neutrino events, arXiv:1407.2985 
(13 pages), Journal of Cosmology and Astroparticle Physics JCAP 06 (2015) 034.

• A. Bhattacharya, M. H. Reno and I. Sarcevic, “Reconciling neutrino flux from heavy 
dark matter decay and recent events at IceCube, arXiv:1403.1862, Journal of High 
Energy Physics, JHEP 06 (2014) 110 (15 pages).

• Y. S. Jeong, C. S. Kim, Minh Vu Luu and M. H. Reno, Color dipole cross section and 
deep inelastic structure functions, arXiv:1403: 2551, Journal of High Energy Physics, 
JHEP 11 (2014) 025 (21 pages).

• T. Guver, A. E. Erkoca, M. H. Reno and I. Sarcevic, On the capture of dark matter 
by neutron stars, arXiv:1201.2400[hep-ph], Journal of Cosmology and Astroparticle 
Physics, JCAP 05 (2014) 013 (23 pages).

Reno - Invited talks May 2013-April 2016
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• “High energy interactions of cosmic neutrinos,” (Invited talk) April APS Meeting, 
April 18, 2016, Salt Lake City, Utah.

• “Prompt neutrinos from charm: atmospheric and beam dump fluxes,” Virginia Tech, 
March 22, 2016.

• “Prompt neutrinos and charm in the light of RHIC and the LHC,” Institute for Nuclear 
Theory program on Neutrino Astrophysics and Fundamental Properties, University of 
Washington, June 18, 2015, Seattle, WA.

• “Atmospheric neutrinos from perturbative charm production and decay,” IceCube Par
ticle Astrophysics Symposium, May 4-6, 2015, Madison, WI.

• “Atmospheric charm: perturbative production and IceCube neutrino backgrounds,” 
(contributed) American Physical Society meeting, April 2015, April 12, 2015, Balti
more, MD.

• “Ultrahigh energy neutrinos, what can we learn?,” University of Arizona Colloquium, 
November 14, 2014.

• “Charm decays and IceCube data,” Kavli Institute for Theoretical Physics, Neutrinos 
2014 program, October 29, 2014 (with I. Sarcevic).

• “Atmospheric neutrinos and leptons from charm,” invited talk, Nordita Workshop, 
Stockholm, Sweden, at News in Neutrino Physics, April 20-May 2, 2014.

• “Neutrino connection with cosmic ray origin,” 7th International Workshop on Very 
High Energy Particle Astronomy, VHEPA14, Tokyo, Japan, March 19-20, 2014.

• “Neutrinos from charm, Ohio State University Center for Cosmology and AstroParticle 
Physics, February 27-28, 2014 at workshop “Cosmic Messages in Ghostly Bottles: 
Astrophysical Neutrino Sources and Identification.”

• “Ultrahigh energy neutrinos: what we know and what we dont know,” Aspen Center 
for Physics, September 12, 2013.

• “Atmospheric lepton fluxes at high energies,” IceCube Particle Astrophyscis Sympo
sium, Madison, WI, 13-15 May 2013.

Reno - Public lectures/non-physics audience
• “Understanding the Nobel Prize in Physics: Neutrinos Underground,” public lecture 

and discussion of the Intellectual Dialogue Society (ids-iowa@uiowa.edu), November 3, 
2015, Iowa City Public Library.

• “Math, Physics, Emmy Noether and Me,” keynote talk at the Sonia Kovalevsky Day, 
April 5, 2014, University of Iowa.

Reno - Graduate students supervised
• Minh Vu Luu, passed his qualifying and comprehensive exams, PhD expected in 2017.

• Weidong Bai, passed his qualifying exam, PhD expected in 2017.


