
From strong protons to weak neutrinos, RBRC 25th Anniversary Celebration, BNL, June 22, 2023

From strong protons to weak neutrinos

Anna Staśto 
Penn State University

1



From strong protons to weak neutrinos, RBRC 25th Anniversary Celebration, BNL, June 22, 2023

My journey:…from Old World…

2



From strong protons to weak neutrinos, RBRC 25th Anniversary Celebration, BNL, June 22, 2023

My journey:…from Old World…

2



From strong protons to weak neutrinos, RBRC 25th Anniversary Celebration, BNL, June 22, 2023

My journey:…from Old World…

2



From strong protons to weak neutrinos, RBRC 25th Anniversary Celebration, BNL, June 22, 2023

My journey:…from Old World…

2



From strong protons to weak neutrinos, RBRC 25th Anniversary Celebration, BNL, June 22, 2023

My journey:…from Old World…

2



From strong protons to weak neutrinos, RBRC 25th Anniversary Celebration, BNL, June 22, 2023

…to New World…

3



From strong protons to weak neutrinos, RBRC 25th Anniversary Celebration, BNL, June 22, 2023

…to New World…

3

BNL



From strong protons to weak neutrinos, RBRC 25th Anniversary Celebration, BNL, June 22, 2023

…to New World…

3

BNL
Penn State



From strong protons to weak neutrinos, RBRC 25th Anniversary Celebration, BNL, June 22, 2023

RBRC research

4

Lattice QCD Spin Physics

Physics of QGPQuantum Chromodynamics



From strong protons to weak neutrinos, RBRC 25th Anniversary Celebration, BNL, June 22, 2023

RBRC research

4

Lattice QCD Spin Physics

Physics of QGPQuantum Chromodynamics

My research: 
proton structure, QCD at high energy and 
density, scattering amplitudes, 
ultrahigh energy neutrinos
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Proton structure
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What is the structure of the proton  ?
First observation of proton structure: SLAC experiment (1969)

proton neutron 

… and so on … 

�(q)

e(k) e(k0)

: resolving 
power of interaction
Q2 = − q2
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Revealing proton structure
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Measured cross section

Momentum distribution of partons 
inside the proton

u
u

d

proton structure function
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Exploring proton structure at high energy
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Ecm = 320 GeV

e (27.5 GeV) 

P (920 GeV) 

Equivalent to a 50 TeV beam on 
a fixed target proton 
~2500 times more than SLAC! 

Around 500 pb-1 per experiment 

HERA (1992-2007) 

… the only ever 
collider of electron 
beams with proton 
beams 

ZEUS 

e (27.5 GeV) 

P (920 GeV) 

DESY - Hamburg 
HERA Collider 
1992-2007

The only electron(positron)-proton 
collider ever built …so far…looking 
forward to EIC !

equivalent to 50 TeV electron beam on a fixed proton 
target...about 2500 times more than at SLAC

Center of mass energy:



From strong protons to weak neutrinos, RBRC 25th Anniversary Celebration, BNL, June 22, 2023

Measurements of proton structure function
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low energy
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Measurements of proton structure function

8

low energy high  energy

Cross section and parton density increases:

•  with decreasing x  
•  with increasing scale Q

(small x  high energy s)↔
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Measurements of proton structure function
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low energy high  energy

Cross section and parton density increases:

•  with decreasing x  
•  with increasing scale Q

(small x  high energy s)↔

Where does this rise come from?
Answer: gluon  radiation in QCD
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High energy: more gluons and sea quarks
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u

u

d

q̄

q

Ocean beach at Smith Point

More and more gluon radiation at high energy 
More ‘sea ’ quarks resolved
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Proton structure from low to high energy…
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u

u

d

Proton has very rich structure:  

At high collision energies structure  

dominated by gluons with very low fractional momenta x
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What happens at very large gluon density ?

11

0.2

0.4

0.6

0.8

1

-410 -310 -210 -110 1

 HERAPDF2.0 NLO 

 HERAPDF2.0 NNLO 

 

 HERAPDF2.0 NLO 

 HERAPDF2.0 NNLO 

 

x

xf

2 = 10 GeV2
f
µ

vxu

vxd
 0.05)×xS (

 0.05)×xg (

H1 and ZEUS

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1

 HERAPDF2.0 NLO 

 HERAPDF2.0 NNLO 

 

 HERAPDF2.0 NLO 

 HERAPDF2.0 NNLO 

 

x

xf

2 = 10 GeV2
f
µ

vxu

vxd

xS 

xg 

H1 and ZEUS

Figure 25: The parton distribution functions xuv, xdv, xS = 2x(Ū+ D̄) and xg of HERAPDF2.0
NLO at µ2f = 10GeV
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Color Glass Condensate
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Color Glass Condensate: 
effective theory at 
 high energy and  high 
density

Proton target: small x

Nuclear target: large 
mass number A

McLerran, Venugopalan
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Color Glass Condensate

13

My rough idea  

about Color Glass Condensate 

before coming to BNL…

‘God the Father’, stained glass by 
 S.Wyspiański; Church of St. Francis of Assisi, 
Cracow



From strong protons to weak neutrinos, RBRC 25th Anniversary Celebration, BNL, June 22, 2023

Interaction size increase with energy

14

CGC predicts increase in size of gluon density with increasing energy
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FIG. 4: Graphs of the scattering amplitude as a function of the dipole size at various constant rapidities for fixed impact
parameter b = 1.0 and angle cos(θ) = 0. Solid lines are for the LO kernel and the dashed lines correspond to the Bessel kernel.
The initial distribution is equivalent for both kernels and is represented by the dotted-dashed line. On the left graph each line
represents a change in two units of rapidity to a maximum of ten and on the right graph each line represents a change in ten
units of rapidity to a maximum of fifty.
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FIG. 5: Graph of scattering amplitude as a function of impact parameter for fixed dipole size r = 1.0. The solution with the
case of the LO kernel is plotted as a solid line and with the modified kernel (13) as a dotted line. The dotted-dashed line on
the left is the initial condition. Each line thereafter represents an increase in rapidity of ten units to a maximum of fifty. Right
plot: the same but for the dipole size r = 0.11 and in logarithmic scale for the amplitude.

B. Impact parameter profile of the scattering amplitude

Dependence of the dipole amplitude on the impact parameter is illustrated in Fig. 5. The leftmost dashed-dotted
line is the initial condition Eq. 5 which has a very steep profile in impact parameter. The evolution of the scattering
amplitude towards large values of impact parameter follows the diffusion of large dipoles. The speed of this evolution
can be extracted numerically and is determined by the expansion of the black disc radius. We will discuss this quantity
in detail in the next section.

Evolution in impact parameter shows a marked change in profile from the steeply falling exponential in the initial
condition. This is better illustrated in right plot in Fig. 5 where we replot the impact parameter using the logarithmic
scale in scattering amplitude. The profile changes from the exponential to a power tail at small scattering amplitudes.
This can be seen as an ’ankle’ in the curves of constant rapidity. The origin of this power-like tail was discussed
in detail in Ref. [41]. These power tails are also present in the modified kernel. In the latter case however there
is a slower evolution of the profile towards the large values of impact parameters. There also exists a nontrivial
angular dependence which is most prominent in the cases of large dipole size or impact parameter but for very specific
configurations. In the case when the dipole size is much smaller or much larger than the impact parameter the solution
does not depend much on the spatial orientation of the dipoles. On the other hand, for the case when the dipole size

Berger, ASlog(density profile)

Solution to nonlinear equation for 
high gluon density

increasing energy
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CGC predicts increase in size of gluon density with increasing energy

Predicts very strong change of size: 
requires additional non-perturbative 
effects 
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scale in scattering amplitude. The profile changes from the exponential to a power tail at small scattering amplitudes.
This can be seen as an ’ankle’ in the curves of constant rapidity. The origin of this power-like tail was discussed
in detail in Ref. [41]. These power tails are also present in the modified kernel. In the latter case however there
is a slower evolution of the profile towards the large values of impact parameters. There also exists a nontrivial
angular dependence which is most prominent in the cases of large dipole size or impact parameter but for very specific
configurations. In the case when the dipole size is much smaller or much larger than the impact parameter the solution
does not depend much on the spatial orientation of the dipoles. On the other hand, for the case when the dipole size
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Figure 11: Dependence of the slope parameter BD versus W for J/ψ and ρ production. Data are
from H1 experiment [2] and [7].

2. The skewedness effect was included in the gluon density distribution. This distri-

bution is present in the initial conditions for the small x evolution. This had a

substantial impact on the normalization of the resulting cross section and helped to

bring the calculations to agreement with the experimental data.

3. The BK equation was modified to include confinement effects by cutting off large

dipole sizes. The parameter rmax = 1
m , which sets the maximal size of the interac-

tion, together with the initial proton size control the slope of the differential cross

section with respect to t as well as its variation with the energy. The presented cal-

culation shows very good agreement with the experimental data on BD, including its

W dependence in the case of J/Ψ. The slope of BD is reproduced for ρ but the nor-

malization remains low. The W dependence is generated dynamically in the dipole

evolution. The speed of this increase is controlled by the parameter rmax = 1
m which

is not calculable from perturbation theory and needs to be adjusted.

4. The calculation presented includes the running coupling in the evolution, but misses

– 18 –

spatial extent of the 
gluon density in proton

After including 
nonperturbative parameter 
can describe the data on 
vector meson production

p

p(Y )

V

e e

ξ

t

γ

IP

H1
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Angular (de)correlations: low vs high gluon density

15

The angular correlations are a measure of the gluon density: two hadrons 

FIG. 1. The forward di-pion correlations C(∆φ) of Eq. (2) at y1 ∼ y2 ∼ 3.2 in peripheral and central

dAu collisions compared to the preliminary data from the STAR collaboration [8]. Centrality

definition follows Ref. [8], where the average impact parameters are found around 6.7fm and 2.7fm

accordingly. The grey error band comes from using P⊥ or P̃⊥ in the hard coefficients in Eq. (5).

dAu collisions at RHIC. Before we do that, we would like to emphasize that the saturation

scale plays a key role in describing the correlation C(∆φ) of the away side peak, including

both broadening and the suppression. First, the width of the away side peak will increase

with the saturation scale because of the broadening effects. Quantitatively, the effective

kt-factorization formula of Eq. (5) lead to stronger broadening effects compared to the naive

kt-factorization calculations. This is because the various gluon distributions contain the

convolution of the UGDs and will enhance the broadening. Without this enhancement, we

can not describe the broadening effects. In particular, when the saturation scale reaches the

transverse momenta of the dijet, the away side peak will almost disappear as indicated in

the experimental data for the central collisions at RHIC and the theory calculations as well.

Second, the magnitude of the correlation C(∆φ) is also sensitive to the saturation scale

Qs. In particular, larger Qs push the dipole gluon distribution to larger transverse mo-

mentum, which leads to single particle production (3) increasing with Qs. The correlated
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Angular (de)correlations: low vs high density
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Crude analogy: pool game

Low number of balls: easier to plan the 
trajectory, high correlation

High number of balls: trajectory can be heavily 
modified since balls can rescatter many times

Images by DALL-E AI
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Impact on ultrahigh energy neutrino physics
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On Earth 65 billion neutrinos 
passing through   each 
second, mostly from the Sun
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Ultrahigh energy neutrinos in astrophysics
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Ultrahigh energy neutrinos in astrophysics
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Proton structure and ultrahigh energy neutrinos
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Ultrahigh energy neutrinos: Eν > 1 TeV
2.3 Particle physics 2 ICECUBE RESULTS

Figure 5: Figure 3 from [15] showing the per-flavor astrophysical neutrino flux for
the single-power-law (red) and other models. A piecewise measurement is shown
in black, while uncertainties on the single-power-law model are shown as the red
shaded region. The data is consistent with a single-power-law.

astrophysical neutrinos can be expected to produce both neutrinos and antineutrinos. Even
with only one event detected thus far, the diffuse neutrino flux is now expected to extend to
the resonance energy.

2.3 Particle physics

Figure 6: Figures from [25]. Left: arrival-to-surface flux ratio �/�0 for electron an-
tineutrinos for a range of zenith angles and E⌫. The effect of the Glashow resonance
is visible at 6.3 PeV. Right: measured DIS cross section in four different energy bins
(black) using starting events, and total DIS cross section as measured using upgoing
tracks (gray). Two Standard Model predictions are shown as blue and black-dashed
lines.

As the discussion of the Glashow resonance already alluded to, IceCube is capable of pro-
ducing exciting results that span multiple subfields of physics. Neutrinos serve not only as
astrophysical messengers sent to us from the largest scales in the universe, but also as unique
probes of fundamental physics at the smallest scales. These include measurements of the neu-

6

IceCube experiment on the South Pole
Flux of neutrinos

IceCube
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Proton structure at high energy essential for understanding : 
•How high energy neutrinos are produced ? 
•How high energy neutrinos interact ?

IceCube
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Neutrino flux from charmed hadrons

20

Atmospheric neutrinos at high energy: 

Cosmic ray proton collides with nucleus 
in air 

Produced mesons decay : energetic 
neutrinos

p

µ
νµ
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D

decays from light mesons:  
lower energy flux

decays from charmed mesons:  
higher energy flux
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Production of high - energy neutrinos
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Flux of high energy neutrinos in the atmosphere
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Seong Jeong, Bhattacharya, Enberg, Kim,Reno,Sarcevic,AS;
Bhattacharya, Enberg,Reno,Sarcevic,AS

high gluon density

lower(saturated) 
gluon density

Similarly: production at the source 
through pp interactions
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Proton structure and neutrino interactions
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Proton structure also impacts the neutrino interactions cross section 

Dominant interactions of neutrinos with matter at high energy is with the nuclei 

→

�(q)
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Proton structure also impacts the neutrino interactions cross section 
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RBRC research broad impacts on other fields and developments of future facilities
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Thank you RBRC !
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