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WHY SHOULD WE CARE?
» Scattering with nuclear targets is an old subject. So is there anything new
to Say? Statistics, systematics

Detector capabilities

Appropriate precision theory

1. Higher accuracy experiments demand response from theory.

2. DIS and heavy quark physics have taught us a lot about how to minimize
theoretical uncertainties when describing hadronic systems.



INTRODUCTION

LONG BASELINE OSCILLATIONS

" MOST
b L '\// WANTED

NEUTRND
PROCUCTION

MCLS

ORTRCTOR
- UNDORGACUND

... . PARTICLE DETRCTOR

Super Kamiokande

Mt. Noguchi-Goro
2924 m

Mt. [keno-Yama
1360 m

water equiv. 1700 m

Muon Neutrino beam

295 km




INTRODUCTION 4

QED RADIATIVE CORRECTIONS - — @
1. Loop effects depend on lepton MOST
masses. WANTED

2. Real photon radiative depends on
lepton masses.

3. Coulomb eftects depend on sign
of lepton charge.
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Soft physics. Hard physics.

Collinear physics.

3 x (difficult) < (difficult)’



Isolate hard nuclear physics from QED loops and legs
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M=5QJRQH

Soft physics. Hard physics.

Collinear physics.

Hard function < Wilson Coefficient




a— /Za for L < 1/R

Loop momen tum.



How does this emerge from
photon exchange with nucle1?
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THE REST OF THIS TALK

1. Crossed ladder diagrams do indeed reproduce
background field (+ small corrections).

2. Comment on the structure of factorization
theorems and hierarchies of scale.

3. Extracting all orders results for low momentum
probes using factorization theorems.



CROSSED LADDERS AND THE STATIC LIMIT

Polology for heavy composite objects
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DIAGRAMATIC CONSEQUENCES

» Use eikonal propagators and couplings to photons.
» Include a charged form factor at each vertex

Note: This is gauge invariant!
(sticking in form factors often is not)

_ i

—

= iZe v,F4(q°)

Nuclear structure inside
the loop expansion
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WHAT HAVE WE ASSUMED

» No recoil of heavy target v, = v; including from hard current.

» Form factors are identical everywhere.

» More realistic scenario
Fu(q%) # Fp(q?) Zy=Zg*En

» Can account for this with perturbation theory.

F.(g%) = Fy(q*) + 6F(q*) n<KZ,~ Zy
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SUMMARY.

» External field approximation is valid up to small corrections
controlled by:

» Nuclear asymmetry » Recoil from hard vertex

SF,5(0%) ~ 0(@) 1 —v-v'=0(Qy/M,)

» Inelastic excitations

~ O(a) Or ~ O(0’R?)
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THE STRUCTURE OF FACTORIZATION THEOREMS WITH NUCLEI

The role nuclear structure, and hierarchies of scale
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DIFFERENT HIERARCHIES OF SCALE MATTER

M=5SQH

Point like  Eikonal

Lepton
» To the lepton, what is hard, and what is Energy
soft is set by it's own momentum. Nuclear Nuclear
Coherence Coherence

» When |p| < 1/R the Coulomb field can

give "big kicks” to the lepton.
Lepton

Energy
» When |p| > 1/R the Coulomb field can

only give "little kicks"” to the lepton.
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DIFFERENT HIERARCHIES OF SCALE MATTER Eikonal
M=SQH
Energy
Nuclear

» In the high energy limit, Coulomb corrections Coherence

are embedded in the soft-function.

levant for GeV energy neutrinos.

» Ongoing work with R. Hill and O. Tomalak.
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DIFFERENT HIERARCHIES OF SCALE MATTER Point like
Nuclear
% — S ® H Coherence
Lepton

» In the “point-like” limit, virtual momentum
Energy
transfers can be comparable to the

lepton’s momentum.

» Coulomb corrections actually reside
inside the hard function.

This was a surprise



ALL ORDERS COULOMB CORRECTIONS IN THE POINT-LIKE LIMIT

Wavefunctions, and factorization, for amplitudes at all-orders in Za

27



Structure dependent
corrections

M= MsQ My Myy

We want to compute this



M= MR My,
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M= M;Q My
‘/f,l,p(o) = M (1) M y(p)

Solve Schrodinger  Known to all order

M (p) = M 3w, p(O)
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START SIMPLE: NON-RELATIVISTIC CASE

» Actual result holds at amplitude level!

All orders proof of re-summation

» Need a careful treatment of IR divergences to into an exponential

obtain the right answer.

M= e 1¢ log(u/A)

%H — e 1& [log(Zp/ﬂ) + yE] F(l . ié)efﬂ/z






M(p) =B, (0 M)A (A)

Compute #;y to all orders -§§
Obtain . to all orders
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SPECIAL PROPERTIES OF UV REGION

» UV region has novel loop properties.

» Can be computed at all orders in perturbation theory.

» The series can be summed, and converges.

» Result can be normalized in MS at all orders/non-pertrubatively in Za

RESULT

» Fundamental result in QED at all orders.

» Universally applicable for low momentum scattering with nuclei.



CONCLUSION AND OUTLOOK

Where are we now and where are we going?
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BROADER IMPACT *

» Many of the issues | describe here are essential for the neutrino cross
section problem (this is our community’s problem).

» The effects are universal to any high-precision experiment with nuclear
targets. e.g. muon conversion, beta decay of heavy nuclei.

» Coulomb effects due to large-Z
nuclei are inherently complicated
by nuclear structure.




CONCLUSIONS ’

1.

QED corrections are a mandatory theory input for %-level precision on
cross sections (large Z, large logs).

Background field is an approximation, valid in the static limit up to
corrections of O(a).

Nuclear radius sets new scale in factorization theorems. Qualitatively
different structure depending on hierarchy of scales.

Factorization has been tested at all orders in perturbation theory in the
point-like limit.

New formal structures and fundamental amplitudes computed in
closed form for the first time.



Isolate hard nuclear physics from QED loops and legs




ACKNOWLEDGEMENTS )

e | would like to thank O. Tomalak for collaboration on related work.

e | would like to thank the Neutrino Theory Network for supporting my visit
to UKY and FNAL in 2018 where these ideas were seeded.

e | would like to thank Susan Gardner for stimulating discussion on beta
decay.

e | would like to thank the Fermilab theory group for their generous and
welcoming hospitality over the past 3 years.

e | acknowledge support from the Intensity Frontier Fellow program at
Fermilab (2020-2021).



NTN WORKSHOP | JUNE 2022

BACKUP SLIDES



LOOP EXPANSIONS FOR
WAVEFUNCTIONS




WAVEFUNCTIONS

L4

CONNECTION BETWEEN DISTORTED WAVES AND LOGPS

» We have shown that perturbative expansions of HPET loops
match onto perturbative expansion of external field.

» Within external field calculation how can we see
correspondence with distorted wave methods?



WAVEFUNCTIONS
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CONNECTION BETWEEN DISTORTED WAVES AND LOOPS | NR-OM

» Consider Lipmann-Schwinger Equation for in/out states
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WAVEFUNCTIONS
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CONNECTION BETWEEN DISTORTED WAVES AND LOOPS | NR-OM
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THIS ALLOWS US TO RESUM DIAGRAMATICS

3
0 : @eiQ'X+...

27)3 2P - Q + Q% £ ie Q?

(x|y?) =e®PX( 1+ J

» Can use method of regions to separate out physics at different scales.

» E.g. introduce IR regulator Q* = Q* + ¢~.
Two regions: hard (Q ~ P) and soft (O ~ o).

» Coulomb phase comes from soft region, RG exponentiation.

» Sommerfeld comes from IR-divergent piece in hard region.



METHOD OF REGIONS




METHOD OF REGIONS
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CONSIDER A LOOP INTEGRAL WITH TWO SCALES

Taylor expansion.



WAVEFUNCTIONS
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FACTORIZATION FROM METHOD OF REGIONS
M = Z (Za)" M
M= MM,y + OGp)
M = Z (ZaY" M My = Z (Zary" MY

Only one region in each sum.



