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INntroduction

« The electroweak response is a fundamental
ingredient to describe the neutrino - 12-
carbon scattering, recently measured by the
MiniBooNE collaboration to_calibrate the
detector aimed at studying neutrino
oscillations.

Excess, at relatively low energy, of measured
cross section relative to theoretical
calculations.

 As a first step towards its calculation, we have
computed the sum rules for the
electromagnetic response of 12C. We want to
predict the results of Jefferson lab experiment
nearing publication.
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Electromagnetic response

The electromagnetic inclusive cross section of the process

e+ C s+ X

where the target final state is undetected, can be written in the Born approximation as

2 2
d*o _ _Ck_ Eel LMVW'L”/ |
dQe/dEe/ q4 Ee
The leptonic tensor is fully specified by the measured e’

electron kinematic variables
Ly, = Q[kuk,’/ + k,,k; — gW(kk’)]

The Hadronic tensor contains all the information on
target structure.

WH =" (Wo | JH T x ) (x| T [T0) 6™ (po + ¢ — px)
X
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Electromagnetic response

Schematic representation of the inclusive cross section.
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Electromagnetic response

At moderate momentum transfer, non relativistic wave functions can be used to
describe the initial and final states and an expansion of the current operator in
powers of |q|/m can be performed.

* The hadronic tensor (and the cross section) can be written in terms of the
longitudinal and transverse response functions, with respect to the direction of
the three-momentum transfer:

Longitudinal  Rp(g,w) =% (Wo|p|¥x)(Vx|p|Ve)d(Eo + w — Ex)
X

Transverse Rr(q,w) = Z(\IJM}}\\IJX)(\IJX\fT\\If())(S(EO +w — Ex)
X

» Realistic models for the electromagnetic charge and current operators include
one- and two-body terms, the latter assumed to be due to exchanges of effective
pseudo-scalar and vector mesons.
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Electromagnetic sum rules

* The direct calculation of the response requires the knowledge of all the
transition amplitudes: (Yol|p|¥x) and (Yo jr |V x).

* The sum rules provide an useful tool for studying integral properties of the
electron-nucleus scattering.

* . Ra(q,w) Proton electric
S.(q) = C, d
() /w+ “ GE2(Q2) —”  form factor

th

e Using the completeness relation, they can be expressed as ground-state
expectation values of the charge and current operators.

0 0)
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L ongitudinal and transverse sum rules.

Longitudinal sum rule

! 1 2 1
ian) VPP — s 0 ale@IOF| 5 0=

Sr(q) = CL{

The elastic contribution, proportional to the longitudinal form factor has been

removed. ,I;

Fr.(q) = Cr(0;q|p(aq)|0)

Transverse sum rule

Cr =2+ - 2 m
= 0 00 3 Cr=
G%( 36)< ’]T(q)jT(q)‘ > T (Z ,%29 4+ N,u%) q2

2

St(q)

« CL and Ct have been introduced under in order for S, (¢ — oo) =» 1 in the
approximation where nuclear charge and current operators originate solely from the
charge and spin magnetization of individual protons and neutrons and that relativistic

corrections are ignored.

Friday, July 19, 13



Comparison with experiment

Direct comparison between the calculated and experimentally extracted sum
rules cannot be made unambiguously for two reasons

 The experimental determination of S, requires measuring the associated

R,in the whole energy-transfer region, from threshold upto . oo
0WHO————T T T T T T T T T T Ty
Inclusive electron scattering ; g bl q=300 MeV/c
experiments only allow access to e f + :

the region where w < g

R, (q,0)(MeV")
=
&
|

(=]
=
S
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|

p } 3
) g \ .
Extrapolation needed ! 12, K :

ooooouusloxxul(l)ouuléouuluul..,l

w(MeV)

* Inadequacy of the dynamical framework to account for explicit pion production
mechanisms.
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Ab-Initio few-nucleon calculation

* The density and current operators have to be consistent with the_realistic nucleon-
nucleon (NN) interaction.

18
Argonne vig: vis(riz) = va(ﬁz)O}fg
p=1
is controlled by ~4300 np and nn scattering data below 350 MeV of the Nijmegen database.

e Static part OAZ.:1_6 = (1,04, 5i;) ® (1, 7;) Deuteron, S and D wave phase shifts
e Spin-orbit OA%:LS =L;; - Si; ® (1, 7;) P wave phase shifts
1
L;; = Q—i(ri —r;) x(V; —V;) <€>»  Angular momentum
1 . .
Sij = 5(07; + o) Total spin of the pair

The remaini2ng operators are needed to achieve the description of the Nijmegen scattering
data with X~ = 1. They accounts for quadratic spin-orbit interaction and charge symmetry

breaking effects.
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Ab-Initio few-nucleon calculation

* To compute the sum rules and the longitudinal form factor, the ground state wave
function of 12C needs to be precisely known. An accurate three body potential has to be
introduced.

Urbana IX L
contains the attractive Fujitaand | w1 [
Miyazawa two-pion exchange A A
interactionanda e e .
phenomenological repulsive term.

lllinois 7 L N e I T
also includes terms originating

from three-pion exchange
diagrams and the two-pion S- T m
wave contribution. '

We have used lllinois 7 potential, that can be written as

A PWA2TPW | ASWA27.SW , AR A3mAR R
Vin=A5; 005 " TA 055 "+ A3, 0050 +AROjj -
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Ab-INnitio few-nucleon calculation
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Green’s Function Monte Carlo

Solving the many body Schroedinger equation is made particularly difficult by the
complexity of the interaction, which is spin-isospin dependent and contains strong
tensor terms

IA{\IJ()(ZIH ZCA) :EO\Po(Zl ZIZ’A)

The wave function can be expresses as a sum over spin-isospin states

Ug(z1...wa) = To(ry...ra)|a)

the number of which grows
exponentially with the number of
particles

A
 aA
N =2 X<Z>

For 12C 270,336 second
order coupled differential
equations in 36 variables !!!
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Green’s Function Monte Carlo

GFMC algorithms use projection techniques to enhance the ground-state component
of a starting trial wave function

Uo(zy ...x4) = lim e_(ﬁ_EO)T\I!T(xl ... Ty)

T—00

The trial wave function contains 3-body correlations stemming from 3-body potential

Ur= 1+ Y UEM|Ur <« Uge =V +erVi
1<g<k
The pair correlated wave function is written in terms of operator correlations

o =[S 04U > Us= 3 [I] Pewrn)]uslri)O}

1<J p=2,6 k#j,i

\| Since the operators do not commute, their ordering is sampled

The total antisymmetric Jastrow wave function depends on the nuclear state.

o= | I fin) [T /5] 240 MT.Ts) <> 24(0,0,0,0) = Apptpntn )
1<g<k 1<J
NaHe
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Green’s Function Monte Carlo

* Within GFMC the wave function is represented by a complex vector of 2‘4(

numbers, each depending on the 3A coordinates: a GFMC sample.

e The 3H case fits in the slide!

(Wspy) =

6'12|\IJ3H> —
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Green’s Function Monte Carlo

Each imaginary time step consists in a 3A dimensional integral, evaluated within the
Monte Carlo approach.

Gos(R,R) =, <R|e‘(ﬁ‘E0)AT|R’>5 <—>» Matrix in spin-isospin space!

The short-time propagator is constructed from the exact two-body propagator

Gaﬁ(Ra Rl) _ GO(R, Rl)a<[SH gij(r’ijari]/'))}>ﬂ

90,5 (Tij, '

1<J
which is given by
/ —H. AT & _ V'%J
9ij(rij, i) = (vijle” 7957 ry,;)  €>» Hijj = — - + U4

while 9o ,i;(rij, I‘éj) IS the free two-body propagator. Using the exact two-body
propagators allows for larger time steps:

Standar Trotter Two-body propagator
Large error if two partlcles are 0 Large error if three particles

very close ~ v;;Tv;; AT are very close ~ v;;Tv AT
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Green’s Function Monte Carlo

Each path consists of a set of n steps, where each step contains a sample of 3A particle
coordinates, as well as sets of operator orders used to sample the symmetrization
operators S for the pair operators in the trial wave function.

To control the sign problem, an 12C(g.s.) - AVI8+IL7 with various corrs. - (H) - 18 Jul 2013
algorithm for discarding + L B A B

. . . B 6 18 7
configurations which resembles r $ Gstate 18 -

as much as possible the i

constrained-path algorithms is 91‘.+ |

implemented. + :
The algorithm has been tested 0 ‘, °+. .
studying the dependence I +¢¢ ! ‘+ | (oie 1
upon constraining wave I *+0 Toe? 7007 4
function and also the »+, °. o

-93 - *%e0o
convergence of the results i ”+0 * ]
obtained by relaxing the i 7

constraint. I ]
_94 ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘

¢ 4450

(H) (MeV)
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Need to go beyond MP

» The branching process of the GFMC algorithm involves replication and killing of
the samples, the number of which can undergo large fluctuations.

* [n the original version of the code, several Monte Carlo samples, say at least 10,

were assigned to each rank.
e e 4

Rank 1 -
Rank2 10
Rank 3 [0

N N\

* A typical '2C calculation involves around 15,000 samples while leadership class
computers have many 10,000’s of processors, making the algorithm quite inefficient.
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ADLB library: overview

. . QOO0
* Nodes are organized in servers and ® ~
slaves; in standard GFMC calculations .0 ®
approximately 3% of the nodes are ADLB O 0.
servers. G 0 ®
put/get
\ <y
O Application Processes
@ ADLB Servers ‘. ..
0. .0
C) @

* A shared work queue, managed by the servers, is accessed by the slaves
that either put work units, denoted as “work packages” in it or get those work
packages out to work on them.

* Once a work package has been processed by a slave, a “response
package” may be sent to the slave that put the work package in the queue.
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ADLB library: implementation

e |n order to reduce the statistical error associated with GFMC, the sum rules
and the longitudinal form factor are evaluated for:

12 directions of the momentum transfer

: . : 252 independent
(in four groups of three orthogonal directions) .

expectation values
21 values of the discretized momentum need to be computed.

transfer magnitude

* The evaluation of the sum rules of the °C for a single value of the
momentum transfer takes of about 360 seconds (with 16 OpenMP threads)

 ADLB is used to split the calculation in such a way that each slave
calculates the sum rules and the form factor for a single value of q .
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ADLB library: implementation

* The response work package contains the left and right wave functions
and, in certain cases, their derivatives.

TYPE respon wp package der

sequence
! common part of package
complex(8), dimension(nspin0, nisol) ::
complex(4), dimension(ns,nisol,3,npart0)
real(8) :: rpartO(3*npart0)
real(8) :: actf, weight
integer(4) :: iptb, if2, ijunk .
logical(l) :: prisw As bigas 1.30 GB !
! wvariable part : :
resi(s), dimemsion(®) :: gh Impossible on Intrepid!
real(8) :: g
integer(4) :: iqq, igh

END TYPE respon wp package der

 ADLB solution

Common part put: called once for each configuration.

call ADLB Begin batch put(rwp%cfl, respon wp len common, ierr)

Variable part put: called for each Q.

call ADLB PUT(rwp%gh, respon wp len var, -1, myid, adlbwp respon, i1 prior, ierr)
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ADLB library: performance

* Very good scaling of the energy calculation up to 262,144 MPI ranks!

40 4/0/‘/*
Q\‘\"./C—+

—e— Actual
—Ideal

I
-

I2C - GFMC+ADLB - BG/Q

lllll

Time (minutes)
(\®)
S
[ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ [ |

Weak scaling, 2 configs/rank NP 9Z
10 ¥
¥ %
O | [ | [ | [ | [ | [ | [ | [ | [ | [ | [ | |
256 1,024 4,096 16,384 65,536 262,144
Number of MPI ranks
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ADLB library: performance

 \lery good scaling of the calculation: total time per configuration per g-value very

close to the ideal case.

10

Total walltime / Configurations / g-values ———

100% Efficiency ==—=—-

Time (minutes)

95.2%
Efficiency!

128

512 2048

MPI ranks

8192

32768

Friday, July 19, 13




Results - Longitudinal form factor

e Experimental data are well

reproduced by theory over the 10° -—. -
g 0.08 -
whole range of momentum N‘h ~ I :
transfers; | %, S04 _ _
10 o : ;
n Q Lo L Seeedesggegs
= i L O'OOO %(fm) 4
Z | T OO0
* Two-body terms become H 10'2; e £° a"%q
appreciable only for g > 3 fm - " O-QP
' i o
-1 where they interfere - - % .
destructively with the one- 10‘3; O 0 b -.{q)
body contributions bringing =, pﬂ;% : ¢¢+
theory into closer agreement : * * <
I I '4 ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] ®
with experiment. 10 1 D 3 4
1
q (fm )
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Results - Longitudinal sum rule

* SL vanishes quadratically 1.27

i eI:xp-l|-tai|1

at small momentum transfer. =

1.0H ©

| e
* The one-body sum rule in 0.8
the large g limit differs from = |
unity because of relativistic s 0.6¢
correction and convection 04l
term. T
0.2

e Satisfactory agreement with
the experimental values, 00— v+ L oL

including tail contributions. | : ’ 1 3 *
q (tm )

No evidence for significant in-
== medium modifications of the nucleon
electromagnetic form factors.

* No significant quenching of
longitudinal strength is observed
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Results - Transverse sum rule

*Divergent behavior at small g

due to the normalization factor H 0L
Cr. . i
* Comparison with L5r N .0~ |
experimental data made =~ — ~o- - j
difficult by the A peak. = IR e + ot
o 1b /o-’o 1
o J - i
 Large two-body o . deriv o |
i 1b+2b - |
contribution, most likely from 0.51 - ]
the quasi-elastic region, - o7 ]
needed for a better Wil | | 1.0
agreement with experimental 00— """"> 3 A

-1
data. q(fm’)
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Conclusions

 VVery good description of the longitudinal form factor; two body terms bring theory
Into closer agreement with experiment.

 As for the longitudinal sum rule, we find satisfactory agreement with the experimental
values, including tail contributions. Hence, we find no evidence for in-medium
modifications of the nucleon electromagnetic form factors.

* In the transverse sum rule large two-body contribution the sizable contribution
of the two-body terms is needed for a better agreement with experimental data.

* VVery good ADLB scaling up to 32,768 ranks (at least), using 4 ranks per node.

 Good OpenMP scaling in each process: using 16 threads (the most possible) instead
of only 4 reduces the time per configuration per g-value from about 12 to 6 minutes
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Future

* Neutral current sum rules, allowing for the description of neutrino scattering
on Carbon-12, are currently being implemented in the code.

* Euclidean electromagnetic response calculation of 12-carbon

Eu(q,7) = / @B R (g )

th

will enable us to make a more direct comparison with data. Its implementation
does not involve conceptual difficulties, as it consists in the evaluation of matrix
elements like

(0]0L e~ F0T0,0)
(0e~(F=Fo)7|0)

M(7) =

Friday, July 19, 13



Future

The “He transverse sum rule (not divided by the form factor) of the response
function exhibits a sizable enhancement due to two-body terms.

2.5 | | T S | | | |
"""""""""" 1 body
®.. 142 body +-x--
2 I ,"i . -
(4 ‘x“
—~ 1.9 F 7
; l"' ‘k\
= X
~ 1 | J \x\ _
I" ~~~~x
o
0.5 F 3
0 | | | | | | |
0 0.5 1 1.5 2 2.9 3 3.9 4
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