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L ecture content

® Multi-particle systems at finite temporal extent

® Medium effects and multi-hadron matrix elements

® Open Issues for the future



Multi-particle systems at finite temporal extent



Multi-pion correlation function

Consider N pion correlation function
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Many states contribute (ignore excitations)
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Four pion correlation
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Four pion correlation
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Four pion correlation
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Four pion correlation
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Many meson 2-point correlator

e (Consider " correlator (my=mq)

CH(t) = <O Za%u(x, t)uvysd(0,0) O>
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Many meson 2-point correlator

e (Consider " correlator (my=mq)

CcW(t) = <O Za%u(x, t)uysd(0,0) O>
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Many meson 2-point correlator

e (Consider " correlator (my=mq)

CcW(t) = <O Za%u(x, t)uysd(0,0) O>
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Many meson 2-point correlator

e Now an n m" correlator (my=my)

C(t) = <O ZE%u(X,t)ﬂ%d(0,0) O>




Many meson 2-point correlator

e Now an n m" correlator (my=my)

CM(t) = <O nggu(x,t)ﬂ%d(0,0) O>
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Many meson 2-point correlator

e Now an n m" correlator (my=my)

CM(t) = <O 2375u(x,t)ﬂ75d(0,0)
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Analysis on finite T correlators

® (Can rewrite the t dependence as
Chr(t) = % (n>AZ%Z;’:Le_(E”m+Em)T/2 cosh((Ep_m — En)(t—=T/2))+ ...
m=0 \'"
® [xtracting the eigen-energies from these correlators is difficult
® Many parameters appear in each correlator

® (orrelations between different C; as the energy Ex occurs in all G (j=k)

® Various ways to deal with this: eg cascading fits



Thermal pollution
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At no point does the ground state dominate the correlator!!!



Medium effects and matrix elements

® 50 far we have only investigated spectroscopy of multi-hadron systems
® \What about the structure and other properties of such systems!?
® Moments, form factors, polarisabilites, weak interactions....
® Probed by matrix elements in multi-hadron eigenstates

® \What about in medium properties — how does a proton get modified in a
nucleus (intrinsically not a well defined separation)?

® Really an interpretation of the above

® \ery new direction of investigation

[Image from JLab]



Colour screening of static charges

® Static quark potential

[Leinweber][Bali et al.][Petreczky/Petrov]



Colour screening of static charges

® Static quark potential
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Colour screening of static charges

Static quark potential

Screening: evidence for quark-gluon plasma
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Color screening

Static quark potential
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Color screening

Static quark potential

Cw(R, T s t)
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Color screening

® Static quark potential
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® Modified by condensate! Hadronic screening?
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® Static quark potential
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In medium effects

n pion correlator
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In pictures

Wilson line
source t=tw

N-TT
source t=tn

Fuclidean time
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In pictures

source t=tn

Fuclidean time




Fffective oV plots
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SF(R, n=1 & 5)

[WD & M Savage, PRL 102:032004, 2009]
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® (onstant at large R

® Dielectric medium inside flux tube



adron structure in QCD

Deep Inelastic scattering experiments
probe parton distribution functions gH(x)
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® Probability of finding a parton (g,g) In “3:: Q%2 =10 GeV? -
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momentum fraction x

Operator product expansion:
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Phenomenologically find DIS on nuclei



adron structure in QCD

® Proton structure ntensively studied in QCD using 3-pt functions (see James
Zanottl's lectures next week)

Co(t,p) = > ™ (0]xa (0)x (x,1)[0) )

Cs(t,p) = Y e®*(0]xu (0)O(y, 7)x}; (x,1)[0) @ <
y’ —
R= giggi o0 1 |O|H)

® | imrited to low moments by reduced lattice symmetry
® Most studies for nucleon, but also pion, rho, ...
® [Disconnected term often neglected (absent for isovector quantities)

® \What about multi-baryon structure (EMC effect)?



Many meson 3-point correlator

[WD & H-W Lin, in progress]

® Pionic analogue of EMC effect

® nx' 3-point correlator
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1 x y



Many meson 3-point correlator

[WD & H-W Lin, in progress]

® Pionic analogue of EMC effect

® nm' 3-point correlator

Ci(rtp) = (0 [ﬁzeipi"‘xw)] > @I (y,7) [x (@0)] " o)

1 x y

permutatiens




Many meson 3-point correlator

[WD & H-W Lin, in progress]

® Pionic analogue of EMC effect

® nm' 3-point correlator

O (r,t,p) = <0‘ [ﬁzeipi'xx(xat)] Y YT (y,T) [XT(wo>}m‘0>

where (O™ = (mz| 7™ |mr)

permutatiens



Many meson 3-point correlator

[WD & H-W Lin, in progress]

® Pionic analogue of EMC effect

® nm' 3-point correlator

crtp) = (0 [m Zeim'w(x,a] > @I (y,7) [x (@0)] " o)

1=1 X y
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where (O™ = (mz| 7™ |mr)
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Many meson 3-point correlator

[WD & H-W Lin, in progress]

® Pionic analogue of EMC effect

® nm' 3-point correlator

crtp) = (0 [ﬁ e@'m°><x<x,t>] > @I (y,7) [x (@0)] " o)

y

where (O™ = (mz| 7™ |mr)
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Backwards propagator contamination

Cin(t;T=00)/Cy (6T)

® [hermal contamination gets very bad near the midpoint of the temporal extent

® Fraction of non-thermal contributions to 2pt correlator (T=64 here)
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® T[rying to measure three point function at t>T/4 is problematic — nothing to do
with physically relevant state



Many meson 3-point correlator

® Pionic analogue of EMC effect

® nx' 3-point correlator

O (1.t p) = <0‘ [ﬁzeipi'xx(xat)l > YT (y,7) X! (w0)] " ‘0>

1=1 X y

— Zp (O e~ Emt -+ excitations and thermal effects

m

 (Contractions performed by treating the struck meson

as a separate species
Colour/Dirac structure of operator

~

Il = Z 75S(X7 t; O)fYE)ST (Xa t; 0)7 HT —X,y 75S(X7 t; Y T)FOS(Ya T 0),}/5‘9Jr (X7 t; O)

* System now looks like (m-1) pions + | “kaon”

* (an be written as products of traces of two matrices
[WD & B Smigielski, arXiv: | 103.4362]



Double ratio

® Define ratio to extract matrix elements (eg for momentum fraction)

oM () t>r 1

R(")(t, T) = (n 7T+]C’)44]n 7T+>
() Ban

® Double ratio — allows direct investigation of ratio of moments

R<n)(t,7') - My <n 7'('_'_‘044’% 7T+> X Ernr <x>n7r+
RO(t,7)  Epr (7HOMxt) 7 ma ()

® No need to renormalise operator!

® (alculate ratios for various quark masses [DWF valence on MILC sea]



Double ratio

e

'.iii}iﬂﬁﬂl—“'ﬁ‘iniiiil

14r

N < ®
— — o

<(Dx>/<(e)x>

0.6

....EEIM.itll'-

14r

N < x®

— — =)

<(Dx>/<(@)x>

06

141

N < ]

— — o

<(Dx>/<(Dx>

06+

30

25

20

15

10

30

25

20

15

10

30

25

20

15

10

aT

aT

aT

14r¢

<(Dx>/<(9)x>

14r¢

N < xR

— — =)

<(Dx>/<(g)x>

141

N < ]

— — o

<(Dx>/<(p)x>

30

25

20

15

10

30

25

20

15

10

30

25

20

15

10

aT

aTt

aTt

T[ IIE

14r¢

<(Dx>/<(6)x>

14r¢

N < ]
— — =)

<(Dx>/<(8)x>

.
<
—

N < x
— —_ o

<(Dx>/<(L)x>

30

25

20

15

10

30

25

20

15

10

30

25

20

15

10

aT

aTt

aTt

DWF on MILC

350 MeV
0.12 fm, 20°x64

My —

<(Dx>/<(01)x>

e
—e—
—e— —
—eo—i
e '
o
Wz |
e
1
e
ro i
(2 2}
[ 2l
L L L L ]
& a4 9 w9
— — — o o
<(Dx>/<(z1)x>
—
—e—
e
—e— —
e
(= ol
e+
e
e
ro ]
o+
e
i i i i |
< N < Q o
— — — o ()
<(Dx>/<(11)x>
—e—
o
e
e -
= ol
—r——
2 ol
e+
e
——e—
2 2l —
e+
ol
,,,,,,,,,,,,,,,,,\
~ N =] Q o
— — — o o

30

25

20

15

10

30

25

20

15

10

30

25

20

15

10

aTt

aT

aTt



Medium modification

Extracted ratio of moments is not unity — medium modification of pion stucture
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Extension to baryons certainly possible but messier as usuall



Matrix elements in multi-hadron systems

® Many pion PDF moments are one example of
matrix elements of multi-hadron systems

® (Other theoretical investigations

® WD & M Savage “Electroweak matrix
elements in the two nucleon sector from lattice

QCD " hep-lat/0403005

® H Meyer, “Photodisintegration of a Bound State
on the Torus *, 1202.6675

® V Bernard, D Hoya, U-G Mell3ner & A
Rusetsky, “Matrix elements of unstable
particles” 1205.4642



Background fields

Consider QCD in the presence of a constant background magnetic field

® |mplement by adding term to the action (careful with boundaries)

Shifts spin-1/2 particle masses

MTl :M():l:,u‘B‘ —|—47T5‘B’2—|—

® (Changing strength of background
field allows p, g to be extracted

Two nucleon states
® |evels split and mix
® |[andau levels:

Similar for electro-weak
fields and twist-two fields

E#

ISO

3G,

m=0

m=+ |
m=0



EFT two-body currents

Two-body contributions

(d|O|d) = + + ...

Magnetic moment: two body modification

B 2
1 —rs

[d (L2 + ko)

Twist-two current: leading EMC effect o, (more complicated as necessary to
include pions)

(™) g = 2(x™) N + an (d|(NTN)?|d) + ...



EFT two-body currents

Two-body contributions

(d|O|d) = + + ...

Magnetic moment: two body modification

B 2
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Twist-two current: leading EMC effect o, (more complicated as necessary to
include pions)
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Energy levels in BF

Background field modifies eigenvalue equation for m==1 states

L? B
pcotd(p) — —S <4 p’ ie|B\/<;0]) F 6‘2 | (Lo — r3kg) =0
2

Asymptotic expansion of lowest scattering level

2
m—=-+1 GIB‘H() 47TA3 A3 A3
EO ::F M —|—ML3 1—C1T—|—CQ T —|—
1 1 e|B|L
where 7= - + | 2' -

Mixes 'Sp and 3S| m=0 states (coupled channels — but perturbative)

S, +5S_ S, +S_ B|L;, S.—-5S_1°
peot b (p) — = ]:[6‘ oy S ]

L ] [p cot 03(p) — L 2 2L

where

L2
S, =9 <47T2 p° & e|B|k1] +)

(WD & M| Savage Nucl Phys A 743, 1 /0]



Energy levels in B field

-10

EFT prediction for behaviour of m=*1| energy levels

e B = 1000 MeV?
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Energy levels in B field

E-2My [MeV]

-10

EFT prediction for behaviour of m=*1| energy levels

e B = 1000 MeV?
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np—dy: 35,—'So m=0
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np—dy: 35,—'So m=0
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NB: box is asymmetric: 4x4x40 fm?
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np—dy: 35,—'So m=0
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NB: box is asymmetric: 4x4x40 fm?
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vd—np: EW BF

E [MeV ]
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TV e v B ¥ A ¢ “e! ¢
N ¢ *t, ¢ zzo, ¢ ‘etease o
‘e ¢ ¢ *3e, |
¢ ¢ N ¢ ¢ ¢ ¢ ‘e ¢ ¢ ¢ %%
¢ ¢ LS X
¢ LN . o4, ¢ *e80, * LN *q
4y ¢ ‘30, ¢ DAL TIIE
¢ YO0 ‘ ’ “"No:: ’ IREPAKETTTY
o" . ° 0.'0.,,:‘:’ o 3:0000000330000012300,. ]
3N %0000 ¢ ¢ ¢ ¢
’o.“""‘ : L . OO‘goo00000003*000000033‘000003*‘04
¢ :ooooooooot:ooooooooo0:000000003.:0000000 $ge0000eetogrreeitog
¢ ¢ 1
¢ ¢ ¢ ¢
"y K *e I T T T T MALLIT IO
N ¢ ¢ LY ]
) R ’, ‘0.,;300‘000,‘ ‘0.’ e,
¢ ¢ o ¢
. 840 . ‘N |
. ’, YYT111 ‘o,‘ "o,’ ”0,.,
¢ ¢
¢ . §§“o, ‘oo TN f
¢ . * . *
¢ “ “ ". "‘A e,
: ' hing Yo desd,
¢ ”‘, O.J\/Iatc Ing ’aiilce
IR 0% e LTI IAATTIN
¢ T ‘e
‘oo, R RIYveee meziSu«r«a.raQe’rytN .
(X R4 : ’00‘ ”’0
‘e : AEXXXY
0.‘ :f""oo "06090 tre‘ter*FHKI&SQLLA""””’<
. XXX
‘oooooooo . "“’00009..0000000000000000000000 1
000000:‘000’:0000000000000000000000000000000000000000000000000 {
7
¢ Ll,A:_8 fm ¢
3 ]
¢
7
= 4
. L]-A O fm " ot 900::::::1
o "L, ,=8 fm X308 cosett?
1'A_ ““ “" ¢+ \
I | I L A ! : 4 — ‘

L [£fm]

NB: box is asymmetric: 4x4x40 fm?



Open Issues



Noise

® Noise in QCD correlators is generically a problem — somehow related to the sign
problem discussed in Gert Aarts’ lectures

® T[here are hints that we can suppress noise for certain choices of correlation
functions

® How effectively can this be systematised!

® (an this be done for large A systems that we afford to
perform contractions for?

® Are we measuring things the most sensible way?

® David Kwill say a lot more about noise on Friday



Density of states

One specific issue that is a bit frightening at the moment is the density of scattering
states in multi-hadron systems

50

—50!

AE (MeV)

. L=24,|p|=0

L=32, |p|=0

. L=48 , |p|=0

—150; 4He(0+) p+p+n+n d+p+n n+p+p nn + pp d+d He +n

—100¢

States far below thresholds are presumably OK, but how do we learn about d—d
scattering?

Back to Maiani-Testa No-go Theorem
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Theoretical problems

® [or large A systems, how do we control the volume, lattice spacing, unphysical
quark mass artefacts?

® Maybe just empirically?
® (an we have a better theoretical understanding?

® \What other kinds of observables can we calculate?



Summary

Nuclear physics and multi-hadron systems are a frontier for QCD calculations

® Major advances In the last few years (Amax=2 = Amax=28)

Definitely a difficult problem — noise, contractions, theoretical understanding,...

Lots of possibilities for new calculations — new observables, new approaches

Lots of room for improvements (theoretical, algorithmic and computational)

How far can we go!?
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