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Motivation
QCD van der Waals forces

Heavy quarkonium physics

@ The simplest possible QCD interaction between
two quarks is the one-gluon exchange.

o For distances above 1/Agcp our degrees of
freedom are not quarks and gluons but hadrons.

@ Since hadrons are colorless objects, one-gluon
exchange between hadrons is not possible.

CAN HADRONS EXCHANGE MORE THAN ONE GLUON?

o Multiple gluon exchange between instantaneous color dipoles is allowed.
@ Such interaction is known under the name QCD van der Waals forces.

o Up to R ~ 1fm these forces can be understood as a pure gluon exchange

Physik-Department T30f (TUM) Van der Waals forces 3/17



Motivation
QCD van der Waals forces

Heavy quarkonium physics

In fact, much work has already been done to obtain corresponding theoretical
predictions by using phenomenological Lagrangians and dispersive methods

[Fujii & Mima, 1978]
[Luke et al., 1992]
[Brodsky & Miller, 1997]
[Fujii & Kharzeev, 1999]
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Reasons to study QCD van der Waals forces between charmonia or bottomonia

@ Learn more about short range interactions between heavy quarkonia.
@ Understand gluonic van der Waals forces in the EFT framework

@ Provide precise theoretical predictions for future experiments.
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Motivation

The theoretical tools are already available!

Physik-Department T30f (TUM)

HQ have a hierarchy of well separated
scales.

The EFT approach is widely used.
NRQCD [Bodwin et al., 1995] and
pNRQCD [Brambilla et al., 2000] are
two successful EFTs of QCD.

NRQCD arises from the systematic of
expansion of Lqcp in ——.

mq
pNRQCD arises from the systematic of
expansion of Lqcp in m%; and the size
of the bound state r.

The only remaining dynamical scale in
pNRQCD is mquv®.

It is natural to study the QCD van der
Waals forces in pNRQCD.

QCD van der Waals forces
Heavy quarkonium physics

RELEVANT HQ SCALES

mq
mQ

> mou > va2 )
> Aqcp

© [Prel| ~ mqu

0 Byind = my — 2mq ~ mqv’
o m. ~ 1.3GeV, mp =~ 4.2GeV
e v, =~ 0.55, vy =~ 0.32

Theory

QCD

NRQCD

pNRQCD

Van der Waals forces

+— + + >
MyV* << MoV << Mg Scales

5/ 17



Relevant scales
Electromagnetic interactions between neutral systems EFT approach

pNRQED
AEFT

o Before we get to QCD let us look at the QED van der Waals forces first! )

s

R~1/|k|~t,

.. t~1/mea?

e Hydrogen atoms in the ground
state are neutral and
polarizable.

o Electric interaction via
instantaneous electric dipole
moments.

@ Magnetic interaction between
the spins of the electrons is
suppressed by 1/m.
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Relevant scales
Electromagnetic interactions between neutral systems EFT approach

pNRQED
AEFT

o Before we get to QCD let us look at the QED van der Waals forces first! )

. MAIN SCALES OF THE PROBLEM
° e momentum transfer k| ~ 1/R

R~1/|k|~t, o binding energy m.a® ~ 1/t

.‘ t~1/meo

POSSIBLE SCALE HIERARCHIES

o |k| >> m.a®: short range interaction

e Hydrogen atoms in the ground with V(R) ~ 1/R6 (London force)
state are neutral and [London, 1930]
polarlz.at.)le. _ . o |k| << mea’: long range interaction

o Electric interaction via with V(R) ~ 1/R" (Casimir-Polder
instantaneous electric dipole force)
moments. [Casimir & Polder, 1948]

o Magnetic interaction between o k| ~ m.a®: intermediate region
the spins of the electrons is [Feinberg & Sucher, 1970]

suppressed by 1/m.
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Relevant scales
Electromagnetic interactions between neutral systems EFT approach

pNRQED
AEFT

/HY THE DIFFERENT R-DEPENDENCE?

o LO Feynman diagram: 2-photon exchange between two neutral fields.
o To pass the distance R, photons need finite time: ¢, = R/c ~ 1/|k|.

o Compare this to the intrinsic time scale of the atom t, ~ 1/ma?:

o For ty < t (i.e. |k| > mc.a?) the photon exchange is instantaneous.
o For ty > t (i.e. |k| < mea?) the photon exchange requires finite time
(retardation effects).
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Relevant scales
Electromagnetic interactions between neutral systems EFT approach

pNRQED
AEFT

Theory

QED |
NRQED |
pPNRQED |

——

— } }
m.a® << mM.a << M.  Scales

In the full QED our system has more scales than just mea? and [k|!

The scales m. and mca are not relevant for the van der Waals forces.

Integrating out the m,. scale we obtain non-relativistic QED (NRQED).
[Caswell & Lepage, 1986].

@ Integrating out the m. and m.a scales we obtain potential NRQED (pNRQED)
[Pineda & Soto, 1998].

NRQED and pNRQED can be rigorously derived from the full QED.

The dynamical degrees of freedom of canonical pNRQED are ultrasoft photons
(E~, |py| ~ mea?) and the singlet field S(r, R, t) (Eg ~ mea?).
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Relevant scales
Electromagnetic interactions between neutral systems EFT approach

pNRQED
AEFT

b
A
<
= QED |
NRQED |
pNRQED" |
pPNRQED |

——t—t }
m.a® << m.a << M.  Scales

In the full QED our system has more scales than just mca? and |k|!

@ The scales me and mea are not relevant for the van der Waals forces.

@ Integrating out the m. scale we obtain non-relativistic QED (NRQED).
[Caswell & Lepage, 1986].

@ Integrating out the m. and meca scales we obtain potential NRQED (pNRQED)
[Pineda & Soto, 1998].

NRQED and pNRQED can be rigorously derived from the full QED.

The dynamical degrees of freedom of canonical pNRQED are ultrasoft photons
(E~, |p~y| ~ mea?) and the singlet field S(r, R, t) (Eg ~ mea?).
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Relevant scales

Electromagnetic interactions between neutral systems EFT approach
pNRQED

AEFT

o After integrating out m. and m.c, our intermediate theory contains not

only the scale m.a” but also [k|.
o Depending on the relative size of |k|, three different hierarchies are possible.

> >

2 =A A

[ [ [

= = ey

= = = PNRQED

| pNRQED'
‘ PNRQED
| _PNRQED AEFT

' — ' — ' —>
m.a® << Kk Scales k ~ m.? scales k <<m.® scales
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Electromagnetic interactions between neutral systems

LoNRQED = —lf R F‘“’(t,R)F,W(t R)

+ [ d*R P ST (4 R)[ 2 1 er E(t,R) + creSBER] 5(1 1 R)

v

Lonrqep = Lpzraep + [ d®Rid®Rad’rid®ra STS(t,r1, R1) V(R: — R2)STS(¢, r2, Ra)

y

Matching pNRQED’ to pNRQED:
@ Match 1- and 2-photon exchange diagrams in pPNRQED' to the potentials in
pNRQED.

@ Tree-level: Leading order electric, magnetic and mixed potentials.
@ Loop-level: Subleading corrections to the potential.
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Relevant scales
Electromagnetic interactions between neutral systems EFT approach

pNRQED
AEFT

Van der Waals interaction in pPNRQED: Scattering of two S fields, where the initial and
final states of each field do not change

| | lma) (mal Ima) (] ma) (ma]  [m)
¢ ¢ & | -
| \

[m2) (ma| [n2)  (n2| [me)(mz| [n2)

(na] |m1) (ma| |n1)  (m

(n2| |m2) (ma| |n2) (n2

POTENTIALS IN THE ISOTROPY APPROXIMATION

El ic: VLg(R) = 3et |r117zm|2|r21n7n|2
o Electric : Vig(R) = T3[R Z AE, + AB>
my,mo
) 384 C4 |S%nm|2|‘5gnm|2
o Magnetic : Vis(R) = _Wmi% Z "AE, + AE,
my,m2
[London, 1930]
4 5 120l g2 120 |2
) e cp |T’1nm| ‘SQnml +|S1nm‘ |T2nm|
Mixed: — = AEAE
o Mixed: Vies(R) ST2[R[* m2 Z AFE, + AFE; e
mi,m2
[Feinberg, 1989]

with 7, = (g7 ms), Sim = (ni|S*|ms), AE; = By, — En,

i
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Relevant scales
Electromagnetic interactions between neutral systems EFT approach

pNRQED
AEFT

Lonrqep = [ d°R F””(t,R)FW(t R)
+ [ @R d’r ST(t, 1, R) [180 T + mpter-E(¢R)+cr eSB(tR)} S(t,r,R)

v

LagrT = deR F‘“’(t R) #y(t R)

+f d°R d’r an St(t,r,R,ny) [zao + En, + c(n yEE; + d(n ) j} S(t,r,R, ny)

+ f d3R1 d3R2d3r1 d31‘2 STS(t, ri,Ri, TLZ) V”(Rl — RQ)STS(t, r2, Ro, nj)

Matching pNRQED to AEFT:

@ Tree-level: Match 2-photon emission in pPNRQED to the seagull vertices in AEFT.

@ 1-loop: No contributions relevant at the order we are interested in.

<|L‘\‘ ’/me <nk|vn>
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Relevant scales
Electromagnetic interactions between neutral systems EFT approach

pNRQED
AEFT

Van der Waals interaction in AEFT: Scattering of two S fields, where the initial
and final states of each field do not change

(| |n1)

POTENTIALS IN THE ISOTROPY APPROXIMATION

o Electric : Vig(R) = _%
o Magnetic : Vig(R) = _%
o Mixed: VLEB(R) = 7(a"16Z;2;€n1an2)
[Casimir & Polder, 1948], [Holstein, 2008]

(ng|r*|m) (mlr*|ne) N (el STm) (m] 8" )
h n, - n, -
with am, = o Z By — Eom By = QWZ By — B
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@ In the QCD case, the general idea remains the same, however the non-abelian
nature of the theory must be taken into account (pPNRQED — pNRQCD, atoms
— quarkonia)

@ The presence of Aqcp leads to a higher number of possible scale hierarchies

If Aqcp is the smallest scale, everything remains perturbative and the computations
are quite similar to the pNRQED case.

o pNRQCD': |k| > mga? > Aqcp

@ pNRQCD: k| ~ mga? > Aqep
@ EFT for quarkonium interactions: mQai > k| > Aqcp

NON-PERTURBATIVE, BUT SAME 1/R6 POTENTIAL

k| > Aqcp ~ mga?

e pNRQCD: |k| > Agcp > mga?,
Although pNRQCD is non-perturbative, the l/R6 part of the potential which arises

from the 2-potential exchange diagrams only can still be computed.

COMPLETELY NON-PERTURBATIVE

For Aqcp > |k|, Aqep ~ |k| one could work with chiral low energy theories.
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@ The simplest hierarchy corresponds to the bound state of a very heavy quarkonium
with the Coulomb-type potential.

PNRQC

|
|

In pPNRQCD Q@ pairs in a particular color configuration are described by color singlet
i T®
(s= S) and color octet fields (O = — 0?).
v/ N, vV Tg

Lonrqepy = —1 f &R F#(8,R)Fu (, R)

+ [ R @®r Tr {S1(t,x,R) (100 — hs(r)) S(t, v, R) + Ot (t,x, R) (i — ho(r)) O(t,r, R) }
+ [ @R d®rgVa(r) Tr { OF (¢,r,R)r - E(,R)S(t,r,R) + ST (t,r,R)r - E(t,R)O(t,r, R) }
+ [ @R dPr LLVi(r) Tr { O (t,r,R)o - B(t,R)S(t,r, R) + ST(t,r,R)o - B(t,R)O(t,r, R) }
+ [ @R dPr ELVi(r) Tr {o - B(t,R) O (t,r,R)S(t,r, R) + (t,r,R)o - B(t,R)STO(t,r R)}

LyNnrGQCD = LpNRQCD’ + f dSRl d3R2d3r1 d3r2 STS(t, ri,Ri)V(R1 — RZ)STS(t7I'2,R2)
v
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QCD

Van der Waals interaction in between two heavy quarkonia in pPNRQCD: Scattering of two
S fields, where the initial and final states of each field do not change

(| [ma) (ma| |ma)  (ml ma) (mal o na) o (mal ) (mal o ma)
(n2| |m2) (ma| Im2) (m2| [|m2)(ma| [m2) (m2| |m2)(mo| |n2)

POTENTIALS IN THE ISOTROPY APPROXIMATION

2 12,1 (2
. F 2 |7”1mn‘ ‘ﬁnm'
: = N; -1 —_—
o Chromoelectric : Vice(R) 2\R|6 Vi (Nc) (Ng ) E INEWNA
mi,m2
o Chromomagpnetic :
394 4 (TF>2 2 C%‘ |Sllnm|2|S2lnm|2
i R =——" Vi |— N, —1)—% T S
wen®) = —garE " (7)) O~ Vnz X AF AR
mi,ma
o Mixed:
4 2
g cF TF> 2
— ) (N;—1
Vices(R) = T2 [R[ m VA Vi <Nc (Ne —1)
‘Tlnml |52nm|2 + |Slnm| |T2nm‘
E AFEAEF:
x AE + AE> 2
my,me
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Summary and outlook

Summary

We studied van der Waals forces between neutral atoms in pNRQED, a well
established effective field theory of electromagnetic interaction, that can be
rigorously derived from QED.

@ We computed the electric, magnetic and mixed potentials with anisotropic
polarizations.

@ In the isotropy approximation we recover the well-known London and
Casimir-Polder results, where the potentials correspond to the short and
long distance van der Waals foces with the characteristic 1/R® and 1/R"
behavior.

@ Since the connection to the full theory (QED) is clear, higher order
corrections can be studied systematically.

@ Furthermore, we investigated the simplest (fully perturbative) hierarchy in
QCD and obtained results very similar to the QED case.

Outlook:
@ Consider other QCD hierarchies.
@ Obtain predictions for the possible future experiments.
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Backup

ENTER OF MA

x1 =R+ _AerzR—f—r
Xz—R— TMI‘%R
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MULTIPOLE EXPANSION OF GAUGE FIELDS AT O(r7)

Gauge fields, covariant derivatives and gauge links

M
" _pm il AW
At (t,x1) = A" (¢, R) + ——my r'VrA"(t,R)
I AR __m igi Al
A¥(t,x2) = A¥(t,R) m—i—MT VrA*(t,R)

Dy, = V. + =g MVR —igA(t,R) — T (Or:9A(t,R))
D, = Vi + —L _Vr+igA(LR) — i—"— 1 (9rigA(L R))
x3 = Tt M R g ) m+ M R,ig )
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Backup

pNRQED potentials

4

e
Vers(R) =~y s D
my,ma
R4 Z |71nm‘272nm‘2 - 6R? E ‘Tlmn|27”2nm| |R ‘2 + 92” |7lnm‘ |72nm‘ |R' | ‘RJ‘Q
AEl + AE>
2 2
0 cwe’ |4 3(S1nm - R)(S2nm - R)
§ =- 5S1nm - S2nmd” (R Sinm - Senm — —————
VbBB(RvShS2) 2 [3 1 2 ( )+4 Re < 1 2 R2
chet IR?(S1nm - S20m) — 3(R - S1m) (R - S22
Vigp(R) = — 1. 2R 10 Z .
16m*m2R AFE; + AE>
my,ma
44
) _ cpe . 2 qr L 2 3 ( ) ( 25CG)N(R) + 81 ))
Vspa(R) = 4647T2m4(‘slmn S2um|” = [STnm - S20m|”) (ﬂ_R5 A+ v R)+ RS
4 4
cpe X " " N
T 96m2mA 2Re (STum - k) (S2nm - k) (S1nm + S20m) — (Siam * S20m) (S1nm - k) (Sznm - k))
3 @Ry 4 8L ))
x (s + <)\+ ) (vOm) +
2 4
_ cpe AEAE>
Vies(R) = g AE: + AE,
my,ma
1 1 a a o a
x erm (el [Sz0ml* + [r20m*[S10ml*) = =gz > (Iraml*IS5uml* + [Pl *|STom )

a

9 RRN iy ja
- Z |7 S5 St + |75m Slmnslnm) <W - 4@) g lel d]-
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Backup

pNRQED Feynman rules

P
—»—
P p2

% * q
p1 i D2
g * a
p1 i P2
g * q
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7 3
p"—H+ie:ZpofEerislmHml

m

o i 00 0
er'q @ * a 627"1(]72'2(1.
q
2 2 2 ¢ij i
cre 69 — DY i i
¢ j o iy s,
Cre iik-Sj k .Cp82 qo s S
- "S5 { @ —ie E[Q(rlx 2) +q(r2 x S1)]
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Backup

AEFT Feynman rules

— By +ie

= 2ic] (—pip} — pYps + pips + pph)

q q—k _ 72idjl7’ksiklgimnpkpm

i 2 T}mmﬁnm
. = E
By, — B,

my
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