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HQET and Reparametrization Invariance

e heavy quark momentum: p = mv + k

1 + ?é eimv-a:

e heavy quark field: 1, = 5 W(x)
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® reparametrization covariant spinor:
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® reparametrization invariant combinations:
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e from the most general reparametrization invariant Lagrangian it follows that:
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* Luke Manohar PLB286(1992)348, Chen PLB317(1993)421, Finkemeier Georgi McIrvin PRD55(1997)6933
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e Is reparametrization invariance a new symmetry of HQET or just a manifestation
of the relativistic invariance of QCD?

e In the last case, is it possible to obtain similar constraints on the form
of other non-relativistic effective field theories?
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Poincaré Algebra

For any Poincaré invariant theory the generators H, P, ./, K of time translations, space

translations,

[P', P7]
[P’, H]
(J°, P/
3", H]
[3°, 3]
[P’ K’]
[H,K']
(7', K]
K', K]

, and Lorentz boosts satisfy the Poincaré algebra:

momentum algebra

H is translational invariant
P is a vector

H is rotational invariant

angular momentum algebra

K is a vector

([P, [K*, K7]] + [K7, [P, K] + [K, [K7, PY]] = 0)
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Poincaré Algebra in Quantum Mechanics

The Poincaré algebra induces non trivial constraints on the form of the Hamiltonian of
non-relativistic systems.
* Dirac RMP21(1949)392

The algebra has been used in the past to constrain the form of the relativistic corrections to
phenomenological potentials.

* Foldy PR122(1961)275, Krajcik Foldy PRD10(1974)1777, Sebastian Yun PRD19(1979)2509
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We consider a QM 2-particle system: m;, S;, x;, p; (¢ = 1, 2)

2 2 (1) (1) (2,0) (0,2) (1,1)
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The Poincaré algebra generators are given by

H=mi+mo+h

P =p; +p2

J=x1 Xp1 +x9 Xp2+S1+8Sy
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The Poincaré algebra imposes the following constraints on the potentials:
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* Brambilla Gromes Vairo PRD64(2001)076010
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In Field Theory the potentials may be expressed in terms of Wilson loops:

° V(O)(r) = Tli_)mOO % In{W)
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* Eichten Feinberg PRD23(1981)2724, Pineda Vairo PRD63(2001)054007
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*x Gromes ZPC26(1984)401, Brambilla Gromes Vairo PRD64(2001)076010
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A lattice determination of VL%’O) — VL(;;1) + VO /2r = 0.
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* Bali Wachter Schilling PRD56(1997)2566
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* Barchielli Brambilla Prosperi NCA103(1990)59, Brambilla Gromes Vairo PRD64(2001)076010
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A lattice determination of

V() + VP ()
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Poincaré Algebra in Field Theory

We consider the Lagrangian density £(¢, 0,,¢).
For z# — z + w"x, the field transforms as ¢ — ¢ + w3, ¢.
The symmetric energy-momentum tensor is defined as:

1 oL
QM = T _ Zg puv SH g 4 P b + SIPH ¢
2 F 8(8,¢) 9(8,.0) (0, )
e For a vector field (EO‘ﬁ)W = gﬁgff — gﬁgf;
e for a Dirac field (), = —%aif.
o 0"0,, =0 = d’x ©,, is a conserved vector;

R
o 0,(z"O"" —2¥O") =0 = J" = d’zz"0" — 2"0"" s a conserved tensor.

* Belinfante Physica6(1939)887
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z Z
H= dz0"= d&z17"
Z Z
P'= dz0%= dzT"
1 » Z . 1 Z .
I = e = = P’x Ty (x X V) ¢+ 5 &’z Iy e 2" ¢
Z z

K' =J"=—tP'+ &2x'T"+ d’2I;5"°¢

I, = 9L/0(dy9)

obs. All generators are defined up to a unitary transformation.
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Poincaré Algebra in QCD

We quantize in the A’ = 0 gauge. The physical states are constrained by the Gauss law:

(D - II)"|phys) = ' gT" ¢|phys)

Z
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Poincaré Algebra in HQET/NRQCD

o The NRQCD Lagrangian

LNRQCD =
8 S
¢T<D N D2+ D* ., B [D-,E]+, o--[Dx,E]_¢
i m + cy — c c ic
= Y e 28m3 7e m 08 S8m? 28 S8m? -
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——F% F“" 4 g fu.Fe F’ FS +.
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4 MY urT poT vo

¥ (x) is the Pauli spinor field that annihilates (creates) the (anti)fermion.

* Caswell Lepage PLB167(1986)437, Bodwin Braaten Lepage PRD51(1995)1125
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o Canonical quantization

We quantize in the A = 0 gauge. The physical states are constrained by the Gauss law:

(D - II)"|phys) = (¢' gT* % + x" gT* x)|phys)

The canonical variables satisfy the equal time commutation relations:

[T, (x, ), Aj (y, t)]
[AL(x, ), A} (v, 1)]
{ta(x,t), ¥ (y, 1)}
{tha(x, 1), ¥a(y, t)}

{Xa(X7 t)a Xﬁ(Y7 t)}

1858466 (x — y)

[IL, (x, t), M} (y, t)] = 0

{xa (%, 1), X5y, )} = 8agdV(x —y)
{l(x, 1), ¥y, 1)} =0

{XL(Xv t)a X;()ﬁ t)} =0
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o Poincaré algebra generators

Z
H= dzh
z 1
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o Poincaré algebra constraints
o From [P, K’] = —i§;;H = K =

o From [K', K’] = —ie;pJ"
Z

Z
d’z {x, h(x,t)}/2 + translational-invariant terms.

O 1
ok

e (1 — kY)Y e @yptT zp A0 = KD =1

e From [H,K'] = —iP" O
Z

2

1

—i(l—c)) d2@yp"(—iD)Y'y+x (miD)'xA=0 = ¢ =1

Z

—i(2cp —cs—1)  d’z

- O

(1 —c2) dx@lb

* Brambilla Gromes Vairo hep-ph/0306107
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Poincaré Algebra in pNRQCD

o The pNRQCD Lagrangian

e pNRQCD is the EFT obtained from NRQCD by perturbative matching and containing, as
degrees of freedom, the quark-antiquark singlet field S, the octet field O and (ultrasoft) gluons.

e All the gluons have been multipole expanded in x, the relative coordinate, which plays the role of
a continuous parameter that labels different fields.

8
Z <=
Lonrqep = A’z Tr _ ST (48) — 2m — hs) S + O 4Dy — 2m — ho) O
o
h i h i h i=
— (S'ThspO + H.C.) +C.C. — O'hppO+C.C. — O'hS,0hs,+ C.C.
1 a a puv
— P

* Pineda Soto NPB(PS)64(1998)428, Brambilla Pineda Soto Vairo NPB566(2000)275
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* Brambilla Gromes Vairo hep-ph/0306107
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o Canonical quantization
We quantize in the A = 0 gauge. The physical states are constrained by the Gauss law:

VA N o
(D - I)"|phys) = d’zTr O'[gT" O] |phys)

The canonical variables satisfy the equal time commutation relations:

I (X, 1), Al(Y,1)] = i6a0:;6°(X —Y)
S, X,1),8'y, ¥, 1)] = §¥x-y)sPX-Y)
[0a(x,X,1),0}(y, Y, )] = 86 (x —y)d¥ (X - Y)
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o Poincaré algebra generators

Z
H= d’Xh
Z Z n o ,Z
P= d’X dz2zTr S'PxS+0'PxO + 5 d°X [II*x, B"]
8 O 1
2 £ < o) L @
J= d&’X d&’z2Tr S'@X x Py +x X ps + . As
O 1 9
oM yo® = 14
+0'@X x Py +x X ps + : Ao_+5 d’X X x [II°x, B"]
Z 1 Z Z nh i
K=—-tP+ d%X S {X,h} + d&°X d’zTr S'kgsS+ C.C.
h i h io

+ (S'ksoO +H.C.) + C.C. + O'kpoO + C.C.
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* Brambilla Gromes Vairo hep-ph/0306107
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o Poincaré algebra constraints

We verify the algebra up to order =/m" and z°/m.

k(LO) _ k,(lvo) — k(lvo) _ kg»o) — 1

SSa’ SSal OOa/ Oa'’

(1,0) _ 7.(1,0) _
kSSc _ kOOc =1

(1,0) _ 4.(1,0) __ (1,0) (1,0) __ 4.(1,0) (1,0)  __
kSSd’ o kOOd’ o O’ kSSd” + kSSd’” o kOOd” + kOOd”’ =0

(17—1) (17_1) —
kSSa _kOOa =0
Kssw ~ Koo =00 Kggu' = koo =00 Kggu' = Koo =0

After a suitable unitary transformation and a redefinition of the matching coefficients we can fix:

°® k(lv—l) k:(lao)

y f PY ]{:(17_1) k(la_l) k.(17_1) k.(170) k.(170) k(lvo) k:(lao) k(lvo) — O
ppa  ? ppa

— 1
Y gogbb/ ’ gqub// ) (qub/// Y cpgba/” S0¢a///7 gpgbb ’ gpgbd”’ gogbd’”
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(1?0) — 0(170) — 1

It constrains the centre-of-mass kinetic energy to be equal to Pﬁ(/4m.

VLs sa VLS 0a
* oy b * — o !
VS VO
ngo)/ V(SO)/
.VL2Sa+ 2 _07 .VL20a+ 5 =0
VS(O) V(SO)
.Vp25a+VL2Sa+T:O’ .Vp20a+VL2Sa+T:O

In the singlet sector these are the same relations ((1), (2)) between the potentials derived by
boosting the potentials expressed in terms of Wilson loops.

— A. Vairo, Poincaré invariance in non-relativistic effective field theories



(0,1) __ y,(1,1) (0,1) _ y,(1,1)
® Vio ' = Vso /s * Voo = Voo

(1,0) __ (2,0) (1,0) __ (2,0)
® Viod = Vsoe ® Vood = Vooe

It constrains the fields to enter in the singlet-octet and octet-octet sectors like in the Lorentz force:
@) 8 O

1= =

— _ [ >< , gB _ A

222m >

X'@gE—I—
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° SOb
(0,1)
VSO
(1,0) (2,0) __
° 2VSOC — VSOb’ = 0,
(2,0)
o — Vo _
(0,1)r 2
T VSO
2.0
L ngOb’)” — 07

* Brambilla Gromes Vairo hep-ph/0306107
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)

2 (CFV(l’O) _|_ V(170) ) _ (CSVO(2O’(C)L) _|_ V(270)
()

(0,1)
Voo

o 2 (Vigl + Viud) — (VD + vE29 3 =0

oov’ o0

_ 20 _ 120

~ oov! = 1)/O(X)Ob” —1
x V5o
(2,0) (2,00 _
® VOOb/// —|_ VO@Ob/N - O
(2,0) (2,0)
o V(%(CJL) — 1+ Voo ; Voo
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Summary / Outlook

e Reparametrization invariance in HQET is a manifestation of the relativistic invariance of QCD.

— Still to do is the study of the relativistic invariance of NRQCD in the sector where it does
not reduce to the HQET (4-fermion operators).

e A new set of constraints have been derived on the matching coefficients of pNRQCD.

— Still to do is the study of the relativistic invariance for other EFTs of QCD, where the manifest
covariance under boosts has been destroyed by an expansion in some small momenta (SCET).
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