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o GPDs: Motivation &
e impact parameter dependent PDFs
e angular momentum sum rule
e physics of form factors

2
e DVCS ¢ 2% GPDs

o GPDs for x = ¢
e torque in DIS

by (fm)

e Summary



Deeply Virtual Compton Scattering (DVCS)

form factor

o electron hits nucleon &
nucleon remains intact

e study amplitude that nucleon
remains intact as function of
momentum transfer — F(q?)

o F(¢*) = [dzGPD(x,&,q?)

— GPDS provide momentum
disected form factors

Compton scattering

@ electron hits nucleon, nucleon
remains intact & photon gets
emitted

e study both energy & ¢
dependence

— additional information about
momentum fraction z of
active quark

— generalized parton

distributions GPD(x,¢&, ¢?)




What can we learn from GPDs?

se Imaging
Quark (Orbital) Angular Momentum

d’A .
X.Ji, 1996: il o) = /@);Hq(x’ 0,— A2 )¢~iboAu
T
1 -1 0 [dA :
Jy= [ doalHy(s,6,0) + Bye.6,0 o [EAs B a0 A e
=5 [Hq( ) a ). oM B, | (@) 7(2,0,—A7 e
Physics of large Q? Form Factors :
o Feynman: form factor at large Q? g, i
dominated by high-z quark do
ominated by high-r quarks ) ‘%%%% I

e pQCD mechanism (SJB+...):
dominated by typical valence
quarks accompanied by hard
gluon exchange
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S F(QP) = [ deH(2,6,0?)
F(Q?) = /de(x,f,QQ)




Impact parameter dependent quark distributions
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unpolarized proton

© qla,br) = [ H(r,0,~AF e~ A

o z = momentum fraction of the quark

o b= L distance of quark from L center of
momentum

small z: large 'meson cloud’

o larger z: compact ’valence core’

e r — 1: active quark becomes center of momentum

<+ b, — 0 (narrow distribution) for z — 1




Impact parameter dependent quark distributions

<0

proton ’polarized in +Z direction’

no axial symmetry!

dQAL 2\ —ib A
Q(x,bL)Z/(QT)qu(%OrAL)e L

1 0 [d*A) ;
T p— ) .0—A2 /—:,bLAL
oM aby/(%)? a(2,0,-Al)e

Physics: relevant density in DIS is
jT = 4%+ 53 and left-right asymmetry
from 53




Impact parameter dependent quark distributions

" bu(fm)

nucleon size at small x

nucleon size at large x

MB & G.A.Miller (2006): 'mathematical
model’

1
Q4
large Q? behaviour dominated by large
z regime — Feynman

— F(Q?) = /dxH(x,o,Q2) ~

Chromodynamic Lens

06/ UP
@ qualitative connection

between deformation and SSA
@ one gluon exchange:

SSA <+ 1 density-dentity
correlations

LHC physics

Frankfurt, Strikman, Weiss:
| spatial distributions — hard
parton-parton processes at LHC




GPD <— Single Spin Asymmetries (SSA)

example: yp — X

,1
5 = ot
Dy PN D
wr’

<

e u,d distributions in L polarized proton have left-right asymmetry
in L position space (T-even!); sign “determined” by k., & kq
e attractive final state interaction (FSI) deflects active quark
towards the center of momentum
— FSI translates position space distortion (before the quark is
knocked out) in +g-direction into momentum asymmetry that
favors —g direction— chromodynamic lensing

= Kp,kn <—> sign of SSAIIMNIN (MB,2004) J

o confirmed by HERMES (& COMPASS) data



Angular Momentum Carried by Quarks

o Lm =YPr — ZPy
— Jp = [dPr [yT% — 2T%]
o if state invariant under rotations about &
axis then (yp.) = —(2py)
— <Lm> = 2<ypz> —J, = 2fd3TyTOZ
o GPDs provide simultaneous information
about p, & b
— use quark GPDs to determine angular
momentum carried by quarks
— J¥ =3 [dex[H(z,0,0) + E(z,0,0)]
(X.Ji, 1996)

@ partonic interpretation in terms of 3D
distribution (MB,2001,2005)




Angular Momentum Carried by Quarks

Total (Spin+Orbital) Quark Angular Momentum
Ji =Ly +S; = /d37“ [yTgZ(F) — zT(?y(F)}
o TH(r) energy momentum tensor (T} (r) = Ty (7))

o T7'(7) momentum density [P} = [ d*rT)"(7) |
o think: (7 x p)® = yp® — zp¥

relate to impact parameter dependent quark distributions qlf,(;l‘, r)):

Consider spherically symmetric wave packet with nucleon polarized in
+2 direction

o eigenstate under rotations about x-axis
< both terms in J7 equal:
JE =2 [ d3ryTo(F) = [ dPry [TO*(F) + T°(7))
o [dir yTgo(F) =0=[d yI7*(7)

= JT= / PryT (7)) with TTH=T% 4 7% 4+ 720 4+ T%




Angular Momentum Carried by Quarks

relate to impact parameter dependent quark distributions gy (z,r ):
Consider spherically symmetric wave packet with nucleon polarized in
+2 direction
@ eigenstate under rotations about z-axis
< both terms in J7 equal:
JE =2 [ dPryT% () = [ dry [TO*(F) + T2O(7)]
o [dBryTO(F)=0= [d*r yT7*(7)

= J;: /d5ryT++( ") with TH+ = 700 4 70z | 720 4 pz2
) fdqu(x,rJ_) = 2m1v fd?”zT++(F)

(note: here x is momentum fraction and not %)
= (Q|JF|p) =my [dx [ d®brab¥qy(z,bL)




Angular Momentum Carried by Quarks

distribution in delocalized wave packet (pol. in +& direction)

ao(@,b1) = [ drig(e,br —r1) (WP - shralw(r)?) with

dgAJ_ ; 1 0 dgAJ_ .
b)) = [ === H,(z,0,— A} —ZbrAL———/i Ey(x,0,—A2 )e~*b1 A1
Q(x7 J_) /(271’)2 lZ(:Ev ) J_)e IM aby (27‘()2 I(J“v ) J_)e

two contributions to L shift

@ intrinsic shift relative to center of momentum R |

@ overall shift of R for L polarized nucleon

insert into (1| J7[¢) = [dx [ d*biqy(x,bi) MB, PRD72, 094020 (2005)

(Y| JZ|Y) = 5 [ dzz [Hy(x,0,0) + E4(2,0,0)] (here: derived for 7= 0 only!)
e X.Ji (1996): rotational invariance = apply to all components of J
e result for J7 also applies to p, # 0

e partonic interpretation (L shift) exists only for L components of j,;!




Angular Momentum Carried by Quarks

insert into (1| J7[¢) = [dx [ d*biqy(x,bi) MB, PRD72, 094020 (2005)
(Y| JZ|Y) = 5 [ dzz [He(,0,0) + Eg(z,0,0)] (here: derived for 7= 0 only!)

o X.Ji (1996): rotational invariance = apply to all components of J
e result for J7 also applies to p, # 0

e partonic interpretation (L shift) exists only for L components of j,;!

gauge invariance
o matrix element of T,f* = gy"i0% ¢ in A = 0 gauge same as that of
T (10T — gA™T) ¢ in any gauge
< identify 1 [dxx[H(,0,0) + E(z,0,0)] with J, in decomposition where

Ly =& (PS|g'(#)(7 x iD )a(Z)|P.S)




Angular Momentum Carried by Quarks

insert into (1| J¥[¢) = [dz [ d*biqy(x,br) MB, PRD72, 094020 (2005
(Y| JZ|Y) = 5 [ dzz [He(,0,0) + Eg(,0,0)] (here: derived for = 0 only!)

o X.Ji (1996): rotational invariance = apply to all components of J
e result for J7 also applies to p, # 0

e partonic interpretation (L shift) exists only for L components of j,;!

v

caution!

e made heavily use of rotational invariance
< itentification (Y|J7|¢¥) = 5 L [dxx[H(z,0,0) + E(z,0,0)] does not apply to
unintegrated quantltles
o [d®A e7PLALL [H(z,0,—A%) + E(x,0,—A% )] not equal to J*(b) 1
o Jo(z) = £ [H¢(2,0,0) + E4(z,0,—A7)] not z-distribution of angular
momentum J; (x) in long. pol. target (only z-distribution of ’half of J,’)

regardless whether one takes gauge covariant definition or not




Angular Momentum Carried by Quarks

lattice: LHPC

= 1, U
£ 1Az
a [ LI | ] Z u | ] u
E 04
S
e 028 .
i) g . " g @ no disconnected
0 L3
s - I quark loops
2 ' 145 @ chiral extrapolation
5 _a W T % ]
0.0 0.‘1 012 0.‘3 014 0;5 0.6
mﬁ[GeVZ]
1 1
Jq:i/dxm[H(x,0,0)—i—E(x,0,0)] Lq:Jq—iAZq

LY+ L ~0 signs of L4 counter—intuitive)



Apveg ~ GPDs

interesting GPD physics: e

o J, = [ dvz [H(z,€,0) + E(z,€,0)
requires GPDs(z,§,0) for (common)
fixed € for all x

o | imaging requires GPDs(z,& = 0,t)

VTP, 0.

-~ (tactorisation)
+4

o ¢ longitudinal momentum transfer on the target & = p+/;£ -

E+ 4pt
pt/+pt

GPD(x,£,t)
RApves(é,t) _>f La dp EED(z.8,t)

r—&

e x (average) momentum fraction of the active quark z =

SApves(§t) — GPD(E,&,1)
e only sensitive to ‘diagonal’ z = &

o limited & range

o limited £ range

@ most sensitive to x ~ &

@ some sensitivity to z # £, but

Polynomiality /Dispersion Relations (GPV /AT DI)

Ag@) = [ @bt @ [ Henb@) 5 q)



Apveg ~ GPDs

a' %

interesting GPD physics:

o J, = [ dvz [H(z,€,0) + E(z,€,0)
requires GPDs(z,§,0) for (common)
fixed € for all x

o | imaging requires GPDs(z,{ = 0,t)

“Lrhe % Y.T,P0....

-~ (tactorisation)
+4

SApvos(é,t) — GPD(E ¢, 1) RApyes(E,t) — [1, do SRSl

S

Polynomiality /Dispersion Relations (GPV /AT DI)

A6 ,0%) /d xftQQ /d erQ) +A®QY)

e Can 'condense’ all information contained in contained in Apycs
(fixed Q?) into GPD(x,z,t,Q%) & A(t,Q?)

o if two models both satisfy polynomiality and are equal for z = ¢
(but not for z # ¢) and have same A(¢, Q%) then DVCS at fixed
)? cannot distinguish between the two models




Apveg ~ GPDs

Polynomiality /Dispersion Relations (GPV /AT DI)

2 1 2. GE 2
H(x7£at,Q):/ dl‘H(‘L‘LtﬂQ)+
z-§ —1l z—§
e Can ’'condense’ all information contained in contained in Apyvcs
(fixed Q?) into GPD(z, x,t, Q%) & A(t,Q?)
e if two models both satisfy polynomiality and are equal for x = £

(but not for z # &) and have same A(t, Q%) then DVCS at fixed
Q? cannot distinguish between the two models

1 s
A, ,Q?) = [ s A1, Q?)

need Evolution!

| \

8 ddqu( Nz, & f}_[ da’ 1\\( )qu (2, £, 1)

i -
@ ()2 evolution changes z distribution in a known way for fixed &

< measure Q? dependence to disentangle x vs. ¢ dependence




GPDs for x = £ (arXiv:0709.2966)

1 imaging: £ # 0

x+& £,

e \i.,

center of momentum of hadron
not 'conserved’ when £ # 0,

distance of active quark to COM
not conserved

L position of each parton is
conserved, and so is (any &)
distance r of active quark to
spectators (any &)

variable conjugate to A is

l1—x
=

1 imaging: £ =0
e probabilistic interpretation

e variable conjugate to A is
b, = (1 — z)r, distance to COM
of hadron

L imaging (z = &)

L1-¢
@ no probabilistic interpretation

e variable conjugate to A isr
distance to COM of spectators

— expect no dramatic £-dependence
of A? -slope (size of system)




The Nucleon Spin Pizzas

Ji decomposition

Jaffe decomposition

‘pizza tre stagioni’

%:Zq%Aq+Lq+Jg

3Aq = 3fd*z (P, S| q*(f)EBQSf) |P,S)
L,=[d*x(PS|q}(7)( x iD)q(2)|P.S)
J, = [dz (P, [f x(* X B)r P, S)

—

oiD:ig—gE

‘pizza quattro stagioni’

light-cone framework & gauge AT =0

2= D, slg L, FAGEL,

J

£,= JBr(PS|a(F) (7 x id)a()| P,S)
AG ==y (P, S| TrFi A7 | P, S)
£,=2 fd3r<P,S|TrF+J‘(f x i5>Aj |P.S)




The Nucleon Spin Pizzas

Ji decomposition

Jaffe decomposition

%:Zq%Aq—i‘Lq"’Jg

38q = 3[d*z (P, S| ¢ (2)2%q
Lo =[d*a(PSq' (#)(% x iD )a(
J, = [z (P, 9] [x x(ﬁ x é)] P, S)

— —

oiD:ia—g/_f

o GPDs — L4

e Agq evolution and/or PP AG — L= >

o L9 # L1
o L0 L1=7

o can we calculate/predict the difference?

e what does it represent?

light-cone framework & gauge AT =0

%:Z TN+ L+ AG+ Ly

)

£,= J&r(P.S| a(@ {7 x i8)a(?)|P.S)
AG=et~U[d3 (P, S| TrF A |P, S)
£,=2 fd3r<RS|TrF+J‘(f X i5> AI|P,S)

i€q, g




The Nucleon Spin Pizzas - What’s New?

straight line (—Ji) light-cone staple (— Jaffe-Manohar)

L, =Jd*(PS\a(@n*(7 x iD)a@IPS) | £1=[ds(PS\a(@y*(#xiD)a(&)|P.S)

—

o iD=id—gA o iD=id—gA(z~ =o00,x)

difference £7 — L4

L7 — LT = —g [d®x(P,S|q(@py 7 x (A(o0, x1) — A(7))]*q(D)|P,S)
Al (00,x1)— AL (&)= [Zdr Ft(r=,x1)

V2FTY = F% 4 F?y — _FY 4+ B* J

Torque along the trajectory of ¢ Change in OAM




The Nucleon Spin Pizzas - What’s New?

straight line (—Ji) light-cone staple (— Jaffe-Manohar)

L, =Jd*(PS\a(@n*(7 x iD)a@IPS) | £1=[ds(PS\a(@y*(#xiD)a(&)|P.S)

—

o iD=id—gA o iD=id—gA(z~ =o00,x)

difference £7 — L4

L1 — L1 = —g [d®z(P, |q(*)7+[£v><(A(OO,XL) — A(7))]°q(2)|P,S)
Al (00,x1)— AL (&)= [Zdr Ft(r=,x1)

color Lorentz Force acting on ejected quark (MB: arXiv:08103589)

V2FTY = F% 4 F?y = _EY 4+ B*

Torque along the trajectory of ¢ Change in OAM




Difference Jaffe/Manohar vs. Ji

straight line (—Ji) light-cone staple (— Jaffe-Manohar)

L=[d*s(PS|q@y*(% x iD )a(#)|P.S) | £1=[ds(P,S|q(@y+(7xiD)q(&)|P.S)

o iD =id — gA(Z) o iD=id—gA(z~ =o00,x)

®z
- I_ —
T |
e 1
B —
= ,;,/"




Calculating Jaffe-Monohar OAM in Lattice QCD 20

challenge

o TMDs/Wigner functions
relevant for SIDIS require
(near) light-like Wilson lines

@ on Euclidean lattice, all
distances are space-like

TMDs in lattice QCD
B. Musch, P. Hagler, M. Engelhardt

nu+b

e calculate space-like staple-shaped
Wilson line pointing in 2 direction;
length L — oo

@ momentum projected nucleon
sources/sinks

e remove IR divergences by considering
appropriate ratios

— extrapolate/evolve to P, — 00




Quasi Light-Like Wilson Lines from Lattice QCD

nucleon nucleon
source sink
(fixed position)  (fixed momentum)

I L TP
fir siprs = —fir,py (Collins)

Sivers—Shift, u—d — guarks
Fuclidean F i 1
—- [ e ]
time i .
£=039, y
Boer—Mulders Shift, u—d — quarks ] = lbz| = 0.12 fm, teu - .aa—.--fﬁ-;
[ | mp=518MeV ]
IRPEEEEE M t— DY SIDIS —|
Il 3 ] X VIR TN T T YT T T YN T Y S S &
I . —e0 -10 -3 0 5 10 o
{:, — 039, % . v (lattice units)
bzl :5?'33?\4&;-' "rag, ks flJTT(:Z?, k) is k, -odd term in
sl m'"'I;Y e it 1 quark-spin averaged momentum
- — b 3 — . . . . .
ST S I somme—— distribution in L polarized target

nlv] (lattice units)




Quasi Light-Like Wilson Lines from Lattice QCD

nucleon nucleon
source sink
(fixed position)  (fixed momentum)

1 0 -
flT,SIDIS =—fir by (Collins)

= 4 Sivers—Shift, u—d — quarks
| > o4f ]
Euclidean 8 = %
time: ERE {Hihil ]
= "
00 )
= P 078, 2
= —02F '3 E ]
02l Boer—Mulders Shift, u—d — quarks 4 7“_‘: e Ibz| = 0.36 fin. I}{
o 02 S _qaf | me=518MeV 1
v =
© oifdllqrIzsess, ] = — DY SIS [
s Tt . 1 e S S
= - —0 -10 -5 0 5 0 o
= 00 = ST
= ‘3:039‘ . nlv| (lattice units)
= ® = 1 . o
e 01f “*rlfs‘;s;ﬁi—' T 131 fir(z, k1) is ki -odd term in
B o D= 1 quark-spin averaged momentum
-02r L _py SIDIS — .. .. .
distribution in | polarized target
—0 -10 -5 0 5 0 o y

nlv] (lattice units)




Calculating Jaffe-Monohar OAM in Lattice QCD 22

TMDs in lattice QCD
B. Musch, P. Hagler, M. Engelhardt

nu+b

o calculate space-like staple-shaped
Wilson line pointing in 2z direction;
length L — oo

e momentum projected nucleon
sources/sinks

e remove IR divergences by considering
appropriate ratios

— extrapolate/evolve to P, — o0

next: Orbital Angular Momentum

o same operator as for TMDs,
only nonforward matrix
elements:

e momentum transfer
provides position space
information (— r; x k)

e staple with long side in 2
direction

o (large) nucleon momentum
in 2 direction

e small momentum transfer
in g direction

— generalized TMD Fi4 (Metz

et al.)

e quark OAM
o renormalization same as fir

— study ratios...




quark-photon corellations

inclusive SSA

Hall A: inclusively scattered (summed
over all final states) electrons off |
polarized target show left-right
asymmetry relatve to target spin

‘DOWN’

for n target (i.e. >He), the e~ is
preferentially deflected to beam-right

vy




quark-photon corellations

inclusive SSA

Beam
Hall A: inclusively scattered (summed — Left
over all final states) electrons off |
polarized target show left-right
asymmetry relatve to target spin ‘DOWN'

for n target (i.e. 3He), the e~ is
preferentially deflected to beam-right

v

Metz et al. arXiv:1209.3138

@ beam e~ approx. at same | position as struck quark
— (kie)~ Zq(—e)FI‘;T with

Fi = / dr=(P, S|g(0)y" eF (0,7 )q(0) [P, S)




quark-photon corellations

Metz et al. arXiv:1209.3138

@ beam e~ approx. at same | position as struck quark
— (kie) ~ Zq(—e)FgT with

Fi, = / dr= (P, 8|20} eFditn (0,7 )a(0)|P, 5)

model (Metz et al. arXiv:1209.3138)

e if FSI in QCD is caused by one-gluon exchange between valence
quarks then
e a
F Ig’T =2 4q F ggCD
3%s

e ¢! charge of spectators, e.g. e; = % for u quarks in proton




Metz et al. vs. MB

Metz et al.
e multiply by charge of spectator

flavor, e.g. e; = % for u in p
e divide by %as
/ Qem /
F;Tp(xﬁ) = *WQT; p(%fc)
d/ . 2aem d/
me’(;mx) = —m Ty P(z,x)
u/n (67
FF’é" (z,7) = mgT /p(iU )
d/ Qem U,
FFT"(:c,x) = 7mgTFp(:c,x).
violates QFH/N Fg/TN L 0

e multiply by charge of spectator
flavor, e.g. e = —% for w in p
o divide by %Oés for w in p
@ Qem,
FFr{pp(J),Z') mgT /p(a: l’)
d 2aem d
Fiif (@,2) = =55 2Ty P ()
u/n aem
FFé—v ((E fL') m T /p(i',x)
d/n 2a u
FFé (z,3) = —mgTF’p(x,x).
satisfies zFu/N lF;éN 0

assume TIZ/ P saturate sum rule

fdeq/p(a: x) =0.

qud



Metz et al. vs. MB

Metz et al.
Fu/p Qem T u/p
Fr (%,8) = 67TCF045M9 &)
20
Fd/p _ em Td/p
Fr (T, 7) 437'(0170& Mg 7 (T, )
Fu/n Qem T d/p
P (T,2) = 377TCFQ Mg (@)
d/ Qem u,
FFTn(xa T) = *m!JTF p(x’ ).
violates QF"/N Fg/TN L 0
20em U d
° Oy X Frcra- (_TF/p - TF/p)
o oy o« sl (217 — Ty

p n
® oyr K Oyr

F“/P Qe

mwxm—gggﬁgz”%xm

20tem
3rCrasM

Qem
37TCF OzSM
2%z,

3rCrasM
d/N !
%FF/T =0

Td/p

d
Fl¥(z,2) = - 9T (z, )

d/P(

Fpb(z,z) = 9T (z,z)

Fd/n

Fr (%,7) = — 9Tp" (, ).

q 2 ~u/N
satisfies sFpp —

2aemg

u/ d/
3rCras (2TF ¢ = TF P)

(QTg/P _ T;/P)

® Opp X

20emg

n
© UUT X 371'CFOLS

° U@T R =0T

e inclusive SSA oyr < 4F ¢, + FI‘%T

o assume T% ~ —Tg



Inclusive SSA - Lensing Picture

neutron target

beam left beam right

proton target

beam left beam right




Summary: Hadron Structure and GPDs

o

e
KK
i
0

o GPDs — impact parameter
dependent PDF's
— parton interpretation for Ji-relation
e (in principle) GPD(z,&,Q?) from
QCD evolution of GPD(¢,€,Q?)
< EIC (need wide Q2 range)

o Ji vs. Jaffe-Manohan quark OAM:
interpretation of £, — L, as change
in OAM of ejected quark

b

i

Y




The Nucleon Spin Pizzas

o L, matrix element of
. N7 . NG E1
q' [FX (i(’? — gA)} qg=aq/" [Fx (i@—gA)] q
o L? matrix element of (v =~% 4 ~%)

nz
ay" {F X ia} q

At=0

= N2
o (for p'=0) matrix element of gy~ [f’ X (i@—gA)} q vanishes
(parity!)
= N7
< L, identical to matrix element of gy [F X (i(?—gA)} q (nucleon
at rest)
< even in light-cone gauge, L7 and L7 still differ by matrix element

of ¢t (Fx g/f) 9 .

@ how significant is that difference?

. = gt (r*gAY — rvgA®) q‘AJr:o



What is Orbital Angular Momentum

first: QED without electrons

oapplyax(Hx@):g(a-a—g(a-atoﬁx(ﬁxA‘)

J

I
Q.
w
5
8
X
7~ N\
e
X
So]
N—
I
Q.
w
N
8
X
L—
e
X
/N
<
X
]
N——

/d% (B (5 x V) 47 -3 x (- 94|
e integrate by parts (drop surface term)
= [@r[p (2% V) 40+ (¢x ) - E+Ex 4]
o drop 2"¢ term (eq. of motion V-E= 0), yielding J =L+ 8§ with
[-[¢rp (ax¥) a0 5= [rBxi

e note: L and S not separately gauge invariant as written, but can
be made so (— nonlocal)




Example: Photon Angular Momentum in QED 30

QED with electrons

S
I
Q,

w
S
=
X
S
&
X
so]
I
Q.
w
=
=
X
w51
X
/N
<l
X
N
N—
| I

I
—
%
<
S
—~
=
X
<l
= .
+
N
=
X
N}
SN—
<
=
+
&5
X
o

o replace 2% term (eq. of motion V - E=e¢j"= elTa), yielding
J, = /d3r [wTFX e A + E7 (fx 6) Al + E x /q

o 17 x eAt cancels similar term in electron OAM PIFx (p— Eiff)’(/}

— decomposing J_; into spin and orbital also shuffles angular momentum from
photons to electrons!

@ can also be done for only part of A Chen/Goldman, Wakamatsu




