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The Fall Meeting will reprise the highly successful
first four joint meetings of the Division of Nuclear
Physics (DNP) of the American Physical Society
P (APS) and the experimental and theoretical nuclear
o BTy o gouhavi 2t divisions of the Physical Society of Japan (JPS). The

s o previous bilateral meetings in 2001, 2005, 2009, and
2014 were a resounding success, drawing between
800 and 1200 participants from Japan and North
America. This year’s meeting will be held once again
at the Hilton Waikoloa Village on the Big Island of

Hawaii on the dates of 23-27 October 2018.
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World-lines

Effective way to describe a particle in a background field
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World-lines
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World-line techniques for resumming gluon radiative corrections
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Abstract. We employ the Polyakov world-line path-integral version of QCD to identify and resum at leading
perturbative order enhanced radiative gluon contributions to the Drell-Yan type (¢g pair annihilation)
cross-sections. We emphasize that this is the first time that world-line techniques are applied to cross-sec-
tion calculations.
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4 Resummation of enhanced contributions
from virtual gluons

The family of world-line paths to which the considera-
tions in the previous section refer was used in order to
deal with all (virtual) single-gluon exchanges, consistent
with the simple geometrical configuration of two constant
four-velocities making a fixed angle vy between them (in
Euclidean formulation). Among these gluons there will be
“hard” ones (upper limit @) and “soft” ones (lower limit
set by \). What is debited to the former and what to the
latter group of gluons is, of course, relative. It is precisely
the role of the renormalization scale u, entering through
the need to face UV divergences arising even for the re-

stricted family of paths, to provide the dividing line. The

with I,usp to be read off from (20)—(22) and (12):
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From the second leg of (29), one obtains

which, in turn, gives
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Structure functions at small-x
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Generates anti-symmetric
part of the hadronic tensor

Wilson lines
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. . Outline
New Windows into the

StI‘OIlg Interaction e The Strong Force and Particle Colliders

e 10 Open Problems for the Strong Interaction

e ’Iwo Examples

— i)  Measuring the strong coupling with Jets

Iain Stewart .
MIT ii)  Jet Substructure to answer:
“What is the mass of the heaviest
University of California, Los Angeles known elementar Yy par ticle?”
Physics Colloquium
Nov. 2017

(Advances in QCD workshop at the Mani L. Bhaumik Institute) 3. When do the dynamiCS of a hlgh energy collision
factorize?

Can we find a simple classification for the space of observables?
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violation

Electron lon Collider:

The Next QCD Frontier

Understandi he glue

s us all




TMD factorization
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FIG. 33. Vlrtual double- spectator contrlbutlons to the Drell-

Yan cross section.

To obtain factorization we have to
neglect any transverse momenta in
the diagram

The problem becomes two dimensional

J.C. Collins, D.E. Soper and G. Sterman,
Phys. Lett. B 109 (1982) 388;

J.C. Collins, D.E. Soper and G.F. Sterman,
Nucl. Phys. B 250 (1985) 199;

G.T. Bodwin, Phys. Rev. D 31 (1985) 10;
X.-d. Ji, J.-p. Ma and F. Yuan, Phys. Rev. D
71 (2005) 034005;

M.G. Echevarria, A. Idilbi and I. Scimemi,
JHEP 07 (2012) 002



Kinematic modes
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1) Define kinematical modes
2) Do the kinematics modes
N separate?

Py




Cut-off parameters

We work at the tree 5 A B(

level. There is no
large logarithms

T, T ) p=ap1+ Bp2 +pL

Oa0pS
2
Mz

In

We neglect dependence
on cut-off parameters

C(x)
\ The field we measure 1n a

Og,0b — 0 : .
scattering reaction




Large component of the background field

Q= 1[x+, —ool[r_, —oo] + l[x_, —ool[xy, —oo] + ...

Az )~ /s 7 ?

First few orders of the
gauge matrix

) D S _ . T

| y The gauge matrix satisfies boundary
/ [ conditions:




Large component of the background field

The gauge matrix satisfies boundary
conditions:

Q(x) A [x_, —o0] A+

A T_ ——00
=% [y, —o0]P-

Yalr-) =QMa(z)

Yi(z_) =[—00,z_ ] a(z_)



TMD vs. collinear factorization

do
dnd?q

— Z/deJ_ei(q’b)J‘Df/A(QjA,bJ_,n)Df/B(xBabJ_an)O-(ff — H)
f

Power corrections to
TMD factorization

TMD Col.




/Z boson production

Ly, = /daz J, 2 (x)

J A
p QSWCW E Vivu(gf — g7 75)0y
T d3q
do = —
g 28 Eq[ W(pA7pB7Q)]

def 1 .
W(pA7p37Q) — (27_‘_)4/d43j e <pA7pB’JM(ZB)JM(O)’pA7pB>

Calculate the hadronic tensor and present
the result in a factored form



Boundary conditions

CC_|_—>—OO

AM(CE) — Au(aj—aajl)v \Ij(x) — wA(I—vajJ-)

r_——00

Au(ﬂf) Bu(x—F?xJ_)) W () = ¢Yp(r4,71)

Solution of equations of motion with this
boundary conditions corresponds to the
sum of set of diagrams in background
field with retarded Green functions

J.P. Blaizot, F. Gelis, and R. Venugopalan,
Nucl. Phys. A743, 13 (2004);

F. Gelis, T. Lappi, and R. Venugopalan,
Phys. Rev. D 78, 054019 (2008)

Bu(zy,z1) Ap(z—, 1)

vp(r4,21) C, el va(r_,x)



Equations of motion

To calculate O(q, x; A, Y,; B, 1) we find solution of
equations of motion

(i @+ gA+gB+gl)(W +vh +vl) =0
D'Fi (A+B+C) = g» (P +0% + L)yt (W + vh +l)
f

Background fields satisfy equations
of motion:

iDaa = 0, D4A%,

g Z 151];7#75%51{1
f

i Pt = 0, DjBL, = gy kvt
f

We will use solution of the equations
of motion

A=A+B+C VY =9Ys+1vp+1c

to calculate currents in the hadronic
tensor




Perturbative solution. First order

We can construct perturbation
solution of the equation of motion
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Background fields satisfy classical
equations of motions




Perturbative solution. Second order

quark propagates in two

\If[l] _ iL¢ background fields
P e
0.‘ i -
Ly / Covariant derivative for two background fields:
’J}v: p 4 N 7) ILL — Za /“l‘ g A M g B ILL
A - f Creation of the central sector fields from the background is
e ———————— described by the linear term

Lw — P\IJ[O]
The gluon field in the second order of the perturbative
expansion has a similar structure

Al L v
H P2grv + 229}—[0]“'/ We should prove TMD factorization in
all orders of perturbation theory. Need

a new expansion parameter

Lo = DEFO + gl o0l



Parametrization of external fields. Lorentz boost

Hadron in the rest

Look at the Iimit: s — OO
frame:

Boost the system

L]
------
-----
L]
L]

Expansion parameter:

- m? /s ~ 2[5
A—I— Nm2/\/ga A_ N\/§7 Asz

Use this parametrization to separate
different contributions ~ TTrreee?



Gauge rotation of the background fields
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New initial conditions:

Au(@) ST A, xy), (@) TS T v,

T oo

Au(x) 5T Bulay,x1), o(x)

Bﬂ(x+7xJ_) ¢B($+7$L)

New background fields - > B, =Q(z) (—ﬁﬂ + B, (:I:)) Q(x)
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Parametrization of fields after gauge rotation

A—(x—vxL) ~ m2/\/§7 A-F(x—vx-]-) — 07 Ai(ZC_,QfJ_) ~m q T

3/20 €
q W

5/2

]51¢A($—7$L) ~ m WWA(QU—»CL’L) ~ m

]52?7&,4(33—7 ZUJ_) ~ S\/E

Consider YM equation in these
background fields

T Y Bnen) =0 Bilenal)~m VG Bilena) ~m
> Husleer) ~svim g, o) ~ m

Pobp(ry, o)) ~ m®?



Parametrization of perturbation solution

[0] T — We regroup terms of the
AM (:I:‘) o AM (x—’ xl) + BM ('734" xl) perturbative solution using 5
new expansion parameter: M /S
Al = : L
T PRy 4+ 2ig FOIv

v gluon propagator in operator constructed
two background fields from background fields

. .
----
.........

Perturbative expansion of the gluon propagator in two background fields

1 1 1 £

x = (x — g(x O
( !PQQW i FOl Hepoly) (2| " Hepo\y) g( !p2 i O Hepoly)
1 1 1
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Separation of terms with 5 5 5
the new parameter m me 2 m\ 3
~ 1+ | | +...
P S S S
| 3 >
(@) Z———ly)
Pjttepo T T Do we need these

terms?



Parametrization of the linear term

Use explicit form of the linear term

__ 0 1
Ly = pol® = Y 4 L

Expansion in terms of the new parameter

i A i 2 7 2 B
pr()) = g7 Aivp + 97 BiYa, prl) = 9\/? P2A_tbp +g P Pr1B g

9/2
Power counting: Lgpo) ~ m5/2, LS) ~ m
S
Linear term for 0 B
gluons: LZ = fogﬂa i g\IJ[O]yﬂta\P[o] — Lg—l)a + L/(io)a + LE})&
4 6
~J 81/2m2 _|_ m_ _|_ m_



Solution of the equations of motion

Equation of motion:

(1 @d+gA+gB+g0)¥ = 0 parametrization of the
perturbative solution in terms
Perturbative solution: P ,.\of the new parameter
: 3
U(z) = UO2) + 0 (2) + U@+ ... = v 4+ o0 4ol 4 o4

Leading order solution:

1
g0 — = .~ 32 = — _9]52 i3, _
A (0 2A ~ MM, 2A S Y &Jrie??A
A |
AU ~m3% Eip = _9h YA; 5
B Yp 1B 1B S Y B+ ie B

We use this solution to
calculate hadronic tensor



The structure of the leading order solution




Hadronic tensor in the leading order

1 —tr/ 50, _—1y/ 5B
W(CVZ)BZ?xJ_) = (27T)4/d$+d$_€ \/; T \/Zﬁz +<pA7pB‘J,U(x—|-7$—7xl)JM(O)‘pA7pB>

In the leading order we use

WY = s
vy = s

2
Wlt(a,mﬁzac_u_) — _SS%i%/NC/koJ_({(l—I_ai) [ff(azakL)f{L(527QL_kL)

+F (e k) (B = kOT} + (w6 e+ {u o dh o+ {u o s})

8 4
Ay,c = (1 — §S‘2/V) Aq.s = (1 — 58‘2/[/)



Suppressed contributions |

Looks like a

q2 q2 leading power
This contribution ~v AL Wlt < 2L Wlt correction, but
XS QQ suppressed in the

kinematic limit

s> Q%> Q%



Suppressed contributions |l

This contribution m Wlt
IS suppressed as



Leading in 1/N¢ contribution

vl = Eza vy = Eip
W (s, Bayqr) = e 2k L0+ a2) (kg — k) L (s, k) FY k
Qyy Pzy41 ) — 48%/{/0%/‘/NCQ2/ J_|:{( +au)( yq — )J_fl (azv J_)fl (527QJ__ J_)

1 _
b L= @R (= 02 b 0 kB (B — k) + (0 6 8)

et luod s fuos)]

Leading power correction
to TMD factorization

2
A1 111t
~ @W



Leading in 1/N¢ contribution

62

48‘2/[/6%/[/]\76@2 /deJ- |:{(1 + ai)(k, q — k)J_fiu(sz, kJ_)fiu(ﬂz, ql — kJ_)

1 _
b L= @R (= 02 b 0 kB (g — k) + (0 6 8)

P lued s fuod) fuos)

W(azv 52’7 QJ_) —

1
1) It is a leading power correction from 3) The contribution is proportional to F
the point of view of parametrization C
. e . 1 1
2_) ITeadlng contribution in kinematic (all other important terms ~ —s =)
limit Nz~ N
2 2
s> Q> Q] . .
4) The leading power correction to
o i It TMD factorization can be expressed
(the contribution is ~ —2W ) in terms of leading twist distribution
Q functions. This is the most important

observation.



Leading twist distribution functions

filaz, k1) hf(ozz,kL)

fi(Bz k1) hi(Ba, kL)

The structure of the TMD operator

o3 [ do-done VI A1) [ A0) + 95 004 O)14) = ki,

835
Leading twist TMD operator is constructed from quark fields only

1 [ dx_d? s _
fila, k) = 5/ CU(27r)i:’>€L eIV BT FRLEL A4 ()14 4 (0)] A)

The structure of Wilson
R. D. Tangerman and P. J. Mulders, lines can be restored by
Phys. Rev. D51 (1995 :
ys. Rev. D51 (1999) gauge rotation



Contribution suppressed by color

1) Introduce higher twist distribution
functions

.
.
.
.
y .
woadl -
y . 1
7 R

2) The contribution is suppressed as N3
C

2 B2 = — d°ky k3 (q— k)]

1 . ~ =~
W(ai - 1)[hZW3(Oéz, kJ_)hFuWS (62:7 q1 — kJ_) + hzwg(azv k'J_)h:ELWS (5277 q1 — kJ_)]

+ (OzzHﬁz)} + {UHC}—i—{qu}—I—{uHSH

X




New class of TMD distribution functions

U CHLD IOy

P8, KL) R (B, k)

Higher twist distribution functions

8m3s

; \/gfdxﬂlx_ e~V 3R L A (2 x)) Yo’ { i(0)1(0) + F“(O)/_O do ¢A(x’_,OL)}\A>

The structure of Wilson
lines can be restored by
gauge rotation



Contribution with gluon exchanges

1
N2

C

The contribution is suppressed as

' e
Wi, B..q.) = A2k (k.q—k {{21 2
X [j?zg(oéza kJ_)ngS(BmQJ_ — kJ_) — ng(&zlkﬂ]% (BZLQJ_ - kJ_)}
+ (1 _ a’i) [j{VJB(aza kL)jEVJB(ﬁzv q1 — kJ_) _I_jivzjg(azv kL)f{Z/@(BZ) ql — kJ_)
+ ngS(azakJ_)jg‘qu(ﬁvaIJ_ _kJ_) +j5¥3(a27kL)j§¥3(627QJ_ _kL)] T Oy & 62}
+ {uHc}qL{qu}qL{uHsH
The TMD operator is

constructed from quark
and gluon fields




Power correction to TMD factorization

leading twist contribution

...~ leading power correction

v 4

_ e’ > : (kg — k).
W(az76ZaQL) - SS%VC‘Q/VNC /d k1 [16{2(1 —|—CL]:)2{1 — 2 QQ }
X flu(am kJ.)flu(BzaQJ_ - kJ_) + Q(Qi _ 1) J_(q - >J_ hiLu(OCZa kJ_)BiLu(ﬁm q1 — kJ_)

mQQQ

2k% (q — k)? w . . -

’ <N2{ 1)@2)7%2 (a = Dl (0, kD™ (B2, g1 = k) + by ez, k)R (82,0 = k1)) <
N. (kq—Fk). o w - .

B N2 —1 ( Q2 ) (2(1 T &i) [‘7{“3(&2’ kL)jSUS(Bz’QL o kJ—) — ]{ug(azv kL)]gug(ﬁza q1 — kJ_)]

+ (1= a)[553 (k) G038y g — ko) + G503 (o, bt ) 75w (B2, g1 — k1)

* I
.
3

S g (e k) (B qn — kL) + g (e, k) ggn” (B g — /ﬁ)])

: 3

L (azﬁﬁz)} + {uHc}—l—{qu}—F{uHs}] + O(m—)
S

power correction

... power correction (gluon suppressed by 1/N3
contribution) suppressed by 1/N,

. Balitsky, A.T. (2018)



Estimations

perturbative tails of TMDs:

filas ) = 19 gt g2y o RO g S0 g i)

9 1 1 — ’ y
k2 k1 k2 ! k4
f Bz m?h Bz = _Bz - m2h 2
k) = D0 bty B Ty )
L L L L
J. Zhou, F. Yuan and Z.-T.
Leading order power Liang, Phys. Rev. D78 (2008)
correction:
e? 1
W<QZ75Z7 QJ_> = = /deJ_ |:1 — :|
Bsyy iy Ne k(g — k)%

< {A+ad)fu(@) fu(B)+ Fula) fu (BN} + {u & ef+-{u e df+{u o s}

Power corrections are important
in the region where transverse
momentum is not too small



Conclusion

W(aza 527 QJ_) —

02
B 852 ¢, N /dZ]CL [{(1 +ay) [1 B }

X [flu(aza kL)flu(527 qd1 — kJ_) + flu(ozzw kJ.)flu(ﬁzv q1 — kJ_)]

oo+ {uodir{uosd| + o)

|. Balitsky and A.T., JHEP 07 (2017)
095; 05 (2018) 150
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1) We calculated to
TMD factorization in Z boson production

2) We calculated hadronic tensor at the tree level
using solution of the equations of motion

3) We constructed solution of the equations of
motion by expansion in parameter m2/5

4) We found leading contribution in
kinematic limit s > Q* > Q%

5) We found that the leading term can
be expressed in terms of leading twist
distribution functions



