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Deep Inelastic Scattering Kinematics

Light cone coordinates:

Pt =1n.Ppt 4 Ln. Par + PI
e \g :%P—n”+%P+ﬁ“+Pf
Target rest frame:

=0 Q*=-—g*q takingq¢® > g~

Proton —— _ + - -
P \\\ P = (My, My, 0) T= e = T
X P o
2 2 q= (g;p77_$p 70)
_ -9 _ Q
LT=19pq = 2 Q?
p-q P-q Pr = (mT (1- fv)p‘,O)

Boosting along 2 Breit Frame: ¢=(-Q,Q,0)

2
p=(-g=-20)
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DIS, Parton Model and Lightcone Coordinates

» Lightcone Coordinates fast-moving electron, proton,

mp ~ Me ~ 07(pj_apz_76)

struck quark
kicked into x~ 1
direction

® |rest frame Azt ~Az" ~ —
My

x+

lBoost

# | Breit frame

A T
mm

virtual photon m?
1
= Small

1m
AT ~ —— = —
mQ@ Q

world-line of
artons .

g » Interactions between partons
are spread out inside a fast
moving proton
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QCD Factorization for Deep Inelastic Scattering

—— Lepton tensor
Lul/ — Q(k,ukll/ + kuklu _ guyk . k'/)

Hadronic tensor W#" .
contains information about
hadronic structure
perturbation QCD and
non-perturbative

parton distribution

® First analysis of DIS does not require any knowledge about QCD
d3/<;’ dra® 1
— L (k, )Wy (5 @)
2|/<;/\ s QY "
phase space
scat. leptons vertlces

photon
propagator2
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QCD Factorization for DIS towards parton model

® Hadroinc Tensor: symmetries (parity, Lorentz),
hermiticity JJ/#¥ = JW/V* *. current conservation ¢,W"" =0
4uq - = \ struc'_cure
W‘ul/ _ <guy B Z V)Fl( Q )\}/,functloc\

p-q pa\ 1/ 20
+<pu - qu—2> <pl/ - qu—2> p—q\F\z(\$ng /)/
® Factorization: separating short distance (perturbative)
process from long distance (non-perturbative) process by

a chosen scale parto_n distribution computable
function QCD coefficient
long Fy(z,Q%) = 22F (2,Q%) f
distance g ﬁ[ |
distance - (X 2
proton Z / — fi(§, Mf (EvQ aMf’Oés(Mr)>

s i=q,q » &
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QCD Factorization: Perturbative QCD

® The general structure of the calculatable coefficient

the corrections looks like; renomalization e of 2
w20 (1Tl [p (7Y, @ C’tJ
(_q) EyQ s Hfs Py Qs | = - E + dn qq E nmﬁ‘Q + 2(.7,‘)
quark parts LO N.L.O.

P;;: Splitting Function Large logarithms
probability that a parton j splits collinearly (oM collinear emissions

into a parton i carrying a momentum fraction x
T

I - ~
@&\ 0000 B0 (Y(Y(YG\@QYG\
)

%
Pyq 1—=z qu qu ng <
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QCD Factorization: Parton Distribution Function to All o

Orders

#® The physical structure function is
independent of f

e B e ()
)ty @ ()

27
| |

M/

_|_

<
Both pdf's and the short distance/ \A Short-distance
coefficients depend on o Wilson coefficient

#® The choice of Uf : shifting terms between long- and
short- distance parts
Redefining non-perturbative and perturbative physics!
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Parton Distribution Function to All as Orders

v
08 YN Q=5GeV

oE

CTEQ3M distributions

- ~_ —~— -~ dbarubar

—= == dval

- - - - uwval

gluon * 3/40

"""" u-bar
d-bar

—= =~ strange

=== cham

1042 5 3032 51012)(5

® In full glory (including gluons)
the DGLAP eqgs. read

i (o) = [ 2 G 30),
folx/Z, 1)

calculable in pQCD

® In real world, we measure cross-section (F5) in
experiment, calculate H* in perturbative QCD, running
RGE to sum up all s in f,L and extract a precise
parton distribution function and its evolution
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End-point Region x — 1 in Parton Distribution Function

Review the scales in D.I.S. process

" L Q2
* P2 <l—1) P£:P/+q:7(1—3’)+m§
T .
. . . 7
o 1 s« 1 ®inclusive process: H'can be

computed as operator product
expansion in pQCD
~ A?QCD ~A%/Q*~0 x=1 ® exclusive process:

Aqep is strong enough to confine

all partons together to hadrons

e p— e p + eg. excited proton

resonance region
~ QA ~ A/Q r~1 o end-point region semi-inclusive process

Q is not large enough to struck parton out of
proton, Aqcp the interaction between partons
can not be ignored

x~0.8 10 GeV
Xx~0.5 for LHC
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Analyzing Non-perturbative Effects at Endpoint Region

x —1

® When Aqep is taken into account, the Infrared Divergence

caused by the soft gluon emission from initial state
partons can not be cancelled entirely

short-distance %—A

[
, o
***************** %0666@ ﬁ aon )

initial states soft gluon emission

with the form H® ~ 01 %"” (ﬁ) with Endpoint Singularity

L Calling for effective field theories to describe non-perturbative effects --
SCET
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Soft Collinear Effective Theory I and II

SCET;
pA

DIS small z inclusive CTEQMdsubions -1 e
08 | Q=5GeV . Jpon 30
d-bar
T e
- S
Lo
P2 — QQ
0.2
P? = QA ..

@Aqep energetic jets ok e e -
P2:A2QCD 0 2 5102 Si02 5 o 2 EEEE]
+

DIS 2 — 1 semi-inclusive
o M
P2 = QAQCD 0.8 0.9
P2 _ A2 Narrow final states

— “*QCD

p+
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Deep Inelastic Scattering Factorization in SCET

® DIS Hadronic Tensor

QCD Q2 W = fPADAE ® HQCD perturbation
SCET[ QAQCD W = fPDF ® J(QA) ® S(A(QQCD) ® HQCD cocfﬁcicnts(QQ)

Y
SCET;; A4cp W = fopr ® S(A%cp) ® J(Q%) @ Hoep(Q?)

® A.V.Manohar, Phys.Rev.D68.11401912003

Operator JGep(®) = Y(x)yHip(z)
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DIS Factorization: Matching QCD onto SCET,

® Cross Section Wypy = %ImTp/V(pa (I) T (pa Q) = % Espin <p|TW (Q)|P>
T;%CD =i [d*ze' T[], (z)J],(2)]
matching
Tef‘f = Zw o f d4$€zq T —5'42' z_e—%w/~z+c*(w/’Q)C(w’w/)

X T[Xn,w’rYan,w (m)Xﬁ,&J”Yﬁ Xn,w (0)]

¢ Decouple usoft modes

4%1/22 0w, —Qlw QC (Q7 —-Q)c(w, @ fd4a:——

ft /t
Traditional P.D.F. SOIt Tunction
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Decoupling Soft & Collinear Modes in SCET

Collinear Field Redefinition: quark &, ,(z) = Y(x){fgz,(x); gluon A, , = YAg,%Y‘*'
usoft Y (z) = Pexp (ig fi)oo dsn - A% (x + ns)T“) = Collinear gluon W =YW ©Oy+

LY = &y 2ind+.. Jeny = €02 [Y+in - DY + YH (Ygn - A,YHY +.. )

np2
=€ %in. 0+ gn- A, +.. 60

All n - A,s’s disappear!

J = &wTh, = EOYV+YWOTh, = (EOWOD(Y*h,)
J = (£uw)T(wT&,) = E0uOY +y T+ D)

. i
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DIS Factorization: Matching SCET; onto SCETY;

X LS 6050 (ha(0,0)|Xn (1 - 2) 65 20X (0) |hn (p, 0))

r -
1 dn-z ,—%(r+l)n-x
Xf ir € °

Initial State Collinear Function C,, ~ Aqcp

Y
Final State Jets : Q2 (% —1) ~ QAqcp — offshellness in SCETy

becoming a coefficient at scale y. ~ /QAqcp in SCETy
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DIS Scattering Factorization Matching SCET1 to SCETI

® DIS hadronic Tensor in SCETy;

Wiur, = =00 H(Q; pyi pre) [ diJa(l pre, )y (Q (£ = 1) + 1 o)

o5 = S(l; 1, V)05, 5,0 Zn (11, V)
1 P “\jnitial usoft mode

usoft mode becomes become collinear modes
soft mode o 9 2 ., A2
Ps ~ AGep Pe QCD

one more scale v to separate soft & collinear modes

0 5.0 Zn (V)= dnz o= 5 (r4Dn-a
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Collinear Function: Feynman Rules & Tree Level Result

0 ot Cn(P’ruQak_) :f%e_%k7w+
ST %3 2o (a0, 0) |30 (27) 5 0P, 200 (0) | n (0, 0))
at O(ad) = [ L 35 e LS (ha|&np (27) 05 20Xn P, (0)] )
n collinear quark _ fdat ikt P, -
Incoming proton - f 4:76 ke esm “ 5P,L ,Q 2 Z Zg n
Light-cone direction n# -
Lai‘%ge licgtiﬁfcoggcnigﬁlgntum = 6ﬁ,15mQ5(n - P — k)ymo = 67’145”.,@6(]{:)7”0

P, =7-P=Q since

. @
z—1 T =55y

Xn,P, Xn,p are only defined with residue momentum
= i(in-9)zt /2o —i(if-0)x ™
Xn.p(n-x) =027 /2% (0)e—iin-0)27/2

np|Pas0) = 5, 1
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Collinear Function: No Real Emission at O(as)

0 o Cn (P, Q+k7) = 477 2 5 20 {Pas U|£n Py ede Prem gl (i9) fi)oo dsn-An(s;,)
Pl 2N 7 = iy ) 0 _ _
,«‘V' %4 \\\P,, %{615,2(9&71,,1’2 +§77,,P1 ez PT %tép.QQ(_lg) -[—oc dsn'An(sn)é-sz |P7L* lTu g3 ln; T>

,'}—,"777, ln igTAE()\)‘ﬁ _ —r -5 S(P——k=)§ 5
= T hil—ic [6(P7 _ln —k ) Ppii—lp-n,Q (Pr - ) ﬁn-i,,Q]' Pn-ﬁ‘Q‘nLO
0 zt
{; '\‘ P 513" A Q515 diel,n,Q O, .ﬁ‘,@ collinear gluon becomes soft gluon
Py—tl, 1y

At Endpoint Region, No real collinear emission is allowed!

n-
aP1 1 (p ) L
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Rapidity Divergences

Lt Chin, Jain, Neil, Rothstein arXiv:1202.0814

1 1
) (—n-k+ie) —n-k+ie)

_ [ qd 1
®L=/d k(kQ_MQ
integrating over k, , IR finite orver M?

~ J1d?k)(n - kn -k — M?)~> (7n-}€+ie) (*ﬁ-iJrie)
along hyperbola n - ki - k ~ M?, I, diverges
n-k/n-k—ocorn-k/T.-k—0

Because soft & collinear modes are mixed

. n-coll.
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Rapidity Regulator v.s. Delta Regulator

Collinear Wilson Lines
W, =3 exp { g_In "il;nﬁ . An} Wn,=> exp [—mﬁ . An}

v
perms perms

Soft Wilson Lines

Sp=>" exp[— gp‘"pyninp/lzn/ -As} Sp=> exp[ T A}

perms perms

® Gauge Invariance? @ Clearly delineates sectors?

® Preserving Factorization Theorem
— A universal definition for generalized soft and jet function?
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Collinear Function and Rapidity Regulator

Nonzero virtual emission

D n n-q| "
Cp=2m, = moéﬁ-:ﬁ,Qé(k)(4g§CF)M2€an (gﬂ)qD %q ((erq)giJ;g))(quque)

= moéané(k)a sCF {GE’YEF(G) (M_zg)e +1 [ +In n—p}

n m

+1n ln——Hn +1——}

zero-bin? C, soft limit Che = 2mag
= mo(s(k)dﬁ.]s’Q(2g§CF)lu’2€ f dd(](ﬁ.;)wn q+{|_i€ q2_»n:rlL§+i€

~ 7 dq_ﬁ scales — 0

Rapidity Regulator: automatically cutting the soft bin off
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Rapidity Regulator and Virtual Soft Function

e k3| =n
S, = —idgZepd(l)p2<vn [ dk k2ﬁ+i) B ‘+ze)(k++ze>

ey 2e
— 6(1) 22 [_ﬂf_) (L) +ok 4+ it

n mg

0 xt
n ® 2 9
= —|—ln——lnm21nﬁ+—
) zero-bin: taking n, n collinear part from this soft function

n-collinear limit: ST, = —(digPcp) P [ dk|k=|"

eikonal lines

1
(k2 —m2+ie) (kT +ie) (k™ +ie)
dim-re,
~ O kR S

Sty =S,
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Rapidity Regulator and Real Soft Function

F N D kt—k— |7
0 T ® Sp = —dcpgZp*un | (27‘3)%5(162 -m2)5(l - k*)m

n ® kT > k™ n-collinear limit,
9\ +n
Sng = —Acrgii* V" [ 5 )D G o(k? —m2)s(l — k* )MW
, . k™ > kT f-collinear limit,
eikonal lines B
Sus = —ter a2 [ GO — )i - ) el

® Because of the measurement 6(1 — k%) kT is fixed
(1) S, # Si # 0 as zero as virtual soft function

(2) Expanding Sg, the difference between S,, & Sg

isat O (7 )SR_S at0<( )O>

. Sp—S,—Sp =-5; = 2%&)2 { {%Mi In

2¢ 1
z R
(mg) 2€2 +

: %
m
ln—2+ }5(0—0— [QL +ln‘—t} i}

¥l

E
n

—In? o —i—ln7

ng € mg

Ou Zhang University of Arizona Rapidity Divergences and Endpoint Region Deep Inelastic Scattering


ouzhang
Line


Renormalization Consistency Condition

® Renormalized Collinear and Soft Function

Co(Q+ k)R = Z71C(Q+ KB SR = [dI'Z,(1—1)~1S(I")B

= One loop Colhnear and soft counter term

Z, =1+ ose {ﬂ—) (L)2€+§(g+1n#_p)]

n myg

2= g0+ 2 {200 () 50+ 2 [ - o) |

® Consistency Condition for Counter Terms, From the Factorization in SCET
Becher, Neubert, Pecjak, JHEP 0701, 076 (2007)
Non-trivial check! ZuZy, () =21Z21()
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Renormalization Consistency Condition

A.V.Manohar, Phys.Rev. D68, 114019(2003)
Zi () = 6(0) + 428 (% + 2 - m ™) (1) — 4 4]
C.W.Bauer, C.Lee, A.V.Manohar, M.B.Wise, Phys.Rev.D70, 034014 (2004)
Zm0:1—%ﬂ(§+§+ 1&)

s

Q2
7277 ) =60 - g {4+ 300 - tmm e
At one loop: Z-]ﬁZH:5(l)+M{[_%+%1H( #p

™

Agree with Z;1Z71(1)
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Double Running in Infrared Scale & Rapidity Scale

® ;;, anomalous (Infrared Scale)

AR (% +1n ﬁ.'fon) P py) = 2esee [1 lnﬁé(l)]

=l
e v anomalous (Rapidity Scale)

2 2
Yo (psv) = SEE I s 7 () = =S85 In

g
Because of the rapidity scale v, in y#, the ‘usual’ anomalous, we can

1) using v to signaling the endpoint region
g
Ve Qinaf vg~Q (1 —1) in At
(2) o* =k oyl = 2 {% + -+ ﬁﬁ‘jn] 7" =0

v cancels as expected! v expands where In b

©
= ~In o comes from

Ou Zhang University of Arizona
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Double Running in Infrared Scale & Rapidity Scale

m
v( | fina @ One-loop p-running factor for collinear & soft function
1 vy, vis pig) final
ki ;; |—p:th2 ® S‘ Cn(QK;MaVc) :Z/{(M7M07VC)C7I(Q_K;,U’O)VC)
S Ul =t 2]
1= path 14 S P
| initial V(vg, v p;) S(l7 H, VS) = f d’f’u(l — Tl Hos VS)S(lv o> mus)
(627E Vs)fw(u,uo)

v U= 10 V) = G e

as(p)

V:i l/:f
w(p, po) = 45_51“ s (110)

® However, running in v is not perturbative since v/, v7 depend on mg
S(Z7 Hs, V) = V(/’st v, VO)S(Z, Hs, VO)
:| w(l‘/s7mg)

V(s v,vo) = {V—VO

Convolving with non-perturbative P.D.F. part which can absorb mg
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Collinear Function with Delta Regulator

Virtual Contribution

v o_ _ o 1 1 1 1
Cn = 2ma - mO(Sn-TLQ(S(k)(ZlgsCF :U’ f (271-)D q— —01tie o+ q'++A2—i,e q+_qi+'m,§71‘,€ q
P~ +a~ a~

= (252) 80 ) {2 [log 3 + 1] —log £ (log 21 + 1)

2
- [ln( ’m2) 111 7n2 +1- Af/g’r/r:;:il In ’mz + Liy (m2> - %2} }

zero-bin of virtual contribution, never being zero agaln =4y

cv, = 0n.5.00(k)(4g? 2 [qdg—L _ 1 1 L
ne — M09%7-5,Q ( )( gsCF)H‘ f 45,77 q+,%+i5q+ 24 m2 —ic q—

q=

log 0y 4 1 log2 7’7‘12

= “ser §(]) {% + 1

+ 3 log? (5162 - )+L12 (W) + %}
g

Real Contribution, only soft momentum allows to traverse the cut

Cf:2m5+2mc:Cf¢:2mb+2mc:O
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Soft Function with Delta Regulator

Virtual Contribution

SY = Cro
modn.5,Q

— 2 2 d 1 - 1
= 0(l)(4g5cr)p=c fd 4=—5Fie q+ﬂ:3§_2:+i5 Z—mItic

Gy = £2
Collinear-bin subtraction, fi-direction k= > k*, Rapidity Divergence rises

Sip = (2igler)d (i [ Ak e — &=t s e
o+

— 1
i3,

03 ~collinear scale
Regulating rapidity divergence,
Destroying factorization!

Real Contribution
SE = (dmgPep)p® [ d* 2k 6(k* —m2)Q(K)o (1 — k“')ﬁk_lj
because of the measurement function, not containing an obvious rapidity divergence

. QR QR Ag—ie
However in Sﬁab’anb 0y — yoE
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Renormalization with Delta Regulator at End

Only Divergent Part

ascr {525(#) +1mn (g_) 5(F) — Lo+ 2In (g_) — 2y (g_)

soft
= Lo0) = L (#£2) 60%) + Lo(%) + O(1)} collinear
= ucr {_g[l:“ +1 1n(%>5(z+) + 5(#)}

acFl

with z¢ = . wave function renormalization

7—2<W){[l+ﬂ+ In(B)a(t+) — 360+ }
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A suggestion to a New Definition of PDF?

e . Collinear )
Function /% = 0
onl contalmn initial states
Y g/ﬁ \7& 0 information

e Soft function /%EA_F /ﬁ \7é 0

containing both 1n1tlal states & ﬁnal states information

L4 Weff ~ C2(Q7 Qhuf?M) ® fP.D.F & Jeff X Seff

[should be only sensitive to initial states|
fop (1) = 5 2, (halp: 0)]|X0(0) 5 xn (0)| n(p, 7))
x [ dzesQene b (0|Tr (T, Ya(n - 2)]T[Y: Y, (0)]) |0)
containing both collinear and soft factor, satsifying DGLAP type running
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Summary & Future Project

e DIS End point Factorization QCD — SCET; — SCETy;
® Rapidity Divergence: more specific in future

Rapidity regulator v.s. Delta regulator

Gauge Invariance; Clearly Separation of Soft & Collinear;

Universally defining in Soft and Collinear Wilson Lines
(Keeping Factorization)

® Double Running in Infrared & Rapidity Scales
More Information from Endpoint region

e New P.D.F.? Phenomenology Analysis, in future
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