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e Deep inelastic scattering (DIS) is a benchmark process for the extraction of
parton distribution functions (PDFs)

e high precision in theoretical predictions is important for reliable fits

e a framework for the inclusion of mass effects from heavy quarks with
arbitrary scaling of the mass with respect to other scales is needed

e in the endpoint region (one single jet in the final state) additional large
logarithms can weaken convergence of the perturbation series

e conceptual issues about factorization in the endpoint region
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@® Soft-Collinear Effective Theory
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e classify momenta with respect to the scaling of their light-cone
components (A < 1)
| (p+,p‘,pl) | p
hard Q(1,1,1) Q?
n-coll. (,\2, 1, ) Q22
A-coll. | Q(1, ) QN2
usoft Q( ) Q24
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Soft-Collinear Effective Theory

Bauer, Fleming, Pirjol, Stewart (2001)

integrate out hard (far off-shell) modes to get effective field theory with
only collinear quarks and gluons (&,, AY) and usoft gluons (Af;) as
fluctuating fields— SCET

QN?

QXN Q pt

effective theory to describe highly boosted, collimated objects and
low-energetic radiation between them — Jets
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® DIS in the OPE Region 1 — x ~ 1
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Deep Inelastic Scattering

P = =7 (Breit frame)
X
w Tl
q" = Q% - Q%
Q(1 ) 7 Hadrons
i L — X)) Nn
Px=Qy+ =573

\f//,
N

pa— 2 )
x= 2 = 1 P /
T 1+ / \
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y= Q° Hadrons
sX
d’o _ 4mo® [((1— )+ 1)Fi(x, Q) + LY E(x Qz)}
dXdQ2 e Q4 y 1\X, M L\X,
FHv = 4i/d4zeiqz<P|J”(Z)JV(0)|P>
T
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P? ~ Nyep
—q2:Q2

2

]__
Pizio(x AP~

at the scale @* match QCD onto effective theory containing only
non-pert. n-collinear modes

1
Fi(x, @) = Z/ %Hi (27 Qu) fiyp(& 1) Xa(x) = WJ &a(x)
I Wi(x) = Pexp |:ig/ dsn - An(sn):|
(&) = (PIRVOS [5 (P~ 7)1 (0)] 1P)
_P%¢

s/p(8) =~ 5 (PITr (WA I(PY + gAL YWHIIS(PTE — PTYWII(Py + 845, ) Will] |P)
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DGLAP Evolution

matching and renormalization does not depend on
IR physics

— can be calculated perturbatively with partonic
initial sates

f;_bare _ ZZID/TS(@"J-

Jj

pg~ANoep - - -

MSTW 2008 NNLO PDFs (68% C.L.)

o~ 1.2
[
X
DGLAP evolution for PDFs % 1
Dokshitzer (1977), Gribov & Lipatov (1972), Altarelli & Parisi (1977)
1 0.|
d¢ X
i) = [ Forg (o) en) o
| ¢ 3
J 04
0.2
o
10 10°

A G N A

xf(x,Q?

Q% =10 GeV? |
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10° 102 10" 1
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O VFNS in the OPE Region
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Mass Effects: Fixed Flavor Number Scheme (FFNS)

add one massive flavor in the calculation pr~Q - == ---

Hi(un) @ Uf(pn, pe) @ fi7p(pr)

Hi = H,-"fn:o + Hiim n
ps~Noep - — - -
Hi m 0
m2>>Q2
2
m as(pm) T 50 m 1—x
; ~ log — Hy m(x, m, _GsWm) g n
fhim e ™8 @2 bl m @) = =5 2 [P (In g —in (=

+(1-2x)] + O(a)

decoupling of very heavy particles, BUT..
. no resummation of logs including the mass as a new scale
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Mass Effects: Variable Flavor Number Scheme (VF

have to include effects of the massive flavor also in
ny+1

the running of the PDF
Hp ~ M ——————

i(’uH) 2 U;f,;rl(limu'") ® Ajk(llm) ® Ur":fkl(l‘ma/ﬁf) ® ﬁ/P(:uf)
[:[ = Hgf:o + ’:Im
2
as(fm) P(O)(X) n 4 0(?)

AQg(x, m, pim) = — o ag 12
m

Hp —— Hm=o
m2 < Q?

2 2
the additional flavor in Uff+1(pH,Mm) resums the logs of log Z—g" ~ log &
H
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® DIS in the Endpoint Region 1 — x < 1
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Kinematics

i Lad

* P~ QT+ Q(L-x)T

n-collinear scaling for (1 — x) < 1
= only n-coll. and soft modes
allowed in the final state

e invariant mass of the hadronic final — -

P
state much smaller than the hard
scale

P)2< ~ 02(1 —x) K Q’ Jet

e = additional resummation of
log % ~ log(1 — x) needed
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PDF Evolution

no flavor mixing in the PDF evolution (all off-diagonal elements in the
DGLAP mixing subleading)

Uri(2) = Uri(2)05 + O((1 - 2)°)

f(Z /.L Z/ Ufu ( y Ky :uf> f;(&a:u/f)

S ol zi) = / 42 Up(1 — 2 — 2,1ty o)l 2 1)
0

$q(1—2) = f4(2) + O(1 - 2) Us(1~ 2) = Ui gq (2)
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e three different scales in the process

» hard interaction: Q
> incoming proton, n-coll.: Aqcp

> outgoing jet, n-coll.: Qv/1 —x
e need to integrate out different modes at their respective scales

e go through a multi-step matching procedure between different effective
theories
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Factorization

o Jt — C(Q, )XY Xn

P
Q
Q(1—=x) ~Q*(l-x)
~Q(1—a)
~ AQ(‘,D
H(Q, 1) = 1C(Q, m)I?

) Q pt

SCET |
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Factorization

o Jt — C(Q, )XY Xn

® Xn— YnXEyo)

Q) p

n

X — Yax

QU -2)
~ QX1 -y

~ A‘Q(‘,D

H(Q, 1) = 1C(Q, p)I?

) Q pt

SCET |
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Factorization

o Jt — C(Q, )XY Xn

® Xn— YnXEyo)

-
o Yo f
Q
e Y,— S,
Ys — Sk
Q(1—=x) ~Q*(l-x)
Q1 —x)? ~Q(1—a)
~ AQ(‘,D
H(Q, 1) = [C(Q, w)?

Qu-w) Q pt

-1
+ —
J(@ry,p) = mNQ
SCET II
xIm[i/lﬁzJWNOT{iﬂAWZX?Nﬁ}m]
bq/p(1— 2z, 1) = <p|)—<§,°>sgsngé(0(1 = 2) = - P)SISix gl P)
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Factorization

® JH — C(Q, p)Xa7" Xxn
® Xn— Ynxs,o) -
x5 Yo ;
e Y,— S,

Ys — Sk

H(Q, 1) = 1C(Q, p)I?

Qu-w) Q pt

N o) = 5o
‘ SCET II
x Im {,- / d'z & (0|T {»z&%(mgx&“(z)} o>]

#

barp(1—z.11) = (PIZVS] 5, £6(Q(1 = 2) = - P)SISix% )
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Factorization

o Jt — C(Q, )XY Xn

H(Q, 1) = 1C(Q, p)I?

-1
27N Q

x Im l:i/d4z o { X051 (z)}O)]

Darp(1 — 2,) = (PIROX v 26(Q01 — 2) — - PYV X 1P)

n

J(QI’:, /‘) =
SCET Il
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Multi-step Matching

I I p I
Q 1
n,n Qvl-z
n
, QU —z)
us 5
QU — )
n
es | Aqep
QCD SCETI SCETII SCETII;
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Multi-step Matching

Aqe n
cs w cs AQCD
QCD SCETI SCET I, SCET 1L
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Factorization Theorem

2
Fi(x, QQ) = Z % H(nf)(QHu) % /dSJ("f) (s, 1) ¢E;Q (1 o %,ﬂ)

i=q,9
Fi(x,Q) =0
H(Q, 1) = UG(Q, iy 1) x H(Q, ) pH~ Q
J(nf)(s7u) _ /ds' USH{)(S_ SI7IJ/7I'I‘J)J(nf)(S/7l’LJ) W~ QVI—x

$0(1 = z,p) = /dzl UYL= 2= 2, ) 6732 1) te ~ Nacp
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® VFNS in the Endpoint Region
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Secondary Massive Quarks

no flavor mixing in PDF evolution — only light quarks enter hard interaction
= effects of heavy quarks only via secondary radiation

o

can be obtained from 1-loop calculation with massive gluon and dispersion relation
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VFENS for the PDF

Q1 —z,m, i) for p > pm
¢("f)(1 —Zz,m, .U‘) =
" (1 -z, p) for p < fim

® at the scale u, change from a scheme with
(ny) light flavors to a scheme with (n; + 1)
flavors

® |eads to a threshold correction at the
matching scale, that relates the PDF in the
two different schemes with each other.

M;(l —zZ,m, /‘l’m)

= /dz' "2 =z, m, pim) (¢("’))_1 (1—2',m,um)
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Fixed Order Threshold Correction for the PDF

fixed order threshold correction at two loops
ve~ QL —x), I=1/vy, Lm=1n Z’—::

v +(2)( 0 ) _ 02CeTr
— M -, m, Q, fm, v =
Q e QMM )T Tan)y

N {5@ (B2 + B0 28) 10 (1)

2 8n? 73 2072 8
+2L$,,+<3+>Lm++ Ca]

9 18 27 3

0(%) [8 , 80 224}
- L4+ T+ =
+[ i L gm g tmt

remaining large logarithm in fixed order expansion

In (%) ~ In(1 — x)
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Rapidity Logarithms

e 7-coll. and (c)soft modes in the PDF separated in rapidity

Ya Q vs,  Q(l—x)

e X N ——— 2~

Aqco Aqco

e

AéCD
Q(l-=z)

AQCD
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Rapidity Logarithms

e 7-coll. and (c)soft modes in the PDF separated in rapidity

Q(1 — x)

c N — 7

vo Q@ oYs
Aqcp Aqcp

e

e factorize PDF into collinear and (c)soft function: ¢q/p = Sc ® gq/p

e each single function contains rapidity divergences in loop integrals
for kt — 0 (as % poles with a rapidity regulator 1) that cancel in
full PDF...

e ...but because of the different rapidity scales a logarithm remains

® can be resummed by using rapidity RGE
Sbare _ ZS ® S
H 1 1 T .
Zs contains all ¢ (UV) and ;- (rapidity) divergences
S(p) = S(p,v)
e introduces running with respect to rapidity scale v

S(M, V) = US,V(Vv VO) & 5(:“‘7 VO)
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Parton Distribution Functions for Aqcp ~ Q(1 — x) < Q

Burp(1— 2,1) = (PIaS] 5, 50(Q(1 ~ 2) — n- P)S] SixnolP) ?

:Q/M&mmﬂ—d—&Mﬂ&M

collinear function: g,/p(¢, 1) = (P|Xa gx Q|P)6(¢) pr = (Py: Py Pi) ~ Q(1, A%, \)
soft function: S(¢, ) = 7-(0|S1S, (¢ — n- P) S1S5/0)

soft Wilson lines:

S/ (x) = Pexp [ig/ dsn- As(sn" + x"’)]
0

ps—(p57ps s Ps )NQ(A A, )‘)

0
Sn(x) = Pexp {ig / dsn- As(si* + X“)]
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Parton Distribution Functions for Aqep S Q(1 — x) < Q

$a/p(L— 2,1) = (P|xaX] vaga(o(l —2) = n-P)V} Xoxa.0l P) N

= Q/dggq/P(Q(l —Z) _£7M) 5,;((7 M)

collinear function: g,/p(¢, 1) = (P|Xa gx Q|P)6(¢) pr = (P : Py Pa) ~ Q(1, A%, \)
csoft function: Sc(¢, i) = 7-(0|X] V4 d(€ — n-P) Vi X3|0)

csoft Wilson lines:
Vi(x) = Pexp | dsn- Acs(sn* + x*
» () P {g/o el )] pes = (P, Pes, ) ~ QA K, 2, )

0 . Q1—x)
Xa(x) =Pexp |ig dsn- Acs(snt + x*) R = Aqcp

Daniel Samitz (Univ. Vienna) VENS for Final State Jets in DIS Vienna 2015-10-06



Collinear Function g,

2 -
Ly =In (%) J Ve~ Q(L—x), £=120/vyg

asCr
11¢4
47 )

v 9 272
4Ly In{—=)—=3L - -
><{ Mn<Q) M+2 3}

vy 2 = O‘ScF () {f E —Ly+ 0(6)] +% [4 In (%) + 3]}

asCr

(LM, Q. v) =

q/q

Yv,g = 4'LM

£a/a) = xp e 10 (%) /o) ve ~ Q
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Soft Function S

VeSO, M, v) = 2

foan(2) 0-ua[22] )

Syint Steal

W _asCr AL o] -4 (L 4 e
vg Zs = {6(@)( n[ Ly + O( )] [ (V¢>>+E[ 7 +}
v, = osCr 4Ly = —Yv,g
5) = exp [ 0 (2 s(ws) vs ~ Vo
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Resummed Threshold Correction for the PDF

./\/l = exp |:7M In (1/ )} M (vs) @ M ()

- CE?CFTF <§
TMT Tane \3

80 224
L%n + ELm + ?) + (’)(a?)

fim = m, vg = Q, vs = vs = QL — x)

(4m)? 27 (-

- Q2CFTE 2072 73 224 | ©(4)
X{WH (ar)? [W)( 27 18_C> o7 { 7 L]}

¢
iy mar o[
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Threshold Correction for the PDF with N3LL Resummation

N3LL resummation (asIn ~ 1, all terms up to “a2")

= a2, a?ln, &2 In, ot In?

’ ((X(",-H))Q
Vs o4 _ s7 s 5 Vs ()
) Md)(a’m’ Q Hmvl’gvl'S) =00+ T 5(£) In (jg) MG (ms pim)
O(as)
(n/+1))2 .
(o ; o(h)
2) (2)
+ [W (5(4)/‘44),1(07 m, tm, Vg, Vg) + [ 7 ]+M¢,|n(m> Mm)>
(”/+1))3
(as » vs ®
+ Ty 3(€) In (V:) M (m, pim)
+ w ) m2 () m® (m ) + O(a3)
(47)* Vg 2T Hm s
0(a2)
/\/lf;')ln2 from exponentiation with 2-loop anomalous dimension

./\/lf;)ln from full 3-loop calculation in the OPE region
J.Aiblinger et al., Nucl.Phys. B886, 733 (2014)
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Consistency Relations

I

Ko ~ Agep
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Consistency Relations

physical form factor independent of the choice of the renormalization scale p
= consistency relations between the evolution kernels and threshold corrections of the
components in the factorization theorem

U1 = 2, o, 1) = Q° UGT(Q, o, 1) US (@ (1 = 2), p, o)

Mg(l —z,m, :u’) = Q2MI;(Q7 mh“‘) M;(QQ(]' - 2)7 mvlu‘)
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Threshold Corrections

missing a2 terms MS)IH and M(fl)n can be obtained from M(j)ln via
consistency relations

Vg~ Q, vs~ Q(l—x), ym~m

€ 3 m Vgls
M¢>)|n| (z/ ) 7MH)InIn (2) MJIn ( 52 )
g g m
3 Vs Vgls 3 VglUs
=M, {m (ug> ~In (—ign )} +M§}n|n( = )

3 3
ME:),)In = MS‘I.)In

3 3
M.(I,I)n = MS—I,)In
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Outline

@ Outlook and Conclusions
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Outlook

MSTW 2008 NNLO PDFs (68% C.L.)
1.2 ‘

e PDFs are strongly suppressed for x — 1
= not much data for the endpoint region
available

? = 10° GeV? |

xf(x,Q

/10
08 \

e to focus on jet production away from the
endpoint region consider 1-jettiness

2 Z 0 0
T1 = & min {qB - Pi, qJ - pi} 10°  10° 107 10" 1 0% 10° 107 10" 1

X X
rex A.D.Martin, W.J.Stirling, R.S.Thorne, G.Watt, Eur.Phys.J. C63, 189 (2009)
1

for 1 < 1: two jets in the final state,
resummation of In 71 needed

e include initial state radiation in the

factorization theorem P Beamjet
HxJ®S®I&f
Stewart, Tackmann, Waalewijn (2010) Jet
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Conclusions

e derived a factorization theorem for DIS in the endpoint region 1 — x < 1
valid for Aqep < Q(1 — x)

e set up a VFNS for DIS in the endpoint region for secondary massive quarks

e studied resummation of rapidity logarithms In(1 — x) in the PDF threshold
correction My

e achieved N3LL resummation of rapidity logarithms in My

e with consistency relations extended this to My and M,
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e derived a factorization theorem for DIS in the endpoint region 1 — x < 1
valid for Aqep < Q(1 — x)

e set up a VFNS for DIS in the endpoint region for secondary massive quarks

e studied resummation of rapidity logarithms In(1 — x) in the PDF threshold
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Thank you for your attention!
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