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the rise of the gluon at low x
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Before the HERA measurements, most of the predictions for low x behavior of
the structure functions and the gluon PDF were wrong

NOW it seems that the conventional NLO DGLAP formalism works TOO WELL!

(there should be In(1/x) corrections and/or non-linear high density corrections for x < 5x10-3)



the rise of the gluon at low x from DGLAP

dg(x, 0°) e fl dy[quG)q(y, 0) + ng(f})g(y, Qz)]

d InQ? y
2C 8 2C'4 6
atlowx: xly=z—-0 Py — zF =37 Pyg — P (gluon splitting functions are singular)

dg(z,Q%) _ os(Q?) (' dy6

Pgg dominates so the equation becomes:

din@? 27 Jp y =z
. . . 2 2 . 2 1

changing variables using: ¢ = In(Q?*/A?) and with as(Q*%) = 1/(bot) = e

0[N Az
gives: zg(z,Q%) =~ exp {\/ 5o In(- 1“(1?)} p234 — Devenish & Cooper-Sarkar
over x,Q? range of HERA data, this solution mimics a power law behavior:

1
2g(z, Q%) ~ x| with A, = (Eln(t/t())) ’ slope of low x gluon gets
oo In(1 /)

steeper as Q? increases

also, at low x, evolution of F2 becomes gluon dominated,
and generates a similarly steep behaviour

Fy ~ 27, where A= Ag — €
EG. arXiv:0305165


https://arxiv.org/abs/hep-ph/0305165

gluon at low x

2
& QCD Fits I * H196/97
20 ¢ M (H1+BCDMS) total uncertainty 18 [  Q=15Gev? s e
< I M (H1+BCDMS) exp. + a, uncert. B + BCDMS
s [1(H14+BCDMS) exp. uncertainty L6 b Citie
$% B o <H1 ) it E * NMC
15 F = 1.4
- \ 2 i — ZEUSNLO QCD fit
1Q°=20 GeV E 1.2 :_ [ tot. error
: Q*=200 GeV? E i b
10 - S ¥
r g 0.8 -
= 0.
§ Q’=3.5 GeV?
I 5 ©0s -
5 8 &
| 9 04 -
= [
(@] 02 14
NN &) L
0 \_4 ‘ HHH\_} ‘ “““\_2‘ ‘ “““\_1 I 0 ...ls L - L - febi Z e 1....
10 10 10 10 .. 10 10 10 10 10 1

momentum fraction x

« aflat gluon at low Q? becomes very steep AFTER Q2 evolution AND F2 becomes

gluon dominated

a:g(x,Q2) ~ =\ with Ag = (i—i%) 5, t = ln(QQ/AQ)
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[ Q%=35 GeV?

T QP=45GeY? [ Q’=6.5GeV’

Mm\ [

Q=85 GeV?

so it was a surprise to see F2 steep at small x for low Q2, down to Q2 ~ 1 GeV?

SHOULD perturbative QCD work? as is becoming large — as at Q?~1 GeV?is ~ 0.4
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beyond DGLAP: low x partons and BFKL

there is another reason why the application of conventional DGLAP at low x
Is questionable

can be shown that DGLAP equations effectively
sum terms in (aslog@*)"

(1]

diagrammatically, such terms arise from an n-rung
ladder diagram, and assumes parton emissions are }

. Tn, kn
strongly-ordered in transverse momenta

mn—lakn—l

2 2 2 2
Q2> k2> .. k> Q2

xn—?akn—Q

xn—3akn—3

HO corrections to splitting (and coefficient) i
Lo, ~o

EkEED

functions also contain terms in log(1/x)

gives rise to contributions to PDFs of form r U
1 ¥
P 2\¢q
a; (Qz) (an ) (ln ;)
conventionally, in DGLAP: BUT if log(1/x) large, should also consider:
LO: p=q=2r=20 LL(Q2) p=r=2q21 LL(1/x) BFKL
NLO: p=qg+12r2 0 NLL(Q2) p=r+12qg=1  NLL(1/x) summation



Diagrramumnatically, « DGLAP:

« Leading Log Approximation (LLA) in log(Q?) — strong
ordering in transverse momentum

N
(1)

Tn, kn
xn—lakn—l
xn—?akn—Q

xn—3akn—3

o, kO

EkEED

r U log(1/z)

 BFKL (]B’)@ll[ftlESkaL Fadin, Kuraev, ]Lii]paut(ow)
« sums terms in (aslog1/x)™ independent

of log(Q?) . |

« ordering in x but NOT in kT
« predicts x but not Q2 dependence

Q> > k2> o> k> QP
« and at small x, also have strong ordering in x
rr, <. KKl

Double Leading Log Approximation (DLLA) sums leading terms in
log(1/x) provided they are coupled with leading log(Q?) terms

Iz, . €5 €] Q> k.. >kl » Q2
TLT,H.. € 1, <1

BFKL A‘L A
evolution

DGLAP Q*> kir... > kir > Q}

evolution

Q3 logQ?



BFKL

dg(z, k‘%)

BFKL equation has structure: T/
dlog(1/x)

_ /dk;?K(k%,k;?)g(x,k;?) —AG

Q" aK2

where G is the gluon density unintegrated over kT zg(z,Q?) = / en G(x, k=)
T

at small x, BFKL equation has the solution: 30
where A = —24log2 ~ 0.5 at a, ~ 0.25
T

A
xg(z, Q2) ~ eMos(l/z) A (i> valid around Q2 ~ 4 GeV?

50 is the leading eigenvalue of the kernel K

steeply rising gluon behaviour even at moderate Q?
is this the reason for the steep behavior of F2 at low x?

NOTE that this has an analogous form to the Regge-pole exchange behavior
of the amplitude (see Lecture 3)
IS there a BFKL pomeron?



an aside ...

 BFKL were calculating gluon ladder diagrams to try to understand the
flavourless Pomeron which dominates hadron-hadron cross sections

i.e. they were trying to understand the
ordinary Regge Pomeron now called the SOFT

Pomeron
s x1-« =1.08

BUT their calculation yielded too large a value
for a (x=1.5); this is now called the HARD
Pomeron or BFKL Pomeron

« these calculations were rather naive and
NLO corrections suggest a smaller a
 however, DIS data at low x gave the first
sign that maybe a HARD Pomeron does

exist



non-linear effects and saturation

Furthermore, if the gluon density becomes

colour glass condensate, IMWLK, BK

large, there may be NON-LINEAR effects High density
region _
gluon recombination gg — g o
2 2712 2
g~ Qg P /Q T 4;5 g P
may compete with gluon evolution g — gg ’é ?jo
1|E
O~ Qg p fn g gén L COFM
where p is the gluon density g g:o E Unconventional DGLAP
Z.=| m | Modified BFKL
EG. GLR (Gribov-Levin-Ryskin)
O%zg(z,Q*  3ay ) 8la? . DGLAP —
dlnQ2d1n(1/z) w;g(‘”’Q )~ T602R? (;g(x’Q ) 2
Qs p a; p’/Q? nQ
the non-linear term slows down the y " Ll//
evolution of xg(x,Q2), which tames = = -
the rise at small x g -y by dbaasih; A-lf‘:‘
sabswme BPEL Wy subiuma EPEL

the gluon density may even SATURATE

(respecting the Froissart bound, gy < const.(Ins)?)

there is plenty of debate about positions of these lines!
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to summarise:

various reasons to worry that conventional
LO and NLO log(Q?) summations, as
embodied in the DGLAP equations, may be
inadequate

it was a surprise to see F2 steep at small x
even for very, very low Q2, Q2 ~ 1 GeV/?

1. should pQCD work? as is becoming large,
EG. as at Q°~1 GeV?is ~ 0.4

2. there has not been enough lever arm in Q2
for evolution, but even the starting
distribution is steep — the HUGE rise at
low x makes us think:

3. there should be log(1/x) resummation
(BFKL) as well as traditional DGLAP
resummation — BFKL predicts F2 ~ xs
with As=0.5 even at low Q?2

4. and/or there should be non-linear/ high
density corrections for x < 5x10-3

High density
region
2
=
N
1| E "
bz g L CCFM
% %:o E Unconventional DGLAP
Z.=| m |Modified BFKL
DGLAP —
/m Q°—»
~P "« hd/
Awm -~ ~ . \
daasiy
woy by Rés
Subswme BPL. ey subbume EPEL
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what does the data say?

Does the data need unconventional explanations?

* In('/)terms in the splitting factors
+ CCFM
» modified BFKL

Afficionados claim ¥2 improvements over
conventional NLLA DGLAP..

But, one seems to be able to use DGLAP by
absorbing unconventional behaviour in the
boundary conditions i.e. the unknown shapes of
the non-perturbative parton distributions at Q,?

We measure, F, ~xq
dF, p
—_— g -X g
dinQ* ° .
we can explain unusually steep 4100 by:

unusual Py, — eg In(’/,) BFKL

OR unusual x g(x,Q,2) — “valence-like” gluon etc.

— measure other gluon sensitive quantities at
lowx: F_,F’¢

Global Fit (ZEUS + fixed target)

2.5 GeV?

6 = Q%=1 GeV? [~

—— ZEUS NLO QCD fit

20 GeV?

[ tot. error

) (o, fixed)
2NN uncorr. error
A (o, fixed)

200 GeV? 2000 GeV?




change of the gluon over time

|

— EHLQS84
—— DuOwg4
arXiv:0409145 ~ — Moluo
—— CTQ2M
MRSA95

000) — GRV%4
CTQ4M
— MRS981

C6.1M

— MRSTO1
— Alekhin

goGloun Distribution at Q’=10GeV’
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in fact, when HERA low x data first published, gluon went from being flat to steep at low x
BUT then when the HERA data proved to still be steep even at very low Q%, DGLAP fits
started to produce gluons which turn over again at low x

gluon evolves FAST — in order to evolve so fast upwards it must also evolve fast downwards
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https://arxiv.org/abs/hep-ph/0409145

FL and the gluon

10 “I III\ITI'| T IIIIIHI T II\IITI'| T \IIII'IT| T TTTTT OS T TTTTm T \IHIH‘ \2\\HHI‘ T IHH! T TTTTI
Q2=2 GeV> Q=2 GeV
NLO fit 04 | NLO fit -
------ NNLO fit
—————— NNLO fit I e
s SEEREE LOfit _|
~ 03 —
N \
<
& Na”
—
3 o2 .
=
>
0 ~
01 T me
| |f’|\|_|_|] | ||||||\| 1 ||\||_|_|J | \||||||| L L LLLLIL 0 L LI | \IHIH‘ | HHHI‘ | IHHH‘ Il\\l'\\\
0w W' ge° 10 a1 107 10" 107 107 10" 1
* negative gluon predicted « corresponding FL not
at low x, low Q2 from negative (at NNLO!) but
NLO DGLAP remains at has peculiar shape

NNLO (worse)

no one found this VERY convincing until recently....
when log(1/x) BFKL resummation worked out in detail

and applied to NNPDF fits, giving NNPDF3.1xs
arXiv:1710.05935

0.5 1 IIIII|T| 1 IIIII|T| 1 IIIII|T| 1 IIIII|T| | LRI
Q’=2 GeV>
—— NLL+
0.4
~03
<
<
=
g
0.1
0 1 Illllulf ’I‘I‘l:llful 1 IIIIluI 1 IIIlIu] ll\l

1010 107107107 1

including log(1/x)
resummation in calculation
of splitting functions (BFKL
inspired) improves shape,
plus X2 of global fit improves
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https://arxiv.org/abs/1710.05935

FL and the gluon

10 _‘IIIIII'ITl I|IIIII\| IIHII'IT| IJIIIITI'| T TTTTT 05 T TTTTm I\IHIH‘ T HHHI‘ \IHHH‘ T TTTTI
) 2 2
Q2=2 GeV> Q=2 GeV
NLO fit 04 | NLO fit -
------ NNLO fit
—————— NNLO fit I i
s L SRRTEE LO fit K
~ 03 |- —
N
o
& Na”
—
Cx}: o2 .
=
>
0 ~
Ol [ \‘\\ \.\.\ ser —
||f’|||_|_|J |||||||y| |||1||_|_|J |1||||_|_|J L L LLLLIL O L LI I\IHIH‘ | HHHI‘ \IHHH‘ Il\\l"\\
10> 10* 107 107 10" 1 107 10" 107 107 10" 1
* negative gluon predicted » corresponding FL not
at low x, low Q2 from negative (at NNLO!) but
NLO DGLAP remains at has peculiar shape

NNLO (worse)

arXiv:1710.05935 — why not sooner? a) it is a difficult
calculation — program is called HELL (High Energy Leading
Log resummation); and b) measurements not precise
enough until final HERA combination, arXiv:1506.06042

0.5

L(x,Qz?CJ

F
o
b

0.1

0

IIIIII|T| IIIIII|T| IIIII“Tl 1 IIIII|T| LLBLBLLLLL
Q’=2 GeV*

—— NLL+

e

10 10 10 10 10 1

including log(1/x)
resummation in calculation
of splitting functions (BFKL
inspired) improves shape,
plus X2 of global fit improves
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https://arxiv.org/abs/1710.05935
https://arxiv.org/abs/1506.06042

impact of log(1/x) resummation

consequences of this on HERAPDF fit: arXiv:1802.00064
1. X? VASTLY improved — not just a bit — i T )
with new settings with new settings
. Total x*/d.o.f 1446/1178 1373/1178
2. improvement comes at low x and low Q2 subeet NC 920 23/n.dp w46 /37 pof e
subset NC 820 y?/n.d.p 70/70 65/7
§1 20 S subset charm \2,,"'n.d.p 48 /47 49/47
N RRAIRO DU correlated shifts inclusive 102 7
B 7 NNLOWNLLx T =% NNLO+LLX correlated shifts charm 15 11
= log term inclusive 20 -3
by < log term charm -2 -1
L1 5 0 S5 % Qz;lz(‘;selv L 1(; '1'(;.4 ";xm
= HERACNG v 020 GeV. Q- ToiGey 3. ... and affects the high-y/low x turnover of the
. T T T IIII T T T T TTTTT T T T | /o A A T
2 - — NNLO(with shift) - . _ . .
11 | = NNLO+NtLLX(With Shift)_ CrOSS SeCtIon, y_Q2/(S-X), WhICh f|tS mUCh
0= [} HERA data 4 .
el e e better because FL predicted to be larger
s 0.8 |- - — y2
07 | * -
- . e - _ O; — F = _F
05 | arXiv:1710.0593 - . sl o
0.4 ol o opow el % W o e oo RS
S 115 F =T T LTI LT —
SR 2 .
2 ye8 A s gtr T vae - ¥ -4 4. FLgluon dominated and gluon now has more
2 090 | .
& 838 R I e | L Lol | Lol | reasonable Shape__
107* x10_3 1072
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https://arxiv.org/abs/1802.00064
https://arxiv.org/abs/1710.05935

impact of log(1/x) resummation

Fi(x,Q?)

in NLO DGLAP, FL given by: & [ o°=30GeV .
3 10'_-99NNLO+NLLx
;.,’ L =22 NNLO
1 .
FL(Xa Qz): 21_7_?-)(2 % [1?6,:2(23 Q2)+8Ze§ (1_§) Zg(Z, Q2)] 33
X
d gluon
and at low x this becomes gluon dominated
2 \\::“:_‘_‘_‘,,‘,,\\
0.6 2
0.5 o 1 Lol 1
10° 10° 102 10" 1
et S C Q%7 =3.0 GeV? B
< 2-5[ 44 NNLO+NLLXx e
03 b3} - =< NN
0.2
0.1
0.0
_o01k s NNLO+NLLx
' ® Data arXiv:1802.00064 :
B ) E— "}'(')2 e 104 100 10% 100 1
Q% [GeV?]
 measured FL much better described when NLLx = « gluon shape, and its relationship to shape of

next-to-leading-log (1/x) resummation applied sea, now much more reasonable 17


https://arxiv.org/abs/1802.00064

DGLAP: k; increases =»

=

other methods to search beyond DGLAP?

measurements in dedicated final states where DGLAP might be insufficient to describe

parton dynamics

Forward Jets

EG. Forward jet measurements at HERA

DGLAP evolution strongly ordered in kT
kKT12 K kT22 K ... & Q2

— LOW probability for forward jets with ETiet
~ QZ

BUT this is not so for kT unordered BFKL

evolution

measurements have often served to instead
highlight that conventional jet calculations

were not very well developed E.G. are
discrepancies due to missing HOs in DGLAP or

BFKL effects? — there has been much
recent progress in this regard

18
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forward jets at HERA
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https://arxiv.org/abs/hep-ex/0508055
https://arxiv.org/abs/hep-ph/0612261

Mueller-Navelet jets at the LHC

| An = In(z1zes/(kiks))

same kind of process at the LHC

NLL BFKL = analytical calculation at parton level
HEJ = LL BFKL inspired (ARIADNE for parton shower)
PYTHIA6, PYTHIA8, HERWIG++ = LO DGLAP

2 — 2 + LL parton shower

SHERPA= LO DGLAP 2 — 2+Njets + LL parton
shower

arXiv:1601.06713

—h

MC/DATA

107

0-2

1.5

CMS 41 pb™ (7 TeV)

T T T ‘ T T T | T T 1 T T T T T T | T T 1 |
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4% 9

//://‘ <
N7

-
-
o '
'
-
-

IJI\llJI\l\!lJl\I\Il

|
0.5 1 15 2 25 3


https://arxiv.org/abs/1601.06713

REGGE vegion

PQCD region

what about the very low Q?region ?

LINEAR DGLAP evolution doesn't work for Q2 <1 Gevz ~ small xis high W2, = = Q*/(2p - q) ~ Q*/W*
WHAT does? — REGGE ideas? q

/—) (P*+q)? = MX2 = W2
P

= ZEUS %4 0 E665
: %Egg lsi¥¥ g; prel %ggg Eg}gteAfI: tfit é gi ggl %79 f)rel 2 1
. - 1 - . — . .
~ p) ~ (W=)* Regge prediction for
W Q’=0.045 GeV?| Q’=0.11 GeV*| Q’=0.2 GeV* O_w p)~ (W7) ,(_ g9e p
= 081 - n high energy cross sections
S o c
0.6 r . . «a is the intercept of the Regge trajectory
041 a a a=1.08 for the SOFT POMERON
02 L C C K,/
C e
~ 0 W‘ ] T such energy dependence is well established from
R i =0.3 GeV"| =0.65 GeV"| =0.9 GeV
gf ; - Q ¢ - Q ¢ - Q ¢ the SLOW RISE of all hadron-hadron cross
=T - S sections — including o (yp) ~ (W?)%98 _for real
05 u 46\&‘\&/ %\\J photon-proton scattering
C i , i 5
B \&H\*‘Nﬁ:\:ﬁ/i Fog [ DDDEDD * 47T (){
L L L Y P _
0 T | L L L ) L \T | L L L L \T | | | | | | for Vlrtual phOtonS’ at Sma” X O-tOt T Q2 F2
R Q=13 GeV?| Q=25 GeV?| Q=65 GeV>
5 1.5: : - ¥ O ~ (W2)a—1 N F2 ~ xl—a _ x—)\
S - - . B 3
1- ¥ o Jf% o *%s‘q‘
. . & . e so a SOFT POMERON would imply A=0.08;
0.5 ; \&w\;\_/ \éﬁ% \éﬁ?ﬁt . . p y
. TR =t ; gives only a very gentle rise of F2 at small x
0 [ | | | | [ [ | | [ | [ |
10° 10* 1070 10* 10%10° 10t 107 for Q2 > 1 GeV? we have observed a much
X - * * stronger rise ...

21



e ZEUSBPTY7 O E665 — QCD DGLAP

® ZEUS SVITX95 ¢ SLAC »* low W PHP QEGGE
o P ZEUS 96/97 ¢ NMC » ZEUS yp9%6 (prel)
2 107 Q@ Gev)
§ r - 0.00 (x2048)
% [kt s veo. 0085 (x1024)
:f 105§ ********************************** L pese- 011 (x512)
O§ ””””””””””””””””””””””””””””””””” oot 015 (x256)

o 020 (x128)

_ 030 (x 64)
040 (x 32)
. 050 (x 16)
. 065 x 8

090 (x 4)

gentle rise

130 (x 2) %
. “
190 (x 1) o
270 (x172) ;}-
Q-
N
N
~—
“y
I =
E O
F S
. 2
1
10 £ | L l m
10° 10° 10 10°
WA(GeV?)
the slope of F2 at small x, F2 ~ ™~
. . . 2\ A
is equivalent to a rise of o (7 p) ~ (W*)

which is only gentle for Q% < 1 GeV?

* i 35*% ST
:i ?3 : ?
04 [ ® ZEUS slope fit 2001 (prel.) ‘
03 | - ZEUS QCD 0 (pek) +H +
| ——  ZEUS REGGE 97 * }
it s
al .* +++ .Zﬁiirmrxs
b M
B . NM(:B
vaooe ] L“-:?\ o wM‘ Lo ?:él
low x, x ¢ 0.01
0 N 1 i 1 il T N ..l2 L
1 10
R ‘fdwl glqg,p lmk.:xm;u/ Q’ (GeV?)
dln F>
~ _)‘(Qz e

so is there a HARD POMERON corresponding
to this steep rise?

QCD POMERON, a(Q?) — 1 = A(Q2)
BFKL POMERON, a—1=A=0.5

mixture of HARD and SOFT Pomeron to

explain the transition Q?=0 to high Q??
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Do we understand the rise of hadron-hadron cross sections at all?

Could there always have been a HARD POMERON - is this why the effective Pomeron
intercept is 1.08 rather than 1.007?

Does the HARD Pomeron mix in more strongly at higher energies? What about the LHC?

0inel(mb)

90

80

70

60

50

40 |
30 [ i

20 =

100 [

A proton-antiproton inelastic data
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O from Phys.Lett.B693:456-461,2010
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if anything TOTEM results look even

steeper

what about the Froissart bound?

23



colour dipole models

DIPOLE MODELS provide another way
to model the transition Q2=0 to high Q2

at low x, y* — qgbar; the
long lived (qgbar) dipole
scatters from the proton

EG. G BW (G@J[e«c:]B’) lernat

p p

& Wusthoff), arXiv:9807513

dipole-proton cross section depends on relative size of the
dipole r ~ 1/Q c.f. separation of gluons in target Ry

2/Q

SCALING
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e ZEUSBPT97  * H1ISR (prel) o low W PHP s E665 QCD DGLAP
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= .
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Uftp: 41 oy
o QQ

F5 is general (for small x)

o(yp) finite for real y (F2 — 0 as Q2 — 0)
At high Q?, o(y*p) ~ 1/Q? = F2 ~ flat

BJORKEN SCALING ”


https://arxiv.org/abs/hep-ph/9807513

extras
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geometric scaling for total oy*p at low X

GBW —write: 0 = o0¢g (1 —exp(—1/7 2 v Cr T T
( p(=1/7)) £ low x, x < 0.07 -
which involves only o all Q2
Q* [z :
7~ Q*Rg () ~ o \a *F Q%> Qst T
INDEED, for small x, x < 0.01, o(y*p) depends
only on 1, not on x,Q? separately —
10 — —
(NOT true at high x) :
ZEUS BPT 97 ]
T is a new scaling variable, applicable at small x Tl iow 008 Y
1 - ZEUS+H1 high Q? 94-95 o -
can be used to define a saturation scale: i E665 v %% ]
r x<0.01 «ﬁi
Q2 ~ 1/Rj(x) ~ 2™ ~ ag(x) ﬁ att ¢’ |
such that saturation extends to higher Q2 as x decreases 10 sl sl

EG. arXiv:0007192 , arXiv:0109010

some understanding of this scaling, of saturation and of dipole models is coming from work on non-
linear evolution equations applicable at high density — Colour Glass Condensate; JIMWLK; BK

can be significant consequences for high energy cross sections EG. neutrino cross sections — also predictions for heavy ions-
RHIC, diffractive interactions — Tevatron, HERA and the LHC — even some understanding of hadronic physics
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