Predictions for F2 and FL in e+p

Javier L.Albacete
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Goal: To compare different theoretical predictions for F2 and FL in e+p scattering
for LHeC kinematics based on:

) Linear QCD evolution: DGLAP and combined DGLAP/BFKL

I1) Non-linear QCD evolution: CGC and other saturation approaches

Analyses of HERA data do not provide a clear Y=In (1/x) High density

separation between these two QCD regimes. f I CGC: IIMWLK-BK 0(x)
All the models presented here provide a good : s
description of HERA data :
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One of the potential goals (duties) of the LHeC is E . density
to turn the sketch above into a more quantitative T E
picture. S
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Linear QCD evolution

|) DGLAP analysis (NNPDF collaboration. Thanks to . Rojo)

* NLO DGLAP analysis.
* Neural network approach to avoid bias in the choice of initial conditions
* DGLAP has no predictive power towards small-x: Large uncertainties at small-x:

A>0 rowing gluon
zg(x, Q) ~ (1 — 2)8 ... Srowing &
A < 0 decreasing gluon

II) BFKL/DGLAP analysis (KMS approach. Results by Stasto and Golec-Biernat)

- Small-x BFKL dynamics + kinematic constraints + DGLAP corrections



Non-linear QCD evolution and other saturation approaches

* The dipole model of DIS is the starting point for (most of) saturation studies in DIS
allNa anay
i
L=z~ | <
73
v |

of L (2,Q%) = Z/dz/dQ

flavors

TL_> < Qarr mf) dZP( T)

. Dipole cross section.
Photon wavefunction P

Calculable within QED Strong interactions and
x-dependence are here

}

Different dynamical input in different approaches



(A) classification of dipole models in the market

According to the physical mechanism driving saturation, i.e (x,Q?r)-dynamics:
* Multiple scatterings + DGLAP evolution
* Color Glass Condensate: BK or BFKL+saturation
* Phenomenological models: Regge Theory; non-perturbative input.

According to their impact parameter dependence

* Homogeneous in the transverse plane

* Some other non-trivial profile (gaussian)

According to phenomenological details: quark masses, inclusion of charm or

beauty contributions, inclusion of kinematic constraints, focus on specific
kinematic region ...



Multiple scatterings + DGLAP evolution: Saturation results from eikonalization
of two-gluon exchange: BGBK (Bartels-Golec-Biernat-Kowalski); IPSat (Kowalski-Teaney):

Leading-twist Glauber-Mueller independent rescatterings
> —>
< ~ —<
L P
——
dodir 2 dodip 2
b 2N, rzg(z, Q°)Ty(b) 22b 1 —exp 9N, r* zg(z, Q%) T, (b)

Leading InQ? terms in each cascade resummed through DGLAP

All the Bjorken-x dependence is encoded in that of the gluon distribution.

BGBK:Trivial impact parameter dependence: T,(b) ~ Q3 (b, — b)

|IPSat: Gaussian profile T,(b) ~ exp (—b?/2 B)/(2r B)



= Color-Glass-Condensate: Running coupling BK equation -

ON (r, x)
O0ln(xg/x)

— /d2r1 K(r,ri,m2) N(ri,z) + N(rg,z) = N(r,z) = N(r1, 2) N (r2, x)]

~— e — e
—

Linear BFKL dynamics Non-linear terms
gluon recombination

oY (r, ) =2 /deN(r, b,x) < Resums soft gluon emission, including running
coupling corrections, to all orders. It also includes
non-linear, gluon recombination, terms

N
< * Global fits to inclusive structure functions in e+p
coll. yield a good description of data (JLA, Armesto,
Milhano, Salgado and Quiroga)
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Color-Glass-Condensate: rcBK equation + other approaches

aN(T,ﬁU)_ Q,r - S o ) ) B -
81n(a:0/:1:)_/d 1 K(r,r1,m2) (IN(r1,2) + N(ra, 2) = N(r,z) = N (1, )N (r2, )]

Calculations based on numerical solutions of BK egn with running coupling
JLA-Armesto-Milhano-Salgado (AAMS), Kuokkanan-Rummukainen-Weigert (KRW).

* Trivial impact parameter dependence. Overall normalization fitted to data
* Input: Initial conditions for the evolution, A/ (r, ) . xo~10% (GBW, MV, scaling)
* KRW: Energy conservation (i.e., large-x) effects implemented through

e (1 - 81n(io/x)> K

Models based on analytical solutions of BFKL+ absorptive barrier
lancu-ltakura-Munier-Soyez (CGC), Kowalski-Motyka-WVatt (b-CGC)

* Evolution speed A fitted to data
* b-CGC: Impact parameter dependence.
Bad x /d.o.f ~ |.6. Lowest evolution speed of all models: A ~ 0.16

Hybrid BK (large-r)+DGLAP (small-r) + gaussian impact parameter approach

Gotsman-Levin-Lublinsky-Maor



Phenomenological models

NEBW (2 r) = (R, — b) (1 ~exp [_ r? Qf(:v)D
@) =3 (2

Golec-Biernat-Wusthoff

Models based on Regge Theory (+DGLAP evolution)

ASOTt = Asort , forr>mry (Asoft ~ 0.66)

Forshaw-Shaw FS04: g %P (r,z) = {

Ahard @2 p=Anard  for p < g (Aharq 0.34)

Regge model including unitarity effects for Q2<Qq?

Armesto-Kaidalov-Salgado-Tywoniuk:
DGLAP evolution for Q2>Qg?

"Strong coupling” dipole from AdS/CFT (Valid for Q%< 2 GeV?) Kovchegov-Lu-Rezaeian
Models tuned to fit also RHIC data.

Others (my apologies).



Extrapolation for F2 in the LHeC kinematic regime:

4

i NNPDF 1.0
— |PSat-1

S N e BGBK-2 Multiple scatterings
[ - IPSat-2 +DGLAP evolution

-\ e CGC+charm
I N TS b-CGC
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e AAMS
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Remarks:

- DGLAP uncertainty band blows at small-x
- Small spread among various non-linear/saturation models



Extrapolation for FL in the LHeC kinematic regime:

0.8 NNPPDF 1.0

— IPSat-1
L Fr(z,Q° =2GeV?) T psar
i L( @ ) ______ g)caS§I<21 Multiple scatterings

S BGBK-2 +DGLAP evolution

0.6 j — CcGe

------ CGC+ charm
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SEEEEEEE AAMSW + charm
b-CGC
GBW Phenomenological
GBW + charm
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Remarks:

- DGLAP uncertainty band blows at small-x
- Small spread among various non-linear/saturation models



Filtering:

- Consider only models with a clear QCD input
- Perform calculations at a higher Q2=10 GeV?
- Include pseudodata



Extrapolation for F2 in the LHeC kinematic regime:

7
C Linear approaches
: F,(x,Q%=10 GeV?) ~ —=aCaRREuits
6 NLO DGLAP
‘f. NNPDF 1.0
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Extrapolation for FL in the LHeC kinematic regime:

1.4 o o Linear approaches
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Could DGLAP also fit “CGC data’?

DGLAP (NNPDF fit) can fit pseudo-data for F2 at small-x
generated by BK with running coupling (AAMS):

Pssudo-data from AAMS08 (BX + running coupling) Pssudo-data from AAMS09 (BX + running coupiing)
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Could DGLAP also fit “CGC data™

DGLAP (NNPDF fit) fails to fit pseudo-data for F2+FL at small-x
generated by BK with running coupling (AAMS):

Pssudo-data from AAMS08 (BX + running coupling) Pssudo-data from AAMS09 (BK + running coupling)
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The divergence between linear DGLAP analyses and non-linear small-x dynamics is
visible in FL already for x~10-



Conclusions:

* Little spread in LHeC extrapolations for FL and F2 from different dipole models
including saturation effects: Clear theoretical reference.

* Extrapolation of DGLAP sets to small-x yields large uncertainty bands

* The BK equation (including all recently calculated corrections) provides a solid,
pQCD based tool for evolution towards small-x

* At the level of inclusive observables, FL is a more promising observable than F2 for
the identification of gluon recombination effects in QCD evolution






DGLAP-based models: Saturation results from eikonalization of two-gluon

exchange: BGBK (Bartels-Golec-Biernat-Kowalski); IPSat (Kowalski-Teaney):

da.dz'p 7.‘.2
= 1 —exp oW r? xg(z, 1) T, (b)
C
pe = 2t Mo

* The gluon distribution is fitted to data using the initial parametrization:
rg(x, Q5 = 1GeV?) = A,z (1 — x)°F
* The gluon distribution is poorly constrained by data. Good fits for

—0.41 < Ague < 0.3

* Large uncertainties when extrapolating towards small-x. However, very good description
of HERA exclusive and diffractive data (IPSat)



[Complete in 0N Evolution JiA-Kovehegov PRD75 125021 (07). ]

: 95 _RIS]-S[S] \

oy
R1S]

UV-divergent

} Contributes to the

running of the
) coupling

‘ S|S]
} UV finite.

—

= Running term: R [S] = /d2z K(r,ry,ry) 1S(z,2)S(z,

\_ J

= Subtraction term: S [S] = /d2z1d222 Ko (2, Y, 21, 25) [S(z, 0)S(w, y) — S(z,21)S (29, y)]

Two different separation schemes: Balitsky’s (BAL) and Kovchegov-Weigert’s (KW)



They result in two different kernels for the running coupling kernel:

) N, [as(r?)  _os(rDas(r?)  ag(rd)
. K - —2
KW KW(L Epfz) 92 [ r% 043(32) r%
i Neas(r?) [ r* 1 (as(r}) L (as(r
BAL:  Kp, = e =1 :
Bal(;71,75) 502 [r%rg T2 \n r2 \ as(r

In both cases, running coupling comes in a “triumvirate”

Balitsky’s separation scheme minimizes the role of the subtraction term.

— K\"' - — - - -
121 ... R“”Bal MVie. [ scaling function i.c.
N(r)[ ---- Run ¥=03,10 [ ¥=0,3,10
#— F=Run-Sub eevsag - s _

I init. cond. o ’ : .
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0.6 i
0.4— L c’ ‘:
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0: a Sttt _; ey Lol 1 r -1—1'1111[ 1 L gl 1
10" 1 1 10" 1 .
¥ (GeV) F (GeV’)

JLA-Kovchegov PRD75 125021 (07).



[ Fixed vs Runningj

/
= The running of the coupling reduces the speed of the evolution down to values

compatible with experimental data (JLA PRL 99 262301 (07)):

- N A b
\ dln Q3(Y) :
— 0.28—
ay .
0.261
LL evolution: sl
M 4.8 0.22-
0.2
DIS data: :
o1 /! =0 eeeee- Q,=0.5GeV
)\DIS ~ (.288 Y | SR Q, = 0.75 GeV
. 0.16]- —— Q,=1GeV
FRaE e = 1.25 GeV
- / 0.14 / .
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Fixed vs Running

The running of the coupling reduces the speed of the evolution down to values
compatible with experimental data (JLA PRL 99 262301 (07)):

0S5

— =RI|S| -S5[S
o =R[S] - SS]
AoE o =05
A\ = dn Qg(y) : k 0.288 ==s=s=s=sa:
dy mE P Nt T | Geometric scaling
0.26 : NP
LL evolution: ol \ \ ~ %
)\LL ~ 4.8 Qg 02qf
IE .4 = Pre-asymptotic
DIS data: | N £ e
(R S A Q, = 0.5 GeV
)\DIS ~ ().9288 RSy e Q, = 0.75 GeV

014

;2.1111111...1-llllllllllllllll....

4 6 8 10 12 14 16 18
Y

The geometric scaling regime (independence on the initial conditions) is reached
only at ultra-high energies



: : : : 2
Fits to inclusive DIS structure function Fy(z,Q?) = Q

472 Qppp (o7 +01)

for x< 10-2. 3 active flavors.
O'TLZL'Q —00/ dz/d2

x-dependence: translational invariant running coupling BK using Balitsky’s

2

'(2,Q,1)| N(z,r)

prescription

aahlj\/éj;,/raz) _ /d2r1 KB4 (r rq,10) [N(z,71) + N(z,79) — N(2,7) — N (2, 71N (2, 75)]
reoteorn) = M s B (S 1) s (een )

Regularization of the coupling:We freeze to a constant, 0 4=0.7 in the IR:

o (r?) = 127 for r < rg., with Oés('r'?‘,r.) = oy = 0.7

(11N, — 2N;)In (L

7“2 AQCD

as(r?) = apr = 0.7 for r > ryp Agcp = 0.241 GeV



Initial Conditions. Inspired in the GBW and MV models:
- 2 12 \ 7
A) NGBW(r,x():lO_Q):l—exp — (r SO) ]

4
[ ,',.2 2 B 1
B) NYV(r,zp=10"%)=1—exp —( 4SO> 1n< )]

’I“AQCD

. 2 . .
Free parameters: proton saturation scale at xo=10-2, &5, and anomalous dimension, Y

Experimental data: ZEUS, HI (HERA), NMC (CERN-SPS) and E665 (Fermilab) coll.

0.045 < Q? < 800 GeV? 847 data points

z <1077 ,
0.045 < Q% < 50 GeV 703 data points

Fits are stable when large Q? data are not included in the fit

3 (4) free parameters: Normalization, «, initial saturation scale, Q20
S

2 . . .
IR parameter, C'° (anomalous dimension of the i.c. 7 )
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Lessons from the fits:

Fits to F2 do not constrain much the shape of the initial condition

unintegrated gluon distribution
QS(X1)

MV

perturbative
tail

In our set up, it is impossible to fit F2 data using linear BFKL evolution:

ON(xz,7r) 2, fBal(y po oy - ) N ) A .
3ln(:c0/x)_/d 1 K29 (e, ra,12) (N2, 1) + N (2,m2) = N (2, 7) N(>§@,2)]

Fits are stable after removing the higher Q? data (> 50 GeV?)

Fits are little sensitive to the prescription followed to regularize the coupling in
the IR



Good description of the longitudinal structure function:

F

0.8
0.6
0.4

0.2

FL(CEvQQ) —

Oy,
472 oy,

data: H1 (PLB665, 139; x-averaged)
solid: GBW initial conditions
dotted: MV initial conditions




Predictions for future colliders EIC, LHeC:

Q? (GeV?)
initial conditions: _
F2 - solid: GBW * Extrapolation to lower-x
10 dotted: MV completely driven by non-linear

pQCD dynamics

* Almost insensitive to i.c. Good!!!

10" 10 e Saturation effects are stronger
i | | | | | |
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BK vs DGLAP at small-x (thanks to Juan Rojo):

DGLAP (NNPDF fit) can fit pseudodata for F2 at small-x
generated by BK with running coupling:

Pssudo-data from AAMS08 (BX + running coupling)

35 YT LI LA | ™YY
LH2C AAMS09 —+—
NNPDF fit

25

= Py 2,
Fo' (x.Q%)
N

Q°=10 GeV*

05 a2 sl fa s s sl A 2 a sl PRSP . )

12-08 18-05 0.0001 0.001 0.01
b

" LHeC AAMS09 +—i—
NNPDF it

= Py 2\
For(x Q%)

051 2.5 Gev?

0 s A A
12-08 18-05 0.0001 0.001 0.01

X

Pssudo-data from AAMS09 (BX + running coupliing)
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BK vs DGLAP at small-x (thanks to Juan Rojo):

However, DGALP fails to reproduce pseudodata for FL at small-x:

Pseudo-data from AAMS0S (BX + running coupling) Pseudo-data from AAMS09 (BK + running coupiing)
07 F " LHeC AAMS09 —+— | it | " LHeC AAMS09 —+— |
06l NNPDF fit | 08 L ; NNPDF fit
o5 T T %0 { I
S 04} J[ 4 & ! 04l % 1 i
x
&, o3} I 1 I - 03} 3 i
* ]
02} E 02} ]L
011 Q’1as5GeV? ) 01F P3pgev?
o " M M a2 aal M 1 PR S T T N o M " M A a aaal " M PR S S T N
12-05 0.0001 0.001 12-05 0.0001 0.001
X X
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NNPDF fi NNPODF fit
06 L NNPDF fit i 06 L NNPODF fi
05} R 05t
S o4l - 04 31
£ T 31
o 03} L 1 - 03} 1 *¥&1 .
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01 F 5 ‘ - 01 F » ,
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0 . 0 : :
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X X

The divergence between linear DGLAP analyses and non-linear small-x dynamics is
visible in FL already for x~10-*



SUMMARY

* Running coupling corrections to BK equation reconcile phenomenology
and theory.

* Successful fits to inclusive DIS data using BK with running coupling.

* This is a first step in a bigger project for having non-linear pQCD
controlled extrapolations to small-x (LHeC, EIC, LHC, cosmic rays) for

many different observables

* Things to do next: include charm, impact parameter, nuclei...

* Parametrizations of the proton-dipole amplitude available at

http://www-fp.usc.es/phenom/software.html


http://www-fp.usc.es/phenom/software.html
http://www-fp.usc.es/phenom/software.html

BACK UP SLIDES
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F2 is a too inclusive observable. Unable to doscriminate between very

different UV behaviour of the dipole amplitude. Need to compare to more
exclusive observable (inclusive particle spectra in in p-p collisions)

d?r ,
unintegrated gluon distribution: ¢(x, k) = / Sy expli ki - 1) N (x,r)
: MV
saturation perturbative

tail




Energy and rapidity dependence of hadron multiplicities in
Au-Au collsions at RHIC:

e k.-factorization ‘a la Kharzeev-Levin-Nardi’

dN A4 47N, pm d2pt /p 2 |pt + kt‘ ‘pt — kt‘
d ks o ; ;
i S NTo1 = tas(@) a1 7 pa | t2 =

oz, k) = Complete in &s Nf BK equation (1— :1:)4

using MV i.c.
0S
05 —R1s]- s8]
+
_ Pt 4
e 2—1 kinematics L1(2) = % e~
+

Local Hadron Parton Duality

4 free parameters: Overall normalization, initial gold nucleus saturation

scale (using MV initial condition), starting value of x for the evolution, average hadron mass



* Very good description of data at collision energies 130 and 200 GeV per nucleon:

Q5 4, ~ 0.75 +1.25 GeV

800 -
dN, ¢
a1 IR iagERaARA i)
— 1 Al]
600 — ]
5003— H | ll | I{I
400 ”1
300 ;_ A Au-Au 0-6%,\5,,=200 GeV \| % |
200 f— = Au-Au 0-6%, \[s,=130 GeV T # :
[ 1
[ 1
1001 PHOBOS data N

N



* Predictions for Pb-Pb collisions at the LHC are now completely driven by small-x
evolution

ANEP=PP (/s = 5.5TeV,n = 0)

C

~ 1290 =+ 1480

dn
1600
chh -
M 400
1200 —
— Pb-Pb \|SNN=5.5 TeV
1000 —
800 —
600 — N
400 — e
= ¢
- A Au-Au 0-6%, \[S, =200 GeV ¥
200 = Au-Au 0-6%, \[Sy=130 GeV
_|||I|||I||||||I|||I|||




: : : M
Saturation scale @ LHC  kinematics: = ~ —=¢™¥

N =1/Qy(x),2) =k =1— 02

2 v

Qp(X) [
5

(GeV? B

4

6 8 11101
IN(10°%/x)

NE

with M = 1GeV

Pb proton
Vs =55TeV |/s=14TeV
Y | QF (GeV?) | QF (GeV?)
0 2+25 0.65 = 0.85
2 3.2+3.9 1.2+1.5
4 5.2+ 7 2.2 +2.7
6 9+ 12 4 =5

= Saturation effects may be sizable (detectable) in p-p collisions,

specially at forward rapidities




e The dominant contribution to the evolution is given by the running term

* Balitsky’s separation scheme minimizes the role of the subtraction term w.r.t. to
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