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Parton Distribution Functions 14TeV
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Uncertainty of PDFs

»

H1 and ZEUS preliminary
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uz=10 GeV?

Light Quarks:

valence x<0.01, u,x> 0.8, d, x>0.6

light sea (related to strange) -8% ATLAS/F,,
light sea quark asymmetry, d/u=?

Isospin relations (en!) ??

77/ HERAPDF2.0 (prel) NLO @} =3.5 GeV?
[[] HERAPDF2.0 (prel) NLO Q:ﬁn =10 GeV?
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Strange: unknown, =dbar? strange valence?

0.2

Charm: need high precision to % for a _
(recent HERA 5%) 10+ W e e

Beauty: HERA 10-20%, bb > A? g at lowx

Top: tPDF at high Q2 >M,? - unknown

Qz =10 GeV? »«[migﬁe,
MSTW2008 i
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Gluon: low x, saturation?, high x - unknown

medium x: preciser for Higgs!
Recent review: cf E.Perez, E.Rizvi 1208.1178, in RPP

High x
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Present LHeC Study group and CDR authors

Supported by
About 200 Experimentalists and Theorists from 76 Institutes CERN, ECFA, NuPECC

Since then the proposal re-evaluated by CERN:
CERN has launched the FCC design study in which he is

an integral part = gives the LHeC 60 GeV ERL design of
a new electron accelerator, a long term perspective
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LHeC ep klnematlcs

DIS is best tool to probe structure of the proton:
o Processes:
NC: ep—e'X CC:ep—-v X
' Ve
e
‘W
p i
(O

o Kinematic variables:

Q*=—¢*=—(k—k)?
Virtuality of the exchanged boson
Q2

T 2p - g Bjorken scaling parameter
P Inelasticity parameter
p-k 2
s=(k+p)? =" Invariant com.

o) Double Differential cross sections:
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At LHeC in an extended range and precision:
F2 dominates
o sensitive to all quarks
xF3
o sensitive to valence quarks

e:i: 4
r( Q2) — ( p) Q

dmsz 2ma?Y Y,

2
— P2, Q) - L Fi(e,Q%) F o=

Y,

$F3(.’L’, QZ)

Fu
o sensitive to gluons
- also we have F2yZ, sCC+, sCC-
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Simulated LHeC Data

Studied scenarios (described in CDR)
Scenario B: (Lumi e*/p = 50 fb'1) Ep=7 TeV, Ee=50 GeV, Pol=+0.4

o Kinematic region: 2 < Q% < 500 000 GeV? and 0.000002 < x< 0.8
Scenario H: (Lumi ep =1 fb!) Ep=1TeV, Ee=50 GeV, Pol=0

o Kinematic region: 2 < Q% < 100 000 GeV? and 0.000002 < x < 0.8
Typical uncertainties:

Full simulation of NC and CC inclusive cross section measurements including statistics, uncorrelated and
correlated uncertainties — based on typical best values achieved by H1

o Statistical uncertainty ranges from 0.1% (low Q?) to ~10% for x=0.7 in CC
o Uncorrelated systematic: 0.7 %
o Correlated systematic: typically 1-3% (for CC high x up to 9% )

source of uncertainty error on the source or cross section
scattered electron energy scale AE./E] 0.1 %

scattered electron polar angle 0.1 mrad

hadronic energy scale AEy/E}, 0.5%

calorimeter noise (only y < 0.01) 1-3%

radiative corrections 0.5%
photoproduction background (only y > 0.5) 1%

global efficiency error 0.7 %
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QCD Settings for the PDF determination

[HERAFitter framework] HWFm‘er
Data:

e LHeC simulated data:

+ NCe'p, NC, ep, CCe*p, CC ep postive and negative polarisations P=+0.4
e Published HERA | (NC, CC e*p data, P=0)

+ Kinematics of HERA data: 0.65>x>10%, 30 000 >Q2>3.5 GeV?
e Fixed target data from BCDMS,

e ATLAS W asymmetry (with adjusted improved uncertainties stat, unc 0.5 and total 1)
+ New ATLAS W, Z 2010 data (with adjusted lumi uncertainty from 3.4 to 1.4)

e Q2...=3.5GeV?(and W2>15 GeV? for BCDMS data)
e Full experimental Uncertainties

Theory settings:
* NLO DGLAP [QCDNUM package], RT scheme
e Fitted PDFs:
+ uval, dval, g, Ubar=ubar+cbar, Dbar=dbar+sbar
=~ Sea=Ubar+Dbar zg(z) = Agz" (1 —2)%(1+ Dgz),
=~ sbar=s=fsDbar=dbar fs/(1-fs) ru,(z) = AgzP(1 —2z)% 1+ E, 2%,
with fs=0.31 at starting scale rd,(z) = AgzP®(1—z)%,

zU(z) ApzBo(1 — 2)%
zD(z) = ApzPo(l —z)°p.

+ Impose the fermion and momentum sum rules

-) LHAPDF grid
Voica Radescu| DESY (3%) |DIS — Warsaw | LHeC 8



Valence distribution

s etrib it 2 _ 2
I Current knowledge o 2 Down valence distribution at Q“ = 1.9 GeV » S ' _ ' '
is limited at high x: 2 1a] el - ).3 | BERA T+LEC(Wasymm) — :
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. ® 06 .2 b :
o Effects of higher L 0.4l UV8|
’ 1.3 b :
twists 0.2 dval :
....1....1....|....1....|....l....l....lk"4 . . * * : * * !

o7

0.1 0.2 0.3 0.4 0.5 0.6 0.7 o-e 0.9 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

' LHeC could improve

Up valence distribution at Q2 = 1.9 GeV?
the knowledge of

. S NLO POF (68% C.L.) ) .HERA.I : ” ) .
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. . § S5 NNPDF2.1 4 HERA I+LHeC N
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o 2% (uval) x=0.8 E
=
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2
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
X .
Voica Radescu| DESY @: IDIS — Warsaw | LHe€ 9



unc. xg(x)

rel.

Gluon PDF at low x

Gluon distribution at Q% = 1.9 GeV? * HERA sensitivity stops at 5x10*

20 m . . .
N o E * Uncertainties at lower x driven by param
o oo 3+ LHeC sensitivity extends to x=10°
: HERAPOF1.0 R e . .
W 5 * sensitivity to gluon can be improved by FL
) : (not included in this study)
-5 ‘; - e —
10 E = [ Q=26
15 E o5k '-.. LHeC
205 < 5 : i ¢ H1 ]
10 10 10* 10 107 10" i + i
o " T e e e
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B \ -
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1 y
le-06 le-05S 0.000 0.001 0.01 0.1 "s.— .+* —.
- o [ 5
—>This is where HERA sensitivity stops . . |
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Gluon PDF at high x

Gluon distribution at Q% = 1.9 GeV?

Currently, high x gluon is quite uncertain due to < !

limited statistics and reduced sensitivity: 3 -
o
u

* the gluon effects at high x are in the DGLAP <]

formalism from sea 510

(valence and gluon are evolved independently)

LHeC can reduce this significantly and it is "% 08

important to disentangle sea from valence at

. . . 0.4 T + v r T
high x to get precise gluon at high x: . b I;gggt??%gé;

HERA I+LHeC N

* Measurements such CC+, CC-, F2, F2yZ, xF3 8 0.2 F
help to provide this decoupling %o
u 0
E -0.1

rel.
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Higgs at the LHeC

= The preferred channel for low mass Higgs is in the bbar decay =
(BR 60%), but at LHC the Hbbar couplings are challenging g
f
'9
Processes at hadron colliders (pp/pp): +10"
c
m
t : - - o
t H %

10°

= At the LHeC the Higgs boson is cleanly produced via ZZ or WW
fusion and it is complementary to the dominant gg fusion at pp

-3 g .
107400 120 140 160 180
M, [GeV]

NNLO pp—Higgs Cross Sections ot 14 TeV

LHC HIGGS X8 WG 2011

200

~ 60
2 iHixs1.3
c 58 M = 125 Gev
2 - NNPDF2.1(0.121)
o L
&S 56
9 _ NNPDF2.1(0.119)
Figure 5.25: Feynman diagrams for CC (left) and NC (right) Higgs production in leadin g 54 |-
order QCD at the LHeC. Diagrams produced using MadGraph. L
o L cT10 MSTWOB HERA15
14 TeV gg = H total cross section at the LHC calculated for a i 124 Gov
variety of PDFs at 68% CL 50 — - —— {25 GeV
i ABM11 LHeC
o precision from LHeC can add a very significant constraint 48 [
on the mass of the Higgs b JROSVF
. a4
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Releasing further PDF constraints

= Releasing further the assumptions:

zg(z) = AgzPs(1—2z)% 1+ Dyz),
zg(z) = Agz” (1 —2z)%(1+ Dyz), | Tuy(z) = Ay, (1 —2)% (14 Ey, 2?),
ru,(z) = Auux:‘v (1-— :z:):“ (1+ E, z%)), pdy(@) = Ag 2B (1—a)C
zd(z) = Agz”(1—z)"", ru(z) = AgzB7(1-—2x)°=,
zU(z) = Apz®0(1-z)°v, zd(z) = AgzPi(1—x)%,
zD(z) = ApzPo(l —z)°0. 2s(z) = raA.zPe (1 — )%

o Removing the correlation that ubar=dbar at low x
o Free parameters for the strange quark are introduced

o This study was driven by the recent ATLAS results on strange determination, hence we have
repeated the impact of LHeC study under the new conditions.

Note that in these studies, only the inclusive measurements were included, however there are high
Q2 reach of LHeC together with the charm taggers that allow for xs determination.
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rel. unc. xD(x)
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s Q2=1.9GeV?
. . . .
le-06 le-05 0.0001 0.001 0.01 0.1
X
HERA I
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mec .......
2
1 o
0
1
2 =
. . .
le-06 le-05 0.0001 0.001 0.01 0.1

QCD'fit with Tfree

- u,d,s, HERA plus ultimate
L ATLAS and

- full systematic error
simulation on LHeC

" HERA I

+ATLAS EXXX

LHeC ===

X

Inclusive LHeC data leads to very precise determination of all PDFs even after removing large bulk of

assumptions:

* LHeC ep data constrain better U than D distributions, however deuteron data would symmetrise our

understanding.

* Determination of the strange can complement the strange determination from the charm data

Voica Radescu| DESY (%) |DIS — Warsaw | LHeC
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New Configuration

= The ERL configuration does not provide polarised positrons at comparable L
= The interest in the Higgs prefers electrons with negative, high polarisation:

all for ep: Ee=60 GeV, Ep=7000GeV, MSTWLO

acronym charge polarisation luminosity (fb-1)

mimi - -0.8 500
mipl - +0.8 50
plnu + 0 5

Voica Radescu| DESY (3§ |DIS — Warsaw | LHeC 15



PDF uncertainties at high x

=  Gluon distribution for the new scenario:

xf(x,Q%)/xf(x,Q%)

N
T

-
.
(3]
7 T T

0.5

xg-Q%=1.9 GeV
I HERA1
Il NEW-LHEC-P)

iLitto,
CAriter

= Valence distributions for the new scenarios:

xf(x,Q%)/xf(x,Q%)

4

xdv - Q® = 1.9 GeV?
I HERA1
Il NEW-LHEC+HERA1

HE ::'f"flﬂ“f’"

031

_ll i IR ATET] FETRY FRERE FERTE TR FEEw
00 0.1 0.2 03 04 05 06 0.7 0.8

xf(x,Q%)/xf(x,Q?%) i

xf(x,Q%)/xf(x,Q?) »

N
T

-
(3]
T T

0.5

-t
L4
[

xg - Q?=1.9 GeV
I HERA1
Il NEW-LHEC+

0.3

TR T TN P TP I
cb 0.1 02 03 04 05 0.6 0.7 0.8

N
v

xuv - Q? = 1.9 GeV?
I HERA1
Il NEW-LHEC+HERA1

HER “;}ﬂ‘ or

03

R W e TR 1IN
% 0.1 0.2 0.3 04 05 06 0.7 0.8

Next steps:
include low Ep
also consider FL

and eD + ep
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Impact of LHeC deuteron data

= 3.5TeVx 60 GeV,e-, P=-0.8, 1fb-1 Neutral and Charged Current, exp uncertainties

xD- OF = 1.0 GoV*
B output. LHECdeut

xitx, Q' (x, 09

Yver
it

o‘ 10 10* w0 10 10" _1 10‘ 10° 10* 10° w0 w0’ <! 10° 1w0* 1w0* 10 10 w0 <!

xdv - 0% « 1.9 GaV?
N output. LHECdout

Wi

W Faay
v ol

b AA
anal ad saad

w0* w* 10 1w w0 ;‘0‘ . w‘ 10* 1w0* 10 w w0 ! 100‘ 10* w0* 10° ;‘o' ;‘c‘ 1

Future fit of jointly ep and eD data will lead to precise unfolding of u-d
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Summary

With the LHeC the determination of the PDFs, quarks and gluons,
will be put on a completely new base:

- Determination of all quark PDFs, including d/u, s, ¢, b

- Mapping of the gluon distribution from nearly 10~ to x=1
- Determination of the strong coupling to permille level (CDR)

This puts severe requirements to detector design, precision of
tracking and calorimetry in large acceptance and to QCD.

Besides the classic PDFs, the LHeC provides much further insight
to photon, neutron, nuclear, Pomeron structure and to the

extension of the collinear approximation to generalised PDs.

Further studies are envisaged (data optimisation, role of e+, d..)
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Extra Studies

= Can LHC alone give precise PDFs?

AtQ2=1.9 GeV2 AtQ2=1.9 GeV2 AtQ2=1.9 GeV2

" LHCm'
LHC+HERA m
LHeC(just incl.)

" LHCm
LHC+HERA =
LHeC(just incl.)

" LHCm
LHC+HERA m
LHeC(just incl.)

xuval(x)
xdval(x)

0.9

0.8

le-05 00001 0.001 0.01 0.1
X

le-05  0.0001  0.001 0.01 0.1

| 1e06  le-05 00001 _ 000 00 0.1 1
X
X

NOT with any precision NO !

Present LHC W,Z data and jet data
are included and LHC ultimate
precision is extrapolated according to
our current experience— we are
systematics limited already

PDFs come from DIS
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F2charm and F2beauty from LHeC

LHeC F,« (RAPGAP MC,7 TeV x 100 GeV, 10 fb” £, =0.1)
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Hugely extended range and much improved precision (6M_=60 HERA - 3 MeV)

will pin down heavy quark behaviour at and far away from thresholds, crucial for prec m Q\

In MSSM, Higgs is produced dominantly via bb = H , but where is the MSSM..

)
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Strangeness from LHeC
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JPhysG 39(2012)7

Initial study (CDR): Charm tagging efficiency of 10%\?0%% %%%g&hlﬁ BEW @%%o_tw

High luminosity
High Q2
Small beam spot

Modern Silicon

NO pile-up..

- First (x,Q2)
measurement of

the (anti-)strange
density, HQ valence?

x =10%..0.05
Q% =100 — 10° GeV?

din impact pacameter



Alphas from DIS
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Precise Alphas from DIS at the LHeC

Strong coupling from DIS processes still seem to prefer smaller values

o Results from HERA show that even with precise HERA data one has to rely on jet measurements
in order to constrain gluon PDFs

H1 and ZEUS (prel) The strong coupling “constant”

g
% - HERAPDF1.5f |2
o, —HERAPDF1.6 % Method Current relative precision Future relative precision
¥o " ~ LY 9 i ? g
10l : e*e~ evt shapes expt lfﬁ (LE.P) . < 1% possible (ILC/TLEP)
g thry ~ 3% (NNLO+NLL, n.p. signif.) [24] | ~ 1.5% (control n.p. via Q*-dep.)
5 L expt ~ 2% (LEP) < 1% possible (ILC/TLEP)
_______ s e e Jet rates X ) .
o T e e : thry ~ 1% (NNLO, n.p. moderate) [25] | ~ 0.5% (NLL missing)
0414 0416 0116 042 0.422 0424 0126 sion EW | &Pt ~ 3% (Rz, LEP) 0.1% (TLEP [8]), 0.5% (ILC [9))
as(M,) thry ~ 0.5% (N®*LO, n.p. small) [26, 7] | ~ 0.3% (N*LO feasible, ~ 10 yrs)
- decays expt ~ 0.5% (LEP, B-factories) < 0.2% possible (ILC/TLEP)
o thry ~ 2% (N®LO, n.p. small) [6] | ~ 1% (N*LO feasible, ~ 10 yrs)
colliders ~ 1-2% (pdf fit dependent) 0.1% (LHeC + HERA [21])
- (mostly theory, NNLO) [27, 28, 29, 30] | ~ 0.5% (at least N*LO required)
~ 49 : ~ 20 [ -
hadron colliders :l/c (Tev. jets), -3/6 (LHC t) <‘1/E challenging
(NLO jets, NNLO #£, gluon uncert.) (15, 19, 31] [ (NNLO jets imminent [20])
Latti ~ 0.5% (Wilson loops, correlators, ...) ~ 0.3%
attice
(limited by accuracy of pert. th.) [32, 33, 34] | (~ 5 yrs [35])
Table 1-1. Summary of current uncertainties in extractions of a.(Mz) and targets for future (5— 25 years)
determinations. For the cases where theory uncertainties are considered separately, the theory uncertainties
for future targots reflect a reduction by a factor of about two.
Snowmass QCD WG report 9/2013
Prospects to measure a,(M,?) to per mille precision with future ep and ee colliders
; : Important for gauge unification, precision Higgs at LHC, and to overcome the past..
The determination of the strong __ ™P gauge ur P n Higesat tht, P

I D & - - - - -~ == oo I S i A
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Expected precision on alphas(Mz) from DIS

= A dedicated study to determine the accuracy of alphas from the LHeC was performed using for the
central values the SM prediction smeared within its uncertainties assuming Gauss distribution and
taking into account correlations (accuracy reflects the total experimental uncertainty)

case cut [Q? in GeV?] | relative precision in %
HERA only (14p) Q* > 3.5 1.94
HERA +jets (14p) Q%> 3.5 0.82
LHeC only (14p) Q%> 3.5 l 0.15
LHeC only (10p) Q* > 3.5 0.17
LHeC only (14p) Q? > 20. 0.25
LHeC+HERA (10p) Q? > 3.5 0.11
LHeC+HERA (10p) Q%> 7.0 0.20
LHeC+HERA (10p) Q? > 10. 0.26

LHeC promises per mille accuracy on alphas!

= Previously (HERA, fixed target) limited by uncertainty of low x, which LHeC can cure;
= full exploitation of this requires pQCD at NNNLO;

= LHeC can provide a new level of predicting grand unification ;
Voica Radescu| DESY (3%) |DIS — Warsaw | LHeC 24
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Gluon distribution at Q2 = 1.9 GeV? . Gluon distribution at Q% = 1.9 GeV?
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Figure 4.17: Ratios to MSTWO08 of gluon distribution and uncertainty bands, at Q% = 1.9 GeV?, for most
of the available recent PDF determinations. Left: logarithmic z, right: linear z. .
s+ distribution at Q% = 1.9 GeV? s+5 distribution at Q% = 1.9 GeV?
2 . 2 :
g < g NLO POF (65% C.L)
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< 1.6 g 1.6 gszmm
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Figure 4.12: Sum of the strange and anti-strange quark distribution as embedded in the NLO QCD fit sets
as noted in the legend. Left: s 4+ 5 versus Bjorken z at Q? = 1.9 GeV?; right: ratio of s 4+ 5 of various
PDF determinations to MSTWO08. In the HERAPDF1.0 analysis (green) the strange quark distribution is
assumed to be a fixed fraction of the down quark distribution which is conventionally assumed to have the
same low z behaviour as the up quark distribution, which results in a small uncertainty of s + 5.
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Gluon-Gluon Luminosity

Parton parton luminosity functions provide an easy way to
assess the uncertainty on cross sections due to
uncertainties in the pdfs

OLap

1
= [ F 1ula. @) felr/2, @ =

= gg luminosity is a measure of the gluino pair production — one of the
interesting SUSY channels with high masses accessible in the HL-LHC phase.

Voica Radescu| DESY :_ IDIS — Warsaw | LHeC 26



LHeC studies scenarios

Set | E./GeV | Ex/TeV | N[ Lt/ [ L= /b~ | Pol
A 20 7 7 1 1 0
B 50 7 7 50 50 0.4
C 50 7 7 1 1 0.4
D 100 7 7 5 10 0.9
E 150 7 7 3 0.9
F 50 3.5 7 1 1 0
G 50 2.7 7 0.1 0.1 0.4
H 50 1 7 - 1 0

Table 4.2: Conditions for simulated NC and CC data sets for studies on the LHeC physics. Here, A defines a
low electron beam energy option which is of interest to reach lowest Q2 because Q2. decreases o< E_?%; B is
the standard set, with a total luminosity split between different polarisation and charge states. C is a lower
luminosity version which was considered in case there was a need for a dedicated low/large angle acceptance
configuration, which according to more recent findings could be avoided since the luminosity in the restricted
acceptance configuration is estimated, from the 3 functions obtained in the optics design, to be half of the
luminosity in the full acceptance configuration; D is an intermediate energy linac-ring version, while E is
the highest energy version considered, with the luminosities as given. It is likely that the assumptions for D
and E on the positron luminosity are a bit optimistic. However, even with twenty times lower positron than
electron luminosity one would have 0.5 fb !, i.e. the total HERA luminosity equivalent available in option D
for example. F is the deuteron and G the lead option; finally H was simulated for a low proton beam energy
configuration as is of interest to maximise the acceptance at large x.
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Impact of LHeC on PDFs: zoom on[low X ]

* Experimental uncertainties are shown at the starting scale Q?=1.9 GeV?
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zoom on[high X ]

Impact of LHeC on PDFs

* Experimental uncertainties are shown at the starting scale Q?
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Parton Distribution Functions

Current knowledge and uncertainties
display differences that need to be
understood and that may have
substantial impact
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Impact on d/u ratios

Constrained decomposition:

HERAPDF1.0 settings, Q2=1.9 GeVz, Experimental Uncert.
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Unconstrained sea decomposition:

Unconstrained sea Fit, 02 1.9 GeVz, Experimental Uncert.
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