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Neutral current scattering Charged current scattering
et et \
\\/
\
\\ Z/v*(q)
\
\ (zp+q) (zp+q)
(zp)
p K/_\
. xfr—i = quark / gluon momentum
Factorisation in ep collisions: Tep—eX = Jp—i ® Oeisex density in proton:

parton density function (PDFs)

Use factorisation in pp collisions at LHC: Opp—X = fp—)i 024 OA'i,j—>X ) fp—)j

Signature Signature
Isolated electron/positron No detected lepton (neutrino)
pT balanced with hadronic system X pT imbalanced for hadronic system X

PDFs are not observables - only structure functions are
Measuring these cross sections allows indirect access to the universal PDFs xf,—i
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.~ Structure Functions

N »

dxdQ’ B 4 1x [M;,+Q

F, o z(x% +xq;) Dominant contribution The NC reduced cross section defined as:
P O’'x 1 d’o*
xF; o< Z(xqi — Xq;) Only sensitive at high Q2 ~ Mz? YO 20r* Y, dxdQ?
- ~ Y -
- Gy ~ FE, F—xF,
2 . . Y
F, <o -xg(x,0%) Only sensitive at low Q2 and high y ¥
The CC reduced cross section defined as:
2 2 TP +
similarly for pure weak CC analogues: ot — Z”X{Mw +0 } do
cC — 2 2 2
W;, xW; and WLi G, M, dxdQ
dOcc _ iy wezy awt— 2w
dxdQ” = LV W R YW =y W
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~~HERA KinematicPlane |

N

mm Fixed Target Experiments
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[ 105 structure dominated
Q - BN HERA by valence quark dynamics
~ -

@4

HERA data cover wide region of x,Q2

Q2 = boson virtuality
x = fractional momentum of struck quark

NC Measurements

F> dominates most of Q2 reach
xF3 contributes in EW regime
FL contributes only at highest y

CC Measurements
W> and xW3 contribute equally
WL only at high 'y
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LHC Kinemati¢ Plane (ZTeV)
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Log(x)

LHC: largest mass states at large x
For central production x=x1=x2

M=xV's
i.e. M >1TeV probes x>0.1
Searches for high mass states require
precision knowledge at high x
Z' [ quantum gravity / susy searches...
DGLAP evolution allows predictions to be
made
High x predictions rely on
e data (DIS / fixed target)
e sum rules
e behaviour of PDFs as x—1
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Neutral current event selection:

High Pt isolated scattered lepton

Suppress huge photo-production background by
imposing longitudinal energy-momentum
conservation

Kinematics may be reconstructed in many ways:
energy/angle of hadrons & scattered lepton
provides excellent tools for sys cross checks

Removal of scattered lepton provides a
high stats “pseudo-charged current sample”
Excellent tool to cross check CC analysis

Final selection: ~10° events per sample at high Q2
~107 events for 10 < Q%2 < 100 GeV?

Charged current event selection:

Large missing transverse momentum (neutrino)
Suppress huge photo-production background
Topological finders to remove cosmic muons
Kinematics reconstructed from hadrons

Final selection: ~103 events per sample

Eram Rizvi HepMad - Antananarivo - September 2015 6



.“HERA Operation
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HERA-| operation 1993-2000 400 Srtus: 1-July-2007 ‘ ‘
Ee = 27.6 GeV L lectrons
Ep =820 /920 GeV ~ —— positrons
Vs=301 GeV & Vs=318 GeV

- — low E
£~ 110 pb! per experiment

-1

300

HERA-Il operation 2003-2007
Ee = 27.6 GeV

H1 Integrated Luminosity / pb

200
Ep =920 GeV
Vs=318 GeV
J£ ~ 330 pb' per experiment
Longitudinally polarised leptons 100

Low Energy Run 2007

Ee =27.6 GeV |
Ep =575 & 460 GeV 0 e — L |
Vs=225 GeV & Vs=251 GeV 0 500 1000 1500
Dedicated FL. measurement Days of running
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.~HERA Structure Fu

nction Data
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A

Summary of HERA-| datasets
Combined in HERAPDF1.0

Available since 2009

Data Set x Range O Range L et /e Vs
GeV? pb~! GeV

Hl svx-mb  95-00 | 5x107° 0.02 | 0.2 12 | 21 etp | 301-319

Hllow Q> 96-00 | 2x 1074 0.1 | 12 150 | 22 etp | 301-319
H1 NC 94-97 | 0.0032 0.65 | 150 30000 | 35.6 | e p 301
H1 CC 94-97 | 0.013 0.40 | 300 15000 | 356 | e*p 301
H1 NC 98-99 | 0.0032 0.65 | 150 30000 | 164 | e p 319
H1 CC 98-99 | 0.013 0.40 | 300 15000 | 16.4 | e p 319
HI NCHY  98-99 | 0.0013 0.01 | 100 800 | 164 | e p 319
H1 NC 99-00 | 0.0013 0.65 | 100 30000 | 65.2 | e*p 319
H1 CC 99-00 | 0.013 0.40 | 300 15000 | 652 | e*p 319
ZEUS BPC 95 | 2x107° 6x10™ | 0.11 0.65 | 1.65 | e*p 301
ZEUS BPT 97 | 6 x1077 0.001 | 0.045 0.65 | 3.9 etp 301
ZEUS SVX 95 | 1.2x107 0.0019 | 0.6 17 | 0.2 etp 301
ZEUSNC 9697 | 6x 107 0.65 | 2.7 30000 | 30.0 | e*p 301
ZEUS CC 94-97 | 0.015 0.42 | 280 17000 | 47.7 | e*p 301
ZEUSNC  98-99 | 0.005 0.65 | 200 30000 | 159 | e p 319
ZEUS CC 98-99 | 0.015 0.42 | 280 30000 | 164 | e p 319
ZEUSNC  99-00 | 0.005 0.65 | 200 30000 | 63.2 | e*p 319
ZEUS CC 99-00 | 0.008 0.42 | 280 17000 | 60.9 | e*p 319

High Q2 NC and CC data limited to
100 pb' e*p
16 pb' ep

Eram Rizvi HepMad - Antananarivo - September 2015 8
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Up till now HERA-II datasets only partially published

ZEUS CCep 175 pb' |EPJ C 61 (2009)
ZEUS CC e*p 132 pb' |EPJ C 70 (2010)
ZEUS NC e™p 170 pb' |EPJ C 62 (2009)
ZEUS NC e*p 135 pb!' |ZEUS-prel-11-003
H1 CCep 149 pb-!' |H1prelim-09-043
H1 CC e*p 180 pb-!' |H1prelim-09-043
H1 NC ep 149 pb? |H1prelim-09-042
H1 NC e*p 180 pb' |H1prelim-09-042
ZEUS CCep 175 pb' |EPJ C 61 (2009)
ZEUS CC e*p 132 pb' |EPJ C 70 (2010)
ZEUS NC e™p 170 pb' |EPJ C 62 (2009)
ZEUS NC e*p 135 pb? |PRD 87 (2013) 052014
H1 CCep 149 pb-?
H1 CC e*p 180 pb-"

JHEP 09 (2012) 061
H1 NC ep 149 pb-"
H1 NC e*p 180 pb-?

Eram Rizvi

HERA-II datasets

Combined in HERAPDF1.5
(except ZEUS NC e*p)

breakdown of HERA-II data samples
R L
L =473pb ! L£=104.4pb~ 1
P.= (+36.0+1.0)% | P. = (—25.8+0.7)%
£ =101.3pb! £ =280.7pb!
P.=(+325+00% | P. = (-37.0+£0.7)%

etp

Complete the analyses of HERA high Q?
inclusive structure function data

New published data increase | by

~ factor 3 for e*p
~ factor 10 for ep
much improved systematic uncertainties

=)y HERAPDF2.0

HepMad - Antananarivo - September 2015 9
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Data Set x Grid 0?%/GeV? Grid L et/e” \s x,0?% from
from to from to | pb’! GeV equations
HERATE), = 820GeV and E, = 920 GeV data sets
HI svx-mb 95-00 | 0.000005  0.02 0.2 2] 21 etp | 301,319 | 11,15,16 | [2]
HI low Q2 96-00 | 0.0002 0.1 12 150 | 22 etp | 301,319 | 11,15,16 | [3]
H1 NC 94-97 | 0.0032 0.65 150 30000 | 35.6 etp 301 17 41 | H1 & ZEUS have now published all
H1 CC 94-97 | 0.013 0.40 300 15000 | 35.6 | e*p 301 12 4 | datasets
H1 NC 98-99 | 0.0032 0.65 150 30000 | 164 | e p 319 17 [5]
H1 CC 98-99 | 0.013 0.40 300 15000 | 16.4 ep 319 12 [5] - HERA-Il measurements at h|gh J.£
H1 NC HY 98-99 | 0.0013 0.01 100 800 | 164 | e p 319 11 [6]
H1 NC 99-00 | 0.0013 0.65 100 30000 | 652 | ep 319 17 6] | - reduced Vs data
H1 CC 99-00 | 0.013 0.40 300 15000 | 652 | e*p 319 12 [6]
ZEUS BPC 95 [ 0.000002  0.00006 0.11 0.65 | 1.65 et p 300 11 [10]
ZEUS BPT 97 | 0.0000006  0.001 0.045 0.65 | 3.9 et p 300 11,17 [11]
ZEUS SVX 95 | 0.000012  0.0019 0.6 17 | 0.2 etp 300 11 [12] 41 data sets to be combined:
ZEUS NC 96-97 | 0.00006 0.65 2.7 30000 | 300 | etp 300 19 [13] :
ZEUS CC 94-97 | 0.015 0.42 280 17000 | 47.7 | ep 300 12 [14] - NC & CC cross sections
ZEUS NC 98-99 | 0.005 0.65 200 30000 | 159 | e p 318 18 [15] - e*p and ep scattering
ZEUS CC 98-99 | 0.015 0.42 280 30000 | 164 | e p 318 12 [16] -
ZEUS NC 99-00 | 0.005 0.65 200 30000 | 632 | e*p 318 18 [17] -4 dlﬁerent _\/S values
ZEUS CC 99-00 | 0.008 0.42 280 17000 | 609 | ep 318 12 [18] 2927 data points in total — 1307
HERAII E, = 920 GeV data sets
H1 NC 03-07 | 0.0008 0.65 60 30000 | 182 et p 319 11,17 (710
H1 CC 03-07 | 0.008 0.40 300 15000 | 182 etp 319 12 (71!
H1 NC 03-07 | 0.0008 0.65 60 50000 | 151.7 | e p 319 11,17 (71" In some cases 6 measurements
H1 CC 03-07 | 0.008 0.40 300 30000 | 151.7 | e p 319 12 (71! combined
H1 NC med Q2 *¥-3 03-07 | 0.0000986  0.005 8.5 90 | 97.6 | e*p 319 11 [9]
H1 NC low Q? *- 03-07 | 0.000029  0.00032 2.5 12| 59 etp 319 11 [9]
ZEUS NC 06-07 | 0.005 0.65 200 30000 | 1355 | e'p 318 11,12,18 | [21]
ZEUS CC 06-07 | 0.0078 0.42 280 30000 | 132 | e*p 318 12 [22] 0.045 <Q2<50,000 GeV?2
ZEUS NC 05-06 | 0.005 0.65 200 30000 | 169.9 | e p 318 18 [19] 7
ZEUS CC 04-06 | 0.015 0.65 280 30000 | 175 e p 318 12 [20] 6x10"<x<0.65
ZEUS NC nominal *  06-07 | 0.000092  0.008343 7 110 | 445 etp 318 11 [23]
ZEUS NC satellite *  06-07 | 0.000071  0.008343 5 110 | 445 et p 318 11 [23]
HERAII E, = 575 GeV data sets
H1 NC high 07 07 | 0.00065 0.65 35 800 | 5.4 et p 252 11,17 [8]
H1 NC low 02 07 | 0.0000279  0.0148 1.5 90 | 5.9 etp 252 11 [9]
ZEUS NC nominal 07 | 0.000147  0.013349 7 110 | 7.1 e p 251 11 [23]
ZEUS NC satellite 07 | 0.000125  0.013349 5 110 | 7.1 et p 251 11 [23]
HERAII E, = 460 GeV data sets
H1 NC high 02 07 [ 0.00081 0.65 35 800 | 11.8 [ ¢'p 225 11,17 8]
H1 NC low Q2 07 | 0.0000348  0.0148 1.5 90 | 122 | ep 225 11 [9]
ZEUS NC nominal 07 | 0.000184  0.016686 7 110 | 139 | ep 225 11 [23] -
ZEUS NC satellite 07 | 0.000143  0.016686 5 110 | 139 | e*p 225 1 [23] arXiv:1506.06042
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105§ T TTTm [ILLLLLLL I T TTT | IIIIIII| 1 IIIIIIII I IIIIIII| 1 IIIL:%
O 10°t NS = Data are combined onto a common x,Q2 grid
- oo s a0l Two grids used:
10%L L5588 B8R E 8 inclusive measurements Vs=318 GeV
s 5T 38 3383 43 fine x grid for Vs=251 & 225 GeV
| g orefer
10° Frosia it R - -
5 ses90800  ° 3 2927 data points — 1307 combined measurements
N 8888888 -
10 g § g 8 E
1 0 . Data are translated to nearest x,Q2 grid point
: o . Iterative process using NLO QCD fit to data
10 — Use uncombined data in first iteration
E ] Then combined data in later iterations
10-2 i IR B RTINS R TTIT BN TTIT B AR T EENEE R RTIT E ||||; NO Changes after 3 iterations
107 10° 10° 10* 10° 102 107 1
) (it Qi)
Fractal Fit 2 Omodel xQTiah grid 2
A O\ grid, 1) = o X ,
i - f ( grid ngd) O-model(ajmeasyQ%@eas) meas( meas Qmeas)
0 30 49 el 30000.0 (y2
DGLAP NLO
weight
1. I
os Data are also translated outside of region of DGLAP fit validity Q%< 3.0 GeV?
o Use phenomenological “fractal” model and interpolate to DGLAP region
3.0 249Q? Other phenomenological fits tested — negligible differences
Eram Rizvi HepMad - Antananarivo - September 2015 11
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~."H1 & ZEus Data Combination — = 04 e | %G \‘QSI

» . ; AL k\ A - ' .;'J‘ .‘ I .: A s .'. -!:-. : oy c&-—‘
i data points Correlated uncertainties treated multiplicative: size proportional to central averaged value

j systematic error sources True for normalisation uncertainties

Perhaps not true for other uncertainties

' =m'(1 - Z-V%‘)]Q
Xtotmb Z 2 7 ; . zQ_I_Zb?
57, statlu 'm (1 o Z ) + (5z,uncm ) J

U’ = measurement
m' = averaged value
y'i= correlated relative (%) sys uncertainty on point / from error source j
bj = systematic error source strength

nuisance parameter left free in fit but constrained

no extra degrees of freedom due to additional constraint

For HERAPDF2.0 number of correlated error sources j = 169
These include:

b/g uncertainty Extra procedural uncertainty included:
luminosity uncertainty difference between using
EM calibration scale additive vs multiplicative

had calibration scale

efc....
Are correlated point-to-point within a single measurement
Reported in detalil in individual publications from experiments
May also be correlated across measurements

May also be correlated between H1 & ZEUS (e.g. had scale & photo-production b/g)

correlated uncertainties (except normalisation)
= extra ~0.5% uncertainty

Eram Rizvi HepMad - Antananarivo - September 2015 12



Entries

o NC e'p
A Q*<3.5GeV?

E RMS =1.06

50 NCep

F RMS = 0.95

NC e'p
3.5<Q*<100 GeV?

F RMS =1.07

CCe'p
RMS =1.04

NC e'p
100 < Q? < 50000 GeV?>

E RMS =097

CCep

L RMS =0.97

Overall x2/ndf = 1685/ 1620 = 1.04

Pulls defined for each measurement
difference between measured &

average values after applying sys shifts b;
in units of uncorrelated uncertainty

Pulls of the data points should be
distributed as a unit Gaussian

Each measurement channel shows pull

centred on zero & unit width

Entries

pulls of the systematic sources b

O N b O O®

=Y
N
III|III|III|III|III|III|III|III|III|III|II

RMS =1.34

2

’_I._‘.I_I.ll._l..ﬂ_.l
4 6

systematic pull

Eram Rizvi
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0.6?E? ?! " g@?’?ﬁ%%i%%% g xy=0032 i '#i'w . #ﬂ%%ﬁ % %
04 ﬁftw.oos  Z008 M?M%Wgé " = 0.08 : ‘E’ %{ i % %ﬁ | xy=025
0.2; gf&ﬁb%@‘gf i é? § 02 ¢F ® %

0 L P | L P | L PR | L MR | L MR | ) ) ) ) L ) ) ) ) L
2 3 4 5 0
3 4
1 10 10 10 10 10 10 10

QZ/ GeV’ Q2 1GeV?>

§ kg g hA 243 - - AN W . ; | {1’ ' N
. Combined:NCCross Sections 0 YR % \‘QSI
R e Ty Tty AL : TR ' ",',"‘:,’s % i I i y '; 'L | : a;’. c_’__-‘

e'p ep
&) 1.8 [ Q _ -1
A e HERA NC ¢'p 0.5 b o ® HERANCep041b
AN s = 318 GeV
16 Vs =318 GeV 12
: x;=0002 O ZEUS HERA II | Z ;EE: Eﬁi ;I
14 Xp; = 0.0002 } % Wﬁ O ZEUS HERA1 L i % % % % Xp; = 0.008 O H1 HERA II
| O H1HERAII , g
12 % ? A H1 HERA I I % A H1 HERA1
I 08 - A
L —0008 I
1} & J j ?%%ﬁ 7 L % f’i }+ xg; = 0.032
[ , gé
08 | 5# LA o M‘ﬁ’ M% % ‘H %%

only 6 x bins shown here
factor 10 more data than HERA-I data sets
NC e*p data systematically limited

x? / ndf = 1687 / 1620
high precision reached over large kinematic range better than 1.3% Q2 < 400 GeV?
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.~Combined CC Cross;Sections

"
T

e'p e’p
8 Q% =300 GeV? Q% =500 GeV? Q% =1000 GeV? Q%= 1500 GeV> 8 ’ Q% =300 GeV? Q* =500 GeV? Q*=1000 GeV* Q*=1500 GeV*
"6" 15 F 2 2 2 'b=-7 , i i ]
I T | | S
; : ? ¥ : 1 s - % : ! "
os} fg BRI Py, | ? : f%% o B
i ) » gL N o e ® e L .
06 L Q'=2000GeV? Q’=3000GeV’ [ Q’=5000 GeV Q” = 8000 GeV’ | Q7=2000GeV? Q*=3000GeV: | Q°=5000 GeV* Q= 8000 GeV*
AR AR S |
JERE o ' B PR 0 .
+ | | S N s | TRy
02 | ! P ! : : b % : o
- - i‘iﬁ - Hﬁ [ ® o
Q% = 15000 GeV? Q2 = 30000 GeV> 102 10! 102 10! Q% =15000 GeV* Q?=30000 GeV? 10° 10° 10° 10° X .
01 L i ® HERA CCe'p05fh™ XBj M _ ® HERA CCep 04 b Bj
Vs =318 GeV o4 | % i Vs = 318 GeV
% O ZEUS HERA II I O ZEUS HERAII
0.05 - - O ZEUS HERA I oz | % i { ZEUSHERAI
© H1HERAII ; O HI1HERA II
o Lo v T ¥ A H1HERAI 0 Lo - 2 £ HIHERAI
10? 10" 107 10" 10 10 10 10 X...
Xg;j Bj
Large improvement in statistical limitations of individual data sets from H1 & ZEUS
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..PDF Extractions from'Data

- .
N
N s N -

e Parameterise PDFs at arbitrary starting
scale Qo2

* Perturbative QCD evolution equations
allows PDFs to be determined at any
other scale Q2

e Calculate theory cross section at
given x,Q? of measurement

e Compare data & theory via x? function

* Minimise ¥2 function with respect
to PDF parameters ~ 2000 iterations

Eram Rizvi

Initialisation

&

Input Data

Data Type
Collider ep
Collider pp, ppbar
Fixed Target data

x2

N

Theory Predictions

Factorisation Theorem
PDF Parametrisation
QCD Evolution (QCDNUM)
Cross Section Calculation

P4

Minimisation (MINUIT)
Treatment of the uncertainties:
* Nuisance parameters
* Covariance Matrix
* Monte Carlo method

PDF LHgrids
alphas, mc, ..

Data vs Predictions :’,;_ e\
Chi2, pulls, shifts )Q\

Results fs

& 200V M1 and ZEUS (prel)

CTva a0 »
T W00 e O }
ABMTY SN MO y
MERAPOS * § WO o \
NNPOF2 3 O - \

MERAPOF1 51
~ MERAPOF1 6 /

\

- /
>
-
-
.
| P —

~
i
¥

L
heary Duta

w* w w
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HERAPDF1.0 & 1.5

Combine NC and CC HERA-I data from H1 & ZEUS

Complete MSbar NLO fit

NLO: standard parameterisation with10 parameters

NNLO HERAPDF 1.5 with 14p

HERAPDF2.0

Include additional NC and CC HERA-II combined data

xf(x,Qg)zA-xB (1-=x)° -(1+ Dx + Ex?)

Complete MSbar NLO and NNLO fit
NLO & NNLO fits require15 parameters

xg xg xg(x) = Angg(l — x)%, xg(x) Angg(l — x)% — A’ng;(l — x)%,
xu, xU = xu + xc a(x) = APl -x0% (1+E,2), x() = Ayl - 0% (1+E,2),
xd, xD = xd + xs =X xd(x) = Ayx"%(1—x), xd,(x) Ay xPa(1 = x)Ca,
xU  xU=xii+xc xU(x) = Agx’0(1-x)°, xU(x) = Agx®(1 -0 (1+ Dyx),
_ — N _ _+Bp(1 = \Cp ) _Bo(1 — \6b
D D = xd + x5 xD(x) Apx”2(1 — x)=P, xD(x) Apx"P(1 — x)-P.
HERAPDFI.0 & NLO HERAPDFI.5 HERAPDF2.0
xs = f.xD strange sea is a fixed fraction f; of D at Q¢?
2
Apply momentum/counting sum rules: 5 = Bj Q=19
! _ _ Sea = 2([7+ l_)) Qriin =350r10 G€V2
jdx-(xuv+xdv+xU+xD+xg):1 5
J A=A (1-f) o, (M?)=0.118

1

de-u =2 de-d

0

%

Eram Rizvi

ensures xu - xd as x—0

HepMad - Antananarivo - September 2015
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NC structure functions

xg(x) = AgxP(1—x)% = Al xPi(1 - 0)%, ) 1
xu(x) = Ay xPo(l =0 (1+ E, %), E&=—@ﬂ+wﬁy+§@D+xD)

9

dy(x) = Agx (1 —x),
xd,(x) a,x (1 = x) 2Py ~ zu, + 2d,

xUx) = Agx®i(1 -7 (1 + Dgx),
xD(x) = Apx®p(1 — x)°D.

CC structure functions
W, =x(U + D), W, =x(U + D)

eW5 =z(U — D), eWi =2(D - U)

fixed or constrained by sum-rules

parameters set equal but free

Additional parameters:
heavy quark masses M. and M, are optimised
fs = 0.4 = compromise value between unsuppressed (fs = 0.5) and ‘default’ strange sea from dimuon data

[qu o mz(l o Zj fy;bj)]Q 2 7, uncllt 2 + 523tat:“’imi
Xi; (m, b) — - b: + In
! t Z 512 statuzm,L(l - Zj ,yjbj> + (5i,uncmz Z Z z unc:uz + 5@ statluz

modified x? definition includes In term to account for likelihood transition to x? after error scaling

Eram Rizvi HepMad - Antananarivo - September 2015 18



~HERAPDF 2.0 Uncertainties

N e : -

Variation Standard Value | Lower Limit | Upper Limit
Q> [GeV?] 3.5 2.5 5.0
Q. [GeV?] HiQ2 10.0 7.5 12.5
Model Assumptions M .(NLO) [GeV] 1.47 1.41 1.53
Variation of charm and bottom quark masses Mc, Mo | 37 (NNLO) [GeV] 1.43 1.37 1.49
ot 9 oot : 2
Var!at!on of Q4 minimum cut usgd on input data Q?min M, [GeV] 45 495 475
Variation of strange quark fraction fs
f, 0.4 0.3 0.5
(M) 0.118 _ _
15, [GeV] 1.9 1.6 2.2
as(Mz?) is fixed but series of PDFs provided scanning large range in value: 0.110 to 0.130
Experimental uncertainties also checked using RMS spread of 400 replica fits
19
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IC.Cross Sections
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Neutral Current e*p

Precision 1.3% for Q2 < 400 GeV?
= factor 2 reduction in error wrt HERA-I

Statistics limited at higher Q2 and high x

Extended reach at high x compared to H1
preliminary data

—~~ | This x region is the ‘sweet spot’

High precision with long Q? lever arm
x-range relevant for Higgs production

Combination of high Q2 data
HERA-1 and HERA-II

Larger HERA-II luminosity
— improved precision at high x / Q?

o : gluon splitting — ’
2 o positive scaling violations ® HERANCepO04fb
L 0t at low x B HERA NCe'p 05 ™
Z ) I Xp; = 0.00(:)0(5)(’)2)7)%1' " Vs = 318 GeV
P L - Xn. = 0. , 1= R
o 10 - "t e = 0.00013,i=19 -] Fixed Target
T e s=== HERAPDF2.0 ¢ p NLO
105 .a:_:__.""f,.ﬂ My =00005,i=16  mmmm HERAPDF2.0 e'p NLO
S Xp; = 0.0008, i=15
L _ ._r./._..-"rr.-.—.—. XBj = 0.0013, i=14
04 __.,./-f"""rrr“_- Xp; = 0.0020, =13
= _.,./-—"""'"ﬂﬂ_" Xp; = 00032, i=12
i _ "’M Xp: = 0,005, i=11
| )
103 . IR 0.008, i=10
- -- W Xp; = 0.013,i=9 /
2 - " _W XBj =0.02, i=8
10 = N _W Xp; = 0.032,i=7
» o  pEE gt Xp; = 0.05,i=6
L -—oBoa .q XBj = 0.08, i=5
10 = I —— Xg; = 0.13, =4
- Xy; = 0.18,i=3
1 = O ERRREEES XBj = 0.25, =2
0! - 1 Xy = 040, i=1
107 - Xy, = 0.65, i=0
= gluon radiation !
- — negative high x scaling violations
~ C
10-311 | \\\\H)\‘ | \\\HH‘ | \\\HH‘ | \\\HH‘ | \\\HH‘ | I T
1 10 10° 10° 10° 10°
2 2
Q7/ GeV
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HERAPDF2.0 provides good description
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A

. High:Q* NC & CC:Cross Sections
okt LT IERLEL e (. .Y T

N R ah

Neutral Current e*p

S . HERA HERAPDF2.0 NLO <
o s=318 GeV Vs = 318 GeV = 106
© . m NCe'p05fh === NCe'p o)
103~ @ NCep04fb memm NCep s
i SNNAEP PSP S Xy =002 (x575)
| e aaef—g—8  X3=0032 (x400) s
i sma m0 anwpEg @ xg; = 0.05 (x270) 10
102 i
B —sn—uouuab—a—0h 9 Xg; =008 (x170)
- : 103
. —-~—-—-—-—.—-+.—-=t< Xy = 0.13 (x80)
2
10 ? —.'H—.—.—.—.-.—I—'=;:;< xp; = 0.18 (x20) 10
i 10
1 = Xp; = 0.25 (x6)

‘l"—."ﬁ—r'r.v—=<< xg; =040 (x2) 1
-1 10
10 {

t

Charged Current etp

HERA HERAPDF2.0 NLO

s = 318 GeV Vs =318 GeV
B CCe'p05fb" === CCe'p
® CCep04fpb' == CCep

Q% Xp; = 0.008 (x15000)

—— xg; = 0.013 (x3000)

—‘% xg = 0032 (x700)
—o—0 09—
—a—— -—._.\_\. xg; = 0.08 (x170)

v v xp; =013 (x20)

Xp; = 025 (x2)

10
0 _2? : Xg; = 0.65 A Xp; =040 (x0.1)
2 e 3 S 4 S 5 10-4 e e B
10 10 10 , 0 102 10° 10* , 10° ,
Q7/ GeV Q7/ GeV
 Difference in NC at high x for e* and e~ is due to xF3 and Z boson exchange — valence quarks
» CC e*p suppressed at high x due to (1-y)? helicity suppression of quarks at high y,Q? & fixed x
e CC e p unaffected as helicity suppression applies to anti-quarks
e HERAPDF2.0 describes high x data well for both NC and CC channels
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. Valence quarks and. xFz / 7~ ' %7 \*Q';.J
N gt ! ‘ L4l ve o 5 T ~ £ .Ik - - N ',," i '; 8. ' -‘.‘ (O

a B Q2 = 1000 GeV2 Y HERA 1 .I:b-1 7
I B HERAPDF2.0NLO |
. ) _ . - Y ) ,
At high Q? xF3 arises due to Z° effects xF, =—(6. - 6°) = a ¥ xF?
enhanced e" cross section wrt e* ) NE e/VZ7 3

Difference is xF3
Sensitive to valence PDFs ~

Measure integral of xF3¥< - validate sumrule:
0.725 LO integral predicted to
/0

dz F}?(2,Q* = 1500 GeV?) = 1.314 = 0.057(stat) + 0.057(syst) be 5/3 + O(0is/TT)
.016
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. High:Q* CC Cross Sections'

N < ‘ ..‘" . CEoTe———,
Electron scattering Positron scattering
2 2
- 2 -+ 2 2
d’oc G’ M? _ d°oc G M
cC _ °F W 2 — CC _ F w - = 2
ariai leys > [(u+c)+(1—y) (d+s)} > =5 > > [(u+c)+(1—y) (d+S)}
xdQ T\ M, +Q dxdQ T\ M, +0
Q = = = - @) B 2 2 - 2 2 L 2 2 - 2 2
,% | Q*=300GeV: - Q*=500GeV> - Q°=1000GeV>: - Q%=1500 GeV> +3 15 Q' =300Gev® | Q' =500GeV: | Q' =1000GeV" | Q" =1500GeV
o, B B B B © C C C B
[ ] L L L L
| | | . 1 - B B B
1 - - - - - - -
i i . i i 05 = s - - -
0 7\\\\‘ Lol Lol 7\\\\‘ Lol Lol 7\\\\‘ Lol Lol 7\\\\‘ Lo [ 0 :‘HH\ | HHW\ L :Hm\ | HHW\ L :‘HH\ | HWH\ L :Hm\ | \mm\ L
~ Q°=2000GeV? | Q*=3000GeV: | Q*=5000GeV’ | Q=8000 GeV’ 06 L Q'=2000GeV: | Q*=3000GeV’ | Q*=5000GeV> | Q=8000 GeV
1 - - - i i i i
i i i i 04 - - - -
- - . - - [ [ [ [
05 - — — i i i i
i i i i 02 — — — —
- - - - i i i i e
0 ]‘ : ‘HHH‘ L ]‘ : ‘HHH‘ L 10_2 10_1 L 10_2 10_1 L 0 7\\\\\‘ | \HHH‘ [ 7\\\\\‘ | \HHH‘ [ 7\\\\\‘ | \HHH‘ [ 7\\\\\‘ | \HHH‘ [
08 — - — _ - - 2 -1 2 1
— Q'=15000 GeV* | Q" =30000 GeV Xg; 0.08 © QP= 15000 GeV? | Q7= 30000 GeV? 10 10 10 10 Xp,
06 — - _ -1 3 3
- L e HERA 4 0.06 — n -
: : y CCep04ib : : e HERA CC e'p 0.5 fb~"
04 - - s =318 GeV 004 | - Vs = 318 GeV
02 o == HERAPDF2.0 NLO oo | - == HERAPDF2.0 NLO
0 7”‘-2‘ HH‘H‘-l‘ - 7”‘ -2‘ HHH“-I‘ - :\HH‘ | \HHH‘ [ :\HH‘ | \HHH‘ [ |
10 10 10 10 ’ 107 10" 107 10"
XBj X

Bj
CC e+ data provide strong dv constraint at high x
Precision limited by statistics: typically 3-7%
HERA-I precision of 10-15% for e+p

Combination of high Q2 CC data (HERA-I+II)
Improvement of total uncertainty

Dominated by statistical errors

Provide important flavour decomposition information
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- HERAPDF 2.0 (NLO Fit)

L on gl YeY

™ >

2 2
T T T TT T T TTT T T T TT T T T 7171 |= : : |Q : :
b 1 | I W2=10Gev* | 5 | u2=10 Gev* |
L 2 . B ] ; ]
“12' =10 GeV 154 . 154 — HERAPDF20NLO -
- 7 i i i uncertainties: i
b 1 - I experimental N
L . 7 : [ ] model :
08 - —— HERAPDF2.0 NLO i ] i I parameterisation ]
: uncertainties: h r N
- B experimental 1 ] 05 s ]
[ | model xXu 1 ] - ]
- parameterisation V 0 | LLLLlll | Ll | LLLLlll | Ll rrtnt 0 | | \\HH‘ | | \\HH‘ | | \\HH‘ | Lol
06 L. HERAPDF2.0AG NLO o~ B 0.2 - 02
0 E () =
02 | 02 |
| 10* 10° 10* 10°
2 2
04 - | - 1 i ]
| > u2=10 Gev> | % | uz =10 Gev’ |
15 - - 15 - .
] . 1 .
0.2 - 1 S 1
] 4 0S5 - ]
- Il Lol Il [N Il Lol Il \\HHT 0 - Il NN Il RN Il [N Il \\HHT
- —————— R Lo 0.2; 0-2}
10" 107 107 10" 1 0F 0 =
X -0.2 =S -0.2 — -
10" 107 10 10! . 10* 10° 102 10! .
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- HERAPDF 2.0 Comparisg el T \

N <

= 1 w=10 GeV? = 05k ) 12 =10 GeV? )
<L HERAPDF2.0 NLO o 18 HERAPDF2.0 NLO = 3
0g. — MMHT2014NLO - a ! S MMHT2014 NLO =)
[ — CT10NLO 04 F & 6l +HCT10 NLO (68% CL) f| ==
- —— NNPDF3.0NLO I § _ == NNPDF3.0 NLO : § R
= &= \\
o 14 T 2 R
N N’
=> I ,-c> \\\
S 12 > NN
~ 1 =~ |
= 1 <
x 1 ——— x 1 L
0.8 b
i 11111 IIIII 1 IIIIIII 1 IIIIIIII 1 1111
10+ 10° 102 10! 1 10+ 10° 102 10!
X
S 14F S13r
L @\ L
= S
E % 1.2 N
§ 1.2 2 |
= 211
=) =
Z I z I
a0 1] »n 11 L
N N L1
AN 09
08 - i
.4I B -3 I-zl - I-1I - 0_.4I ..-----I_s Iml-z Hl-l =l ol ol 0‘8__ el el ol
10 10 10 10 X 1 10 10 10 10 X 1 10-4 10-3 10-2 10-1 10-4 10-3 10-2 10-1
X

Comparison of HERAPDF2.0 vs MMHT14 , NNPDF3.0 , CT10 (others use only HERA-1 combined data)
Differences at high x

« New HERA combined data improve precision at high x, Q2

 HERAPDF uses proton target data only — no nucleon / deuterium data

» Softer gluon at high x
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Inclusive jet + charm cross sections in ep collisions

(=) i i I
are sensitive to xg and as ~ & | NLO ) )
= . @ inclusive + charm + jet data, Q_. = 3.5 GeV
a ! 40 - O inclusive + charm + jet data, anm = 10 GeV> n
Separate H1 & ZEUS measurements are added > | 4 inclusive + charm + jet data, Q2. = 20 GeV? ]
to HERAPDF2.0 — HERAPDF2.0-Jets i
1 T | |
GF:‘ - 1 a) 0L | . | . | . | . | . | ]
| xg W2 =10 GeV* 0.105 0.11 0.115 0.12 0.125 0.13
‘., | = ' | ' T ' T ' T ' T ' |
I ] ~ E [ NLO
0.8 = HERAPDF2.0NLO = . e inclusive data only, Q2. = 3.5 GeV’
% HERAPDF2.0HiQ2 NLO . 1 40 - O inclusive data only, anm = 10 GeV? o
P i A inclusive data only, anm = 20 GeV>
0.6 . 20 B _
O
i b) 0 _. | . o1 —————— 2 —h—h—h—h—h—k * 4-—? _
04 g 0.105 0.11 0.115 0.12 0.125 0.13
] = - T - T - T - T - T - T
é ~ NNLO
N 2 2
o= - ® inclusive data only, Q_. = 3.5 GeV ]
02 A . 40 - O inclusive data only, anin = 10 GeV’ ]
= . A inclusive data only, anin = 20 GeV*
20 .
L (]
| | | | | | = L ! | | | [ ]
0 0.2 0.4 0.6 0.8 1 I .
X C) 0_I . e '_,_, , | =
0.105 0.11 0.115 0.12 0.125 0.13
2
o (M)

Value of as determined from DIS data:

0,(M2) = 0.1183 + 0.0009(exp) = 0.0005(model /parameterisation) || CONSistent with world average

+ 0.0012(hadronisation) *0%%(scale) Competitive with other NLO determinations
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Electroweak symmetry breaking

(\/l\ ; I T T 1T | I T T 1T | I I ;
> - ]
8 10E O HERANCepo04fb'
= - O HERANCEp0S5Sfh! S
2 _ s HERAPDF2.0NC ¢p =
g\ - -
o - mssm HERAPDF20NCe'p 1
B 10" =
S~ = =
) = -
=) - ’
30 _
10 = y<09 3
- \s =318 GeV ]
" e HERACCep04fb’ ]
10° = . _
= B HERACCe'p0.5fb 3
=== HERAPDF2.0 CCep }
= mssm HERAPDF2.0 CC e'p
10-7 | L 1 1 11 | 3 | | | L 1 1 11 | 4
10 10 , ,
Q°/ GeV
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e H1 / ZEUS completed their final SF
measurements

e New HERA-II data provide tighter constraints at
high x / Q?

* These data provide some of the most stringent
constraints on PDFs

* Stress-test of QCD over 4 orders of mag. in Q2
e DGLAP evolution works very well

e HERA data provide a self-consistent data set for
complete flavour decomposition of the proton

e Final combination of HERA data completed
e HERAPDF2.0 QCD fit at NLO & NNLO
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HERAPDEFI.0 HERAPDEFI.5

Combine NC and CC HERA-I data from HI & ZEUS Include additional NC and CC HERA-II data
Complete MSbar NLO fit Complete MSbar NLO and NNLO fit

NLO: standard parameterisation with |0 parameters NLO: standard parameterisation with |10 parameters
s = 0.1176 (fixed in fit) HERAPDF | .5f

NNLO: extended fit with 14 parameters

desy-09-158
2 B C 5 HI-10-142 / ZEUS-prel-10-018
xf(x,0;)=A-x"-(1-x)" -(1+ Dx+ Ex")

'8 *8 xg(x) = AyxP(1 - x)%,

- w e (@) = APl - 0% (1+E,0).
xd, =— XD= XA+ XS~ —d(x) = AgxPe(1 — x)C,

xU xU = xit + x¢ xO(x) = AgxPo(1 - x)°o,

xﬁ xD = xc? + x5 x[)(x) — ADXBD(I _ x)CD,

xs = fsxl_) strange sea is a fixed fraction f; of D at Qp?

Apply momentum/counting sum rules:

| Parameter constraints: 002 = 1.9 GeV2 (below m.)
de (xu, +xd, + xU +xD+xg)=1 g”" = Bdé 0? > 3.5 GeV?
0 Ubar = DDbar )

1 I sea = 2 x (Ubar +Dbar) 2x 10%<x<0.65

de U, =2 J-dx -d, =1 Ubar = Dbar at x=0 Fits performed using RT-VFNS

0 0

Eram Rizvi HepMad - Antananarivo - September 2015 29



=

Eram Rizvi

1.6

14

1.2

0.8

0.6

04

0.2

N “

~.-F> Structure Function’ |

i Q% =120 GeV?
i Q=12 GeV? e HERA NC ¢'p 0.5 fb™
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. Optimisation of Heavy(

Quark Masses .
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- HERAPDF 2.0 HiQ2. (Q%min
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Figure 20: The dependence of y?/d.o.f.on Q% . for HERAPDF2 0 fits using a) the RTOPT [83],
FONNL-B [90], ACOT [109] and fixed-flavour (FF) schemes at NLO and b) the RTOPT and
FONNL-B/C [91] schemes at NLO and NNLO. The F, contributions are calculated using ma-
trix elements of the order of «; indicated in the legend. The number of degrees of freedom
drops from 1148 for Q2. = 2.7GeV? to 1131 for the nominal Q2. = 3.5 GeV? and to 868 for
Q. =25GeV-.
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-~ HERAPDF 2.0 (NLO vs N
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y £

X HERAPDF 2.0 V‘Elria,n“ts \

A
.

N < ¥/

HERAPDF Q. [GeV?] | x* | dof. | x*/dof
20NLO 3.5 | 1357 | 1131 | 1.200
2.0HiQ2 NLO 100 | 1156 | 1002 | 1.154
2.0 NNLO 35 | 1363 | 1131 | 1.205
2.0HiQ2 NNLO 100 | 1146 | 1002 | 1.144
2.0 AGNLO 35 | 1359 | 1132 | 1.201
2.0HiQ2 AG NLO 100 | 1161 | 1003 | 1.158
2.0 AGNNLO 35 | 1385 | 1132 | 1.223
2.0HiQ2 AG NNLO 100 | 1175 | 1003 | 1.171
2.0 NLO FF3A 35 | 1351 | 1131 | 1.195
2.0 NLO FF3B 35 | 1315 | 1131 | 1.163
2.0Jets ay(M2) fixed 3.5 | 1568 | 1340 | 1.170
2.0Jets ay(M3) free 35 | 1568 | 1339 | 1.171
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Table 11: The values of y? per degree of freedom for HERAPDF2.0 and its variants.

34



