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Abstract: In the era of searching for new discoveries, it is crucial to achieve a higher level of
precision in understanding the proton structure to allow for most unambiguous
interpretations of the high energy, luminous data ahead. The knowledge of proton’s
constituents mainly comes from the deep inelastic scattering HERA, fixed target,
Tevatron and, increasingly precise LHC data. A guided tour of the road-map that
marks the most recent measurements from past, present, and possible future
experiments sensitive to the proton constituents will be presented here.



Karly ideas ...

Rutherford’s gold foil experiment 1909 =t i
(performed by Geiger and Marsden) fELSE s = 3
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nucleus

Rutherford’s gold foil experiment set the scene for a century of ever-deeper and more precise
resolution of the constituents of the atom, the nucleus and the nucleon.

-> ldeas for detecting quarks were formulated:

To probe the interiors of target, point-like and easily produced particle needed to be used.
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+ Proton can be probed via elementary particles as:

Probing the Proton Structure

_> ®

* neutrinos (fixed target experiments) - interact only weakly e,v,u
RiAeR)

* electrons (fixed target and collider experiments) - interact electro-weakly

- Deep Inelastic Scattering (DIS) as a tool to study the substructure of nucleon
* scattering of a lepton off the quarks within the proton resulting into a hadronic shower and a lepton

+» Kinematic Lorenz Invariant Variables:

* virtuality of exchanged boson

Q2 it _q2 o —(k e k)’)2

* proton momentum fraction of the scattered quark
(Bjorken scaling éaé'iable)

=
* inelasticity parameter:
0a
J p-k
* invariant centre of mass energy:
Q2
s=(k+p)*=—"— P

ry

* Invariant centre of mass energy of the virtual boson-proton system
W?=(P+q)=m>—-Q" +2P -q=ys—Q° +m3(1—y).
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Cross Sections, Structure Functions, PDFs

The proton is a dynamical object and its structure

depends on the resolution (QQ?) of the observation: t i | no substructure
0 1x

« higher the value of Q? more detail we examine

2 . 2 : 3 free valence quarks
* General double ditferential cross-section for eN scattering: U—»

0 q3 11X

Q2
. S 3 bound quarks
o S
Gluon 0 43 1X
d?c(e*p) Q%x .

2
2y — — 2y _ y_ 2 Y__ 2 Valence quarks

O’T(.’E,Q ) d.’EdQ2 27TQ{2Y+ F2(35':Q ) Y_I_FL(xﬂQ ) + Y+£CF3(.’E,Q ) Sea quarks

gluons

Yi=14(1-19y%)

 F,, F1, xF;3 are structure functions (hadronic part) which are At Leading Order (LO):

related to the momentum distributions of quarks within the % z
nucleon: iy = Zeq (¢(z) + q(=))

Parton Distribution Functions (PDFs):

oFy =1y 240, (q(z) — 7))

o valence quarks: carriers of proton charge

o sea quarks and gluons: evolved by complex dynamics : &2
1 & y P y F2» dominates sensitive to all quarks

. ; : F itive to val k
Can extract the structure functions experimentally by looking at );L i:irs‘:ixetoo ;/joir;ce Sl
the x,y,Q? dependence of the double differential cross-section &

4
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Proton Structure Measurements

o~ : T T lllllll T T IIIIIII T T lllllll T T lllllll T T lllllll T T lllllll T T Illlli
2 080 O Atias ana cus The cl t t be Proton Structure is vi
S108L e cleanest way to probe Proton Structure is via
o | EP Mies and OF mepldify platess Deep Inelastic Scattering [DIS]:
10 7 | = DO Central+Fwd. Jets
F E=3 CDF/DO0 Central Jets » Neutrinos, muons, electrons
10 0= m
- [0 zEUS
10°F S mc —> probes linear combination
F BCDMS of quarks
104k OID E66s
- [_] SLAC
3L , / s
107 vy 2/ , Precision of PDFs can be complemented by the
102k WA \ | 1.1 Drell Yan [DY] processes at the collider
= M=10Gev ‘B ,
- < 1 experiments - [Tevatron and LHC]
10 :_ 5) /A
”,Ww AW,
1 L ||||||||| - ~“Fixe ! :
X - S i " —> can provide flavour separation
- ¢ . 5 .
0 ‘ ||||||||HH|HW‘ e argety. and more insight into gluons
E i i e Sez;::" = — —> probes bilinear combination of
7 -6 5 4 3 e T R
10 10 10 10 10 <JLAB" .- quarks
0= —¢*=—(k—k'}* Photon 3 L L,
) virtuality X T 4l : o |
x= Q Bjorken e _— }
2p-q variable ‘ ) : |
y= % |ne|asticity e 01 02 oal 04 05 06 ‘

Different data constrain different parton combinations at different x, evolution

with the scale is predicted by pQCD:
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HERA ep collider (1992-2007) @ DESY

H1 and ZEUS experiments at HERA collected ~1/fb of data
Ep=460/575/820/920 GeV and Ee=27.5 GeV

* Neutral Current event sample in H1 detector
NC: ep—e'X

H1 Run 122145 Event 69506 Date 19/09/1995

(Q* = 25030 GeV?, y =0.56, M =211 GeV

it

Determination of the Event Kinematics:
using lepton information (E.’,0.)
using hadronic final state particles
using both lepton and hadronic final state variables

* Charged Current event sample in ZEUS detector

CC:ep—>v X

\ 4

s = AE.E,
Q? = E.E’'(1 + cosf,)
- yzl—g;%(l—cos@)
Q2
sy

Pe—
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Combination of the H1 and ZEUS Measurements

[JHEPO1 (2010) 109], H1 prelim-14-041, ZEUS-prel-14-005

Ultimate precision is obtained by combining

the H1 and ZEUS measurements

The combination procedure is performed
before QCD analysis using %2 minimisation

> Improvement on Statistical precision: |

> H1 and ZEUS collected similar amounts

of physics data.

> Improvement of Systematic precision:

H1 and ZEUS preliminary

> H1 and ZEUS are different detectors

and use different analysis techniques;

» The H1 and ZEUS cross sections have

different sensitivities to similar sources
of correlated systematic uncertainty.

—> total uncertainty < 1.3% for Q2 up to 400 GeV?2

o 41 data sets: 2927 data points are combined to1307
averaged measurements with 162 sources of
correlated systematic uncertainties.

I x=0.0002

e HERA NC ¢'p (prel.) 0.5 fb™

Vs =318 GeV
% x=0.002 o ZEUS HERA II
f U gh 0 ZEUS HERA I
g i f * O H1 HERAII
ﬁ‘ ~ H1HERA I
iéé I I
- | ®%  x=0.008
b gljkf%m
s 3
li&1 L b i "
"

Lo 5& ‘Viﬁg QQEL%%% $ §=0032
»ob apbbRbPERE K

??H’}b}%ﬁsbf bl

x=0.08

B ox=025

3

107 10°
A\ Q%GeV?
\

ﬁ%% % x=0.008
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(QCD scaling and EW eflects

= EW effects clearly seen at high Q2: QCD scaling violations nicely seen:

At low x :
H1 and ZEUS preliminary -
- 104: - .-6' - FEE I W . " -
> [ HERA(prel) HERAPDF2.0 (prel.) NLO, Q2. =35 GeV > C e HERA NCe'p (prel.) 0.5 fb
) - Vs=318 GeV Vs =318 GeV -~ 10 7 = Vs =318 GeV
N’ L | | o + ) E .
5 NCe'p0.5 fb NCe'p o L ee  x=000005,i=21 O Fixed Target
Z 103 ® NCepo4f' == NCep ¥ 106L ° x = 0.00008, =20
b': g 0.02 (x475) ) . = . :. : x=0.0800130,2i;-19 8 = HERAPP F20 (prel)
- em m® fmatf x=0.02 (x o . o0 x=0. yi=1 -
i —aa—aa—ua-te-g—g—f§  X=0032 (xd00) + “ s[*°0 .:o'f *  x=0.00032,i=17 NLO, @, =35 GeV*
[ ss st ssene g § x=005 (x270) o 107 et oo X=0005I6 The X region
102 E e eeeeeee x=0.0008,i=15
g —sa—uuusaaf—e—0t 9 x=008 (x170) r oottt eeeees x=00013,i=14 relevant for the
: cm013 g 10°F  sewt i iileasesen xo0sn it Higgs production
5 . - S cess oo se oo x =0.0032, i=12 is at 10-2
i r oo ® osssooee  x=0005,i=11 d
10 F . . o < =048 (x20 103 % -7—0“"’"::“,.gm700 x = 0.008,i=10
g B i w x=0.013,i=9
i C x=0.02,i=8
i 102 . coveoeooeeeeeeseseese x=0.032,i7
x=025 (x6) - 8ot —" " " X
1 E M - o 0000 00000 0000000 0 o x =0.05,i=6
- ~-OOMEED— B8 00- 000000000000 x = 0.08. i=5
C 10 '
i M x=040 (x2) B S AR AA A A aan o W x=013,i=4
-1 I  mogemmTTT e x= Athighx:
10 f 1 E Feeeeeesees T
: f - M x 4
- - —
i 10 1 L \x
-2 i x=0.65 3
0F af .
- 10 . x = 0.65,i=0
[ el N Tl 35 Combined HI & ZEUS run-2 preliminary
2 3 4 5 - l 1 1 IIIlIII 1 1 IlIIlI] 1 1 IIllIII 1 1 IlllIII L 1 IllllII 1 Ll L1l
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Q2/ GeV? 1 10 10° 10° 10°* 10°
2 2
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Extraction of PDFs through QCD fits

+ Extraction of PDFs relies on the factorisation: o = 6 ® PDF

* Typical measurements sensitive to PDFs are precise, with statistical uncertainties < 10%,
so they follow normal distribution —> use of 2 minimisation for PDF extraction.

Main StepS: /‘ Initialisation '\

Input Data Theory Predictions
- Parametrise PDFs at a starting scale Data Type Factorisation Theorem
* Collider ep * PDF Parametrisation
- Evolve PDFs to the scale *+ Collider pp, ppbar * QCD Evolution (QCDNUM)
corresponding to data point * Fixed Target data Xz * Cross Section Calculation
- Calculate the cross section Minimisation (MINUIT) /
Treatment of the uncertainties:
- Compare with data via %2 *  Nuisance parameters
* Covariance Matrix
- Minimise 2 with respect to PDF * Monte Carlo method
parameters Results §of
» PDF LHgrids i ; SEE., T oA T' e
* alphas, mc, .. N Rty QL ST

* Data vs Predictions

l
| —~—
! :
i i :
Z \/ |, e
* Chi2, pulls, shifts \ _— 1 R et}
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Extraction of PDFs through QCD fits

Extraction of PDFs relies on the factorisation: ¢ = ¢ ® PDF

Typical measurements sensitive to PDFs are precise, with statistical uncertainties < 10%,
so they follow normal distribution —> use of 2 minimisation for PDF extraction.

Main Steps:

~ Parametrise PDFs at a starting scale

HERAPDF style has standard polynomial form: ij (x) — ijBj(] —x)Cij(x)

L A: overall normalisation
where Pj(x)=(1 + ey/x+ Dx+ EX) for HERA PDF style, or 8. small x behavior
Pi(x)= e (14 e"x + €% x?) for CTEQ PDF style C: x— 1 shape

Bi Log-Normal Distribution style: xfj(x) — ajx/’j—[’jlog(x)(l _x)qj‘djlog(l—x)

Chebyshev is a flexible parametrisation (polynomials with argument log(x)) which can be
employed for the gluon and sea distributions

(see A. Glazov, S. Moch, and V. Radescu, Phys. Lett. B 1149 695, 238 (2011), [arXiv:1009.6170])
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Extraction of PDFs through QCD fits

Extraction of PDFs relies on the factorisation: ¢ = ¢ ® PDF

Typical measurements sensitive to PDFs are precise, with statistical uncertainties < 10%,
so they follow normal distribution —> use of 2 minimisation for PDF extraction.

Main Steps:

- Parametrise PDFs at a starting scale

- Evolve PDFs to the scale corresponding to data point

Starting scale —— Evolved scale

m} a m]
H1 and ZEUS Combined PDF Fit H1 aad ZEUS

- ! . qQ, 3 B2 - 1
( Q= 10.0 GeV q / q -
HEl .0
! i .
rametri » x

» Valence quarks are radiating gluons

Gluons are splitting into quark o o
antiquark pairs
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Extraction of PDFs through QCD fits

Extraction of PDFs relies on the factorisation: o = ¢ ® PDF

Typical measurements sensitive to PDFs are precise, with statistical uncertainties < 10%,
so they follow normal distribution —> use of 2 minimisation for PDF extraction.

Main Steps:

- Parametrise PDFs at a starting scale

- Evolve PDFs to the scale
corresponding to data point

_ Calculate the cross section
- Compare with data via %2

- Minimise x? with respect to PDF
parameters

www.heratfitter.orq

DY integration code:
Simple LO cross section formulae: DY NC: pp — Z /v — eTe™

do? 2 8a?
— =N .Co&—5T
dMdydcost* 9A3M3

< eafq(x1. M)fz(x2. M)Fqg(1 + cos® 6%, cos 6*)
q

DY CC: pp —» W* — e*v

doys ra? (1 — cost*)?

dMdydcost* :483&/ M (M2 — Ma/)z n r%/VME‘V
: Z Vaq fa(x1. M)fy (x2, M)
qq’

Theory:
necessary to have fast tools
(APPLGRID, FASTNLO)
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Extraction of PDFs through QCD fits

» Extraction of PDFs relies on the factorisation: o = ¢ ® PDF

Y/

* Typical measurements sensitive to PDFs are precise, with statistical uncertainties < 10%,
so they follow normal distribution —> use of 2 minimisation for PDF extraction.

Main Step S: www.herafitter.org

Covariance Matrix Representation:

x*(m) =Y (m;— u,’,/{lfﬂ - M)

- Parametrise PDFs at a starting scale

i.k

isC* (stat), C”, (syst) or
C* (tot)=C "~ (stat)+C * (syst)

—

- Evolve PDFs to the scale
corresponding to data point

2 = i i i il i iy i Jii j 2
3 Xexp (M, b) = [m - [y (m")by — p ]( i (', me )[m - L, (m”)b; — p ] + b;
- Calculate the cross section Z Z‘ ' Z Z/:

1

Mixed form representation:

- Compare with data via x>

- Minimise 2 with respect to

Nuisance parameter case:

PDF parameters

data ttﬁeory

Y Y . 2
N [,u; —m; (] — )’_‘,j y}b_,-)} .
x> (mb)=Y) ———— —+ Y b5+ log penalty
i 5ifuncmi_ + 5/'—\1111 Him; (l - Zj Y;’bi) i

61',5&1( 6i,unc0r are relative statistical and uncor related systematic uncertainties of the measurement i

’yl,. quantifies the sensitivity of the measurement to the correlated systematic source j
bj nuisance parameter
-» for more details see e.g. HERAPDF1.9, JHEP 1001, 109 (2010)



Extraction of PDFs through QCD fits

+ Extraction of PDFs relies on the factorisation:

c = 6 ® PDF

* Typical measurements sensitive to PDFs are precise, with statistical uncertainties < 10%,
so they follow normal distribution —> use of 2 minimisation for PDF extraction.

Main Steps:

- Parametrise PDFs at a starting scale

- Evolve PDFs to the scale
corresponding to data point

xg(x,Q@%)/xg(x,Q%)

- Calculate the cross section
- Compare with data via 2

- Minimise %2 with respect to PDF
parameters

- extract PDFs, pulls, etc..

Q%= 2.0 GeV?

— CT10

— MSTW2008
W ABM11_5N
— HERAPDF1.5

—— NNPDF2.3

=
TR

14

do/dx

Theory/Data

-0.5

1.1
1.05

0.95

0.9

www.herafitter.org

|l|

HER: l,ﬁ itter

LLE

Illllllll

—s— H1 ZEUS Data Q7 = 200
¢ ouncorrelated
4 total
= Theory
== = Theory + shifts m— Output

mrrrrrrrrrrroroT

I:_VH:;I

——
—

LU LA

0.01 0.1
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Modern understanding of PDFs
Different types of PDF uncertainties are considered:

+ Hessian method used: MSTW, CT, ABM, JR, HERAPDF, CJ..
Consistent data sets — use AX2=1 (HERAPDE, ABM, JR ..) or larger tolerance (MSTW, CT)

*  Monte Carlo Method: replicas of data: NNPDF

© Method consists in preparing replicas of data sets allowing the central values of the cross
sections to fluctuate within their systematic and statistical uncertainties taking into account
all point to point correlations [A Glazov and VR, HERA-LHC proceedings, arXiV:0901.2504, page 41-42]

© Shift central values randomly within the uncorrelated errors assuming Gauss distribution
of the errors:

0i = 0i(1 + 6;"“""RAN D)

© Shift central values with the same probability of the corresponding correlated systematic
shift assuming Gauss distribution of the errors:

Nsys
0; =0i(1+0{""RAND; + 3 _ 6™ RAND;)
j
© Preparation of the data is repeated for N times (N>100)

© For each MC replica, NLO QCD fit is performed to extract the N PDF sets

© Errors on the PDFs are estimated from the RMS of the spread of the N curves
corresponding to the N individual extracted PDFs
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Modern understanding of PDFs

Difterent types of PDF uncertainties are considered: NNLO fit

0:0 ﬁi 1 o s R o
[ u?=10 GeV?

Hessian method used: MSTW, CT, ...

08 | HERAPDF2.0 (prel) NNLO Q@ =35GeV? |
Consistent data sets — use Ay2=1 | BB o tneert
5 - [ parametrisation uncert. xXu,
Monte Carlo Method: replicas of data: NNPDF |

« Model: |

variations of all assumed input parameters in the fit

04

Variation Standard Value | Lower Limit | Upper Limit
£ 0.4 0.3 0.5
MZP"(NLO) [GeV] 1.47 1.41 1.53
M®"* (NNLO) [GeV] 1.44 1.38 1.50 02
M, [GeV] 4.75 4.5 5.0
Q2. [GeV?] 10.0 7.5 12.5
Q2. [GeV?] 3.5 2.5 5.0
02 [GeV?] 1.9 1.6 2.2 10

& _ only HERAPDEF includes this as additional unc.

An envelope formed from PDF fits using variants of parametrisation form (extra
parameter added)

NNPDF use neural network approach based on data driven regularisation
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HERAPDFE2.0 - fit to HERA data

+  PDFs with Q2 cut min @ 3.5 GeV2 and @10 GeV2 are shown

uncertainties are larger for Q2cut=10 GeV2 (more data is cut away) and impact mostly gluon PDF

—> dval extracted from ep data only:

+ new CC data provides new info that other PDFs have not vet included

H1 and ZEUS preliminary H1 and ZEUS prellmlnal’y
1 T T rll[lI[ L] L] "I'l'l T Ll 'll"‘l T °2=1OGVZ Ao-s y=1°sz
‘;f é 1 344« CT10NLO (68% C.L) é 44%% CT10 NLO (68% C.L.)
I - &3> NNPDF2.3 NLO < &3> NNPDF2.3 NLO
N LO u:=10 GeV? g -+ HERAPDF1.5 NLO T 05 4444 HERAPDF1.5 NLO
I £ 0.8l == MSTW2008CPdeut NLO === MSTW2008CPdeut NLO
8 HERAPDF2.0 (prel.) HERAPDF2.0 (prel.)
i L NLO @}, =3.5 GeV* 0.4 NLO Q7 =3.5 GeV*
8 7 ? _ 2 - i
0.8 7/7) HERAPDF2.0 (prel) NLO Q* =35 GeV 0.6/~ uv e
[ ] HERAPDF2.0 (prel) NLO Q* =10 GeV’ -
min " 0.
0.2 0.1
o r el s auul sl PECERTITT e aanul L sl sl FETERETIT
10" 10° 10* 10" . 10* 10° 10?2 10" .
S s Q= 10 GeV? S [ Q*=10 GeV?
§ T EEEk e § | ki
% Lo HERAPDF1.5 NLO . X 20 4 HERAPDF1.5 NLO "
=== MSTW2008CPdeut NL [ === MSTW2008CPdeut NL
-~ HERAPDF2.0 (prel.) - HERAPDF2.0 (prel,)
NLO Q?, =3.5 GeV? NLO QZ, =3.5 GeV?
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HERAPDFE2.0 - fit to HERA data

+  PDFs with Q2 cut min @ 3.5 GeV2 and @10 GeV2 are shown

uncertainties are larger for Q2cut=10 GeV2 (more data is cut away) and impact mostly gluon PDF

—> dval extracted from ep data only:

+ new CC data provides new info that other PDFs have not vet included

H1 and ZEUS preliminary H1 and ZEUS preliminary
1 T T LI AR l L] Ll LI B B A A l T L] L l T Ll LB LA . = 2 I 0-6 = 2
‘;f ?z 1 e Fions \68% c.L) é S Srons (8% C.L)
i b~ &3 NNPDF2.3 NLO = &3 NNPDF2.3 NLO
N LO u:=10 GeV? g -+ HERAPDF1.5 NLO T 05 4444 HERAPDF1.5 NLO
i £ 0.8l == MSTW2008CPdeut NLO === MSTW2008CPdeut NLO
8 HERAPDF2.0 (prel.) HERAPDF2.0 (prel.)
i L NLO @}, =3.5 GeV* 0.4 NLO Q7 =3.5 GeV*
08 7/77) HERAPDF2.0 (prel) NLO Q* =35GeV' | 0.6/~ e

uv

[ | HERAPDF2.0 (prel.) NLO anin =10 GeV?

0.4 0.
0.2 0.1
o L aauul sa il o gl i aauu o aauul L aaul saanul LA
10" 10° 102 10" . 10* 10° 10? 10" o
S s Q?= 10 GeV? S [ Q=10 GeV?
» ¥4 CT10 NLO (68% C.L.) % | #%* CT10NLO(68%C.L)
a <o NNPDF2.3 NLO > - o NNPDF2.3 NLO
x -4+ HERAPDF1.5 NLO X 20— -4+ HERAPDF1.5NLO
4 === MSTW2008CPdeut NLO I === MSTW2008CPdeut NLO
- HERAPDF2.0 (prel.) "~ HERAPDF2.0 (prel.)
NLO Q?, =3.5 GeV? K NLO @, =3.5 GeV?
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PDF sets in use at the LHC

- Data: targeted measurements, detailed information of sources of systematic
uncertainties, addressing the importance of correlation information

- Theory: state of the art methods, advancement in computational powers that allowed fo
higher order calculations to be available

Global proton PDF groups used at the LHC LHO 8 - Hixs 1.3 NNLO < - 0116 - PDF uncoriates
Note: 20
here are also JLAB PDF sets (C]) to address the high x phenomenology - 1
19.5 + -
August 2014 CT10(w) MSTW2008 NNPDEF2.3 ABM12 HERAPDF15 - + .
Fixed Target DIS v v v v X — C 1l ]
o) - ' ]
HERA ‘/ ‘/ l/ ‘/ ‘/ %18.5__ ........................................................................................................................ —]
I - .
Fixed Target DY v v v v X -] 18 -
Tevatron W,Z v v v b 4 } 4 - ® NNPDF2.3 .
17.5- —>¢— . MSTW08 ]
Tevatron jets v v (74 X X - —&— CT10 .
C ——— ABM11 B
LHC data X X v 4 X 17¢ HERAPDF1.5 .
Hessian Hessian Hessian Hessian
Stat. treatment Ax*= 100 Ax? dynamical Ll Ak Ax=1 Ax*=1

Dedicated studies to address this difference,
PDF4LHC, http://arxiv.org/pdf/1405.1067.pdf

Parametrization | Pol. (26 pars)  Pol. (20 pars) NN (259 pars) | Pol (14 pars)  Pol. (14 pars)

HQ scheme ACOT-x TR’ FONLL FFN TR’

as Varied Fitted+varied Varied Fitted Varied

| ST > R

The analyses differ in many areas:
 different treatment of heavy quarks
* inclusion of various data sets and account for possible tensions

- different alphas assumption 19 VoivaiBadReest E%{)@pz&mwoommgton



METAPDF proposal

To simplify the life of analysers, instead of 3-5 PDF sets with their uncertainties, a proposal
is to provide already an averaged PDFs set, METAPDF set: based on the meta data from

various PDF fitting groups

arXiv:1401.0013

LEm e § T LI . § T T T T

13— ' 13—
1 25 NNLO PDFs vs. META (90%) 1 2:_ NNLO PDFs vs. META (90%)
%, I I‘g’ Tt Q=85. GeV
5 11} 5 11}
% 1-0: % 1.0 :-‘
- i CT10 = :
S 0.95 — “K‘,%LVS‘E?? E 0.95 ------- NNPDF2.3 \
=z 0.8k - ===  HERAPDF15 0.8; —~ = == HERAPDF1.5 \
E T ABM1 1 : 07: - ABM11 ]
0.7.,.| = S —— ] . . N L . A aal L A aal L a1l L a1 A Al e a
104  10° 102 1 10* 10°% 102 10" 1
X X

-> discussed at PDF4LHC as one of the possible recommendation case

https:/ /indico.cern.ch/event/343303 /
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Why do we still need to care about PDFs?

-~ Discovery of new exciting physics relies on precise knowledge of proton structure.

- PDFs are one of the main theory uncertainties in Mw measurement
- PDFs are one of main theory uncertainties in Higgs production.

o Factorisation theorem:

- Cross section can be calculated by convoluting short distance partonic reactions (calculable in pQCD)
with PDFs:

do(hihy — cd) = / dz;dz; Z Fayuy (Z1, 155 Fo /s (w2, p3)d6 (9 —D (Q2, u.)
ab

- PDFs cannot be calculated in perturbative QCD, however they are process independent
(universal) and their evolution with the scale is predicted by pQCD:

SEARCHES

Standard
\VileYelall
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The LHC measurements from RUN1

+ Successful run in 2010 - 2012 at the LHC confirmed and tested SM

Standard Model Production Cross Section Measurements

T 10" ko : g
=3 ATLAS Preliminary ~ Run1 v5=7,8TeV ; LHC can prowde with its
b 6 1<py<2Te .
7Y : multitude of new measurements:
105 . L L LHCpp V5=7TeV  LHCpp ys=8TeV -
B Theory Theory 2 & - o
10° ;ol - Data 45-4.7m" ‘ A Data 2031 1 = PDF dlscrlmlnatlon by
10° . confronting theory with data
" e B * PDF improvement by using
o et : -
y & gL = LHC data in QCD fit
i Tuw
I .'.ﬁﬂ JE 3
10° L ié
1. Wand Z production —> valence, light sea quarks
2. W+c production —> strange
3. Drell-Yan: low and high invariant mass —> sea quarks at high-x, test evolution formalism at low x
4. Inclusive Jet, Di-det and Tri-jet production = —> gluon and alphas
5. Prompt Photon + Jets —> gluon
6. Top, tthar —> gluon and alphas
7. W/Z +jets or ZpT —> gluon
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Flavour decomposition at LHC (EW bosons)

Additional constraints on PDFs come from DY and jet data at the LHC probe a bi-linear
combination of quarks

y = 3log

E+p;
E—p:

Different flavour decomposition for the W, Z bosons and photon exchange.

o(y)

2 +

I "\

. — ud — €8
1.5_— — us — cd
1]
0.5

% o

_

>

—

=]

2.—

1.5}

W
— do — sC
— s — dc

Z
— uuo — dd
— CcC — S§

bb

Y
— uu — dd
— CC — S8

Measurements of W, Z production differentially in y, and n, provide information on light sea
decomposition
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Charge asymmétry o

W charge asymmetry

The interplay between the flavour asymmetries can be enhanced via ratio measurements:

W-asymmetry measurement ; dow + /dn+ — dow - /dn, Uy — dy,
> sensitive to uv, dv doyy + [dn+ + doy - /dy, u+d

CMS CMS, L=4.7fb 'atNs=7TeV 035 ATLAS LHCb

0.3_—-'—"" L L R | T < . _—r_'_'ﬁ_-l__—lll""ll" ;{_0.6__|_'_| 1 rrrrr 7 1 1 1 ]

[ == Data 2010 (Vs =7 TeV) | Stat. uncertainty < - i LHCb, s =7 TeV .

(a) p,>25GeV . mg;xvggﬁ s Total uncertainty | 0.4 Data_, o MSTW08 —]

025} 5 03 | ABKMO9 7] 0.2 R0 R0veltod genys ces Datay vg;]l?FB_:

' —+— Data JRO9 Fm{hﬂ 4 4 “r e ° I

/" i i v ] 0 2 ogelgg ] & ABMI2 E

G 0.25 g — - e¥e=ay ¢ HERAIS 7

28 - -{ﬁf‘ . - . ]

0.2 ’0 b (l - _0.2 .,__ oy . - 4 JRO9 __

..... U__‘ 7 = ]

S 5 ! ! N = —

w K LorEwze NLO POF 0.2 4 . '0'4:_p >20 GeV/c ]

0158 moro e L, ;Q_FLT¢ . it NI NN L S -

i b o s -ilﬂ . det=33-36 ' 1 Eo0sE l I g

] OOF 2.0 §

_ HERAPDF15 0.15%P— e 15 70 SRRUIREILI I LIPLLLTFCIPUIT S DY ot 1% L

arXivi1312.6283v2 el e ATLAS { §oosp A S I

NI B el NN ) i 1 =
010 0.5 1 1.5 2 0 [ v b e b e b e by ] = 2 3'5 4 4'5
1O 0.5 1 1.5 2 2.5 n

Muon k|
PRD 90 (2014) 034004

Phys Rev D 85 (2012) 072004

CMS measures directly the electron asymmetry data from 2011
ATLAS differential measurements of W+ and W- (combined muon and electron) based on

2010 data translated into charge asymmetry Al:
* proper treatment of correlations are accounted for.

LHCb extends the measurement to forward region
Selection criteria are optimized for each experiment—> a challenge for data combination
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W charge asymmetry

The interplay between the flavour asymmetries can be enhanced via ratio measurements:

W-asymmetry measurement q dow /d77l>+ — doyw - /d771~ 4 Uy — d,,
> sensitive to uy, dv Aw = doy + [dn+ + doy, - /dn, W= e +d

« A PDF fit of these CMS muon asymmetry data together with the combined HERA-I inclusive deep
inelastic scattering (DIS) data shows the potential of the LHC data to constrain valence quarks

(JHEP 1001 -109)  1he argest effect is on the Uyglance ANA dgiance PDFs (0.001 <x < 0.1).

CMS NLO 13 parameter fit CMS NLO 13 parameter fit
=> QZ: mvzl o] " Q2= mv2‘
x 06 [~ [ HERAIDIS + CMS A, % *2 [ m HERAIDIS +CMS A,

HERA 1 DIS

HERA I DIS

0.4

0.2

o) o) F T
=121 T 15|
c 11 T

0.9

; — (HERAIDIS + CMS A,) / (HERA | DIS) 05~ — (HERAIDIS +CMSA,)/(HERAIDIS)
0.8-4A1H‘“13 ““‘211“”“11‘ ‘ . -4““‘113 ll“‘2":,1“‘111 //
10 10 10~ 10~ 10 10 10~ 10~
X X

Change of PDF shape, improved constraints on the valence distributions
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Neutral Current Drell Yan di-lepton measurements

Drell Yan Mass Spectra data are sensitive to new physics at high-scale and can give

information on sea quark PDFs. B AT r—
108 Lot 20er‘ - EE
% . e . 10° ee: =20. [@Photon-Induced ; —
* High Mass: sensitive to sea quarks at high x o ooy Ememe TG
PR . N Opiboson E i
*  Low Mass: sensitive to low x region (test of DGLAP?) i w1 G
1 —M,=4.0TeV (GRW) = =
10 ; 10
1 12
10"k pyh P
S‘ CMS-SMP-14-OO3 19.7 fb'1 ee and Llll-l (8 TeV) o 34 + —— ;hﬂ +hh - hi '8
3 ' i K i ' S ] ' ' i ' ' i '; § 1'21 o 000 .'."'AA; ;e I' _E O
s '"F CMS VIZ—e'e, 'y E o e
% 1 02 0.1 | 02 0304 /2 me:[Te‘\‘/]
Q 10 Dominated by PDF
E uncertainty
© 1
£ 10"
102
B Measurement complemented
104 by LHCb down to 5 GeV
10°
.G'E 102 — LHCb Preliminary, {s = 7 TeV
10'5 —— data % 3 ° Datn,_
9 Dal";'WOS (FEWZ)
10°F [l FEWZ, NNLO CT10 =, : e
21 1 E_ o CTEQ66 (FEWZ)
1 0-7 Ei PDF uncertainties only
g.. 1.5 :_ ! I ' ’ l ! —: -SF 1 E_ 20<n"<45
2 1 E‘ —orestre poaebiaedepedi s o [ = 22:;0(1(;3)\2‘::V/c
‘\U E I : " .10 " " " " a1 .10:
g 05 :_ L ' 1 o L _: [LHCb-CONF-2012-013 ] Dimuon invariant mass [GeV/cY)
20 50 100 200 500 1000 2000
m [GeV]
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/. Diflerential Cross Section (off resonance region)

+ High M
" lg ass region
Phys Lett 25 (2013) 223
_— 1 1 I T I I
5 wf e ATLAS 4
° E
a1) E LY -¢- Data 3
— 10%F e o
% 3 L Sys. uncertainty ]
K L 2
Q 10° 3 ° Total uncertainty
_Q 1
& 0tk \s=7TeV, [Ldt=491 d b
(o) 3 s : electron p,>25 GeV,n| <25 Y ]
© -g 107 F 1.8 % luminosity uncertainty not included ? E
10-6 | | l 1 1 l l l I 1
1.4F T T T T T T | ]
o ~—— MSTW2008 with 68% CL (PDF + «,) + scale + Pl unc.
5 1.2f 1
SRS S L N S e } _________ {
2 0.8} : ]
= -~ HERAPDF15 ----CT10 -~ ABM11 - NNPDF2.3 =~ FFSSURFTESE
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1.2 1
o
SERISSERUICR T S B S Qe S| {
2osf " TUTEEEER g === [ ]
~ MSTWZOOB w/o Pl correctlons N
0.6t 1 [T R | ]
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ATLAS: 116<M,<1500

Low Mass Region

[arXiv:1404.1212]
e
§ 3.5F ATLAS
=_E - J'Ldt=1.6fb"
8g %k
- s=7 TeV
25
E MSTW2008 68% C.L
m|<24 p, > 12 & 15 GeV

ULRRLE LR B

—+— Data

— FEWZ NLO+A"""45™
FE8E POWHEG NLO#LLPS#A"™4r™!

=== FEWZ NNLO+A™""42?

Theory / Data

55

30 35 80 65
m, [GeV]
ATLAS: 20<M,<65

The Drell Yan invariant mass spectrum in the off resonance region:
ATLAS in the dilectron channel for high mass region, combined in low mass region
normalized to the Z resonance region, function of dimuon rapidity for CMS in selected M, bins

Data is confronted with NNLO predictions corrected for NLO EW effects
Currently all PDFs shown give a good description

28

1/, do/d|Y (up)|

LI LI L I L RO O B B

006 CMS Preliminary, 4.5 f'atVs =7 TeV, 20 < M(uy) < 30 GeV ;

—e— Data () ]

0.05— A .

FEWZ+CT10 NLO n

7 a1

0.04— === FEWZ+CT10 NNLO ]

3 R % IS ﬁ ]

X [ SIIT77 //’L///“‘A‘////“/W%_ 5 .

. 2!% i ]

0.02— % ]

F * ]

0.01— #2

n -

o_| 1 | 11 I_

> 14E T

§ 136 IE

£ 125 “’

8 11 T e

i “fﬁ ﬁmﬁﬁg TS

[CMS-SMP-13-003]

09F
0.8E-
0 02040608 1 12141618 2 2224

Dimuon Rapidity, |Y(up)|

CMS: 20<MW<3O

Voica Radescu |'m'|JLAB, Jan. 2015



Strange quark from W, Z measurements at LHC

NN :

= Strange quark is not so well constrained —> 18 \Q\ NLO PDFs :
s §\§§§§\\\\\ ~»~ HERAPDF1.5 |-

i i i ints: NN % cT10 E

« Neutrino dimuon data provides constraints: ‘4 k\\\\\is\i Wuvewe |

« prefers rather strongly suppressed strange (s/d) 12 \\s Hitt Aiwos -

p g ) pp g Wi > e NNPDF2.1 :

3
% %

* data suffer from corrections: i.e. nuclear target sl , -
0.6 N e ¥

+ In 2010, at LHC the EW boson data was used to constrain 04

oty yias L
strange quark through a QCD fit analysis 0-5 X\\\\\\r S

r(1.9 GeV?)

+  Impact comes mainly from Z rapidity distribution: 10° 102 10
ro(x) = 0.5(s(x) + 5(x))/d(x) - §
G.Watt

'E'160_""'"""""""""""" ] . a z 3 'E‘140""I""I""I""I""I""I'"'I
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2 | EEESae. o : among PDFs = 1201 -
B 120__ b ) \ Ty AI‘éD -] © - |
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Strange quark from W, Z measurements at LHC

= Strange quark is not so well constrained —>
« Neutrino dimuon data provides constraints:
« prefers rather strongly suppressed strange (s/d)
= data suffer from corrections: i.e. nuclear target

+ In 2010, at LHC the EW boson data was used to constrain
strange quark through a QCD fit analysis

+  Impact comes mainly from Z rapidity distribution:

LN B B S R L R S S L S S S B S S S B S R S BN S B R BN B S R N

Q%= 1.9 GeV?, x=0.023 epWZ frees  ATLAS
A ABKMO09 ——

= NNPDF2.1 — @ —®—— NNPDF23

e MSTWO08 o

v CT10 (NLO)

| total uncertainty
expenmental uncertalnty

02 0 02 04 06 08 1 12 14

Phys Rev Lett 109 (2012) 012001

Since then, new measurements and QCD analyses were performed:

- W+charm from ATLAS and CMS
QCD fits to W asymmetry + W+charm data @ CMS

30

NLO PDFs :
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% Se= NNPDF2.1 :
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0 1 b1 sl
10° 102 10™ X
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W+c sensitvity to strange

W + charm data is directly sensitive to the strange quark density
Both ATLAS and CMS have performed dedicated measurements:

* Measure fully reconstructed D* mesons or soft leptons within a jet
* ATLAS @ particle level [arXiv:1402.6263v1]

CMS @parton level [arXiv:1310.1138]

= 80— . - CMS L=50M"atys=7TeV
& - ATLAS e Data (stat+syst) - =) N N
— - i -] [ - je W—lv _
7 - J s 7Tev 4 MSTW2008 = - pl>25GeV ]
8z 60 v NNPDF2.3 E RS - | -
° u ¢ HERAPDF1.5 e) B 1
S0 = ATLAS-epWZ12 — - _’,'*i L \
- ﬂ - o ! i | l —
T o o NNPDF2.3coll - = T _le T
e E B 501 T N
5 ];ﬁ 5;{% I E - s S
30 - _%Ié_ 1 T T ] ——$— Data O s
a0k ;&} e ] . [ ©o MSTwos8 |
E ) Qﬁ-& jgé i ,3, ([:]L‘::)ODF 23 —4}— Stat. uncertainty ]
10 :_ WC'Jet _: - A NNIPDF23co" | To(zlll uncertainty | .
- . ottt
oL iy | L Lo bl oo 0 0.5 L 1.5 2
0 0.5 1 1.5 2 2.5 |n||
Lepton |
—>consistent with ATLAS-epWZ12 —>consistent with CT10
(PDF set from ATLAS Z, W inclusive)
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W+c sensitvity to strange

“ W + charm data is directly sensitive to the strange quark density
* Both ATLAS and CMS have performed dedicated measurements:

* Measure fully reconstructed D* mesons or soft leptons within a jet

* ATLAS @ particle level [arXiv:1402.6263v1] CMS @parton level [arXiv:1310.1138]
PDF eigenvector analysis QCD Fit
l-o 1 .5 T T T T T T T T T T T LI
o | o 15 L
+ i ) S~ I Q = mw
3 HERAPDF1.5 + ATLAS Wc-jetWD'™ data )
i B ATLAS-cpWZ12 LEL | HERAPDF1.5 + ATLAS Wc-jet/WD data ;
| -l

HERAPDF1.5

[ ATLAS-epWZ12

g =

‘ 1
$.0.0.9.0.9.9.6.9.0.4
0.0, 0.9.9.0.9.0.9.0.

A‘.O.O‘O.O’O.:?:t‘

P

0.75

[ ] CMS NLO free s fit:
M HERAIDIS + CMS A +W+c

d 0.5 1 | | | | | | 1 ]
10° 102 10" 10 T 10 i i

—> consistent with previous ATLAS result —> mild differences between CMS and ATLAS
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Jet Production at the LHC

* Jet production at the highest scales may reveal new physics and the reliability of the
predictions depends on how well we know the high-x gluon PDF

“ Jet production at LHC provides information about hard QCD, PDFs, strong coupling:
—> PDFs and alphas depend on scale of the process (Pt of the jet)

Inclusive jet production at LO
3 (G. Dissertori)

...

v

\
) s

di-jets, three-jets ...

JHEP 08 (2012) 101

o o o
- (=2} e}
|

Subprocess Fraction

o
N

LHC, pp — Z @ \[s=8 TeV, ALPGEN LO + MSTW08
-

500 1000 1500 2000 2500
P, (GeV)
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Inclusive Jet Production at the LHC

ATLAS 2010 7 TeV jet data [PRD86(2012)014022] shows no sign of new physics and are fitted well by NLO.

To enhance the impact of jet data, it’s smart to consider ratios:
the major experimental systematic - the Jet Energy Scale - cancels out (i.e. 2.76 vs 7 TeV data)

The impact of the LHC 7 TeV inclusive jet data on proton PDFs is investigated by including the jet
cross section measurement in a combined fit with the HERA-I inclusive DIS cross sections.

n
o

ATLAS

MELELE |
Jm:ozom' anti-k R=0.6

\s = 2.76 TeV lyl<0.3

o Juasommr - ATLAS ERJC (2013):73 2509 arXiv:1410.6765

|5,=2.76 TeV /\s,=7 TeV
10F anti-k, R=0.6

s E £, .f . ; J 7 oCMS 50 (7TeV) MC method
- e ATLAS § & & 7 © [ HERA-IDIS + CMS jets
C 2:— """.._\\ _: q - HERA-IIDIS
''''' s =08 f f '
5 1.5 g9 %
_ x

B Total

Relative uncertainty on p(y,pT) %]

100 mm Total 1:_ 3

2 2
JER —— Unfolding 15 JER — Unfolding 7 Q°=1.9GeV

—— JES ---- Others —— JES ---- Others ] 0.5 = HERALfit _ =
. . . -20 L r = HERAATLAS jets R=0.6 ft . B
30 40 10° 2x10° 30 40 102 2x10? 0— ..... HERA+ATLAS jets 2.76 TeV R=0.6 fit

LI HERA+ATLAS TeV R=0.6 fi

STDM-2012-08 P, [GeV] p, [GeV] . S js 7 TeV R=0.6 it
g 1§~ S
5 =
e E E

o
©
Ty

* jet data can help to improve gluon distribution function in high-x region

Data can be used in extracting strong coupling, however one limitation is that jet calculations are still
only available to NLO and there is thus still a substantial scale dependence on predictions

ag(M,) = 0.1185 + 0.0019(exp) + 0.0028(PDF)

+0.0055
: scale
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Di-Jet, Tri-Jet Production at the LHC

* More data on jets from 2011 7 TeV running (4.5/fb of data) from CMS and ATLAS

* a detailed statistical analysis is performed when comparing data to theory
-> lowest probability found for ABM

Theory/data

JHEP 05 (2014) 059
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Sensitivity to PDFs from Top Production

* Top-quark pair production at the LHC probes high-x gluon (x = 0.1): 3: |
—> there is a strong correlation between g(x), as and the top-quark mass mt -
+ Precise measurements of the total and differential (normalised and absolute) cross

t

section of ttbar pair production can constrain and de-correlate as, gluon, mt
arXiv:1407.037
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Impact of LHC data on PDFs

Inclusive jets and dijets
(medium/large x)

© Isolated photon and y+jets
(medium/large x)

Top pair production (large x)

. High pr Z(+jets) distribution

(small/medium x)

UO

G]
L |

High pr W(+jets) ratios
(medium/large x)

W and Z rapidity distns
(medium x)

Low and high mass Drell-Yan
(small and large x)

Wc (strangeness at medium x)

Low and high mass Drell-Yan
WW production
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Intense activity
of global PDF
groups to
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for Run2 data.
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Impact of LHC data on PDFs

*  Abundant LHC data with constraints on PDFs are investigated: J. Rojo [NNPDF3.0]
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Future prospects for better PDFs?

« Future Circular Collider project: ee, eh, hh (100 TeV proton)

https:/ / espace2013.cern.ch/fcc/Pages/default.aspx G T Tree e v
' o, S 108L LHC Experiments: i
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e . 3 F [ atl d cMs idity plat
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FCC i Nuclear and Particle Physics - TEVATRON Experiments:
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Summary

Atlas and CMS

Atlas and CMS rapidity plateau

—
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Many Thanks!

PDFs are very important as they still limit our
knowledge of cross sections whether SM or BSM.

*

HERA has finalised its separate measurements
relevant to PDFs and ongoing efforts on combining
final measurements to reach its ultimate precision:

+ PDFs, mc, mb, alphas ...

JLAB has a dedicated program on improving PDFs at
high x

Standard Model LHC measurements can themselves
contribute to PDF discrimination and PDF
improvement:

... Many more valuable measurements are already
available, but not covered in this talk ...

More precision measurements from LHC to come
from Run I and in future from Run 2

Intense activity of PDF groups to include
constraining information in new releases

Future Facilities to further push our limits are being
considered ...
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not necessarily useful ...



Prompt Photon production at LHC

“  Prompt photon data at LHC is sensitive to gluon content at high x
* Dominantly via Compton-like process
. e qg->qy

7

» ATLAS study of the inclusive photon data sensitivity to parton distributions

*,

« data show potential to improve gluon distribution

« currently limited by scale uncertainty
ATL-PHYS-PUB-2013-018

%- 107 ATLAS Prel‘i:\inary J 1 § 1.2§_ATLAS Preliminary ‘85 [ g;:oz'o GeV? :'
y+XV¥s=7TeV | L=461b C : . 7 |
g 10 PP g 1 = ~- MSTW2008 |
Sy S
= £ osf & ol fi# ABM11_5N ,
W y = HERAPDF1.5 I
=) 2 2 = — NNPDF2.3 /
S = - =)
.5 1 .2 — l’,I\\ l x
8 PPPEIISERT  N R, —
é.‘g 1 @ 429 0 9 4o o {% -
H IS ] !
elos S =
10° . n
—e— Data | < 1.37 — CT10 of
10°E ¢ &uncorrelated —— MSTW2008 2 - = — o
E [Jétotal HHt ABM11_5N 2 o 0 : ‘
107E _ JetPhox — HERAPDF1.5 S = i . er |
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E} [GeV] Er [GeV]

« large differences observed with theory (NLO) using different PDFs
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Vector boson Pt spectrum at the LHC

#  ATLAS and CMS both studied the Pt spectrum in rapidity bins

* low Pt region: dominated by the emission of soft partons
(resummation and shower models, fixed order calculations don't work)

« high Pt region: quark-gluon scattering (PDFs)
JHEP 09 (2014) 145 CMS PAS SMP 13-013

‘; 1 T CMS Preliminary ¥s=8TeV J Ldt=19.7fb"
8 10 R ATLAS \‘577T0V:ILd174.7tb' o) OQE T T T T T T T T T
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T , o el , | - ==
< 1.4 —rry —r—rrrrr T 1L _
g = Data uncertainty 10 E N L L E
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S f BIFEW2 Geit,) POF shc) 1 ® [ -+MadGraphk . /Data ]
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* sensitive data for W mass measurement, PDFs at high x

« currently, limited by precision in theory (needs NNLO and EW corrections)
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w*
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Studies of theoretical uncertainties of Mw mass at the LHC
ATl -PHYS-PUB-2014-015

The measurement of the mass of the W boson provides a stringent test of the SM
At the LHC, the best experimental precision on Mw might be achieved from the pT distribution of
the charged electron/muon from leptonic decay of W:
A quantitative study of the theoretical uncertainties due to the incomplete knowledge of the quark

PDEF, and to the uncertainties on the modelling of the low-pT region of W/Z bosons, was performed

using HERAFitter platform.

Theoretical predictions is based on MCFM and CuTe (interfaced to APPLGRID)
A PDF set is generated using simply HERA I data to study the model variations (mc, strange)
and propagated via chi2 profiling method to study the effect of PDF uncertainties
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goH benchmark studies

«  Efforts in reducing the PDF uncertainties arising from discrepancy between PDF groups:
«  Benchmark comparisons of NNLO neutral current DIS cross sections (Exercise on HERA-I only data)

arxiv:1405.1067 §l1léon PDF from HERA-I only fits

Les Houches 2013: Physics at TeV Colliders ——— weTw /
Standard Model Working Group Report <IN | CTEQ il
—————— HERAPDF '
S 1.05 +68% C.L ﬁ';ll
Conveners he] |+ ’I':I
Higgs physics: SM issues o // 1
D. De Florian (Theory), M. Kado (ATLAS), A. Korytov (CMS), g 1.00} - 7
S. Dittmaier (Electroweak Contact) © _ == 1 o
SM: Loops and Multilegs g . [*= \\ //
N. Glover (Theory), J. Huston (ATLAS), G. Dissertori (CMS), o 0.95¢ / ’ I SN
S. Dittmaier (Electroweak Contact) P /,’ // Normalized to NNPDF
Tools and Monte Carlos / — i i
F. Kr:uss (Theory), J.Butterworth (ATLAS), K. Hamilton (MC-NLO Contact), 0.90 A L at Q_sl'j GeV, hasgling fit
G. Soyez (Jets Contact) 1074 1073 1072 1071 1
. : X
baszeoét on recently published NNLO PDFs. " based on HERA-I only fits
" IMSTW2008 NNPDF23  CT10 HERAPDF1.5 20.0f msTw  NNPDF CTEQ  HERAPDF
19.5¢ 1 195;-':..:‘:\
9 19.0} ‘{’ - ” %ot = 19.0 %
& Q A @ /]
T c%) X 18.5} 1§ PDF uncert
b 18.5¢ 1 5 ® i
18.0¢f ¥ 18
LHC 8 TeV, with iHixs 1.3 at NNLO LHC 8 TeV, with iHixs 1.3 at NNLO
175 17.0

« predictions from MSTW, CT, NNPDF and HERAPDF all consistent within PDF uncertainties
«  however the tendency among NNPDF, MSTW and CT is maintained
+ Next step:
« continue this exercise by adding additional experimental data sets into the PDF fits sequentially:
« benchmarking the theoretical predictions used by each group for the different observables -
+ ==> HERAFitter will continue to participate in these studies.
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HERAFitter Program at glance

HERAFitter code is a combination of C++ and Fortran 77 libraries with minimal dependencies and

modular structure with interface to external packages:
QCDNUM for evolution of PDFs

DIS inclusive processes in ep and fixed target
- Different schemes of heavy quark treatment

4

*,

*,

o%

»  VENS, FFNS:

» OPENQCDRAD (ABM)
TR’ (MSTW)
ACOT (CT)

Diffractive PDFs

Dipole Models

* Unintegrated PDFs (TMDs)

Jet production (ep, pp, ppbar)

«  FastNLO and APPLGRID techniques
Drell-Yan processes (pp, ppbar)

“ LO calculation x NLO k-factors

*  APPLGRID technique

Top pair production

+ total inclusive ttbar cross sections (HATHOR)

7
0‘0

7
0.0

« differential (DiffTop approx NNLO via fastNLO grids)

46

--enable-openmp
--enable-trapFPE

--enable-checkBounds
-—-enable-nnpdfWeight

--enable-lhapdf
--enable-applgrid
--enable-genetic
--enable-hathor

-—-enable-updf
--enable-doc

enable openmp support

Stop of floating point errors (default=no)

add -fbounds-check flag for compilation (default=no)
use NNPDF weighting (default=no)

use lhapdf (default=no)

use applgrid for fast pdf convolutions (default=no)
use genetic for general minimia search (defaults=no)
use hathor for ttbar cross section predictions
(default=no)

use uPDF evolution (default=no)

Build documentation (default=no)

Experimental | Process Reaction Theory schemes
Data calculations
HERA, DIS NC ep — eX TR', ACOT,
Fixed Target up— uX ZM (QCDNUM),
FFN (OPENQCDRAD,
QCDNUM),
TMD (uPDFevolv)
HERA DIS CC ep— v.X ACOT, ZM (QCDNUM),
FFN (OPENQCDRAD)
DiSjets | ep—ejetsX | NLOJet++(fastNLO) |
DIS heavy | ep — ecéX, TR', ACOT,
quarks ep —» ebbX ZM (QCDNUM),
FFN (OPENQCDRAD,
QCDNUM)
Tevatron, Drell-Yan pp{ﬁ)—ﬁlix. MCFM (APPLGRID)
LHC pp(p) — IvX
top pair pp(p) —tiX MCFM (APPLGRID),
HATHOR, Dif£Top
singletop | pp(p) —tIvX, | MCFM (APPLGRID)
pp(p) > 1X,
pp(p) WX
jets pp(p) — jetsX | NLOJet++ (APPLGRID),
NLOJet++ (fastNLO)
LHC DY heavy pp — VhX MCFM (APPLGRID)
quarks
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HERA ep collider (1992-2007) @ DESY

HERA: unique lepton-proton collider
# Operational:

+ 1992-2000 (HERA )

+ 2003-2007 (HERA II)
+ Ep=460-920 GeV, Ee = 27.6GeV

by

H1 and ZEUS collected 0.5/ fb per experiment ’g’ﬁw

Rich Physics Program:
= proton structure, EW, QCD, diffraction, BSM searches,...

Kinematic variables Two kinematic regimes:
e e
Q' =—¢*=—(k—k')? Photon « Photo-production (PHP): Q2 <1 GeV? s
) virtuality
= O Bjorken e
2p-q variable * Deep Inelastic Scattering (DIS): Q2> 1 GeV2 _e ~
pq o 4 processes are available at HERA: v
=" Inelasticity NC: ep—e'X CC:epov X
pk .
VE
e
»
2 K}X Voica Radescu |»m«|JLAB, Jan. 2015




Longitudinal Structure Function
Longitudinal structure function FL is a pure QCD effect: __x [@, E@

—> an independent way to probe sensitivity to gluon quarks gluons

radiating a gluon  splitting into quarks
Direct measurement of FL at HERA required differential cross sections at same x and Q%
but different y —> different beam energies: Ep= 460, 575, 920 GeV

HER
Fe ER ~ )

LER O O-NC’(x>Q2ay) X FQ(:B’ Q2) o 1+ (1 . y)2

T Fi(a2,Q%)

as(Q?)
H1 Collaboration

2

FL(wa Qz)

0 Y 1 e
H1 and ZEUS rg(z, Q") ~ 177

04

@ H1 Xg

A ZEUS 20

T 1 l T l I

0.2 I
10—
0—] L T SR SRS ;
L p—— L
L HERAPDF1.5NNLO | ABM12 NNLO i
&
B 1 B crioNNLO I NNPDF2.3 NNLO 0
02— TTEING AT o~ - xg, HERAPDFL.5 NLO
i MSTWO08 NNLO JR0O9 NNLO i D %8 fumF,, HERAPDFLSNLO
lllll 1 1 lllllll 1 1 11 1 1 11 1 Illlllll 1 |||||||| 1 [ N SR N N B |
1 10 10? 10° 1 10 100 1000
2 2
Q* [GeV7] Q*[GeV?]

Eur. Phys. J. C 74 (2014) 2814 [arXiv:1312.4821]
DESY-14-053. submitted to Phys. Lett. B [arXiv:1404.6376] 48 Voo e m‘| JLAB, Jan. 2015




Heavy Flavour Production at HERA

Heavy Flavour (HF) production: multi-hard scales pose a challenge for
pQCD

* me, mp, pr, Q> —> several calculations (schemes) exist
+ Zero-Mass Variable Flavour Number Scheme (ZMVFENS) — massless scheme
+ Fixed Flavour Number Scheme (FFNS) — massive scheme
+ General-Mass Variable Flavour Number Scheme (GM-VFNS) — matched scheme

Main process of heavy quark production at HERA is Boson Gluon Fusion

e(k’
Measurements of heavy quarks: v(q) Z7 Sl
“ are sensitive to the gluon PDF ME | 4

% ' D
* are sensitive to the masses of the heavy quarks g“—@%
g

“ are sensitive to the fragmentation process of heavy ot
flavour hardons > \‘L"’_

Pe)  x .
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F2 charm Structure Function

Rates at HERA in DIS regime o(b) : a(c) = O(1%) : O(20%) of oror
Charm data combination is performed at charm cross sections level:
they are obtained from xsec in visible phase space and extrapolated to full space

cc

o

+

2
red(x’QZ’s) = F;E(xJQZ)_ ;_FZE(X,QZ)

QCD Fits

HERA l+charm

EPJC 73 (2013) 2311

X2 (M)

Different calculation

schemes prefer
different Mc

H1 and ZEUS
"db§ | Q%=2.5 GeV? Q%= 5 GeV? Q%= 7 GeV?
0.2
0 g | Q’=12GeV? | Q’=18 GeV> | Q°=32 GeV?
* L]
L o -
0 _j_j_u_m] ||||||u] |||n|,u] 117 llllu]] ||n|u,|,| 1 117
05 Q*=60 GeV? Q’=120 GeV* | Q*=200 GeV*
o :_]_Lj_u.ul 1 lllllu] 1 IlIIlIII 1 L1l 1 IIlIlllI 1 IIIlIIlI L1l lIIlIII Ikllll“
05 - Q=350 GeV* | Q=650 GeV* | Q2000 GeV?
' i * HERA
i i — HERAPDF1.5
10* 10° 102  10* 10° 102  10* 10° 102
X

G, [nb]

50

H1 and ZEUS
L
84 Charm + HERAH inclusive (a)
B = RT standard
----- RT optimised
621 T pcorna | *m .
- .- S-ACOT+ E
60 ZM-VFNS ]
58/,
56
54 s=7Tev -
N | ! I | I ! I T
1.2 1.4 1.6 1.8
M. [GeV]

H1 and ZEUS
— T T T T T T T T T T T
750~ Charm + HERA-I inclusive
RT standard
------- RT optimised
----- ACOT-full
R S-ACOT-y, S
7001~ ZM-VFNS .
t
* M

measurements help

reduce uncertainties

of predictions for the
LHC
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New Measurement of Charm Mass Running

H1-prelim-14-071 ZEUS-prel-14-006 and S. Moch

The running of the charm mass in the MS scheme is measured for the first

time from the same HERA combined charm data:
o Extract me¢(me) in 6 separate kinematic regions

- Translate back to me(p) [with u=y/Q2+4m¢?] using OpenQCDrad [S.Alekhin’s code].

05 Q°=350 GeV* |

107 10 10°

10”

Q°=650 GeV

107 107

® HERA
[@ ABMOSNNLOMS

[T\ ABMOSNLO MS

10* 107 1072

Q°=2000 GeV?

X

I

| - H 1 and Z E U S H1 and ZEUS preliminary
’3b 2 Q*=2.5 GeV? Q%5 GeV? Q%7 GeV? s mmemerasmsee
10— I '; 1‘6
h ' s 3 8
-
0 - |‘| |12 1‘3 |.|4m " 1.5 :
o5 L Q%=12GeV? | Q=18 GeV? Q=32 GeV? ) R =™
L 3 >
7 £
' 1.2
1
Q*=120 GeV? | Q%=200 GeV? | o ; 08
0.6
0.4

H1 and ZEUS preliminary

IIIIIII\TI]TLII_FIIIIT

T

1

HERA (prel.)
PDG with evolved uncertainty

I

P

Illlll

-

10
u [GeV]

The scale dependence of the mass
is consistent with QCD expectations
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Running beauty mass from F2b

*  The value of the running beauty mass is obtained using HERAFitter (via OPENQCDRAD):
+  chi2 scan method from QCD fits in FFN scheme to the combined HERA I inclusive data +
beauty measurements, beauty-quark mass is defined in the MS scheme.

ZEUS [arxiv:1405.6915] .

=

ig 002 . .
T
© Q*=6.5 GeV? Q? = 12 GeV? o =25 GeV* Q D I: I tS
0.015}F + ] C
001 I\I 1 HERA |+beauty
0.005+ I\I % + 5 Y v;y
0 + i i T L T
Q% =30 GeV? Q? = 80 GeV? Q% = 160 GeV?
0.04f I T ]
0.02f \f\ - X T
13*1 L)
0 : : 16‘3 16'2 16“‘ 1(11'3 16"
2 2
Q" =600 GeV* | X X
0.03f
e  ZEUS 354 pb™
0.02 ] QCD fit, m =4.07 GeV (best fit)
oot I ....... QCD fit, m,=3.93 GeV
’ -.-.-.- QCD fit, m =4.21 GeV
10* 10° 102
X

The extracted MS beauty-quark mass is in agreement with PDG

average and LEP results.

52
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Transverse Momentum Distributions ?

QCD applications to multiple-scale scattering problems and complex final-state observables require in
general formulations of factorisation which involve transverse-momentum dependent (TMD) - or known

also as unintegrated PDFs.
a convolution in both longitudinal

1 :
n and transverse momenta of TMD with
oi(z, Q%) =/ dz/d2kt 6i(z, Q% 2, k) Az, ki, 1)

off-shell partonic matrix elements

Fits to combined measurements of proton's structure functions from HERA using transverse momentum
dependent QCD factorisation and CCFM evolution is performed using HERAFitter platform

First Jet p, (W+ = 2 jets)
F’Il|lll]ll’llII'III"Ill"]I’

[Nucl. Phys. B 883, 1]

=
2— 2 2 = m2 v e n
10 piem R g
n_‘ — 1 E |et
oh: k|2=10 Gev—’JH-201 3-set! kf=30 GeV* % i:::z:;::;ﬂ!;z-seﬂ % : P >30GeV
N> 10F ~JH-2013set2 [ 1 X102 - gluon: CTEQS6 3 :
X 1 ~-set AQ 7 o g
S 10 E v
< [ ] : -
10° | = =
102 ; E -
3 ;\[ | e N
10 o U3 S50\ 14 B E
L [ "-.\ E 1.2 E— 4
10-4 ' \ g LE E
10-5 : s panaadd o oonnd D | Y PP R ROV g 32 E \—\_,—’_, —é
-4 -3 -2 -1 6 B —
4 an3 an2 A 4 3 2 10 10 10 10 x DY S I PP Liviraral AP B B
10" 10" 10“ 10 x? 10 10 ” oo e me a0
p1 [GeV)
[PLB736:293, 2014.] -

The extracted gluon TMD with experimental and theory uncertainty [JH-2013-set1] is then used as
prediction to vector boson+jet production process at the LHC [Phys. Rev. D 85 (2012) 092002.]

This process is important both for SM physics and for new physics searches at the LHC

Results compare well with the measurements of jet multiplicities and transverse momentum spectra

Wlthln the pdf uncertainties 53 Voica Radescu | :_| PDF4LHC |CERN



(QCD Settings for HERAPDF2.0

The QCD settings are optimised for HERA measurements of proton structure functions:

PDFs are parametrised at the starting scale Qy,2=1.9 GeV?2 as follows:

xg(x) = Angg(l —x)% — A;xB o(1 — x)%, NC structure functions

xu(x) = A, xP(1-x)(1+D,x+E,x*), 4 _ 1 _
() S ) ( ’ ’ ) F2=—(:cU+:1:U)+—(:vD—|—:L'D)

xdy(x) = AyxPe(l - x)%, 9 9

xU(x) = AgxPo(1 - x° (1 + Dyx), TF3 ~ zUy + Tdy

xD(x) = Apx"(1 - x)°P. CC structure functions
fixed or constrained by sum-rules W, =z(U + D), Wy =z(U + D)
parameters set equal but free Wy =z(U — D), mW; =xz(D —U)

Due to increased precision of data, more flexibility in functional form is allowed —> 15 free parameters
PDFs are evolved via evolution equations (DGLAP) to NLO and NNLO (as(MZ)=0.118)
= Thorne-Roberts GM-VFNS for heavy quark coefficient functions — as used in MSTW

= Chi2 definition used in the minimisation [MINUIT] accounts for correlated uncertainties:

m?2 + §2

1. ,aunc''%y 1,8tat

uncp’z + 6223tatru'z

pimt

[t —m*(1 =32, 7565))°
2 (m,b) E d 7 5+ E b2+ E In
Xtot 07 star'mi(1 = 35 vib;) + (i uncm?)?

1
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Why do we still need to care about PDFs?

- Discovery of new exciting physics relies on precise knowledge of proton structure.

o Factorisation theorem:

- Cross section can be calculated by convoluting short distance partonic reactions (calculable in

pQCD) with Parton Distribution Functions (PDFs):

1
do(hihy — ed) = /0 dzidzs Zfa/hl(xlaﬂ'%‘)fb/hz (@2, u%)d6 (=D (Q?, u%)

a,b

- PDFs cannot be calculated in perturbative QCD, however they are process independent
(universal) and their evolution with the scale is predicted by pQCD

- PDFs are one of the main theory

uncertainties in Mw measurement

- PDFs are one of main theory

uncertainties in Higgs production:
~7-8 % PDF and as and ~ 7-8 % scale

M,, [GeV

| 1 I 1 1 I 1 1 1 I | 1 1 1 1 | I : lI 1 1 | I I 1 1 I I J,_
- 0 o | i | m,world comb. + 16 ]
 68% and 95% CL contours Y .. m, = 173.34 GeV 7]
80.5 — 'MW fitw/o M,, and m, measurements i) -- =076 GeV P —
L fitw/o M,,, m and M, measurements i i | —0=076 ®0.50,  GeV Z
— w ‘ /’ —
- [ direct M,, and m, measurements -
80.45 — -]
80.4 [ == /\;
- My world comb. * 1o ’," —
80.35 [— M, =80.385 + 0.015 GeV —
80.3 — ]
N 0@ _
80.25 |~ -7~ | €] fitter]uf:
C |'/| TR - /’, T R T T T R R

140 150 160 170 180 190
m, [GeV]
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HERA ep collider (1992-2007) @ DESY

H1 and ZEUS experiments at HERA collected ~1/fb of data
« Ep=460/575/820/920 GeV and Ee=27.5 GeV

* Neutral Current event sample in H1 detector * Charged Current event sample in ZEUS detector
NC: ep—eX CC:ep—-v, X
H1 Run 122145 Event 69506 . e Date 19/09/1995 !
Y/Z
P 1x e
|Q* = 25030 GeV?, y =0.56, M =211 GeV| — o
~ ) // ,.,—;n\:\\‘ /
()3
Namr,

ZJR
do: 2o 1T - - .
Hi &g’ T = [_2] (15, 7¥afs -y ]
ehity 2 Y, =1£(1-y)
do> G: M2 - ., -
o = s [t [ L]
w

Determination of the Event Kinematics:
- using lepton information (E.’,O.)
- using hadronic final state particles
« using both lepton and hadronic final state variables 13'2 oc Z(xqi +xq,) xF, o< Z(xqi - xq,)

s = 4E.E, 1

FL < Q- xg(x’QZ)

Q? = E.E’'(1 + cosf,)
= S i L dominant contribution significant high y
pel o (1 —cosb,) e -
0 = (all Q2 plane) contributions at high Q2
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Buildings Blocks of the Standard Model

electron

N
— ,
N/ 4
S e

atom~102cm

<10"%cm

proton
(neutron)

~ 1035cm

Building Blocks of matter:

mass— 2.4 MeV/c? 1.27 GeVjc?
charge- 2/3 2/3
spin—= 1/2 ‘ 1/2 ‘g
up charm
4.8 MeV/c? 104 MeV/c?
-1/3 -1/3
-dy sy
down strange

0.511 MeV/c?

-1 -1
12 g 1/2

105.7 MeV/c?

23

electron muon
(7)) <2.2 eV/c? <0.17 MeV/c?
= o0 0
° . P .. Wy
% electron muon
o neutrino neutrino

171.2 GeVjc?

23
172 ‘y

top

4.2 GeV/c?

-1/3
1/2 ‘

bottom

1.777 GeV/c?

-1

w (B
<15.5 MeV/c?

0
. Do

tau
neutrino

-

gluon

91.2 GeV/c?

0 y
1

0 i 0
1 0

photon |

Z boson
M

80.4 GeV/c?
+1

1

W boson
e

GAUGE BOSONS

quark
<10""%cm

126 GeV/c?

H

boddn

Road from nuclear physics to today’s physics:

Hadron spectroscopy: quark model
Deep Inelastic Scattering experiments: reality of quarks

/-

- Tests of QCD theory

Cornering Standard Model to look for first
signs of new physics

;‘ | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 : 'I 1 1 1 1 1 1 I 1 ”I,_
| i | myworld comb. + 16 R
8 ~ 68% and 95% CL contours . m = 17334 Gev # 2
— 80.5 — I fitw/o M, and m, measurements il --c=076GeV —
23 R fit w/o M,,, m and M, measurements i —0=076® 0-5":;.°'GGV 7
[ direct M,, and m, measurements ; 4 ]
80.45 — ¥ B —
- e Z
80.4 |- /4 p P )_
— My, world comb. + 16 7 = o
80.35 [— M, =80.385 + 0.015 GeV c =
80.3 [ P 7 ) —
- y N - e i
SR 2K ' =
- DY o~ N i oM 4 F s ]
80.25 |- > o~ v ok ¢ fitter :. 9
B ’I”'I 1 1 1 1 L 1 }“ 1 1 1 L’,’I 1 ; I: 1 1 I 1 1 1 1 I L I_
140 150 160 170 180 190
m, [GeV]
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Parton Distribution Functions

Parton Model was introduced by Feynman (1969) to explain the Bjorken scaling:

05

04

0.3

02

ol

+ 6° o 18°
X 10° A 26°

I + |« o Fhx *@%

T

[MIT-SLAC Collab. 1970]

1 " i

e e |E =15..20GeV|
v 6 =6°...26°
% * p x O =1.7GeV’

x=025 Concept of Scaling;:
if proton is made up from point-like particles, then the cross section

) 2 4
9% GeVjc?

® -

becomes approximately independent on the scale;
[as we know, later with higher resolving power scaling violations were proven]

> inelastic scattering with nucleon is viewed as elastic scattering between lepton and a point-like
constituent of the target — partons (non-interacting) — explicitly assumed to be spin-1/2 particles

» Parton Distribution Functions (PDFs): Each parton carries the fraction x with a probability q(x)

. [ =00 (z)
= drelq;(z , :
(dde2)ep—'eX Z “(@) dzdQ? eqi—eq;
5
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Enhanced Strange

CT10 vs ATLAS_epWZ

= :D >‘<103
= 0 Z “I3s5F
© — uu — dd :
— ¢cC — S8 3
T bb

2.5
Z boson exchange
uu
2 — dd
cC
1.5F s

bb
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DIS Cross Sections

Differential cross section is experimentally measured: theory meets the experiment

Factorisable nature of interaction: Inclusive scattering cross section is a product of
leptonic and hadronic tensors times propagator characteristic of the exchanged particle:

d’c 2ra® GpM?2 0?2 ‘ )
— anL?VWJW My =1 Mz = ( [ ‘) ( 2 ) ; Nz =157
J

dzdQ? Q4z 2/ 2ra ) \Q?+ M2
For NC: j=v, Z, yZ y — 1(GeMj, @
For CC: j=W+, W- 2\ 4dma Q*+ M3 )

Leptonic tensor: related to the coupling of the lepton with the exchanged boson
* contains the electromagnetic or the weak couplings
* can be calculated exactly in the standard electroweak U(1) x SU(2) theory.

Hadronic tensor: related to the interaction of the exchanged boson with proton

* can't be calculated, but only be reduced to a sum of structure functions: ~Miepton

a 3 ie&'376pnq6 e ¢ aqB 1 pPge Y I R
WP = —goPW, + BB-W, — =P8 W, + S8 W, + B d W, 1B o =p d )y,

d?c : z*y*M?, ; y? ; Al: process dependent
= a0y T e Dyer) A proces e
dzdQ? {( Y 02 VF +y°zF] F (y 2 )z F;
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DIS Cross Sections

General Form for the Differential cross section:

2,2 102
d*c Ai{(l—y—xyM

cF3 ~ ) (zq; — xq;)
Fi, ~ agg

2
)Fj +y’cF F (y — 5)F; }

dzdQ)? - Q? Fy ~ Y € (zgi + 77;)
Al: process dependent NC: ep—oeX CC:ep—ov X
NC: e y e "
Y/Z
2o, 2ma?[1]° P W
d.’I)dQ2 - T Q2 ¢1ﬂ\:/'C(5L', Qz) @=—1>¢ p ,\_v:}x

dno = Y. Fy (z,Q%) — y*F7 (2, Q%) T Y_aFy (2, Q?), m
- , . 1 Q
i — — ” a‘ 2 2 2 z ’ 2 —_ H
Fy = F, — (v. £ Pea. )6z F)” + (v; +a, £2P.v.a. )k, Fy, kz(Q°) 4sin’(Bw)cos®(Bw) Q% + M3

zF§ = —(a, = P, )kyzFy? + (2v.a, = P.(v? + a2))K%zF7,

cc: TN At LO

Pote o, Gg,( M2, ) L o] €7 fho=al(a@) + @) + (- 1P (@) + (@)
wagr ~ " Wamg @iy | DN ) + )+ (1 - 0P @) + @)

N
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