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Cornering Standard Model

direct searches indirect searches via

for new physics \ [ consistency test of SM

control of QCD background
and SM parameters

Interpretation of any cross section measurement is given in the context of the factorisation concept:

BN
processes

DIS
processes

6 = 6 ® PDF

calculable from data

Multiple precision measurements from Fixed target, HERA, Tevatron, and LHC allowed our
knowledge on QCD to be pushed forward on many fronts

Improvement of PDFs precision demands theory & experiment collaboration and implies a

variety of high precision measurements and theory calculations

2 Voica Radescu | Oxford University | Seminar Liverpool 2016



Parton Distribution Functions (PDFs)

\(\m'rw NNLO, Q2 1ocev2

PDFs are understood as the probability of finding a parton of a given flavour B Q21)-2 [ T

that carries a fraction x of the total proton’s momentum (at LO pQCD) Y
0.8

— 9 ‘ t

’ }(1=x)r. | 0.6 |

P P b

0.4 -

- Once QCD corrections included, PDFs become scheme dependent 0.2 \
- Shape and normalisation of PDFs are very different for each flavour, 0L
0.0001 1

reflecting the different underlying dynamics that determines them.

PDFs cannot be calculated in perturbative QCD, however their evolution with the scale is predicted by pQCD
[DGLAP equations]

Ji(Q? x)

calculable in pQ \4
_da (q(m,n)) 1dz (qu qu) (Q(w/z y 1) ) / \

dinp \g(z,pn) Pgq Pgg (z/z), 1)

provided determined
- ﬁé‘g by theory experimentally
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PDF Sets on the market

e ABM®& by S. Alekhin, J. Bluemlein, S. Moch
e CTEQ®, from the CTEQ Collaboration
GRV/GJR#, from M. Gllck, P. Jimenez-Delgado, E. Reya, and A. Vogt

HERA& PDFs, by H1 and ZEUS collaborations from the Deutsches Elektronen-Synchrotron center (DESY) in
Germany

e« MRST/MSTW®, from A. D. Martin, R. G. Roberts, W. J. Stirling, R. S. Thorne, and G. Watt
e NNPDF®&, from the NNPDF Collaboration

The analyses differ in many areas:

» different treatment of quark with masses

* inclusion of various data sets and account for possible tensions
* different assumption on values of strong couplings

* different assumptions in procedure (parametrisation, corrections)

*Also ATLAS and CMS provide PDFs sets to demonstrate the impact of new measurements

e ... differences in PDFs lead to the differences in the cross section predictions!
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Precision of current PDFs:

* |From last PDF4LHC recommendation based on GMVFENS PDFs]

NNLO, Q? = 100 GeV? NNLO, Q7 = 100 GeV?
13 A S e e 1 3T - S ——
" NNPDF30 | l; d ’ y
5 CT14 up quar #CT4 own quar
E ' % MMHT14 p q E % MMHT14 q
(b 1.18 e b ) ; :
% : %o g 9 in the region
> - R T, os AERRRRR i e
g' S i 101-3- 1011
c S o e e e T e el SR R o e TrF
. Ze B Wl | a precision of <10%
— v £ ’
on PDEFEs
10° 10* .1“0*’ X |o s 10 10* 10* ;o° ub : 10"

however, in the
outside this region
very uncertain

PDFs

g (x Q9)/g(x, Q°)ref]
s' (x, Q% /s (x, Q% [ref])

so what precision do we aim for?
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Precise enough?

Now all basic parameters of the SM are known and precision of these allows:

mm Global EW fit

—> for stringent stress test of the SM parameters

—> look for hints of new physics (indirect) ,’,l,"f??*]“,‘,'?',"l",",‘,,',,,,l”,,l,,,,l,,
Mg e DR
Cw ——
M, s
r, -
o, |  —e—mmm -
€ e
Al —e—%
A(LEP) | ——
A(SLD)| —e— 8
sinfer@ )| —e—t o
A |l —— ;
Al e
A | —
M m e
R ——
R ——f% |
m . —
o (M) | e
Ao (M) WS
T T YT Py vt ISP IROTALY
3 2 4 0 1 2 3
(olndlrect -0)/ Orot

http:/ /arxiv.org/pdf/1407.3792v1.pdf
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Precise enough?

- Now all basic parameters of the SM are known and precision of these allows:

—> for stringent stress test of the SM parameters
—> look for hints of new physics (indirect)

o~ 10 T I Trrr l -

> .

< I -
NN Y [Efiterl.: .

8 =

and M, measurement =

7 imal input —

6 [arXiv:1204.0042] /-

5 -
N TRGRECEEEEEEEEEEEE  TECEEETETE R ETEEE T — 2¢

3 -

2 =
e . _ =1

o ™ L 1 11 l 1 1 11 l L1 11 ]ﬁ"‘ J_-l—!”)j/ L 1.1 l L1 11 l 1L 111 l L1 11 :
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M,, [GeV]

The indirect (EW fit) determination of W mass (OMW = 8 MeV) is
more accurate than the measured value (MW = 15 MeV) including
the latest measurements of CDF and DO - 1.8 sigma tension!

— natural goal at the LHC would be MW < 10 MeV

PDF represents the dominant uncertainty

7

mm Global EW fit

Bl Indirect determination

- Measurement
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http:/ /arxiv.org/pdf/1407.3792v1.pdf
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Role of PDFs in BSM heavy particle production

‘ Data 2012

9 T T
PDFs are the dominant uncertainty in heavy § . arLas o
w —ee @ Top quark
particle production: JPETN 10° [La-203m° ODjet & Wedes
s

[OJDiboson

\s=8TeV

Z' SSM (1.5 TeV)
[JZ SSM (2.5 TeV)

10 ; amm

108

Data/Expected

/ : 2 5 NNPDF3.0
10 | 0 MMHT14

10° M, (GeV)
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Role of PDFs in BSM heavy particle production

PDFs are the dominant uncertainty in heavy

particle production:

+ invariant mass distributions with two

selected heavy particles Z’ signals

Very large PDF uncertainties for heavy

particle production
-> from differences among various PDFs
-> from imprecision of PDFs at high x

Gluino signal is not detectable beyond 2 TeV
with current PDF uncertainties (blue-green)
—> need hlgh X preCiSiOn (e.g. burgundy: LHeC potential)

Events

Data/Expected

olo MSTWOS

ATLAS 0 Data 2012

10° . 0zy
Z —ee @ Top quark
10° I Ldt=203M" (JDijet & W4Jets
[OJDiboson
10* \s=8TeV Z' SSM (1.5 TeV)

[JZ SSM (2.5 TeV)

0.08 0.1 02 03 04 05 1 2 3 4

Gluunp PairvProdgction PDF Uncertain

— CT10
— MSTW2008
2.5¢ NNPDF21
—  HERALO
— ABKMO9
—  MEC

'''''
- -
L

LHC (14 TeV)

=150 15 30 35 30 35 a0 a5 so
M, = M, [TeV]
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Extraction of PDFs through QCD fits

proton structure

»  Extraction of PDFs relies on the factorisation:

= & ® PDF

Main Steps:
xfilx) = A,.\B/(I —.\')('/Pj(.\')
. Parametrise PDFs at a starting scale [ P;(x)=(1 + & /i + Djx + Ejx?)
. Impose counting sum rules (p: uud) and momentum sum rules
. Evolve PDFs to the scale corresponding to data point
. Calculate the cross section
. Compare with data via y?2
. Minimise %2 with respect to PDF parameters
—> it takes about ~2000 iterations:
—> it is crucial to have fast tools, i.e. fastNLO, APPLGRID

xfitter.org: open source QCD platform ATl
10
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http://herafitter.org

xFitter (former HERAFitter) www.xlitter.org

* 2011 Open Source Revolution: epjc 2015), 75 A
Establishing the first open source QCD Fit Platform which started the

wave of sharing QCD fit codes LHC
HERA
From sole developer to a g1jowth of ~30 developers: Pl
LHC/HERA /theory/independent
several releases since 2011 —> xfitter-1.2.0 Other
~30 publications that have used the framework xFitter

\\“'\\\1 R //\\\\
; TRNTNERRT
synergy between experiment and theory groups

provides a unique QCD framework to address theoretical differences:
—> benchmark exercises/ collaborative efforts/topical studies

provides means to the experimentalists to optimise the measurements:
—> assess impact/ consistency of new data

* Dedicated studies [xFitter developers]
» method in preserving correlation between PDFs extracted at different orders in pQCD EPJC (2014) 74
« address consistency of Tevatron measurement and evaluate their collective impact on valence EPJC (2015), 75
« determination of the running mass in MS scheme (ongoing)
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Today’s data on proton structure

108
107 Persistent experimental effort over the last
40 years both by fixed-target and collider
6 :
10 experiments around the world supported
105 by the intense theoretical developments
o
S 10*
=)
e~ 10°
. The cleanest way to probe Proton
1 2
0 Structure is via Deep Inelastic
10 | Scattering [DIS]:
1 . Precision of proton structure can
107" be complemented by the Drell Yan
[DY] processes at the collider
10° 10° 10" 107 10° 10" 1 experiments
[from PDG] X

Q2: resolving power of experiment
x: fraction of proton’s momentum
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Today’s data on proton structure

108
107 Different data constrain different parton
: combinations at different x, evolution with
i the scale is predicted by pQCD:
~10°
o
S 10°
<
o~ 10°
o ; . The cleanest way to probe Proton
10 Structure is via Deep Inelastic
10 Scattering [DIS]:
1 . . Precision of proton structure can
10-1 = 0.0001 0.001 0.01 0.1 l be Complemented by the Drell Yan
| 2 [DY] processes at the collider
107 10% A0 SM0 040 experiments
|[from PDG] X

Q2: resolving power of experiment
x: fraction of proton’s momentum
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Probing the Proton Structure &

« Start with something simpler: Deep Inelastic Scattering (DIS)

Proton can be probed via elementary particles as electrons, muons, neutrinos:

+ Kinematic relations:

2
x= 9. P9 g2
2p.q p.k

v/§ = c.o.m. energy

» Q2% = photon virtuality <> transverse
resolution at which it probes proton

structure
» x = longitudinal momentum fraction of
struck parton in proton
» y = momentum fraction lost by electron
(in proton rest frame) D
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HERA ep collider (1992-2007) @ Dy

*  HI1 and ZEUS experiments at HERA collected ~1/fb of data

« Ep=460/575/820/920 GeV and Ee=27.5 GeV
“ 4 type of processes accessed at HERA: Neutral Current and Charged Current ep

Inside the proton;
HERA's legacy

"\\ ¢» V% Determination of the Event Kinematics: i
= « using lepton information (E_,0.) Q% =F., E{J’ (1 + coséby)
* using hadronic final state particles y=1-— ,%} 5(1 —cosb,)
* using both lepton and hadronic final state variables P %’5
>
P > S10% o —
b == Fixed Target Experiments

T+
2 _efp o 2
d TN 27 v

- Y “,.):t }/_;'1:'.:*: — 2," ‘, ]
([.I'([Q2 ;1-Q4 [ + A- + . A.Z Y

dominant contribution .
important at high Q?
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HERA’s last word

FINAL HERA I+II inclusive data combination [arxiv:1506.06042]

Ultimate precision is obtained by combining
the H1 and ZEUS measurements

0.045 < Q% < 50000 GeV? 6. 107 < xp; < 0.65

+

)

The combination procedure is performed
before QCD analysis using 2 minimisation

%2 | dof =1687 /1620

> Improvement on Statistical precision
> Improvement of Systematic precision

—> total uncertainty < 1 % for Q2 up to 500 GeV?2 :

HERA data is the backbone of any precision PDF

r, NC

H1 and ZEUS

14

12 -

e HERA NC ¢'p 0.5 fb™
Vs =318 GeV
bl 0 ZEUS HERA 1T
%ﬁ O ZEUS HERA 1
O H1HERA II
A H1HERAI
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PDFs from HERA - HERAPDFs

HERAPDF uses only HERA data from the
combined H1 and ZEUS measurements:
—>an interesting set to test PDF universality

2 e p o __ 2

d*one _ 2ma [ WFETY o BE — 2 ]
102 4 ~

dadQ xrQ A

dominant contribution
important at high Q?

A

K/

+ HERA data can constrain:

K/

“ sum of all quarks (through F2)

K/

“ valence (through xF3)

o%

* gluon from scaling violations

Different types of PDF uncertainties are considered:
* From the experimental precision

Y
%°

+ From the parametric form assumed
17

H1 and ZEUS
h 1 T T T T T TTT T \\\\\\\‘ T T \\\\\\‘
»
w2 =10 GeV?
08 - —— HERAPDF2.0 NNLO B
: uncertainties:
I experimental
[ ] model xu
[ parameterisation v
0.6 e HERAPDF2.0AG NNLO |

04
xg (x 0.05) ™\

10* 103 1072 10! 1

http:/ /arxiv.org/pdf/1506.06042v1.pdf

HERAPDF sets were extracted using xFitter open
source platform [xfitter.org, arxive:1503.05221 ]
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PDFs from HERA - HERAPDFs

v rrjrrrryryyYYYYYT Y vy ryrrrjryrrryrrYy>

2
f
uncertainties:

B cxperimental
[ model

u? =10 GeV*
— HERAPDF2.0 NNLO

[ parameterisation

-.bl AL

0
02 F

X
http:/ /arxiv.org/ pdf/1506.06042v1.pdf

H1 and ZEUS
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sbar/dbar

PDF constraints from Neutrino Experiments

Neutrino fixed target experiments (DIS) provide valuable constraints on PDFs:

20"®  GZLME, Mazy\ vy Y2 ) AW e
_ 1 — 7y — E =2z F +y(1l— =)zF
dzdy (1 + 3-)? K Y 2E,,) 2+ G2k 2yl - )k ]
w

Hadronic
. 2 . cascade
* direct access to xF3 —> constraints on valence quarks
+« direct access to s, sbar via dimuon data

Neutrino data is included in the global PDF analyses:

impact on sbar/dbar if there is NO neutrino data

NNLO, atg = 0.118, Q° = 2 GeV?

----- Gictal Fit

------- v Neutring Data

<.005

1 1 2 I 1 1 2 1 1
0 005 01 015 02 025 03 035 04 045
x

FIG. 3 (color online). xs (x) vs x at Q% = 16 GeV2. Outer
band is combined errors; inner band is without B, uncertainty.

However, care must be given to account for the nuclear medium (not a free proton) and low energy domains
extensive efforts in understanding nuclear effects, higher twist, target mass (Minerva, JLAB)
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Constraints on PDFs from ppbar collider at Tevatron

108
In proton-antiproton collisions at Tevatron, DY processes of .
W and Z production are valence-quark dominated
—> they can be used to improve quark valence PDFs - 10° (JELER)
especially the d-quark type: _10° B
o JEAS
T [ @*=17GeV? E iy $, y
> 05~ EMHERAI ot 103 / / . .
g [ HERA | + Tevatron W, Z / / L ) A :
x [ , /DYWL :
oAl 109546 A -2 90 : :
- 3: 1 ixed Targgt
! 10" : :
0.2 10° 10° 10" 10° 0% 10" : 1
- [from PDG] : - X
0.1:'- , MMHT14 NNLO, @ = 10GeV?
— : 21(2,Q")
o
C I 2 1334l 1 1 2 3 3341 I ek Ll 0.8
10° 10° 10” ..
arXiv:1503.05221 - S

0.4 -

0.2 -

Jet measurements also provide an important constraint at
higher x for the gluon distribution
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The LHC measurements: ATLAS-CMS vs LHCD

* LHC provides an extended kinematic range in x by its three experiments:
+ ATLAS, CMS and LHCb
* coverage in x is what’s needed, because QCD gives us Q2 dependence

—10 T

LHCb 2<y<S

10 || ATLAS, CMS

Q% (GeV?

+ PDF discrimination

by confronting theory with data
° pe
4 3 + PDF improvement
\ : by using LHC data
10
w07 10 10" 10" 0> 20° 10" 10° —> can provide needed

flavour separation

and more insight into
gluons
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The LHC measurements from Run|l

* Hadron colliders can give us more insight into the hard QCD, the PDFs, non-
perturbative effects, and the least known fundamental constant - strong coupling

Standard Model Total Production Cross Section Measurements .., -

PP

total

Jets R=0.4
ly1<3.0

Dijets R=0.4
¥1<3.0, y'<30

W

total

Z
total
tt
total

tt-t:han
total

WW+WZ

total

WW

total

H gor

total

Wt

total

)4

total

ZZ

fotal

H VBF

total

ttw
total
ttZ

total

1010410210210 1

las of July 2014]

Run 1

ATLAS Preliminary
Vs=7,8TeV

LHC pp Vs=7TeV

Theory
Data

gg; + S)’Sr

LHC pp Vs=8TeV

Theory

Data
slat

o [pb]

3

-

-

-

-

_gngu | -' lnnunn-n.-o-.1
& ;
-

-

-

.

-

-

.

-«

10' 10 10° 10* 10° 10° 10 05 1 15 2
data/theory

L dt
{“"'l Reference

8x10°8 Ao
45
45
0.035

0.035

46
20.3
46
20.3

4.7

46
20.3
48
203
2.0
20.3
46
13.0
46
20.3

20.3
203

20.3

Remarkable agreement

with SM predictions!

Much of theory error is
from PDFs —>itis
crucial to improve our

knowledge on PDFs

+ PDF discrimination
by confronting theory with data

+ PDF improvement
by using LHC data

—> can provide needed
flavour separation

and more insight into
gluons
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The LHC measurements from Run|l

* Hadron colliders can give us more insight into the hard QCD, the PDFs, non-
perturbative effects, and the least known fundamental constant - strong coupling

* DY: light quarks,
flavor separation,

e W+c: s-quark

* single top: u, d, b

* jets: gluon, os :
medium X S & + PDF discrimination
'000000FOOROOO by confronting theory with data

+ PDF improvement
by using LHC data

 LHC HQ-pairs:
gluon at low&high x

—> can provide needed
flavour separation

and more insight into
gluons
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O(y)

Flavour decomposition of W, Z at LHC

W and Z are produced in abundance at LHC with clear experimental signature and the
inclusive cross sections of W and Z are well understood theoretically at NNLO

2 — 2 — — -

: " = 9 > Z =t Y

' W s _r]r_sc © —uo — dd |® — ug — dd
1.5: — sg — do — C€C — Ss§ ] — CC — s§

W+ vs W— —> impact on the valence quarks
4 —> impact on the strange distribution

We can exploit different PDF flavour sensitivity
than these provided by DIS data
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HT14 NNLO, Q*

\

Y

W charge asymmetry

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

f =10GeV?
, 12 T
=f(z,Q")
1
0.8
06 g/10 uy
s .
0.4
v
0.2 : R
0 4 S Y |
0.0001  0.001 0.01 0.1 1
z

@ W—asymmetry measurement

dow+ [dm+ — dow - /d u, —d
5 l w+ [ QT+ W Yj v v
> sensitive to uv, dv Awr = Aw &
w daw+/d77,+ +dUW /d’fh u+d
Measured by ATLAS, CMS and LHCb:
* LHCDb extends the measurements to forward region LHCb
* For comparison, results are extrapolated to the fiducial volume of ATLAS, correcting for MT > 40 and ET > 20 —_—

CMS,L=1881fb"at {s=8 TeV

CMS Z‘ [ rrrr T rrrr gy r T T et | <§_ 0‘6 ) Y ——— e ——y— e ———— Y 0
— S | wworewzemororamct 4 y g ATLAS and CMS p,>20GeVie
£ i CTi0 “F 103%<x <107 M, > 40 GeV/c> -
>0.25[~ ] NNPDF30 L o--0-nilmnau E..>25GeV
& - MMHT2014 021 . ..o oo =
) B A AN | ABM12 o - -
o - HERAPDF15 daua - 0k -
g : : LHCb: 106 < x !
O 0.2 arXiv:1603.01803 - 02k Vs=7Tev l
- . "I LHCb (2011 extrapolated) W — pv 1
i ) 04 = o ATLAS (2010) W — uvand W — ¢v -
m | L X
0.15 p.>25GeV _ 7Y, P PN I T -
! | 0 1 2 3 4

—— Data | L

i § [LHCb] JHEP 12 (2014) 079

0 1 | A L 1 l A L 1 1 l L 1 A | l 1 A A A l 1 A L

0 0.5 1 1.5 2
Muon |
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W-asymmetry measurement

W charge asymmetry

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

¥ 2 Al — dow + /dm+ — dow - [dn- Aw ~ Do — d,
sensitive to uv, dv W doy+ Jdnys + doyy - /dn,- W u+d

CMS,L=1881fb"at {s=8 TeV

MMHT14 NNLO, Q? = 1

12,
zf(z,Q)
1

0.8

.06

04 -

NG
c ‘ 4

3 g SN
ol
0.0001  0.001 W.l 1

02 -

E

Charge asymmetry

1 ] | 1 ' ] ] 1 1 l ] Ll 1 L l 1 1 ] ] l 1 ] ]

NNLO FEWZ + NNLO PDF, 68% CL
CT10

i

== NNPDF30
E==] MMHT2014

MLl

HERAPDF15

arXiv:1603.01803 S o

p’T‘ > 25 GeV

—+—Data

A A 1 ' l A L 1 A l L ' A A l I A A A l A A L

0.5 1 1.5 2

Muon |

A QCD Fit analysis via xFitter shows the potential of the measurements on constraining d valence

CMS NNLO HERAPDF method
~ 08 ' '
© HERA 14/l DIS Q* = M},
X | [ HERAIHIDIS + CMS W8 TeV

T 04|
x -

A PDF fit of these CMS muon asymmetry data
together with the combined HERA inclusive deep
inelastic scattering (DIS) data shows the potential
of the LHC data to improve valence precision
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Constraining PDFswith W, Z at LHC ', AY

160
140
120
100
80
60
40

N

do/d|y, | [pb]

N
-

Theory/Data
(S
©

0 05 1

Phys Rev Lett 109 (2012) 012001

_l L ] L l L L l | L L L l L L l L l LB l—
- ATLAS .
- 3
- —04 CA=N -
- + -
3 B
o det - 33-36 pb’ Z—-IT =
- E$= Data 2010 ({5 = 7 TeV) | -
T A MSTWO08 T'QDO =
- © HERAPDF15  _L_ Uncorr. uncertainty =
- O ABKMO9 Total uncertainty -
- 4 JRO9 =

—
—
S—

lllllllllllllllllllllllll

O
1

;AC]

v

4240, b g

15 2

1 T I |
-
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-
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<
e
o =
. r—1

"
ol Lk

—> discrimination among PDFs

27

Before LHC, the dominant information on
strange quark was from neutrino di-muon data:

prefers rather strongly suppressed strange
(s/d~1/2)

2 ) ":' LA B L | Y Y T T T .
1.8 Ny NLO PDFs :
. N ~e— HERAPDF1.5 |-
1.6 NN “42 CT10 E
G p .
1.4 N ~e— MSTWO08 -
~ 1.zAARRRS Lo ABKMO9 £
N> ' ; e~ NNPDF2.1 ]
g | Y
o 0.8~ :? o //// -
@ = o
::.‘—. 0-6 ““\\ SISO :
- G
[G Wa?ff R R
0.2
0B\
10°

PDF Groups assume different
suppression factor for sbar vs dbar
—> W, Z data shows sensitivity to this
assumption!
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Enhanced strange at LHC

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

xFitter ro(x) = 0.5(s(x) + 5(x))/d(x)
Q? = 1.9 GeV2 x=0.023 epWZireeS _ ATLAS
4 ABKMO9 .
® NNPDF2.1  —=— % nweoezs
e MSTWO08 .

v CT10 (NLO)
. total uncertainty

experimental uncertainty
| A | IR S — | PR

02 0 02 04 06 08 1 12 14
rs

—> measurement supports the idea that
s(x)=u(x)=d(x)
i.e. SU(3) symmetry for light sea quarks
—> Results confirmed by dedicated ATLAS

W+c production measurement
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. [5] epWZ free SNNLO

' [III] NNPDF2.1 NNLO <
"= cTt1oNLO Sbar ]

—> total light sea xX = 2x("u + °d + 7s)
is enhanced by ~ 8 % sea quark.

This could pose interesting implications for other phenomena:

do the strange quarks play a role in the bound state structure or what’s the implicatiom for Strange Matter?

28
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W+c sensitivity to strange ...

“ W + charm data is directly sensitive to the strange quark density
« ATLAS, CMS and LHCb have performed dedicated measurements

c

—;—fﬁm

— e

9

g

+ ATLAS @ particle level [arXiv:1402.6263v1] CMS @parton level [arXiv:1310.1138]
7 BO — e CMS L=50Mm"at ys =7 TeV
& | . ATLAS o Data (statssyst) - = AR AL
£ 70t ILdt=4.6 fo’ = CT10 3 2100 - pr 25 Gev (I? n)\ -
f sob 18=7TeV 4 MSTW2008 1 = p! > 25 GeV ks
002 - v NNPDF2.3 - = I lT
= . ¢ HERAPDF15 — ‘

SO . ATLAS-epWZ12 e RLE \
n .3 - NNPDF2.3coll 3 = R e
4 | . Is . 50 o ¢
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Lepton n| l'l'l
—>consistent with ATLAS-epWZ12 —>consistent with CT10

(PDF set from ATLAS Z, W inclusive)
—> consistent with CT10

+ LHCb @parton level comparison Phys. Rev. D 92 (2015)

Vs =8 TeV LHCb data

E {5=7TeV LHCb data

i

;

S o |
X F
s
points data (total, stat) 2
fills MCFM NLO theory % 2
CT10 (scale + PDF) 3
green W + c-jet 3 Y ’
red W + b-jet g
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Jet Production at the LHC

Jet production at the highest scales may
reveal new physics and the reliability of

10“E

—b
o
w

Data / Theory

-
o

10

b
o
N

Vs =300 Gex ?#
E - ovacse ZEUS kT Q% from 125 10 5000 GeV?
- Vs =318 GeV (x 350)

L | emavo H1  k, Q% from 150 to 5000 GeV*
onaee ZEUS k, QF from 125 to 5000 GeV*

" Vs =546 GeV ,
- Vs =630 GeV
| Vs=1.8TeV

| Vs =1.96 TeV

: Vs =276 TeV

— Vs =7TeV

.
1

Inclusive jet production fastNLO

in hadron-induced processes
|

* ‘1 H-ﬁ-{»(xmw)

MR

Vs = 200 GeV pp

* STAR cone 02<inl<08

DIS

(x 800) quav H1

© CDF cone 0.1<Inl <0.7

W? ? (x 150)
W

© CDF cone 0.1 <l <0.7
* DO cone 0.0<Inl <05

pp-bar

* DO cone 0.0<inl<05

(x 50)

+ COF k, 0.1<lyl<07
o CDF cone 0.1<lyl<0.7
* DO cone 00<lyl<0.4

o ATLAS anti-k, R=0.

6|
s ATLAS antl-k R=04 |

'S"S
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o ATLAS anti, n-osnyi<oa
v ATLAS antik, R=0.4 Iyl <0.3
o CMS  anti-k, R-O?ly|<05

hmp iiprojects hepforge orgfastnio

ky Q% from 150 to 5000 GeV*

£10Z Joqwades

the predictions depends on how well we
know the high-x gluon PDF

LHC,\s =14 TeV
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* CMS anti- k, R=0.5 Iyl <0.5
all pQCD calculations using NLOJET++ with fastNLO

a,(M;)=0.118 | MSTW2008 PDFs | pg=pe=py

NLO plus non-perturbative corrections | pp, pp: uncl threshold corrections (2-loop)

1 lllllll | 1 llllll[ 1 zllllll 1
2 3
10 10 10
p; (GeVic)
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—> a large fraction of jets are gluon induced
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Inclusive Jet Production at the LHC

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

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

' CMS 5.0fb (7 TeV) MC method

1. 2 : HERA-1 DIS + CMS jeis
(63-5'021969\/ Rsa— E HERA-I DIS :

1 llllllll!llllllllllllllllll‘

r Q? = 1.9 GeV? xFitter
0 5:_ C— HERAI fit
- —— HERA+ATLAS jets R=0.6 fit
- 22120 HERA+ATLAS jets 2.76 TeV R=0.6 fit
0 1D HERASATLAS jets 7 TeV R=0.6 fit ' .
Q
8 1.1 / S
— e
3 | 5
" 09 X\ :
(I
10° 10" 1
X
EPJC (2013) 73 2509 arXiv:1410.6765

jet data can help to improve gluon in high-x region —> but NNLO calculations would help
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Gluon Sensitvity from ttbar Production at high x

* Top-quark pair production at the LHC probes high-x gluon (x = 0.1):
—> there is a strong correlation between g(x), as and the top-quark mass mt

compared with theory #  NNLO theory calculations
(NLO) using different PDFs are becoming available ...

arXiv:1407.0371

o 18 : The precise 7 and 8 TeV LHC data can be used to
S 1.7p ATLAS . e discriminate between PDF sets and to reduce the
£ 16 j Ldt=46f" ™ :l":;‘[’)"’_?go:"to = PDF uncertainties on the poorly known large-x gluon
A . .
g 1'5 E=7Tev ’ HERAPDF1.5 —; () (R S S S SN SN SHN S SIS SN S S S S S ot
1.4 : 1.3
1.3 NO 120
1.2 x E
1.1 AR
@ r
1 —~
o ] N UL LN NN
o r
0.9 : F
0.8 - — 0.9_—
250 450 550 700 960 2700 é =
m, [GeV] o8- @%=100 GeV?
07T oz 0 04 05 06

Czakon, Mangano, Mitov, Rojo X

The improved large-x gluon leads to more accurate theory predictions for BSM searches
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Gluon Sensitivity from heavy quark production at low x

*  LHCb brings advantage in covering low x region with its forward detector design
c,b

| —> Heavy-quarks are produced in pp via gluon fusion

“  Ajoint analysis of HERA heavy quark production with the LHCb following data:
b (DO,D+,D*+,D+S/ Ac)7TeV L = 15nb'1 [Nucl. Phys. B871 (2013) 1]
o beauty(B+,BO ,BSO) 7 TeV L =0.36 fb_l [JHEP 08 (2013) 117]

PROSA NLO FFNS fit PROSA NLO FFNS fit
F HERA DIS - D HERA ms
-1 HERA DIS + LHCb abs 71 HERA DIS + LHCb abs

= ‘ i} HERA DIS + LHCb norm 3 HERA DIS + LHCb norm

confirmed by
NNPDF analysis

Access to low x which reduces uncertainties on gluon and sea quarks
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GLUON

Impact of LHC data on PDFs

* Some of the global PDF groups started to include these data in their fit:

Intense activity
Inclusive jets and dijets
of global PDF
(medium/large x) 5
Isolated photon and y+jets . SEOLIPE T
Top pair production (large x) measurements
High pr Z(+jets) distribution in the new PDF
(small/medium x) e
— — releases in time
High pr Witjets) ratios for Run2 data.
(medium/large x)
W and Z rapidity distns |
(medium x) "
Low and high mass Drell-Yan ' —
S 1.
(small and large x) x
Woec (strangeness at medium x) E -
B3
&
Low and high mass Drell-Yan o aSS

aaasl P | T |

10 10° 10* 10"

More precise data from Run 1 to have an impact on PDFs
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W.Zatl3TeV

Motivation for measuring W, Z inclusive cross sections with Run-2 LHC data:
“ validate the Run-1 results and test of the SM at highest scales ever

/7
0’0

Ratio Measurements powerful in providing targeted constraint:
—> sensitive to uy; and dy; at low-x

access to a different kinematic region in x which provides different PDF sensitivity:

7 TeV LHC parton kinematics

x .= (M7 TeV) exp(sy)

R(W+/W-)
R(W/Z)

13 TeV LHC parton kinematics

10. —y — —y — ——y

X - (W13 TeV) exp(ty)

v

M=10 TeV//-i

—> sensitive to strange quark

ATLAS-CONF-2015-039

10 1 QeM
.//I “
10’ 1 ' 1
10‘!' MI‘TQY‘_."//". i LANNL N LA B A B S B N SELEE o S | e T
< 10° 1 ATLAS Preliminary
3 E : 13 TeV, 85 pb’
= 10' M « 100 GeV / ‘
- ~lid fid
© ] 1 Ry w =0y /Oy st
10’
] / : total uncertainty
. 7'5 A 2 ~° $ A1 stat. uncertainty
F M= 10 Gev : A ABM12LHC
o'l HERA fixed ] v CT10nnlo
1 target 1 m NNPDF3.0 8
, ® MMHT14nnlo68CL
|"~“".‘-‘$~—“-—‘,-"-‘.‘ 3 AN AT BTN EEE BT e a4 | BT
10 10 10 10 10 10 10 10°
X x_|James Stirling] 1.15 1.2 1.25 1.3 1'?3 / 61
Ow:/ Ow

* R(ttbar/Z) —-> sensitive to gluon and light sea quarks

First results confirm the findings in Run 1 and provide extra handle to better constrain PDFs
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Neutral Current DY measurements at Run 2

*  What precision do we want for our measurements?
*  Aim to have better experimental uncertainties than
theoretical precision:
* Theory precision is ~5% for mn < 400 GeV
* huge theory uncertainty for my < 20 GeV

+ High Mass DY measurement can extend

the di-lepton mass distribution up to 3 TeV:
—> an extra lever arm in x for constraining PDFs

+ Low Mass DY can reach down to x ~ 10#*
—> sensitivity to the low x effects?

36

Y (GeV)

13 TeV LHC parton kinematics

wJ
X, , = (M/13 TeV) exp(zy)

Q=M M=10TeV

S0

. 4
104 . Sasassies ‘
10’ - f '
Y;//g( « & / (
M= 10 GeV
10 HERA ~ 'xed
” target [}
100 aud aaadl 2and anad Lad aaaad A ]
107 10°* 10° 10* 10° 10° 10" 10




Inclusive Jet Production at Run 2

- 102 - T T T T | p—
%, - antik jets, A=0.4;ly| <05 ATLAS Preliminary -
O - 13TeV, 78 pb’
e
= .
Jet measurements of 2015 bring a > .
new kinematic reach with jet pr up g % . E
. . AR —— - e
to 3.5 TeV, interesting to observe if it N -
will help to further constrain PDFs - ’
—@=
1= e Data . E
- - Systematic ® -
. uncertainties i
Exploiting ratio measurements to [ [ eoommentcran = .
. on-pert. corr. —
better control the dominant JES I ety 1
uncertainty, as done for 2010 data, il 7"‘; [g‘;"\;_
would enhance its impact. e D

New results at 13 TeV - good agreement with SM (so far)

NNLO calculations for jets will bring more edge to the tests of SM
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Looking further ahead

Many outstanding questions that aim at getting hints of what is beyond Standard Model:

- Higgs boson and Electroweak symmetry breaking

Dark Matter : ; ;
Quark and Leptons Could not be a better time for Particle Physics!

Physics at the highest energy scales
neutrinos

* Many of these questions can be answered by the LHC with its long range plan via HL-LHC

=, .
B High

LHC / HL-LHC Plan @

with HL-LHC we achieve much higher statistics
(300/fb —> 3000/fb):

M . G50 P ow__., 77, WZ become much more precise -> could

| gy oyl
7 TeV 8 TeV B s a.n—u - -l gl
_— RIE praguct oy oS -

LHC

be one of the first measurements to benefit
GET READY FOR WHAT LIES AHEAD

LH.O

FCC )

e all _ Ra

“ An attractive solution would be also LHeC:
* it would pin down the PDF uncertainties for the full kinematic coverage
“ it would extract a per mile accurate alphas
* it would complement LHC for Higgs physics, new physics
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Role of PDFs in Neutrino Sector

The main background for astrophysical s e IOS | p/

. . . e m
neutrinos at IceCube is the flux of neutrinos . mosty v, | b ~E?7
from the d f ch i i el ,

rom the decays of charm mesons in cosmic b ~E

® PROMPT NEUTRINOS
- D* mesons

ray collisions in the atmosphere:
We could use heavy quark production data
from LHC to validate our calculations of
the prompt neutrino flux!

/
P

- 3-body decays

- equal vy, and va D*
- E~ 100 TeV
- ~E27

The physics prospects by DUNE at LBNF with

high resolution and unprecedented statistics

may lead to discoveries of new physics
Strange and charm production; weak
mixing angle; precision tests of isospin
symmetry; etc.

Modelling of the neutrino interaction
physics requires a good control of the cross
section model which is used at the end for

the determination of the event kinematics synergy between LBNE LBL, CERN
i.e. GENIE neutrino MC Generator
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Summary

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:

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
Could not be a better time in particle physics: many prospects!

rich neutrino program, HL-LHC
possible LHeC, FCC, etc..

We don’t know what we will find, but it will surely depend on how well we control all our
parameters!
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W mass measurement and PDF uncertainties

At the LHC, the best experimental precision on Mw might be achieved from the pr distribution of the

charged electron/muon from leptonic decay of W:

sensitive to pWt modelling, which is different for cs vs uv production.

- - 21
5 | w’ s | W
ATL-PHYS-PUB-2014-015 e - b~ g0 — so
1.5- — us — cd 1.5~ — s0 — dt
> : ‘ L Ir :
< 80394 e 1 N i .
580392/ 3 /7~ N\
E s 3 0.5 05
80390} j‘; . |
80388, i 0z ~ s O 0 5
80386 y y
80384 X . 3
: A dedicated PDF set, produced with HERAFitter and
80382/ e
. .| HERA I data was used to study the PDF decomposition
8037 sf“”' V., 80384843130  that impacts Mw measurement:
W'V, and V,, 80384.9 +8.4 -6.9 : :
803760 1 1 111t p iRy Largelmpactfrom.
T e - @ & & - charm-mass variations: PDF members 27-28
PDF member

strange density and valence quarks at low x are essential

for W mass measurement

- strange-fraction variations affecting cs fraction (29-30)
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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

T ‘ CMS Proliminary V3=8TeV | Ldt=19.7 16"
8 10k —— ATLAS - 71.-‘.fj.lutx-47|:>‘ 3102E T T T T T ]‘1 T
o Fe T Tem | S 0<|Y(2)|<0.4
© 2 -
= 10°g 1 @) L
% ; % - = Data
 OF s 1 10 - — MadGraph k
— -ge . E NNLO
al o o
10 § Data - ; e — RESBOS
10 5 » FEWZ (“"Mz) (POF + scale unc.) —_— ‘ B
[BIFEWZ (1=M,) (PDF unc) f 1E
10* B DYNNLO (n:Ez) | =
4 DYNNLO (u=E’) + NLO EW R B C
e il i P
= ! = Data uncertainty 10 3 3
S 13, (8] (e/FEWZ M ) (PDF « scale unc) T 1 4: —t—+ | — I —t— “
- [BFEWZ ¢:+M,) (POF unc) @  [-MadGraphk, . _/Data :
= | ® DYNNLO (u=E)) O 19k NNLO h
‘:;. 12 4 DYNNLO (s=E®) « NLOEW | = O r P :
a & : | oy
; E 1160‘0‘0‘;.0__ -o-_,o,'¢
M ] m14'%%'f?¢1|e++A}f%¢%
i - B T "t +RESBOS/Data _
55 3 = 1.2¢ e " 7
- - Q — L85 A :
0.9 ATLAS y = y | LTI .
1 1 A . : - 1
: ""“'“"'Itd'"""" “ * SR N TR TN N T TR N T S T SO Y
08, T R 0 100 200 30
pZ [GeV] P;(Z) [GeV]

* 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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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 gluon PDF from HERA-I only fits
10 v T T Y :
Les Houches 2013: Physics at TeV Colliders P——— v‘."';} :
Standard Model Working Group Report % e HEC‘;‘E%F Vg
> 1:05; | + 68% C.L| ;’,’
Conveners y 8 _ 1 - ;
Higgs physica: SM isvues /3
D. De Florian (Theary), M. Kado (ATLAS), A. Karytov (CMS), N 1.00 H—1= :/
S. Dittmader (Electroweak Contact) « /’--"_::;"_J_‘_‘—?J;\, /
SM: Loops and Multilegs g : / iR LU .‘\\ 4
N. Glover (Theary), J. Hustos (ATLAS), G. Dissertort (CMS), © 0.95¢ i d ’."\..\
S. Dittmader ll‘.".(l‘l'hmmh Contact) Z r // Normalized to NNPDF \
:ml:".mu':: ;"'lt.:'::r_\(';.m:;’ Butterworth (ATLAS), K. Hamilton (MC-NLO Contact), 0_90 g A at Q-8§ GeV, basq"no fit "A
G. Soyez (Jets Contact) - 1 0‘4 1 0‘3 10‘2 1 o—' 1
baszeocz) on recently published NNLO PDFs. based on HERA-I only fits
. MSTW2008 NNPDF2.3 CT10 HERAPDF1.5 20.0¢ MSTW NNPDF CTEQ HERAPDF
19.5} % ~ | 1950 T
— E ] :::::: — 19.0!
| 19.0f =) ® :
= : (% < 185} A {f PDF uncert
b 18.5 ; 5 -
18.0} .
18.0 ] o | S £
LHC 8 TeV, with iHixs 1.3 at NNLO LHC 8 TeV, with iHixs 1.3 at NNLO
17.5 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 -

Y7

+ ==> HERAFitter will continue to participate in these studies.
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http://arxiv.org/pdf/1405.1067.pdf

F2 charm Structure Function

Rates at HERA in DIS regime o(b) : o(c) = O(1%) : O(20%) of oot EPJC 73 (2013) 2311
Charm data combination is performed at charm cross sections level:
they are obtained from xsec in visible phase space and extrapolated to full space

ol (x,Qs) = F5(x,Q%) - LF;_“(,x,QZ) . H1 and ZEUS
Y - ! T !
* Q C D I: | tS §° 750 Charm + HERAH Inclusive i
H1 and ZEUS HERA |+charm * t o= R optinesd :
8 Q%=2.5 GeV? Q%= 5 GeV? Q%= 7 GeV? : | [T oy :
o) i i 700 ZM-VENS £ -
: * M
: Different calculation
ol schemes prefer
05 Q’=12GeV? | Q=18 GeV* Q=32 GeV* different Mc
i _ , - ____H1and ZEUS
Og B Q’=60 GeV* | Q’=120 GeV* | Q°=200 GeV* g 64[ Charm s HERAY inclusive (a)
| | ezl I g :
! + i wow S-ACOT-y :
_ _ \ | | 1~ measurements help
Mmll—mm‘ I " V . - ] . .
Og 8 Q’=350 GeV* | Q’=650 GeV* | Q°=2000 GeV? e e | reduce.ur.]certalntles
~ _ * HERA - of predictions for the
~— HERAPDF1. [ :
| : | | e | ~ LHC
! ! - 54| Ns=7Tev -
o, - ol o N 2 14 16 18

10 10® 102  10* 10® 102  10* 10° 10?2 M, [GeV]
X
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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] I — . E—
l% 0.02 " . T T . - . r E . Inclusive DIS + beauty QCD fit 3
- 1 598 —
» Q= 6.5 GeV’ Q* =12 GeV* Q* = 25 GeV* g .
0.015} 1 1 . . |tS 596 |
ool I } % | HERA l+beauty  ™f
! = 592
0.005F 1 ‘ 1 . SRUSRUSI————— W
: I\l i} 590 —
0 bt ; - - : - : ; ses |
’ Q" =30 GeV* Q* = 80 GeV* Q* = 160 GeV* sse |-
0.04r T } 1 " 35 38 37 38 39 4 41 42 43 a4 4s
! ‘ m, (m,) (GeV)
0.02} 1 N 1 ]
| v ] ! 2m_ ZEUS
0 bt " " " " ” " ", . ;5_ — P . — 7]
: Q* = 600 GeV* 0t 107 10® 10t 107 107 & ? u
003 ' X X =4E  pps :
E . ZEUS 354 pb” ?, ] . LEP
0.02; ’ . QCD fit, m =4,07 GeV (best fit) af- ZEUS .
001t I ....... QCD fit, m_=3.93 GeV +F * -
T QCD fit, m =4.21 GeV 35 4
0 bt A lk . o PDG with evolved uncertainty :
10*  10° 107 I b B | r
X C *  DELPHI 4-jots NLO ¢ ]
- A& ALEPH b
251 O oPAL r :
C © Sl ]
W e o c c u il A PRSP § .
The extracted MS beauty-quark mass is in agreement with PDG 2 10 .
M

average and LEP results.
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(OCD Settings for HERAPDEF2.0

The QCD settings are optimised for HERA measurements of proton structure functions:
PDFs are parametrised at the starting scale Q,2=1.9 GeV?as follows:

xg(x) = Angg(l - x)% - A;xB;(l - x)C:", NC structure functions
xu,(x) = A,‘,,xB“v 1 —x)% (1 + D, x+ Eu,x2 , 4 _ 1 _
") Al =0 ( ‘ ) F, = — (zU +2U) + = (zD + zD)
xd,(x) = AgxP(1—x)%, 9 9
xU(x) = Agx®(1-x 1+ Dyx), TF3 ~ TUy + Tdy
xD(x) = Apx"(1-x)°. CC structure functions
fixed or constrained by sum-rules W, =z(U + D), W, =z(U + D)
parameters set equal but free sWy =z(U - D), eW; =z(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:

pt —mi(1 =Y. ~ib,)]? 62 om? + 82, puim!
T (ST A e RO DLAD DR e
i éi,statuzmz(l - Zj ’ijj) + (di,uncmz) j i 5i,uncu'z' + 6i,stat/‘l'i

47 Voica Radescu |ff(D]|JLAB, Jan. 2015



Active PDF groups

VFENS VFENS VFNS VFNS

FFNS Run mc¢ VENS FFNS
(ACOT-y) (TR opt) (FONLL) (TR opt) (ABM) (ACOT) OR)
LO, NLO, NLLO LO, NLO, NLLO LO, NLO, NLLO LO, NLO, NLLO NLLO NLO NLO,NLLO
m fixed(fitted) fixed (fitted) fixed fixed fitted fixed fitted
0.1300 0.1350 0.1180 0.1300 . . .
0.1180 (0.117) 0.1180 (0.1201) 0.1180 0.1180 . 0.118 0.1158
0.1180 (0.115) 0.1180 (0.1172) 0.1180 0.1180 0.1132 . 0.1136
Pol. Bernst. 28 Pol. Cheb. 25 NN (259) Pol. 14 Pol. 24 Pol. 22 Pol.25
ubar/dbar=1(x->0) s-sbar=fit. ubar=dbar (x->0) s=sbar dv/uv=const dbar-ubar=fit
u/d=1 (x->0) dbar-ubar=fit. dbar-ubar=fit sbar=067"dbar dbar-ubar=fit s+sbar=k(ubar+dbar)
Hessian Hessian Monte Carl Hessian Hessian Hessian Hessian
Ax2=100 Ax2 Dynamical (68%CL) Ax2=1 Ax2=1 Ax2=1 Ax2=1
(90%CL) (68%CL) (68%CL) (68%CL) (68%CL) (68%CL)
2 2 a5 35 25 169 2
HERA I HERA I+ HERA 1
“BMI" charm H1 and ZEUS II HERA 1+11 m‘l' HERA I charm
jets charm jets
v v v N/A v JLAB, high x V/ JLAB, high x V/
v v v N/A X v X
v v v N/A X X v
v v v N/A v v v
v v v N/A v X X
v v v N/A X X X
b 4 v v N/A v X X
X X v N/A X X X
arXiv:1506.07443 arXiv:1412.3989 arXiv:1410.8849 arXiv:1506.06042 arXiv:1310.3059 arXiv:1212.1702 arXiv:1403.1852
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Neutral Current DY measurements

T ‘ ' i
@ " ! * ¢ L ] ° . ATLAS 4 Dala !
. . s ad ® Sys. uncertan !
High Mass DY measurement with the 13 TeV centre of mass g ,0{ — ot oy |
. coainy |
energy can extend the di-lepton mass distribution up to 3 TeV: & gtf werufianase - 1
: : : IS 0% onuminrmeturaanans
differential measurements in my, y 5 °f ' ‘ -
o'k —
—> an extra in lever arm in x for constraining PDFs § 5] EHVTWISN W O CLEOF + ) e« P
P e SR I L .,,l..
2 08:' -“_-%.:::.‘.: R——— S
- | HERAPDF1.5 CT ABM11 \‘»Jf&(;; Ly Sl
13 TeV data can bring considerable improvement in the T T T Ay
statistical uncertainty compared to Run 1 § [T m——— l
Statistical uncertainty dominates for my > 400 e 200 350 a0 —"Yo00 1500
Low Mass DY is an interesting measurement as it accesses with
its low mass ranges 12<my<60 GeV PDFs down to x ~ 10 .
Measure in muon channel only
exploit the interference effects between Z and v* (u,d) - : : , —
S o ATLAS -
—> sensitivity to the low x effects? 2 > framsses® 1
Slg ) :
20 15=7 TeV -
13 TeV data could provide an increased experimental - + ow ]
FEWZ NLO#a"™ %™ -
precision in the lower mass bins of my distribution ] POWHEG NLOWLLPS3™*sa"
: . . 10— —_ AV A" -
Theoretical uncertainty can be reduced when using lower pt e e :
muon cuts and resummed calculations st E
24,5, >6 8 GV, T
£ 12k : SR S—  —
e -
e
g
£
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HERAPDFEF2.0 vs other PDF sets: gluon and d quark

NNLO, Q“=100 GeV’, u (M )=0.118
B CT14

weeeess NNPDF3.0 || #ssessi HERAPDF2.0 (EIG+VAR)

weses MMHT 14 B R ABMl?(N'-S. a‘(ml)-0.1132)

g(x, Q) /g(x Q) [ref]

s+« NNPDF3.0
ceeees MMHT14

d(x,Q)/d(x Q)[ref]

T
. . A lllllll L | llllll b llllll A L lllllll I — Al L llllll L - llllll - llllll

10° 10" 10° . 102 10" 10° 10* 10° . 102 10"

*plots taken from PDF4LHC recommendation arxiv:1510.03865
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HERAPDEF2.0Jets

HERAPDF2.0]Jets is based on inclusive + charm + jet data:

» data from the HERA charm combination has its main effect to
determine the optimal charm mass parameter and determine its

variation for the standard HERAPDEF2.0.
# This variation is much reduced compared to HERAPDF1.0

* Seven data sets on inclusive jet, dijet, trijet production at low and
high Q? from ZEUS and H1 have been added to the HERAPDEF2.0 fit
PLB547(2001)164, EPJC70(2010)965, EPJC67(2010)1, PLB653(2007)134 and EPJC75(2015)2

« Inclusive data alone cannot determine as(M,) reliably either at

NLO or at NNLO When jet data are added one can make a
simultaneous fit for PDF parameters and ag(M,) at NLO

+0.0037

ag(Mz) = 0.1183 £ 0.0009 4, % 0.0005 ;ogerparam £ 0-0012pa0 00030 (cale)

the fitted value is in agreement with the chosen fixed
value —> PDFs are similar for fixed vs fitted

Sl

H1 and ZEUS
% . .
~ 3
> ag * NLO
' B \
xX I
1.5
1
0s} .
of S
14 142 144 146 148 15 18
= ! b b b b ! ]
s 3
e~ E ¢
= .
P NNLO
L]
1.5 P
10 » >
05 ~ »
-
0F -
14 142 144 146 148 15 18
M_ /GeV
H1 and ZEUS
~ B NLO
> * inclusive + charm + jet data, Q°_ = 35 GeV’
' @ O inclusive + charm + jot data, Q°_ = 10 GeV*
> 4 inclusive + charm + jet data, Q= 20 GeV’
V-
a) | S S S—— \“" . .
0.105 0.1 0.115 0.2 0.125 0.13
o £ | N0 .
>~ * Inclusive data only, Q___ = 35 GeV’
o' 0 O inclusive dats only, Q__ = 10 GeV* o]
> 4 Inclusive data only, Q__ = 20 GeV’ ]
» S :
o ."“,-'> o_c_o_c_o-o
b) (DT S o i S et
0.105 0.11 0.115 0.12 0.125 0.13
. 'E NNLO
> * inclusive dats only, Q7 » 3.5 GeV’
' YO O inclusive data only, Q__ = 10 GeV*
bad & inclusive dats only, Q" = 20 GeV*
20
P .
...... o000
ol E¥ S gnesioe :M‘w
<) 0.108 0.11 0.115 0.12 0.125 0.13
2
a (M
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HERAPDF sets:

https.//www.desy.de/h1zeus/herapdf20/

HERAPDF2.0 (NNLO and NLO, RT-OPT scheme) Nominal fit

NNLO fit - experimental uncertainties

HERAPDF20 NNLO EIG

NNLO fit - model and parametrisation uncertainties

HERAPDF20 NNLO VAR

NNLO fit - alphas variations

HERAPDF20 NNLO ALPHAS

NLO fit - experimental uncertaintics

HERAPDF20 NLO EIG

NLO fit - model and parametrisation uncertaintics

HERAPDF20 NLO VAR

NLO fit - alphas variations

HERAPDF20 NLO ALPHAS

HERAPDF2.0HiQ2 (RT-OPT scheme, Q%10 GeV?)

NNLO fit - experimental uncertainties

HERAPDF20 HiQ2 NNLO EIG

NLO fit - experimental uncertaintics

HERAPDF20 HiQ2 NLO EIG

NNLO fit - model and parametrisation uncertainties

HERAPDF20 HiQ2 NNLO VAR

NLO fit - model and parametrisation uncertaintics

HERAPDF20 HiQ2 NLO VAR

HERAPDF2.0AG (LO,NLO and NNLO, RT-OPT scheme, non-negative gluon)

LO fit - experimental uncertainties

HERAPDF20 LO EIG

NLO fit - experimental uncertaintics

HERAPDF20 AG NLO EIG

NNLO fit - experimental uncertaintics

HERAPDF20 AG NNLO EIG

HERAPDE2.0Jets (RT-opt scheme, also including HERA jet and HERA charm data)||

NLO fit - experimental uncertaintics

HERAPDF20 Jets NLO EIG

o HERAPDFZ 0FF3A (ﬁx flavour-number schme, varlant A) I

NLO ﬁt modcl and paramctrlsanon unccrtamucs HERAPDF:ZO Jcts NLO VAR

NLO fit - experimental uncertaintics

HERAPDF20 NLO FF3A EIG

NLO fit - model and parametrisation uncertaintics

HERAPDF20 NLO FF3A VAR

HERAPDF2.0FF3B (fixed-flavour-number scheme, variant B)

NLO fit - experimental uncertainties)

HERAPDF20 NLO FF3B EIG

NLO fit - model and parametrisation uncertaintics

HERAPDF20 NLO FF3B VAR

—>fits with Q2>3.5

—>fits with Q2>10

—>fits with positive definite gluon

—>fits with free alphas,
adding jet and charm data

—>fits using FFNS
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https://www.desy.de/h1zeus/herapdf20/

(Q? cut dependence on PDFs

+ HERA data provides a unique access to the low x, low Q- region to investigate:
« the validity of the DGLAP mechanism

5 10 15

H1 and ZEUS NLO iS 1 H1 and ZEUS
- AR RARRRALLES RARRALERRN RALLRERLLY RN : = q; ERRRARE ARN
S s Y RTOPTLO 1 significantly better W2 =10 GeV?
S~ s 4
R é ::gg :;(I?O A ' than LO’ but 0.8 =
RY’ ; : HERAPDF2.0 NLO |
B NNLO is not — HERAPDF2.0HiQ2 NLO
obviously better )
than NLO . =
1r ]
A RTOPT NLO HERA I low Qz data ’ry
09T ] important to ﬁ
TTRPOUT P T TTOTTI TOUTTTTUTT FRVTTTT constrain low x "
1

O /GeV? PDFs!

+ LHAPDEF sets for HERAPDF are presented for both variants:
« Q2> 3.5 HERAPDF2.0 (LO, NLO, NNLO) - nominal
« Q2>10 HERAPDF2.0HiQ2 (NLO, NNLO)
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(Q? cut dependence

* HERA data provides a unique access to the low x, low Q? region to investigate:
« the validity of the DGLAP mechanism
« the various scheme dependence (fixed vs variable flavours)

H1 and ZEUS

- e R T N -

3 125 (o -
- !

e 12

1.15 |
1.1

- A FONLL-BNLO,F, O(a) A RTOPTNLO,F, O(c)

1.05 @ FONLL-CNNLO,F, O(c) ® RTOPT NNLO, F, O(c)) |

b) 1 Ly Ly TR T Lasssaay ol

S 10 15 20 25

[arxiv:1506.06042] szn : n/GeVZ

Low Q? remains an interesting region
to investigate (low x phenomenology)

54

Treating FL to O(aS) yields
better x2 than treating
FL to O(aS2) quasi
independent of heavy
flavour scheme
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W+c sensitvity to Strange .. ..t

¢ g ¢

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

+ ATLAS @ particle level [arXiv:1402.6263v1] CMS @parton level [arXiv:1310.1138]
|.° 1 5 J. Phys. G: Nucl. Part. Phys. 422 (2015) 103103
> [ HERAPDF1.5 Q°=mg
[ [ | HERAPDF1.5 + ATLAS Wc-jet/ WD data Strange fraction determined in CMS

w 1,25 JHEP 05 (2014) 068
- I ATLAS-epWZ12

Phys Rev Lett 109 (2012) 012001

is lower than in ATLAS but results
are still consistent ...

0.75

[ 1 CMS NLO free s fit:

HERA I DIS + CMS A +W+c
~ PRD 90 (2014) 034004 = |

0.5 . . . ‘ -
10° 107 10”
X
R — A
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