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LPSC
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Theory and Phenomenology

4 Staff members
e S.Kraml (CNRS)
e M. Mangin-Brinet (CNRS)
e |.Schienbein (UJF)
e C.Smith (CNRS)
3 Post-Docs
® S.Kulkarni (-9/2014)
® T Stavreva (-9/2013)

® A Wingerter (-9/2013)

5 Doctoral students

voir:
http://lpsc.in2p3.fr/index.php/activites-

scientifiques/physique-theorique/presentation-

generale

® Collider phenomenology
® Heavy quark production (D and B)
e Gamma+Q in pp, pA and AA

® Parton Distribution Functions (PDFs)
® Physics beyond the SM (BSM)

e SUSY, BSM-Higgs

e DM

o GUTsW,Z

® Flavour physics, Family symmetries
® Other

® Hadronic physics, neutrino interactions

e |attice QCD
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PDFs

® Global analyses of nuclear PDFs

® Nuclear PDFs from neutrino DIS: arXiv:0710.4897

nCTEQ PDFs available at:

®  Global analysis of NCTEQ PDFs: arXiv:0907.2357 .
projects.hepforge.org/ncteq

® Nuclear correction factors: arXiv:1012.0286

¢ nCTEQ PDFs with uncertainties: in preparation

® PDF-related work

® Review of Target Mass Corrections: arXiv:0709.1775

®  Gluon and charm PDFs from gamma+Q production in pA:arXiv:1012.1178

®  Heavy flavor schemes
®  DIS structure functions up to N3LO in the ACOT scheme: arXiv: 1203.0282
® A generalization of the ACOT scheme (denoted H-VFNS): arXiv: | 306.xxxx

®  Strange quark PDFs:arXiv:1203.1290

® Intrinsic charm/bottom:
®  Probing IC with inclusive D meson production: arXiv:1202.0439 (LHC), arXiv:0901.4130 (RHIC, Tevatron)
®  Probing IC with gamma+Q production: arXiv:1305.3548

®  On intrinsic bottom:in preparation
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Parton Distribution Functions (PDFs)
NnCTEQ nuclear PDFs

The strange content of the nucleon
Charm in the nucleon

Intrinsic Bottom?




Parton Distribution Functions (PDFs)
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PDFs

e |Information on hadronic structure

e |nitial state for hard processes in collisions involving hadrons

e Deep inelastic scattering (DIS): /A, VA

e Drell-Yan (DY):A+B — /T + /0~

e Jets, Photons, Hadrons at large pr; Heavy Quarks; ...
in pA, AA, (vA, eA) collisions

e Provide nuclear corrections for global analyses of proton PDFs in a
flexible way
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Theoretical Basis: Factorization

e Factorization theorems

e provide (field theoretical) definitions of universal PDFs
e make the formalism predictive
e make a statement about the error

e PDFs and predicitions for observables+uncertainities refer to this
standard pQCD framework

e There might be breaking of QCD factorization, deviations from DGLAP
evolution — In particular in a nuclear environment

Still need solid understanding of standard framework
to establish deviations!

In the nuclear case, consider factorization as a working assumption
to be tested phenomenologically
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Factorisation

Parton Distribution Functions (PDFs)
fP—>a,b<x’IJ2)

* Universal

Proton

c % Describe the structure of hadrons

Proton

* Obey DGLAP evolution equations

The hard part 60%6(;12)

ab—c

* Free of short distance scales

#* Calculable in perturbation theory

Calculable from

From experiment #* Depends on the process

theoretical model
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Predictive Power

Universality: same PDFs/FFs enter different processes:

e DIS: F(z,Q%) =Y [ ® Cail (=,Q%)

2

— A B o ~itj—lt+0 +X
e DY: OA4+B—0+4+0—+X —Zfi R f; ® oI
1,7

o A+B->H + X;  gupemix = e ffes T e by

i’j7k

* Predictions for unexplored kinematic regions
and for your favorite new physics process
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The different partons

The different Parton Distributions:

ufx,@%),d(x, Q)

a(x, Q?),d(x, Q?)
g(x,Q)

s(x, Q%),8(x, Q%)
c(x,@%),b(x, Q)

v(x, Q)

Small isospin violation:

quark model, carry 50% of proton mom.

light sea, E866: u #d
gluon, carries  40% of momentum

strange sea, NuTeV: s #§

heavy quark PDFs, perturbatively generated
possible intrinsic contribution at large-x

Photon PDF in proton <-> QED radiation

uP(x,Q?) = d"(x,Q)

(already due to QED radiation)
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Data

Data:

* Deep inelastic scattering data Backbone: 10™-5 < x < 0.1
e H1 ,ZEUS (ep) up > down, evolution of F2 -> gluon
e BCDMS,NMC (up,ud) Fr; — gluon

* CCFR (v-Fe)

large-x gluon: 0.01 < x <0.5

* p+pbar -> jet +X: DO, CDF dominated by systematics

« DY pp: E605 q7 — pTp~  info on sea
e DY pd/pp: NA51, E866 (updated) Asymmetry: info on dlu

e W-lepton asymmetry: CDF du atlarge-x (ud — W+, da — W)

 »-DIS dimuon data: Nutev S, S
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Data sets fitted in MSTW 2008 NLO analysis [arxiv:0901.0002]

Data set Y° / Npgs.
BCDMS up F; 182 / 163
BCDMS ud F; 190 / 151
NMC up F 121 / 123
NMC pd F 102 / 123
NMC pn/up 130 / 148
E665 up F; 57 / 53
E665 ud F> 53 / 53
SLAC ep F; 30 / 37
SLAC ed F 30 / 38
NMC/BCDMS/SLAC F; 38 / 31
E866/NuSea pp DY 228 / 184
E866/NuSea pd/pp DY 14 / 15
NuTeV vN Fp 49 / 53
CHORUS vN F 26 / 42
NuTeV vN xF3 40 / 45
CHORUS vN xF3 31 / 33
CCFR vN — puuX 66 / 86
NuTeV vN — uuX 39 / 40
All data sets 2543 / 2699

Data set x> / Npts.
H1 MB 99 e™p NC 9/8
H1 MB 97 etp NC 42 / 64
H1 low Q% 96-97 eTp NC 44 / 80
H1 high Q2 98-99 e~ p NC | 122 / 126
H1 high Q% 99-00 etp NC | 131 / 147
ZEUS SVX 95 etp NC 35 / 30
ZEUS 96-97 e*p NC 86 / 144
ZEUS 98-99 e™ p NC 54 / 92
ZEUS 99-00 e*p NC 63 / 90
H1 99-00 et p CC 29 / 28
ZEUS 99-00 et p CC 38 / 30
H1/ZEUS e*p Fgharm 107 / 83
H1 99-00 e™p incl. jets 19 / 24
ZEUS 96-97 e'p incl. jets 30 / 30
ZEUS 98-00 e*p incl. jets 17 / 30
DO Il pp incl. jets 114 / 110
CDF 1l pp incl. jets 56 / 76
CDF I W — Iv asym. 29 / 22
D@ Il W — Iv asym. 25 / 10
D@ Il Z rap. 19 / 28
CDF Il Z rap. 49 / 29
G. Watt

® Red = New w.r.t. MRST 2006 fit.

5,/60
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PDFs: x-dependence

Quark-
Antiquark-

Gluon Pair
T~ 2
o HEPDATA
q | Databases
18 - Qxx2= 72 GeVxx2
= i ___ upv CT10—(central)
= _. downv  CT10—(central)
Quark 1.6 -
T4 =
1.2 —

® Valence quarks
p=|uud)
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PDFs: x-dependence

Quark-
Antiquark-

Gluon Pair

2
8 : DHE‘[PEATA :
\_X; 18 L Q2= 2 GeV*x2
= i — upv CT10—(céntral)
Quark - _ downv  CT10—(central)
e S gluon CTWOf(celhtrO\)
14
: Gluon
12 |
® Valence quarks |
p=|uud) :
0.8 F
0.6
® Gluons :
0.4 [
carry about 40% of momentum I
0.2
O L = F==-1T |- TT | I I | | [ \\\‘ | | \\\P
10" 107° 1077 107"
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PDFs: x-dependence

Quark-
Antiquark-

Gluon Pair

2
~ i
5 =
18 - Qx2= 2 L GeVx2
= i ___ upv CT10—(central)
Quark = ... downv  CT10—(central)
e S gluon CT10—(central)
N . upbar  CT10—(ceritral)
14 downbar CTWO—(cen:t.lrQ\)
® Valence quarks i ____ strange CTWO—(C@MEQ\
1.2 —
p=|uud) :
b
0.8 -
® Gluons :
carry about 40% of momentum s -
0.4 -
® Sea quarks :
0.2 -
light quark sea, strange sea i :
0 L "—--__——_—\‘—\ L1 L]
10 * 10 104 10"
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PDFs: Q-dependence

" RGE’s (DGLAP)
A known to NNLO

Gluon

2
N
< Datcboses
X 18 L Qer2= 2 L GeVss2
kY i ___ upv CT10—(central)
Quark = ... downv  CT10—(central)
1.6 I~ ........ gluon CT10—(central)
_._. upbar  CT10—(ceritral)
14 downbar CT10—(central)
i ___ strange CT10—(centtal
® Valence quarks : g
1.2
p=|uud)
" L
® Gluons 08
carry about 40% of momentum I
® Sea quarks
light quark sea, strange sea
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PDFs: Q-dependence

Quark-

Gluon Pair

Quark

® Valence quarks
p=|uud)

® Gluons

carry about 40% of momentum

® Sea quarks

light quark sea, strange sea

Antiquark-

RGFE’s (DGLAP)

known to NNLO

Q2)

xf(x,

Q+x2= 10 | CeVes2

___ upv CT10—- <cemtr0\)
____ downv CT10— (cemtm\)
........ gluon CT10— (cemtm\)
_. upbar  CT10-— (centm\)
downbar CT10— <centr0\)

__ strange CT10-— <centr0\)
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Gluon

PDFs: Q-dependence

Quark-
Antiquark-
Pair

Quark

® Valence quarks

p=|uud)

Gluons

carry about 40% of momentum

Sea quarks

light quark sea, strange sea

Q2)

xf(x,

0.8
0.6
0.4

0.2

RGE’s (DGLAP)
known to NNLO

[ HEPDATA ‘
Databases ]

- Qes2= 100 . GeVsx2
___ upv CT10—- <cémtr0\)
____ downv CT10— (cemtm\)
........ gluon CT10— (cemtm\)
_. upbar  CT10-— (cemtm\)
| downbar CT10—(central)
__ strange CT10-— <centr0\)
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PDFs: Q-dependence

" RGE’s (DGLAP)
A known to NNLO

Gluon

Q#+2= 1000 | GeV**2
—_ upv CT10—(
... downv  CT10—(
........ gluon CT10—(céentral
(
(
(

Cemtm\)

Quark

cemtm\

_. upbar Cr10—
downbar CT10—
— strange CT10—

cemtm\
centm\

)
)
cemtm\)
)
)

® Valence quarks
p=|uud)

® Gluons
carry about 40% of momentum o5

® Sea quarks

light quark sea, strange sea
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PDFs: Q-dependence

" RGE’s (DGLAP)
A known to NNLO

Gluon

cemtm\

TN
o L [Treroama |\
q i Databases|| \ :
<~ 18 Qr*2 = WQQO@ GeV*x*x2
~— .
= ___ upv CT10—(central)
Quark ____ downv  CT10—(central)
e N gluon CT10—(central)
_. upbar  CT10—(central)
14 downbar CT10—(céntral)
( )

— strange CT10—

® Valence quarks
p=|uud)

® Gluons
carry about 40% of momentum o5

® Sea quarks o

0.2 I
light quark sea, strange sea I
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Global Analysis: General Procedure

1.) Parameterize x-dependence of PDFs at input scale Qp:

fx,0)=A x"(1-x)"P(x;A,..); f=u ,d ,g,u,d,s,5

2.) Evolve from @Qp-->Q by solving the DGLAP evolution equations
--> f(x,Q)

3.) Define suitable Chi”™ 2 function and minimize w.r.t. fit parameters

T 2
global Z w X}i X Z
+ nI

| \
Sum over data points

Sum over experiments

weights: default=1, allows to emphasize certain data sets
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Flowchart

input function

at Q, experiment
Y  J
. Q
evolution to Q, — data at Q,
4 theory at Q,
X2
Y
Pi 1Pz -
< minimization
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NCTEQ nuclear PDF




File Edit View History Bookmarks Tools Help

v

L] | o el
33~ | Google -@g|

« »p» v i | ' http://projects.hepforge.org/ncteq/

6] The CTEQ Meta-Page ¢ Nuclear CTEQ parton distri... 3¢ | b

[ nCTEQ R Go! |

| <

hosted by CEDAR HepForge

% nCTEQ

nuclear par'f'on distribution functions

be found in arXiv:09072357 [hep-ph].

Papers & Talks

Subwversion

Tracker gluon d-valence
Wiki

K Kovarik,
I. Schienbein, aasahs o U iMe  piomenss & sl
.o 0.0z 0.05 o 0.2 0.5 1 0.1 p.oz .05 a 0.2 0.5 1
X X
J.Y. Yu,

strange

T. Stavreva, S R :
T JGZO . % 0.06 e k
C. Keppel, A 1
J.G. Morfin, SRS :

ar, o L . e ;

L B T3 oags o0 D2 05 1

nCTEQ project is an extension of the CTEQ collaborative effort to determine parton distribution functions inside
* Home of a free proton. It generalizes the free-proton PDF framework to determine densities of partons in bound
PDF grids & code protons (hence nCTEQ which stands for nuclear CTEQ). More details on the framework and the first results can

The effects of the nuclear environement on the parton densities can be shown as modified parton densities

F. Olness,
J.F. Owens.

X

where all black curves stand for free proton PDF and red, green, blue, cyan, pink, yellow,
curves show PDF in protons bound in nuclei - from deuterium (red) to lead (brown).

Done

magenta and brown
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NUCLEAR CTEQ

Framework as in CTEQ6M proton fit:

e Same functional form for bound proton PDFs inside a nucleus A as for free
proton PDFs (restrict x to 0 < x < 1):

Xflf/A(Xa QO) — COXC1(1 _X)CgeC3X(1 _|_eC4X)057 kK = Uv,dv,g,u+a, 37§7
d(x, Qo)/u(x,Qy) = ¢cox(1—x)%2+ (14 czx)(1 — x)%
n/A

(bound neutron PDFs f, "~ by isospin symmetry)
o A-dependent fit parameters: (reduces to free proton paramters ¢, o for A =1)

Cx — Ck(A) = Ck,0 + Ck,1(1 — A_Ck>2), k = 1,...,5

e PDFs for a nucleus (A, 2): 49 (x, Q) = £ f"A(x, Q) + 45Z f/*(x, Q)

e Input parameters: Q = m. = 1.3 GeV, m, = 4.5 GeV, oMM (M) = 0.118
e Heavy quark treatment: ACOT scheme

e Standard DIS-cuts: Q > 2 GeV, W > 3.5 GeV

I. Schienbein (LPSC Grenoble) Nuclear PDFs April 2, 2012 17 /55
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EXPERIMENTAL INPUT

Use same data as HKN’07 (up to cuts)

e DIS F3'/F} data sets: 862 points
(before cuts)

e DIS F{/F}" data sets: 297 points
(before cuts)

e DY data sets o7& /o5 : 92 points
(before cuts)

Table from Hirai et al.,arXiv:0909.2329

I. Schienbein (LPSC Grenoble) Nuclear PDFs

R Nucleus |Experiment EPS09 [ HKNO7 [ DS04
D/p [NMC 0
4He ISLAC E139 (] 0 0
NMC95 0 (5) 0] 0
i [NMC95 0 0
Be SLAGC E139 0] O 0]
EMC-88, 90 0
c NMC 95 (@] O (0]
SLAC E139 O (0] (0]
FNAL-E665 0O
N BCDMS 85 0O
HERMES 03 0
Al SLAC E49 O
SLAC E139 0 0 0
[EMC 90 0
A/D Ca NMC 95 0 0] 0
SLAC E139 0 (0] 0
FNAL-EG665 (0]
SLAC E87 0]
DIS Fe ISLAC E139 0 (15) 0] (0]
SLAC E140 (0]
BCDMS 87 0
Cu EMC 93 0 0]
Kr HERMES 03 0]
Ag SLAC E139 O 0] (0]
Sn EMC 88 0]
A, |SLAC E39 0 0 0
SLAGC E140 ]
Pb FNAL-EG665 O
Be NMC 96 O (0] 0
Al NMC 96 (0] (0] 0
Ca NMC 95 (0]
A/C NMC 96 (0] (0] 0
Fe NMC 96 0O (0] (0]
Sn NMC 96 0 (10) 0O 0
Pb NMC 96 O O 0O
) C NMC 95 0O 0
A/L 52 [NMG 95 0 0
C 0 0 0
A/D Eg FNAL-E772 -2 E]gg = g
DY W 0(10) | _o© 0
A/Be ':.j FNAL E866 9 g
7 pro dA/pp|__Au__|RHIC-PHENIX | O (20)
April 2, 2012

18 /55
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RESULTS: DECUT23 FIT

e 708 (1233) data points after (before) cuts
e 32 free paramters; 675 d.o.f.

e Overall y?/d.o.f. = 0.95

e individually:

o for F5'/F2: x?/pt = 0.92
o for F{/F4': x?/pt = 0.69
e for DY: x?/pt = 1.08

I. Schienbein (LPSC Grenoble) Nuclear PDFs April 2, 2012 19/55
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nCTEQ Nuclear PDF's

v CTEQ style global fit extended

handle various nuclear targets

v CTEQ Data + nuclear DIS & DY
[~15 targets; ~2000+ data]

v A-dependence modeled;

NLO fits work well

A-Dependent PDFs
rf(z) =2 (1 - 2)"e" (1 +€"1)™
a; — a;(A)

ak:ak,o"'ak,l(l _A_a“)

Nuclear PDFs from neutrino deep inelastic scattering.
I. Schienbein, J.Y. Yu, C. Keppel, J.G. Morfin,
F. Olness, J.F. Owens. Phys.Rev.D77:054013,2008.

0.01 0.02 0.05 0.1 0.2 0.5

17
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RESULTS: DECUT23 FIT

DIS DATA VS X

Li/D
(#,chi2) = (11,4.27)

Be/D
(#,chi2) = (3,0.66)

1.15
1.1
1.05

A/=D He/D
Fy/ Fz (#,chi2) = (15,12.27) '|'

,chi2) = (38,30.82)

0.95
0.9
0.85

0.8
0.75

)

H EMC(88)

@ EMC(90)
NMC(95)
FNAL-E665(95)
SLAC-E139(94)

B NMC(95)
@ SLAC-E139(94) B SLAC-E139(94)

B NMC(95) |

Fe/D

N/D
(#,chi2) = (9,3.67)

1.15 Al/D

1.1
1.05

ca/D '[
(#,chi2) = (3,0.49) (#,chi2) = (17,25) (#,chi2) = (24,16.85)

0.95
0.9
0.85
0.8
0.75

Il BCDMS(85)

@ BCDMS(88)
SLAC-E049(83)
SLAC_E139(94)
SLAC-E140(94)

L

Il EMC(90)

@ NMC(95)
FNAL-E665(95)

(e) SLAC—IIE139(94)

B SLAC-E049(93)
©® SLAC-E139(94)

Ag/D
(#,chi2) = (2,1.16)

ol |

l BCDMS(95)

Cu/D
(#,chi2) = (27,18.88)

Sn/D
(#,chi2) = (8,22.65)

1.15
1.1
1.05

B SLAC-E139(94)  Xe/D |
(#,chi2) = (2,0.59)

0.95
0.9

0.85
0.8
0.75

B EMC(88)
@ EMC-ADD(93)
EMC-CAR(93)

LLL) LLLLY LLLE) LALLI RLLLY LLLL LLLLY LLEL LLLLY LLLE LELLY LLLL] LELLI LLLL LLELY RLLLY LLLL) RALLY RLLL] LLLLY LLLL] LLLL LLLLY LLLL) LLLLY LLLLY LLLL) LLLL ¢ ol LLLL

B SLAC-E139(94)

B EMC(88)

3

1
IS

—
o
L
Tl
IS
= F
ok
Y
(=1 N
*

AuD Pb/D

1 10°
(#,chi2) = (3,1.16) E (#,chi2) = (3,4.86) T

1.15

1.1
1.05

0.95
0.9
0.85
0.8
0.75

m SLAC-E139(94) E @ FNAL-E665(95)

10 107 107 1 10 107 10” 1
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RESULTS: DECUT23 FIT

DIS DATA VS X

A A AL/C Ca/C Fe/C
1.4 F2/ F2 n (#.chi2) = (14,6.49) _| (#,chi2) = (21,10.88) L (#,chi2) = (14,12.37)
_ ]
g | TP IR B R e
.. L
0.9} - Il - -
o.gL (Hchi2) = (14,11.19) L uNMC(96) dl
= NMC(96) = NMC(96) ® NMC(95) m NMC(96)
Pb/C C/Li Cal/Li 10° 107 107 1
1.1k (#,chi2) = (14,7.61) | (#chi2) = (7,13.35) | (#.chi2) = (7,7) X
o | I 9--—'...,.:\1':I
0.9+ I
0.8 I
= NMC(96) © NMC(95)
10° 107 4107 1 10°  10? 10” 1 10° 107 10” 1
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1.4f
1.05f

0.95f

0.9f
0.85F
0.8f

1.1F
1.05F

0.95F
0.9F
0.85F
0.8F

0.95}
0.9f
0.85}
0.8F

1.15F
1.1
1.05f

- [eN/eD x=0.035 | x=0.045 | x=0.055
/Py : :

E (#,chi2) = (19,12.13) _

3 *HERMES(03) |

b x=0.07 x=0.09 x=0.125
e E_ ITT

1.14f
1.05F

0.95f

0.9f
0.85F
0.8f

1.1F
1.05F

0.95F
0.9F
0.85F
0.8F

0.95f
0.9
0.85}
0.8}

(#,chi2) = (12,9.55)

=HERMES(03)

x=0.035 |

x=0.045

x=0.055

1.15F
1.1
1.05}

x=0.07

x=0.125
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RESULTS: DECUT3 FIT
NMC DATA FOR D AND Sn/C vs Q2

NMC(97) x=0.008 x=0.013 | x=0.0175

1.15E[ESn/EeC x=0.0125 £ x=0.0175 x=0.0250
| D i |F, F, ] :
0.45- Ty [ I r 1.1F E E

- =0.005 r . 1.05E (#.chi2) = (111,60.54) | 3
0.4} s s 4 o ﬁt 1_] ........................... S—— I ........................... S I —
[ * 0.95F T'I'- 2 T 2 e

[ [ E m' B E
0.35F - - - 0.9F il - 171 -
. ' 0.85F 1 J 5 3

0.8f 3 3
E ! E

0.3F - - -
_ . = NMC(96) |

0.25F - - - 1150 x=0.035 [ x=0.045 [ x=0.055
 (#,chi2) = (201,205.66) - e 3 3
0.3 ———t 3
. x=0.025 x=0.035 x=0.05 | Xx=0.07 1.05¢
0.45F L L . 1
s 0.95f

0.9
= 0.85F

0.4}

T
m’ivq
T
.“

FE-H Py
i
="
T

0.35F -

—n
—

0.3r ¥ y n 1.15F
1.4f

0-25¢ 3 ¥ ¥ 1.05f

0.95F
0.9E
0.85F

. T r E
[ e Tm = [} [ F
0.35F T - B Il E pisEzET o - 1.15F
b T 1 -E - 3 E
r L 1.1F
1.05F

[ x=0.09 x=0.11 x=0.13 x=0.18
0.45 - - -

0.3F - -

025f i F - 0.95f

0.9
0.85F
0.8

0.350 x=0.22 | x=0.27 3 x=0.33 E x=0.43

0.3 B T F T F F
| ]

025 = ] !Iliiii.,\ 1.15F
- Las :.I 1.1

0.2r F L F = 3 1.05}

Fm-
{
—

0.15¢ r
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0.8
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RESULTS: DECUT23 FIT

DRELL—-YAN DATA

1.15

1.1
1.05

0.95
0.9
0.85
0.8
0.75

1.15
1.1
1.05

0.95
0.9
0.85
0.8
0.75

(#,chi2) = (9,6.68)
= FNAL-E772

3 (#,chi2) = (9,9.7)
= = FNAL-E772

(#,chi2) = (9,8.31)
s FNAL-E772

= _ (#,chi2) = (9,9.25)
E FNAL-E772

“W/D

107"

X,

I. Schienbein (LPSC Grenoble)

I 1 107"
X,

Nuclear PDFs

April 2, 2012
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RESULTS: DECUT23 FIT

DRELL—-YAN DATA

1.4

0.6

1.4}

loA, /oA

by’ Oby Fe/Be

| (#,chi2) = (28,19.91)

[ Q=4.5 GeV
- sFNAL-E866(99)

Q=5.5 GeV

Fe/Be

Q=6.5 GeV

Fe/Be

Q=7.5 GeV

W/Be
[ (#,chi2) = (28,36.65)

W/Be _

W/Be

W/Be

1.2 B B B
| H m
-“-_E_ ............... L e L i i eeieeeeaaaa .H .....
[ [ 11
0.8} il [ : :
. Q=4.5 GeV Il a=55Gev " | Q=6.5 GeV Q=7.5 GeV
0.6 B l B B
[ ) I I l .
-1 -1 -1 -1
10 X, 10 X, 10 X, 10 X, 1

I. Schienbein (LPSC Grenoble)

Nuclear PDFs

April 2, 2012
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The strange content of the nucleon

arXiv:1203.1290
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Strange PDF

® Before dimuon data (~2001) essentially no
experimental constraints on strange sea

® Theoretical assumptions necessary!

— 7 — AT
® FEarly parametrisations (Duke-Owens): xT=xd=x5=Ag(1—x) *S /6
SU(3)-symmetric sea

® Even SU(2)-symmetry is broken! d(z) > u(x)
(Gottfried sum rule, EB66 experiment)

® later parametrisations (e.g. CTEQ®6.1): S — 8

SU(3) symmetry is broken; _ -~ o
stra(m)ge);ea ~ I72 light sea (s + 5)(z, Qo) = w(u + d)(x, Qo)

® (CTEQA6.6 and later: dimuon data!
strange PDF fitted with 2 free parameters
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Strange PDF: Uncertainty

® Knowledge of strange PDF is limited
(see figures)

® |f exact SU(3) symmetry:
ubar = dbar = sbar and k=1

® ms>> My Md:
expect ubar = dbar > sbar and x<|

o CTEQS6.1,CTEQ6.5: x=0.5
by design

o CTEQ®6.6:x=0.5 at x=0.1
central PDF a factor 2 larger for small x

® Green error band: (upper figure)
enveloppe of 44 CTEQ®6.6 error PDFs

® Blue error band: (upper figure)

AX = ;J > IX(SF) - X(S)P

1=1

s(x, ()
Q) = Gro) AT
K(X)

0.8
R - R S i
s T T T T T CTEQ
02 Q=1.5 GeV
0.0001 0.001 X 0.01 0.1

Relative uncertainty of strange sea at Q=2 GeV
1.2

Assumption
replaces
uncertainty

09

0.001 001 0.1 1.
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What constrains the
Strange???

11




Strange PDF: experimental constraints

Difference of CC and NC DIS structure functions

D

AFy = 1—8FQCC — FVC ~ Zs(x) + 5(2)]

e valid at LO, neglecting charm and isospin violation
g g P

e difference of large structure functions giving small
strange distribution: large uncertainties

* very weak constraints

see, T.Adams et al., arXiv:0906.3563
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Strange PDF: experimental constraints

Opposite sign dimuon production in neutrino DIS: VN—= U X

Extract s(x) Extract ?(x)

-

Depends on
nuclear
corrections

® High-statistics data from CCFR and NuTeV: Main source of information!
o x~[0.01,0.4]

® VFe DIS: need nuclear corrections!

® CHORUS (VPb): compatible with NuTeV, could be included

® NOMAD (VFe): data not yet published, in principle very interesting

Friday, June 28, 13



Strange PDF: experimental constraints

Semi-Inclusive DIS (SIDIS): etN—=K+X

incoming lepton scattered lepton
semi-inclusive dU 2 2 K 2
hadrons 0.4 € X, D &
dZUdQQdZ Z qu_I( Q ) q ( Q )
q
S FFs 1
A 53(%@2)175(2,@2)
PDFs >
target remnant
target nucleon
rS = x(5+ )
e SIDIS data from HERMES 0.4\ _—3 param. fit |
@ ot B KEE 0.3 - :”/(JF)
o S\¥ CTEQ6.6
® depends on fragmentation functions (FF) 2 02 /
: N
@ I I 0.1- f
not (yet) included in global analyses g
® compatible with CTEQ®6.6 (red curve) 0.0 005 010 020 050
X
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Strange PDF: experimental constraints

Production of a vector boson+heavy quark: s+g = W+c

s g—>Woc at the Tevatron

Consistent

S i M

CDF & DO

CDF: PRL 100:091803,2008.
DO0: PLB666:23,2008.

® Tevatron: analysis with ~| fb-!
consistent with SM

® no nuclear corrections
e different kinematic region than neutrino DIS
® hadron-hadron initial state more challenging

® not yet competitive but updated analyses in
progress

£70- DD
Q C
7 60- (b) L=1fb"
_,-dc_-! 23_ ——data
5 ol
o _l_ Wc-jet
9 30 ‘ """"" W-light-jet
© 20 ‘ i
10 _I_ L W-+bb
e G e
10 e b e b
0 1 2 3 4 5

Muon prTe' [GeV]

Also a challenge at LHC
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Drell-Yan production of W/Z at the LHC

® Benchmark processes, essential to know impact of PDF uncertainties

® Conversely,W/Z production to constrain PDFs

Tevatron tot LHC tot

ud

I
T

=
—

CS

(e
.
Y

us

do/dy(W") at LHC

L]
—

do/dy(W) at Tevatron

6 -4 2 0 2 4 6 -6 ' -2 0 2 4
Boson Rapidity Boson Rapidity

® Larger energy — probes PDFs to small momentum fractions x

® Larger rapidity (y) = access to very small x

® larger contribution from the sc-channel
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Drell-Yan production of W/Z at the LHC

d*c/dM /dy [pb/GeV
Kinematic plane — / | /dy [pb/ ‘ |
400 strz%nge. ]
JS=14Tev 7Tev  1.96Tev ; contribution
1 - f
N\ 300 ¢ ]
o 0 W at LHC *
- 100 - ,
0.01- " g
;20 OT . \ . . . \ . . . \ . . . \ . . . \ \ il
| —4 -2 0 2 4
0.001/" y  rapidity
70 strange ]
10~ 60 contribution ;
\ r
104  0.001  0.01 0.1 1 40 - ]
XA - ]
30 Z at LHC
20 *
Uncertainty of strange-PDF will 10 ]
feed into benchmark process 07 N
—4 -2 0 2 4
y  rapidity

VRAP code: Anastasiou,Dixon,Melnikov, Petriello,PRD69(2004)094008
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Evolution of Kappa

Can W/Z data constrain the strange PDF!

® Higher scales:
production of s(x) via gluon

splitting moves K(x) to the SU(3)

symmetric limit!
® | HCY7 sensitive to x~0.01

® | HCI4 sensitive to x~0.005

® Need very precise measurementat 02 Q_ |.5
Q=80 GeV to constrain strange

PDF at Q=1.5 GeV! 0.0001 0.001 0.01 0.1
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PDF Uncertainties

Cross Section

\ strange ,
“.contribution”

-
- -
__________

do/d]y, | [pb]

10+

601

Cross Section

10}

Anastasiou, Dixon, Melnikov, Petriello,

Theory/Data

50[
40t
300

20+

= S)PDF < W/Zat LHC

R kAiLAS
Z— 1T h

I|III|III|III|III|III|

:ODOD.LU.

dt=33-36pb”

Data 2010 (/s = 7 TeV)
MSTWO08
HERAPDF1.5 —}— Uncorr. uncertainty

ABKMO09 - Total uncertainty
JR0O9

t

Phys.Rev.D69:094008,2004.

Schienbein, Kovarik, Jezo, Yu, Park

Phys.Rev. D85 (2012) 094028

strange
_contribution -
..... > 0.4 - | PRELIMINARY
g 02 -
: o~ LHC-B
V4 at LHC & 02 [—crio
.z:“: 04l |—cTiow
= | - LHCB
/____NNLOVRAP Code _\' osp  NNHANDwK ResBos
-4 -2 0 2, .. 4 1.5 2 2.5 3 3.5 4 4.5
,  Trapidity i Zhao Li, 2011
NNLO VRAP Code Kusina, Stavreva, Berge, Olness, y distl‘ibuti()n Shape

can constrain s(x) PDF
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Recent Results from EW Moriond 2012

W, Z data sensitivity to strange sea

N

@ ATLAS performed NNLO QCD fitto Z, W+, W~ + HERA ep DIS cross
sections: significant tension for Z observed when suppressing strange

by 50% at low scale 1.9 GeV?

@ Fit with free strange sea gives

No supression

dordly, | [pb] \

"""""""""""""""""""""""""""""
ATLAS |
Preliminary |
- Z 1T g
1001 ' .
ol
| =t dt=3336pb’" !
80— —
~ —$— ATLAS Data 2010
B (uncorr. sys. @ stat. uncertainty)
60 - epWZ fixed § s
L— epWZ free s | i
(9] C ]
© 1.021 7
o
X T ]
< 0.98F =
£ 0 05 1 15 2 25 3 35
lY,|

A

TS = 1.00 :I: O'QOeXp —0.20 Sys

T T

~ ATLAS

Q% = 1.9GeV?, x=0.023 Preliminary
—epW/Z free s
W total uncertainty — -
exp. uncertainty
A ABKMO9 (NNLO) d
m NNPDF2.1 (NNLO)
+0.16 e MSTWO08 (NNLO) v
v CT10 (NLO)
] | L ) L | L ] | ] | . ]
-0.5 0 0.5
= 500——————————————— o] § 700———————————
o = — ] o L + +
g_ W— IvI Preliminary = N Wi | V|
S 450kt 4 T 650#
o) - o) -
o o =
- 600+
400 —t dt = 33-36 pb "’ - - —t dt = 33-36 pb”’
- = O 550 = © 7P ]
| —+— ATLAS Data 2010 . - —4+— ATLAS Data 2010
350 (uncorr. sys. @ stat. uncertainty) — L (uncorr. sys. @ stat. uncertainty)
....... epWZ fixed § & 500; ------- epWZ fixed § B
| —— epWZ frees - —— epWZfrees
P R SRR RS * N S S S W ]
o 1.02 7 o 1.02_— 7
[ N (O] L
x 1 4 x 1 -
% 0.98- 1 5 0.98F g
g o0 0.5 1 1.5 2 ]2|.5 £ o0 0.5 1 1.5 2 2.5
T]I

|
ATLAS-STDM-2011-43 — PRL

Jan Kretzschmar, 7.3.2012 — p.7
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First LHC results on W+charm (CMS)

CMS preliminary CMS prellmlnary
T | T T T T T T | T I T T

v : T T | T T T I T T : # : I T I :
g 905— 36 pb ! at Vs =7 TeV E g 90;_ 36 pb1 at \/s_7TeV E
@ 80F = & 80F =
= - ® Data = = = ® Data =
e 70 - [ w*+charm E L 70 - @ wW+charm E
o 60 []wWriight = . 60 [JW +light =
o cof [tor E O cof [tor E
B YYE  [Jother bekg. = x - [ Other bckg. =
g 40 — g 40 —
I _ [ (] -
- E = 5oF M. Grothe's talk E
- . -l and CMS-PAS-11-013 =

201 ~ 20F B
1of ) -

: 1 1 1 J— 1 I 1 | 1 | 1 : : 1 i - 1 I 1 1 1 I 1 :

Q6 -4 -2 O 2 4 ) QG -4 -2 @)
Dgsvhe

= Sensitive to strange quark PDFs (process dominated by s+g — W + charm):
" PDF uncertainties from the second quark generation are a potential source of uncertainty for the W mass
measurement at the LHC
= Data-driven control of light-quark and top backgrounds

= Enormous margin for improvement (only 2010 statistics used), new method (secondary vertex tagging),
complementary to the one employed untll now at Tevatron (semileptonic charm decay tagging):

For pi'>20 GeV,|n""|<2.1:

0( W+ charm)_ . 0(W+ charm) _
o(W +charm) =0.92:£0.19(stat. ) £0.04( spst.) ; o +jet) =0.142:+0.015(star. ) £0.024syst.)
e J. Alcaraz, W/Z Physics, EPS-HEPP 2011 Conference 0

FEnernpdéticas, hedioambicmales
A Tecnoldgeicns
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Charm in the nucleon
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Is there charm in the nucleon?

® Standard approach: Charm entirely perturbative Quark-

Antiquark-

Gluon Pair

® Heavy Flavour Schemes

® FFNS: charm not in the proton :
keep logs(Q/m) in fixed order

Quark

® VFNS: charm PDF in the proton
resum logs(Q/m)

® Different Heavy Flavour Schemes = different ways to
organize the perturbation series

® What is structure?! What is interaction?
Freedom to choose the factorization scale

® However, charm not so much heavier than
Lambda QCD

® There could be a non-perturbative intrinsic charm
component

® Important to test the charm PDF experimentally
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Heavy Flavor Components will play prominent role at LHC 22

cc 2
- o HFRKxe) c&b
N s x=0.0002, i=12 : . c,b
IOX ‘ > x=0.00032, i=11 ] tied to
N .-~ x=0.0005, i=10 -
- e | gluon PDFs
.e" X=0.0008, i=9
10 2__ , X=0.0013, i=8 —
; . : b 2
4o %=0.002, i=7 : H1 ng(X,Q )
] © /' x=0.0002 |
x=0.0032, i=6 X i=5
|Q
Du‘_“ x=0.0005
B _ . | i=4
10 x=0.005, i=5 10 - _
x=0.008, i=4 x=0.0013
e i=3
x=0.013, i=3 | x=0.005
_____ | 1 > i=2 =
1L M : : ]
x=0.02, i=2 ] | ]
) ) L =0.013 _
.»‘T“ . 10 - 1 xi=1 ]
x=0.032, i=1 | - -
e H1Data e _ |« HiData '
| — MSTWO08 NNLO ’T;O_os, o ol MSTW08 NNLO x=0932
10 | MSTWO08 - 10 £ vt MstTwos 000 G il
L . ) - TE@66 2T f
CTEQ6.6 H1 Collaboration: i : CTEQO.6
| Eurl.Phys.J.C65:89,2|010. . L L e
10 10 10° 10 10 10
Q?/ GeV? Q?/ GeV?
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INTRINSIC CHARM

A colleague:“lf QCD is right, there has to be IC”
(which normalization?)

Intrinsic charm:
c(x, up) # 0 at initial scale po = me

Models implemented in CTEQ 6.5C (PRD75, 2007)
global fit allows average momentum (x).,z or order 1 %

1 Light-cone Fock-space picture (Brodsky et al.), concentrated at large x
(X)ere = 0.57,2.0%

2 Meson-cloud model (Navarra et al.)
(X)ere = 0.96,1.8%

3 Phenomenological model: sea-like charm, broad in x
(X)ere = 1.1,2.4%

H. Spiesberger (Mainz) DIS, 27. 3. 2012 28 / 37
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A global fit by CTEQ to extract intrinsic-charm

PHYSICAL REVIEW D 75, 054029 (2007)

Charm parton content of the nucleon

J. Pumplin."* H.L. Lai."* and W. K. Tung'*~

02t 4 Blue band corresponds to CTEQ6
3 L best fit, including uncertainty
P4
o 1073 : C e
3 Red curves include intrinsic charm of

1% and 3% (y? changes only slightly)

-4 | _
100" &= ¢,C at u=2GeV

[ IIIIIII| 1 |I|I|||| | i 1 !
10~3 10~< N 101 100

We find that the range of IC is constrained to be from zero (no IC) to a level 23 times larger than previous
model estimates. The behaviors of typical charm distributions within this range are described, and their
implications for hadron collider phenomenology are briefly discussed.

No conclusive evidence for intrinsic-charm| |,
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INTRINSIC CHARM: LHCB

- CTEQ6.6c1/CTEQ6.6
[ 20=<y=<25

25=y=<30

[ 30=<y=<35
- 35=y=<40
| 40=<y=<45
- 45=<y=<50

pp— D0 X
GM-VENS
VS =7 TeV

CTEQ6.6 updated:

BHPS, 3.5% (c+ ¢) at u = 1.3 GeV

H. Spiesberger (Mainz)

4 6 8 10 12 14 16 18 20
pr (GeV)

4.5

3.5

2.5

1.5

arXiv:1202.0439, arXiv:0901.4130

- CTEQ6.6¢3/CTEQ6.6

i 0. -
 20<y=<25 pp—~D X

- 25< y=<30 GM-VENS ;
- 30=y=35 VS=7TeV |

[ 35=y=<40
[ 40=<y=<45

L 45< y=<50
;ﬁ;;;;;;::::::::::j::j:ffffffff: ------------------------
4 6 8 10 12 14 16 18 20
Pr (GeV)

high-strength sea-like charm

=» large effects expected at large rapidities

DIS, 27. 3. 2012

30 /37
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INTRINSIC CHARM: TEVATRON AND RHIC

Tevatron RH IC

14— T L L B 3_'| L -~ 1T 1"
I -CTEC6 SCX/CTEC6 500 ] 5 CTEC6 5(:X/CTEC6 5¢0 .
- 0 - 2775 P,
i3flpp—D X ] : .
| o5F PP~ DX S
Y SR _- . GM-VENS A
) [XF PO TR PEEL LA | 2.25 B "' ./, ]
VS =200 GeV SR '
100 1 o 1 O O P I | :
"""'_0_:—0—' ] 1.75
5 B ERE ey T U I ST EIFIEIE S :
I 1.5¢
ool ) 1 125}
| ) LF
08F - !
i I 075 5
O7||||||| 0.5'.|...|...|...|...|...|...|...|...'
5 75 10 125 15 175 20 225 25 4 6 8 10 12 14 16 18 20
p; (GeV) p. (GeV)
PRD79, 2009
H. Spiesberger (Mainz) DIS, 27. 3. 2012 29 / 37
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How to Access Heavy Flavor Components Directly???

Cg—>CY
bg—by

=K sg—>Cc W

cg—bW

23




Comparison between theory & data

Measurements by D@ Collaboration [arXiv:0901.0739]

o T | T | —_— | T = T T T T E I_ | | T | EE
E p+p > 14b+X VS =196 TeV ] Fpip > y+etX VS=196Tev I
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dG/deY(pb/GeV)

| | | | | | | | | | | | | |
150 200 50 100 150 200 50 100

50 | 100 | 150 | 200 | 50 100
Pp,(GeV) pTY(GeV)

@ Really good agreement for v + b

@ Not so for v+ ¢
@ Given this: Possible explanation - existence of intrinsic charm rather

than higher order corrections

T. Stavreva Probing IC through v 4+ Q production
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Intrinsic Charm effect on v+ ¢

w

W
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Data/Theory
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@ Sealike - overshoots data at low pT and undershoots at high pT
@ BHPS - the cross section grows at large pT, but still below data
@ Result inconclusive -

e New Measurements - Tevatron - CDF & D@
e Test at pp Colliders - RHIC & LHC

T. Stavreva Probing IC through v 4+ Q production
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new results D@

- D@, L=8.71 data, |y'| < 1.0
o data,1.5<|y’'| <25
—— NLO (Stavreva, Owens)
k; fact. (Lipatov, Zotov)
SHERPA, v1.3.1
PYTHIA, v6.420

jet

ly |<1.5, p ®15 GeV

(o2}
-

(pb/GeV)

Y
T

Ratio to NLO
= (&) ]

do/dp

S}

w

N

—t

Data /NLO Scale uncertainty
SHERPA / NLO PDF uncertainty 9
PYTHIA / NLO Sea-like IC/CTEQ
kr fact/ NLO - - - BHPS IC/CTEQ

50 100 150 200 250 300 50 100 150 200 250 300
p; (GeV) P! (GeV)

@ v+ c - left - arXiv:1210.5033
@ v+ b - right - arXiv:1203.5865
@ Even higher discrepancy - now consider all leading jets

(x0.3)

1
-t

0
0

o

T. Stavreva Probing IC through v 4+ Q production
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RHIC-PHENIX

¢ Direct photon in association with charm / bottom quark jets @ RHIC
- smaller c.m.s energy @ RHIC probes higher x - very sensitive to intrinsic charm

PT Min Rapidity Isolation
Photon 7 GeV lyy|<0.35 R=0.5, pt= 0.7GeV
Heavy Jet 5 GeV lyo|<0.8 -
100 B | T — 4 I
E PIﬁY +c +X ] -—. BHPS e
\/ S =200GeV,CTEQ6.6M 1 | | | = sea-like /./"/'
i -- LO e
o 10 - o 3 /‘,/'/
% - E =& e
O SHIES 7
— B -7
o) TS| | B TR
2o - ~ 2 /,/'/' ..................
=& o T
= T |of =T
g NS
= ol : E = 1=
0.01 = | | . | | S 0 | | . | |
10 15 ~ 20 25 10 15 Y 20 25
P Pr
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Probing IC with y+Q at AFTER

See talk by T. Stavreva

Y+t X |y, <035, |y, <0.8 V' S=115GeV_

Y+e+X |y,1<0.35, [yo| <0.8 VS =115 GeV

10° ] 6 1
Sea-like || s Sea-like
10" F oo — BHPS ] __ 5/ +— BHPS
] o
;‘ I,'l ''''' - Cteq 6-6 M |f|; LA o ,U/ :2pT
ol | ol
B0 T £ 4t we u=1/2p
< TN ’B )
I Y P ~
of 2l Q
=10ty = 3t
g """"""""" ~ A 9
,,,,,,,,,, N
'ﬁ """""""""""""" EI A A
= 10? g 2 — - . 2
= ey
* 5
E @ it PYTTTRRTTRRENEE: [ TEEERRRRRRRRRNY @: iy @i 4
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10 8 10 12 14 16 18 20 0— 10 12 14 16 18 20
pr, [GeV] pr, [GeV]
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LHC-CMS

7

(8

¢ Direct photon in association with charm / bottom quark jets @ CMS

- CMS cuts on photon & HQ transverse momentum, rapidity & isolation cuts

PT Min Rapidity Isolation
Photon 20 GeV lyy|<1.4442 R=0.4, pr = 4.2GeV
|.56<|yy|<2.5
Heavy Jet 18 GeV lyo|<2.0 E
T T T 2.5 I
100 & 1.566<ly, |<2.5 pp->Y +c+X = Iy <1442, 1y J<0.5
E 1.5<|yQ|<2 \/S =7 TeV, CTEQ6.6M§ o |yY|<1_44427 1’5<Ile<2
I . 1.566<ly I<2.5, Iy |<0.5
—~ 10k <] __ 1.566<ly 1<2.5, 1.5<ly I<2 e
% E o~ 2 Y ’ -
O f SIS /
3 1 = '% ///
B ~ e
==~ E’i el
= ol o |k o
E s M .%' 1.5+ = -
aS; i 2 7
0.01 /// _____________________
0.001 0 7 00 150 ! _-_.—-_-—.;I(-) - 100 150
Pr Pr

[CMS notes: CMS PAS EGM-10-005, CMS PAS BPH-10-009]

Bim
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™ New DO and ATLAS Wb results

* Measurements are dominated by jet energy scale
uncertainties (not statistics)

ATLAS - 2011 DO
— 20 T l , ~
S [ ATLAS Preliminary Data 2011,1s = 7 TeV Measured (electron channel)
g - —&— Electron Channel ILdt _461fb —
b;g - —#— Combined Electron and Muon - 1.00+ 0.04 (Stat) +0.12 (Sys) pb

| MCFM 4FNS + 5FNS
[T e Powheg + Pythia

NLO Calculation (MCFM)

-------- ALPGEN + Herwig

15~ —=+— Muon Channel —

10:— 5 1.28 +0.40-0.33 (theory) pb
IS ; t i From DO, NLO in
L [T |agreement with
............ f..... ]
1 Jet 2 Jet 1+2 Jet Mpnida Dunford
From ATLAS, theory is consistent within 1.5 sigma & Necember 2012
http://cdsweb.cern.ch/record/1493495 http://arxiv.org/abs/1210.0627
Nov 12-16th, 2012 Monica Dunford - HCP 16
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Intrinsic Bottom?
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Intrinsic bottom?

® No global analysis of intrinsic bottom exists due to lack of experimental constraints
® Important electro-weak and new physics processes couple to the b-quark PDF
® How can we estimate size of a potential intrinsic bottom component?
® Observations:
® |B evolves with a (standalone) non-singlet evolution equation
® Adding an IB-PDF does not spoil the other PDFs and sum rules much

® Possible the IB component! (in preparation)

BHPS:
ci(z) =& (z) x 2°[62(1 + z)Inz + (1 — z)(1 + 10z + z2)].

Parametrically: )

Friday, June 28, 13



Scale evolution of IB

Slcalel-evo!utioln of ’Fhe IB PDIF |
— Q* =169
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107 | 2 1
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' =T, 2 -
FEE L Q* =10000 |
e N +"":, .Ih ]
7. 4 I ~ ,'4,"' '~'
3 10 ! RSN
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- ‘, +
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10° §
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,_“ “
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f““
- | |

6 ! ! ! ! ! [ - !
10 00 01 02 03 04 05 06 07 08 09 1.0
T

Can add the intrinsic bj PDF to the radiatively generated bo PDF:
b(x) = bo(x) + bi(x)

Allows to estimate the effect of IB
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IB less important than |C
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Conclusions

® nCTEQ nuclear PDFs [soon with uncertainties]

® At LHC, strange and heavy quark PDFs increasingly
important

® Discussed experimental constraints on strange PDF, impact
on W/Z production

® Discussed observables sensitive to charm PDF

® How to model intrinsic bottom
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Merci!
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Evolution Equations

g=Fyy®9g+ Py ®q+ Py ®Q,
q = Pg®g+ Pyqg®q+ Py ®Q,
Q =P, @9+ P, ®q+Poo®Q.

g:ng@)g“ gq @ q gQ®QO—|—Ma
q:qu®g"" qgqg @ q T qQ®QO‘|‘Ma
Qo+ Q1= Po,®g+ Py, ®@q+ Poo ® Qo+ Poo ® Q1.
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Evolution Equations

g=Fyg®@g+ FPyq®q+ Py ®Qo,
q = Pgg® 9+ Pyg ®q+ Py ® Qo
Qo = Poy® 9+ Po, ®q+ Poo @ Qo -

Q1=PQQ®Q1-
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Fred Olness
Kinematics in the Hadronic Frame |CTEQ summer school

P
b iy ) P, = % (100,+1) P’=0
1
P, = £2 (100,—1) P;=0
PZ
A 2
A A s 0
(P, +P,) — == Theretfore = obydlpg = 0= =
XX, T ( S S
Fractional energy” between
partonic and hadronic system
do _ _ ~ TN
o - 2 an ] dnlat)ain) e} 5, 6(0°-
9.9 \
Hadronic Parton Partonic
CroOSs distribution Cross

section functions section
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Scaling form of the Drell-Yan Cross Section

. ~ 4o’
Using: o, = 0% Q; and 5<Q2_§):E(S(x2_x_)
1 1

we can write the cross section in the scaling form:

4d0_41'r(x22 21 dx

O~ o & @l rlatnalrix+gta(rix)]
100 7 Notice the RHS 18 a
T ; EZ oy function of only T, not Q.
2 ak '#I:;{éfﬁ ch. Avs =27
= W by 1, This quantity should

- A JFTE' L}!‘} lie on a universal
e sAls | scaling curve.
o | ol

: 3 Cf., DIS case,

01 0.2 0.3 & scattering of
T=m//E point-like constituents
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Longitudinal Momentum Distributions

Partonic CMS has longitudinal momentum w .r.t. the hadron frame

P12= (P1 "'Pz) — (Elz ’O9OapL)

Vs

p,=x P, p,=x, P, E12=—2(x1+x2)

ﬁ"-
12 PL H V1T A2 = T A
X, is a measure of the longitudinal momentum

The rapidity 1s defined as: 1 rE12+ pr | rx1 )

N y = = In-; - = — Iny—¢

X,=\Te™’ 2 2 2 Xy

dx,dx, = dtdy szdxF=dydTS\/x12p—l—4T

do 411 00° 1 > _ _
— . / /
10 dr. 00 \/xi+4-r T Z_ Q; {q(xl)q('r x)+g(x,)g(T xl)}
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Let's compare data and theory

SCALING FORM OF THE CROSS—-SECTION

| "'“”j T Illrllll T 11T 1T 1TIT]

| IIIIII

1

) ha t"l"l(f‘.wr -ﬂ‘d“"‘ln n_,"'":

£Z288

O vVs=19.4 Cev
O vs=23.8 Gew
QO ve=27.4 Gey

L4 i i npil

IIIII.III I 1 lllllll

l_I:lIIIi d

Table 1.2: Experimental K-factors.

Experiment Interaction | Beam Momentum | K = 0pyeqs./0DY
E288  [Kap 78] p Pt 300/400 GeV ~ 1.7
WA39 [Cor80] | «* W 30.5 GeV ~ 25
E439  [Smi8l] | pW 400 GeV 1.6 + 0.3

(5 - p) Pt 150 GeV 2.3+ 0.4

p Pt 400 GeV 3.1£054+£0.3
NA3 [Bad 83| nt Pt 200 GeV 2.3+ 0.5

n~ Pt 150 GeV 2.49 4+ 0.37

nm~ Pt 280 GeV 2.224+0.33
NAL0 [Bet 85 | 7 W 194 GeV ~ 277 £0.12
E326 [Gre 85] - W 225 GeV 2.70 +£0.08 £+ 0.40
E537 [Ana88]| pW 125 GeV 2.45 + 0.12 £ 0.20
E615  [Con 89] T~ W 252 GeV 1.78 £ 0.06

J. C. Webb, Measurement of continuum dimuon production in
800-GeV/c proton nucleon collisions, arXiv:hep-ex/0301031.
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p + Cu at 800 GeV

E605 (p Cu ' X) p; ,5 = 800 GeV

Excellent agreement between data and theory

1
10"
0 E = —.125
ClRT
10
§ 10 E x = —.075
2 oo
N; 107, = —025
3 B
8
s 107 o - o025
R
7
—%m 10 = .= o075
< =
% 10
o = x = 125
s g
= 10° =
C Xp = .
104
10° =
10% =
10 &
1

pp & pN processes sensitive to
anti-quark distributions

02

03

M’d’/dxdM (nb/GeV*/nucleon)

p + d at 800 GeV

E772 (pd > X) p; 45 =800 GeV

107 ¢
- % = 025
- .= .075
0’k
- %= 125
:?
105; %= 175
; X = 225
103; X = .275
; X = .325
10 & x= .375
% x = 425
NE=
10 E X = 475
_E X = .525
10 =
& xe = .575
10 _5; Xp = .625
;? X = .675
s
0 L
sE
10 | |
008 0.09 0.1 04

A.D. Martin, R. G. Roberts, W. J. Stirling and R. S. Thorne,
Eur. Phys. J. C23, 73 (2002);
Eur. Phys. J. C14, 133 (2000);
Eur. Phys. J. C4, 463 (1998)
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Discussion

° FNAL E605
e fixed target pCu collisions
° 800 GeV proton beam, Sqrt(S) = 38.8 GeV
® di-muon invariant mass 7...17 GeV;7./38.8 = 0.18
° sensitive to quark PDFs down to x~0.03
° normalization uncertainty |5%!
° Modern measurement of DY with AFTER very interesting
° NLO and NNLO calculations available
® improved PDFs, modern statistical methods
° different kinematic range due to higher cms-energy

° Usually nuclear corrections assumed to be negligible:
— AFTER can test with different nuclear targets

° extraction of nPDFs with data for a single nucleus thinkable, no modeling of A-dependence!
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Ratio of DY cross sections and the
asymmetry of the light quark sea
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Gottfried sum rule and the asymmetry in the light
quark sea

16" - | TP (2, Q) — FY (2, Q7]

XL

Leading order parton model:

2

1 ! 7 2 — 2
§_g/o dx(d(x, Q*) — u(x, Q7))

Experimental result:

IXMC(Q? = 4) = 0.235 £ 0.026

Consequence: the light quark sea is asymmetric!
dbar > ubar (the integral)

d(N =1) > a(N = 1)

Mellin moment: f(N) = | '

o deaN T f(x)

— NuSea: measurement of x-dependence For a detailed discussion:

Kataev, hep-ph/03 11091
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Slide from
E866
website

A measurement of d(z)/u(x)
Antiquark asymmetry in the Nucleon Sea

FNAL E866/NuSea

Ring-Imaging
Cherenkov Counter

Muon
Detectors

<=
X =
= |

Hadronic

Station 1

Station 2

2000 ¢
1000 |

> Calorimeter
— Station 3
800 GeV Absorber Electromagnetic
Protons SM12 Analyzing SM3 Analyzing Calorimeter
Magnet Magnet
SMO
= 3 x102
L ngh Mass 5000 F w Mass
[ 4000 -
10 5 Low Mass .

0
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LB R LB B R L B R w1
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ACU, ANL, FNAL, GSU, IIT, LANL, LSU,
NMSU, UNM, ORNL, TAMU, Valpo.

800 GeVp+pandp+d— putu X

d/u

2.2

2
1.8
1.6
1.4
1.2

1
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0.6
0.4

‘Fermilab E866 - Drell-Yan

CTEQ4M
NA 51

—
MRS(R2)

+(0.032 Systematic error not shown

0

005 0.1 0.5 02 025 03 0.35
X
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Fred Olness

Cross section ratio of pp vs. pd CTEQ summer school
: . : usd
Obtain the neutron PDF via 1sospin symmetry: T

4 1 _
O_ppOC— — -|——d d
In the limit x, >> X : u(x,)u(x,) (x,)d(x,)

1 ﬁZ
As promised, this provides pd ~
: : 0 1 d )
information about the = > 1+—
sea-quark distributions 20 “

EXERCISE: Verify the above.
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Does the theory match the data???

d q [ .
o’ 1 |+ d, » » [Fermilab E866 - Drell-Yan
20 PP 2 ﬁz NA 51
2 L CTEQ4M
1.8
1.6 *
214 -
o i
&b 1.2 B S —
C\] [
gb 1 L
i —@—
0.9 B “CTEQ4M @ - i = 0)” o 08
0.8 - - .
i 1% Systematic error not shown 0.6 - +0.032 Systematic error not shown
0-77“““““‘H“““““““““H‘ : ‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
0 005 0.1 015 02 025 03 035 04—+
. O 005 0.1 0.15 02 025 03 0.35
2
Implies R<1 for large x: X
C_Z << ﬁ E.A. Hawker, et al. [FNAL E866/NuSea Collaboration], Measurement of the

light antiquark flavor asymmetry in the nucleon sea, PRL 80,3715 (1998)
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E866 required significant changes in the hi-x sea distributions

1.3 — 225 ¢
O : 175 =
B 1.5 —
1 - L
& = 125 —
< 09 - o s -
% B 1 ==
o ~
- —— CTEQ5M - - - CTEQ4M -
08 -~ MRST  — - MRS(12) 075 & o nocorNusea
o GRV98 @ - — CTEQ5M --- CTEQ4M
07 —— - CTEQ5M (d =) 0.5 — --- MRST — - MRS(r2)
B I GRV98 S —
06 — Less than 1% systematic 025 — Systematic Uncertainty
B uncertainty not shown E T YXA|WVX)\NT\AX7\N\(><|>\N\(\><>«)\/|\/\<W o0,
0.5_|||||||||||||||||||||||||||||||||| e

0 005 01 015 02 025 03 035 0 005 01 015 02 025 03 035

X

X,

With increased flexibility in the parameterization of the
sea-quark distributions, good fits are obtained

_ H. L. Lai,etal.} [CTEQ Collaboration], Global
E.A. Hawker, et al. [FNAL E866/NuSea Collaboration], Measurement of the {QCD} analysis of parton structure of the nucleon:

light antiquark flavor asymmetry in the nucleon sea, PRL 80,3715 (1998) CTEQS5 parton distributions, EPJ C12, 375 (2000)
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Discussion

® FNAL E866/NuSea ~1998

® pp data (shifted upwards by 8.7% in MSTWO08)

—modern analysis might be useful!
Isospin asymmetry in the

° ratio of pd over pp DY: nucleon light sea: d(x) # u(x)
».2 Fermilab E866 - Drell-Y an
® normalization uncertainty cancels > nas| TR
1.8;
®  sensitive to dbar(x)/ubar(x) _ ii
e CanAFTER improve precision of data? 1'?
Extend kinematic reach to larger x>0.3? o8 T
0.6:* #+0.032 Systermati c error not shown
® Note, at small x<0.05: dbar = ubar 045605 01 015 02 025 03 035

X

SU(2)-symmetric sea (even more the higher the scale)

®  Usually nuclear corrections assumed to be negligible:
— AFTER can test with different nuclear targets
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WV rapidity asymmetry in p-pbar:
probing d/u ratio




Where do the W's and Z's come from ???

7wy = 2L 7 Z Vel lat

g(x,) + q(x,)g(x,)]

flavour decomposition of W cross sections

100 ——

u(x,) — d(x)
ﬁ“—
proton W+ anti-proton

10 |

For anti-proton:

u(x)eu(x) d(x)=d(x)

% of total o, (W' W)

Therefore

01 R R R A |

Vs (TeV)
A. D. Martin, R. G. Roberts, W. J. Stirling and R. S. Thorne,
Eur. Phys. J. C23, 73 (2002); Eur. Phys. J. C4, 463 (1998)
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A bit of calculation

do . do _ _

u(x ) . d(x,) o W)= )
. y —

proton + anti-proton do .+ do .-

/4 oW+ W)

With the previous approximation,

A~ u(x,)d(x,)—dx,)u(x,) _ Ru(xy)— Ry (X,)
u(x,)d(x,)+d(x,)u(x,) Ru(Xp)+ Ry (X,)
where Rau(X) = Z’Ei;
Xu:Xoeiy:xo(li)’)

Thus, the asymmetry 1is: Aly) = —yx, P

EXERCISE: Verify the above.
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Charged Lepton Asymmetry

> 0.25
2 i -1
S0,  CDF1992-1995 (110 pb™ e+p)
Unfortunately, = =2 T AR
we don't measure the W ?) 01 b P TS N CTE 3M
directly since W—ev. 2gp5 - |
£ - \\ *\
~ 0 - MRS-R2 (DYRAD) \
Still the lepton contains 005 - MRS-R2 (DYRAD)(d/u Modified) AN
important information 0.1 MRST (DYRAD)
-0.15 - F.Abe,etal. [CDF Collaboration], PRL 81, 5754 (1998)
- Measurement of the lepton charge asymmetry in W boson decays
-0.2 - produced in p anti-p collisions,
0 0.5 1 1.5
| Lepton Rapidity |
d ~<umimm S [LLTTTT]TTT]! p—
—_— U
Ly - S
A( ) dy dy ~@uimmimminmn
Y) = W-
do - do - AVAVAV
dy ( ) —l_ dy ( ) <IIIIIIIIIIIIII <IIIIIIIIIIIIII
Ve——— ——p-
(1+cosf)’
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The form of the
d/u ratio at large x
as a function of

1) Parameterization

2) Nuclear Corrections

d/u Ratio at High-x

d/u Ratio

1

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

I B B I B B B B B

Dotted — With Nuc. Cor. and d/u Forced to 0.2 |
E Dashed — With Nuc. Cor. and CTEQS5 Parameterization E
- Solid — CTEQ5M (No Nuc. Cor.) i
E (Q=80 GeV) E
} E No Reliable Data/Theory {
B i Choice of 7
i W Asymmetry and DIS Data , | Faremeterization i
. Nuclear Cor. Small | n
E " DIS Dato Only E
B | Nuclear Cor. Large | N
IR B B i o b b Py i ENERE B SRR
) 0.1 0.2 03 04 05 06 0.7 08 0.9 1

Farton x

S. Kuhlmann, et al., Large-x parton distributions, PL B476,291 (2000)
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W and Z production

|_JeleJe

W= — (v charge asymmetry at the LHC

Aw () = do(WT)/dyw —do(W™)/dyw _ u,(x1) — dv(x1)
WIWIT do(WH) Jdyw + do(W)Jdyw — u(x) + d(x)
do(£%)/dng — da(£7)/dn,
do(£T)/dny + do(£—)/dn,

— AW()/W) X (\/\/i — fiV)

Ae(ne) =

................ R R AR u, - d, distribution at Q* = 10* GeV?

>
= o.3—(_7Tev . ATLAS+CMS+LHCb- o 03—
g R e, =2 Preliminary - > f MSTW 2008 NLO (90% C.L) /#Z = .
U>)\ 0.2 ”1:‘_‘4,-. ety — 9 025 ... MRST04 J’/ \\‘3 ]
S _—_ ’ e CTEQ6.6 f/ |
> 0.1 — Joo2- e CT10 S —
8 n Py >20 GeV . S CTio0W fff ]
u oE- i X 045 - NNPDF2.1 p{f’ —
'g_ . ~e~ ATLAS (extrapolated data, W — Iv) 35 pb" 3 ?> - 6;/“ .
3 -0.1 =+ CMS (W— uv) 36 pb" — 5> 01 ;fgf’ ]
-~ m  LHCb (W—> wv) 36 pb" . 1 - ) w‘“ .
0.2 MSTWO8 prediction (MC@NLO, 90% C.L.) i - 0.05— i -
- EffE CTEQS66 prediction (MC@NLO, 90% C.L.) - e .
-0'3_| |Wl |_||E|R|A1|0| plreldlcltl(l)nl (INICI@’DI,\I”‘IO |9c|)/| |C|L|)| N A AN AR A |__ '?0'4 | 0 I‘Illol'a | - I'I|I(|)'2 | - IIII(I)"‘
O 05 1 15 2 25 3 35 4 x
M |
e First PDF constraint from LHC data (— NNPDF2.2).
' 0.2940.02 0.974+0.11
e MSTWO08 has input xu, o< x and xd, o< x .
Many other groups assume equal powers = potential bias.
G. Watt y g P q P P 33/60
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PDF Uncertainties

Sources:

There are known Unknowns ...

e Experimental Errors to be
propagated to the PDFs

e Theoretical Uncertainties
e Detalls of the Global Fits

e |nconsistencies in the use
of the PDFs/application of
the theoretical framework
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Errors of experimental data

Methods: to propagate exp. errors to PDFs

e Hesse Matrix

- Eigenvector PDFs
- Quadratic approximation
- Simple computation of correlations

* Lagrange Multipliers

- No quadratic approximation
- Time consuming

e Monte Carlo Methods

- generate N data samples by varying data within errors
- N fits to the N samples -> Estimate uncertainty
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Hessian method:

2
. X .
Assume only one fit parameter a --> Expand (a) around Minimum ag
2 2 | 2
X (a)—X (a())""gx (a0)<a—a0) T Eigenvalue of
Hessian '‘matrix’

Determine Tolerance T <--> 1-sigma uncertainty: T=A X

--> 1-0 uncertainty range for parameter a such that:

X*(a)=X"(a,)+AX*=A a=T\/2/X2”(aO)

--> pest fit PDF: ap, two 'Eigenvector' PDFs: CZO+ACZ, CZO—ACZ

1-c uncertainty for Observable X:

X(PDF|a,+Aa])~X (PDF[a,~Aa)) Generalization
AX= ocAaocT

2

to n parameters:

add in quadrature
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e Correlated errors

e Radiative correct.

e with and w/o iso-

scalar corrections

Neutrino data

doVA /dxdy :

1D Observable Experiment # data
33 Pb CHORUS v 607 (412)
34 Pb CHORUS v 607 (412)
35 Fe NuTeV v 1423 (1170)
36 Fe NuTeV 7 1195 (966)
37 Fe CCFR v di-muon 44 (44)
38 Fe NuTeV v di-muon 44 (44)
39 Fe CCFR v di-muon 44 (44)
40 Fe NuTeV v di-muon 42 (42)

Total: 4006 (3134)
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Fits to |IA, DY and vA data

* Many neutrino data points
 Use a weight parameter w to combine data sets
e w=0: only [A+DY data

e W=o0: ONnly vA data

Weight | ¢ data | x* (/pt) | v data | x* (/pt) total x* (/pt)
w—0 | 708 639 (0.90) ] - : 639 (0.90)
w—1/7 | 708 | 645 (0.91) | 3134 | 4710 (1.50) | 5355 (1.39)
w—1/4| 708 | 654 (0.92) | 3134 | 4501 (1.43) | 5155 (1.34)
w—1/2 [ 703 | 680 (0.96) | 3134 | 4405 (1.40) | 5085 (1.32)
w—1 | 708 | 736 (1.04) | 3134 | 4277 (1.36) | 5014 (1.30)
w=o00 |- : 3134 | 4192 (1.33) | 4192 (1.33)
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Nuclear correction factors

Ll debde b del e fdefe e ]|

I.Ll.]

SLAC/NMC ...............................
R '_' _HKN07(NLO) """ - _'
Lodoqoiid i [ S N B A

0.70 b 1
\ 10° 1

W

[.I...I..I..I..L.I.

v.
1111

-t

—h

<
N

0

e Nuclear effects in |A DIS and vA DIS are different!

* Important for global analyses of (nuclear) PDF

 Important for neutrino precision observables
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