Proton structure at HERA and relation to LHC
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|Deep Inelastic ep Scattering at HERA |
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Charged current vs. neu‘rml currenT

virtual boson exchange

v*, Z* (neutral)

or W** (charged)

scattered e
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Electroweak unification

F | | L | I | T T T 11 | | | 1 E .

> _ ! : final HERA results
S 10 o & Mfie pNC = completed by
S LWL % Hie'pNC 3 _

o y T o ZEUSe pNCHERANl JHEP 1209:061 (2012)
o S o ZEUS e'p NC HERA I = PRD 87, 052014 (2013)
% == SM e p NC (HERAPDF 1.5) 3
"‘_66 10" == SM ¢'p NC (HERAPDF 15) __

107 H1epCC =
* HiepcCC .
e ZEUSe pCCHERAII 5
= ZEUS e'p CC HERAII :
107 SMe pCC (HERAPDF1.5)  ng 2 A\
SM e’p CC (HERAPDF 1.5) W \ \\. -
y <09 [CA\E
P.=0 -
10'7 | ] I I | | | | L 1 1111 | | ] ]

10° 10* , )
Q° [GeV?]
3.7.13 A. Geiser, Proton structure at HERA, HS 13 5



Parity violation in charged current DIS

HERA Charged Current e“p Scattering ===
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Elastic real Z° -> jet jet production

PL B 718 (2013) 915

| ' | ' |
10— e ZEUS 496 pb™ —

Events

| —— Fit (Z" signal + b.g.)

[ oo Fit(be) be N, =15.0700 ]

shows excellent cghedronic of

ZEUS Uranium scintillator ‘ ‘ .

calorimeter 40 60 80 100 120 140
" M, (GeV)

Oobs (ep — Ep(*)z[}) = 0.13370 020 (stat.) [ g3s (syst.) pb

agrees with SM prediction of 0.16 pb
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From HERA to LHC
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Parton density functions (PDF)
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parton densities and flavour composition
measured at HERA determine cross sections at LHC
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Inclusive DIS at HERA (count every DIS event)

NC event
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data access for
non-collaboration members
negotiable

display produced from ROOT ntuple ("ZEUS common ntuple”)
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H1 Collaboration
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Unpolarized high Q% Neutral Current scattering

et (k) et (k"

p(p) ' E|EE1:H-:|-;';". ' A

d*c 2T 5 q 5 5.
xdO2 . Okx HlJr(l—}/) }Fz(i’f,Q ) =y FL(x, Q%) }

photon-L .-y
Interference

xF; term opposite sign for e* and e-, q and G
=> sensitivity to valence quarks
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XF 1
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Polarized Neutral Current Scattering

e (k) e* (K)
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Reduced NC cross sections: F,”% e zooom

(2012)

H1 Collaboration
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FoooL
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b
Transformed to Q2 = 1500 Ge V>
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— HI1PDF 2012
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Cross section polarization asymmetry

increasing Z contribution with increasing Q2
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-> increasing asymmetry, as expected

(these data not included in prediction)
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HERAPDF, LHC predictions

inclusive DIS data, performs very well
example: W asymmetry at LHC

»  W-asymmetry A, = [6(W*) = 6(W")]/ [6(W*) + 6(W-)]=(u,—d ) /(u, +d, +2 gbar) at x1=x2
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ERAPDF1.5: POF fit to preliminary version of HERA IT

similar performance for jet production
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Towards HERAPDF2.0: impact of HERA TI

HERA IT luminosity for e+(e-)p improved by factor 3 (10) @

JHEP 1209:061 (2012)

Fi

H1 Collaboration . H1 Collaboration
[ Q7= 500 GeV? 1 QF=1000 GeV?

HERA 1+ 11

10+ ot

. x
] = HICC PP =0
1 —HIFDF 2012

b - (st
107 10! 10 .1.0_. |
.Lmnmml[l!lﬁﬂ.ﬁ.[m § .
B Ucert e i 11 FIERA ol daia New measurements improve the PDF
O =196V uncertainties at high x, in particular D=d+s

A. Geiser, Proton structure at HERA, HS 13 19



Including jets in PDF fit

Jets in DIS: see talk S. Mikocki

No Jets, o (M) free + Jets, a (M) free
Hl and ZEUS HERA I+I0 FDF Fut i H1 and ZEUS HEREA I+I0 PDF Fit with Jets

= Q=10 GeV? E " [ Q' =10GeV? g
sk, —pmm—s gl e

= ! ! !

... FAEHITINGID BECHTT. g h g

3 - - F

: Adding jets 3

e i g] ;

[ :

ul : :

5 2

2 Z

=
=
=
=4
=
]
-
]

Adding jet data dramatically decreases
the low-x gluon uncertainty, not only
the experimental but also
the model and parametrization uncertainties
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@D

H1 and ZEUS (prel.)

—— exp. uncert.
HERAPDF1.6 ‘ | e W e,
Prelimipa,y  tmErmemees
H1 high Q® norm. k, multijets "

Eur. Phys. J. C65, 363 (2010)

H1 low Q? k, multijets i
Eur. Phys.J.C67,1(20100 TroTnTeeTEReTeTees

ZEUS incl. k; jets 96-97

—_—
Phys. Lett. B547,164(2002) T
ZEUS incl. k; jets 98-00 -
Phys. Lett. B 649,12(2007) ¢
World average .
S. Bethke, Eur. Phys. J. C64, 689 (2009)
IillllllLlllllILlll
0.11 0.12 0.13
(M)

3.7.13

PDF fit including Jets + free o

March 2011

HERAPDF Structure Function Working Group

ZEUS-prel 11-001
H1-prelim 11-034

. =0.1202+0.0013 (exp)

+0.0007 (mod/ par)

+0.0012( hadr)

+0.0045
_0.0036 Scale)

H1 and ZEUS (prel.)

-— HERAPDF1.5f
—HERAPDF1.6

decorrelates *
a and gluon !

ol by by by by Ty g IF
0414 0416 0418 042 0422 0424 0.126
a (M)

agrees well
with world average

uncertainty dominated by
NLO theory, need NNLO !
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Combination and QCD analysis
of charm production

cross section measurements
in DIS at HERA

technical details:
DESY 12-172, EPJ €73 (2013) 2311

- data combination - measurement of m,
- PDF fits - impact on LHC cross sections
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\Heavx flavour contributions to F, \

e ————— e e

Measure cross section
e+ detect —

2o 2ma?
sz X=Q2/2pq dl’sz - Q4I {[1+(1 —}/)2]

anything

flavour
tagging
b C

_— O =

b ¢
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\th are heavy flavours important? \

e ——————————e—e =]
charm contribution to DIS data up to 40%!

|kinematic effect of mass |
|competing scales for perturbative expansion |

e.g.m, Q% pr -> terms log Q2/m?
log pt¢/m?  etc.
*

=> "massless” treatment allows resummation, but fails near

"mass threshold” -> avoid |

=> "massive” treatment gets kinematics right,
but does not allow resummation (fixed flavour number schemes)
or induces ambiquities in QCD corrections near flavour threshold

(variable flavour number schemes)

check different schemes against HERA data
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|HERA charm data combination £

2

H1 and ZEUS d*o 2w
O '50_6 T T U B B T T T T 7T dd)2= )4 ll'l_(l_y)zlcredcc
‘-’b o B HivTX ¥V HID*HERA1 [ | ZEusD*98-00 ¢ ZEUSD® A ("- C" o
| A HID*HERA-l () 2EUSc—>uX /\ ZEUSD*96-97 b ZEUSD"*|
e HERA | 9 data sets
(HERA I, HERA II)
example: <
2 2 .
0.4 - F=l8Gey. 1 5 charm tagging methods
|" -> see talk S. Mergelmeyer
ﬁ t+ | 155 -> 52 data points
0.2 - . [ | 48 correlated systematic
? ‘# uncertainties

Tt ? |
X
very good self-consistency of data: * /\ |
e,
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Ay

R jZE us
\‘5
= |

I

T

f Combination result

H1 and ZEUS
'BbE I Q=25 GeV? | @=5GeV* | Q%= 7 GeV?
0.2~ - — T . .
B - well described using
h ! ‘ ! ) HERAPDF1.5
Og _"J R I ErowrYer: e prorevevy (fitted from inclusive
al _ ! DIS only)
0 huumuj Rt ||.||||u] i _||||||| REETTT A W ETTIT] M _||||||\ ERTTIT ERRERRTTTT B Wi
0.5 - Q’=60 GeV* | @’=120 GeV? | @’=200 GeV? strong charm mass
— - - dependence
P \ \ (blue band: 1.35-1.65 GeV)
0 -_| |.|J IIIII|.|J | IIIII|.|] com vl vl vl ||||‘_|||||” RTIT - ‘””l.l] Ll
0.5 Q=350 GeV* | Q°=650 GeV® | Q’=2000 GeV?
it ! |« HERA
i I | —HERAPDF1.5
0 _] I L il | l“m]]\_ll““d 1 |H.|H|.l 1 |1H“ﬁl\_|||““| | l.||l.||1| | lll“l I\]I 1

3

10* 10° 102 10% 102 1072 10% 102 102

X
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Fixed Flavour Number Scheme (FFNS)
e —— R =

27.6 GeV 5
Y @ C
LO,
O(o.) X

no charm in proton

full kinematical
treatment of

charm mass
(multi-scale problem:

+ NLO, O(a?)
(+partial NNLO, O(a3))
corrections

3.7.13 A. Geiser,

Q?, py, m, -> logs of ratios)

on-shell (pole) or Ms
mass renormalization

no resummation of logs
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comparison to ABM FFNS

H1 and ZEUS
©
30 o i Q%=2.5 GeV? | Q%=5 GeV? Q%=7 GeV?
0.2 — —
0 IHIIII‘ | IIHIIIl [IEET i | IIHIII| [ EENI LLLI | IIIIIII| | HIIHI‘ |
05 | Q%=12 GeV? Q’=18GeV? | Q%=32 GeV?
0 LI | IIHIIIl L | \ \IHHI| | IIIIIII| | HIIHI‘ | 11
05 Q°=60 GeV?® | Q%=120 GeV? | Q°=200 GeV?
0 L | IIHIIIl | HIIIH| L1l L | IIHIII| | HIIHI‘ L1l \IHHI| | IIIIIII| \
05 Q°=350 GeV? | Q°=650 GeV* | Q*=2000 GeV?
i | @ HERA
- | B ABMO9NNLO MS
i \ \m ABMOSNLO MS
0 HIIIII[ | IIHIIIl | HIIIHI AN llIIHI[ | IIHIII| | HIIMIJ LIl HHHII | IIlIIIl| | HIIHIl LI
10* 10° 1072 10* 10° 107? 10* 10° 107%
X
3.7.13

A. Geiser, Proton structure at HERA, HS 13

very good description
of data
in full kinematic range

unambigous treatment
of m_ in all terms of
calculation

here: MS running mass
NLO, partial NNLO

(similar predictions for
pole mass)
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measurement of MS charm mass
e ——— e ——

200 H1 and ZEUS ] ]
LT o simultaneous fit of
Charm + HERA-I inclusive .
I e FF (ABM) . . combined charm data
6801 MdmJela6x005 G 1  and inclusive HERA I
NLO DIS data (HERAFitter)
660 O(ocsé) B v2 = 628/626, 44/47 (charm)
640 . .
: ...O. ..... : ( -
620 ———42 12 16 fc
m.(m ) [GeV] tharm __} mod: vary
fo mbf szinf
|m.(m.) = 1.26 +0.05,,, +0.03, ,, +0.02,s GeV | PDF param

PDG: 1.275 +0.025 GeV (lattice QCD + time-like processes)
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Variable Flavour Number Scheme (6M-VFNS)
_—

n very high Q2:
—

|L— " massless charm in proton
C resummation of

log(Q2/m?) etc.

27.6 GeV

LO, 0(v.%

NLO, Vs
Olos)  g(x)

920 GeV Cj :

P

Ol

very low Q?:
massive calculation
(pole mass)

+ NNLO, 0O(c.?) .
corrections in between (almost everywhere):

kinematic interpolation

and/or correction terms
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comparison to various VFNS :izor=

S— __|
— RT standard - - ACOT:full ZMVENS as implemenTed in
. ___RT optimised - S-ACOT-Y H1 and ZEUS HERAFitter (TG'k A GIthO)
obg i Q*=25GeV® | Q*= 5GeV® | Q°= 7 GeV®
0.2 — ~
: s : m. (pole) fixed to 1.4 GeV
T ‘_~,___.'\ - i "\-,,“_l,::: R DN
0 Foial T el il vl ol 1l O
05 Q@*=12GeV* | Q*=18GeV* | Q* =32 GeV*
: : : differences mainly due to
different matching
TS S S .
B IR o DRI AT s schemes of massive
05 - Q' =60GeV? | Q% =120 GeV? | @ = 200 GeV and massless pr""S

N \ + corresponding

O o, additional parameters

0.5 L ..(.)2=350Ge§l.2.‘_..‘.... N I32=1I5;;:IIIGe\:!I2“_ Q? = 2000 GeV? . . .
k o HERA in interpolation terms
: - - NLO N -> we treat mass in VFNS
0 _L_I_IJ_I_I,I]_l_l_I_LLLI_IJ 1 I.III.II,IJ Lt JHIII.I‘ 1 IHIH.IJ 1 IHIHJ L hitil IIIIl.H.l 1 l.lll.llll 1 llllll,ll_l_l_l_l_u_ .
10* 10° 102  10* 10® 102  10* 10° 102 as effective parameter
X
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comparison to various VFNS

— RT standard - - ACOT-full ZM-VFNS

---RT optimised - S-ACOT-y H1 and ZEUS
°e Q?=2.5 GeV? Q%= 5 GeV? Q%= 7 GeV? . .
o I - - fit optimal mass for
! >< NS T, each scheme (Q?> 3.5 GeV?)
+¢ " i L i
0 __:LLLI_I,I] ; i s LI | IIIIIH| | I\IIIIT‘-\\.' Ll 1 IIIIIII| L1l ) =~
0.5 B Q°=18 GeV* | Q’=32 GeV? H1 and ZEUS
| I I -~ T — T T
| I [ = 7901 Charm + HERA- inclusive ]
i i i o ——— RT standard
- - = e RT 2;?m?:~:ed ;
:.x.uu.u] ul :.J I | | | | .u] S - == ACOT-full K
L1l L1l 1 i LIl L L1l 11 .. Ll L L iiin L1l L 11 » i s_AcoT_ .- |
0_[5) Q°=60 GeV* | Q°=120 GeV* | Q*=200 GeV? 700 |- ZM-VFNSX n
0 __‘_|_|_|_|_|.|] 1 |II|I|.|J 1 |II|IuJ 1 ‘\TI‘ Ll l I||IH|| 1 I\IIIHl | I||.I LLLii 1 |II|II|| 1 \Illlu] 1 I‘lIIII 650
0.5 Q°=350 GeV? | Q°=650 GeV* | Q°=2000 GeV?
T i I  HERA
R k i \ i ' ' o
_ \ \\ NLO “ 600 | | =
0 11 .|||| [T ] l.lll.luJ 1 xn\h vovod vl vl el end el n|u|| LUl 1.2 1.4 1.6 1.8
10* 10° 102  10®* 10° 102  10® 10° 107
X M. [GeV]
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Z, W cross section predictions for LHC
_———————————a—aaa———

H1 and ZEUS z
3 [ | T T | T T T | T T T ] = 64__ Charm + HERA-I inclusive W+ 7]
S 3 [ Charm + HERA-I inclusive i & 62f i Montmind |
ed [ ] - .- S-ACOT- -
N B —— RT standard Z = 60 s A
© [ e RT optimised * M : _ g
31 [ === ACOT-full c a
- -.-. S-ACOT- -
i ZM-VFNS _- ]
30 - - et 54 \s=7TeV
i | Pl H2 14 16 18
L e g i M, [GeV]
29 K e K H1 and ZEUS
i _ E 44__ ICerml * I-IiERIA-Illnciusllve o W_ | _
: : : i —_— RTsial.'ld.arr.I ]
28 - . o L[ omem s -
i \s=7TeV -
271 T o] 40 :—;ﬁ;}}?fff_ffﬁf‘ﬁ;fﬁ_"f;-}-%?'f?""__:f e
1.2 1.4 1.6 1.8 . _
Mc [GeV] 33_— \s=7TeV .
. « _eps . q2 14 16 18
optimal M. significantly reduces uncertainty M, [GeV]
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Charm data stabilize sea flavour composition

3.7.13

ERRKRIHLX
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Q> =10 GeV?

| | HERAPDFL013p

HERAPDF1.0 + charm
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and reduce gluon uncertainty

example: RT optimal scheme
H1 and ZEUS
, Q*=10 GeV?
' || HERAPDFL0 13p 7
&sj “2%7 HERAPDF1.0 + charm ]

R
ST, YN
O,
% SN
>
3

more c (from g->cc) A
-> less g
-> less ubar, dbar

10* 107 10 107! 1

-> expect reduced uncertainty also for Higgs cross section
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New charm results in DIS: D* and D*  yrogog o
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-> consistent findings
> new ZEUS results
will further improve
combination, PDF and
m, fits
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H1/ZEUS D* cross section combination

F

H1 and ZEUS H1 and ZEUS —
— L I [ [ [ ‘ ] a“ — T 1T T T 1 | 1T T T ‘ T T 7 ‘ 17 T 7 | T T T \7 a‘;"
D (e 5<Q2<1000 GeV? g £ 5
4 N oy 0.02<y<0.7 1T = ||
g 1: - 15<p (D)<20GeV 3 £ A 2
=~ I I(D*)i<1.5 "3 £ 2 % 4% A}ﬁﬂ @ 3
(m] — _
--T_ | 1 ""b-- |
) %M%%ﬁ? :
B - 4 = = - e
T - = 10 o
- e HERA (prel.) 12 %% % 12
10-2 E o H1 = f | f
- s ZEUS -2 2
S ® 1% L 1%
S |8
3 1.2 - & 5
: ey 2 * HERA(prel) (G007 | ®
s 1 é %‘I‘; % % 1L 0 H1 15<p (D*)<20 GeV | 2
o < 4 ZEUS I(D)<1.5 <
B o8l & &
| | | | | | ‘ I 0 I I | ‘ I | | I ‘ I I ‘ I | I I
2 3 4 5 6 7 8910 20 -1.5 -1 0.5 0 0.5 1 1.5
p, (D*) (GeV) n (D%
good agreement between experiments
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H1/ZEUS D* cross section combination

ZEUS-prel 13-002, H1-prelim 13-141 I__ ) &

H1 and ZEUS H1 and ZEUS

— L I T T T I I I | ] — — T T T 11 | T T T | T T T | T T T ‘ T T T 3

> C 5<Q?<1000 GeV? ] E _'_g__ i 18

o 0.02<y<0.7 « = N

8 1 15<p (D*)<20GeV. = &€ 0O £

-~ - T 4 3 ~ S

~ (D*)i<1.5 -3 T 3
a - ] 3

g10" = 3

3 - . SN o

E ) 12 e

102 L e HERA (prel.) - x

E E (o] - 1 0

- — 13 " |3

12 - i I 13

% - - : 5<Q?<1000 GeV? -

z __{ { i $ $ & @ = e HERA (prel.) 0.02<y<0.7 >

2 - ] % B NLO QCD 1.5<p_(D*)<20 GeV m %

2 0.8 — « n(D*)|<1.5 <

© i ol - 1

- w w

0-6 B | | | | | | | | | ] X 0 N R | ‘ [ N | | I O | | | | | I I | ‘ | I I

2 3 4 5 6 7 8910 20 -1.5 -1 -0.5 0 0.5 1 1.5
p, (D*) (GeV) n (D)

and with massive NLO QCD calculations
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Summary and conclusions

@ Final HERA inclusive DIS data have been published by H1 and ZEUS
well described by DGLAP NLO (and NNLO) QCD
final versions of textbook plots for electroweak unification and lefthandedness of CC

Virtual y-Z interference has been measured and is well described by Stand Model.
Real Z production has been observed (smallest cross section ever measured at HERA)

HERA DIS Charm data have been combined
very good consistency, reduced uncertainties, very well described by NLO QCD in FFNS
-> measure running charm mass (MS):  m.(m.) = 1.26 +0.05,,, +0.03,,,4 +0.02.s GeV

@ different VFNS variants prefer different optimal charm masses
(additional parameter(s) for interpolation between massless and massive calculations)

-> good description of data with ‘optimal’ mass in all variants

PDF fits including jet and/or charm data significantly reduce PDF uncertainties
(more precise gluon, stabilization of flavour composition)

-> reduced uncertainties for predictions at LHC
. -> towards including final inclusive DIS data, charm, and jet data in HERAPDF2.0
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Backup
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Table of different heavy quark schemes
_————————————aaaaaae———

Theory (PDF) Scheme Ref. | For Me Massive Massless ces (17 ) Scale Included
def. [GeV] (Q? =m?) (Q? = m?2) (ny=15) charm data
MSTWO0S NLO RT standard | [28] | F§, | 1.4 (pole) O(a?) Ofas) | 0.12108 Q [1,4-6.8,9.11]
MSTWO08 NNLO approx.-O(a?) O(a?) 0.11707
MSTWOS ‘opt.) | RT optimised | [31] | O(al) Oas) | | 0.12108
MSTWO08 NNLO (opt.) approx.-O(a?) O(a?) 0.11707
HERAPDF1.5NLO RT standard | [55] Fi py | 14 (pole) Ofal) Ofevg) 0.1176 Q HEPA mclusive DIS only
NNPDF2.1FONLLA |[FONLLA |[30] | na V2 Ofay) Ofas) 0.119 Q [4-6,12,13,15, 18]
NNPDF2.1 FONLLB | FONLLB F5p | V2 (pole) O(a?) Olas)
NNPDF2.1 FONLL C | FONLL C F5p, | VZ (pole) O(a) O(a2)
CT10INLO S-ACOT-x | [22] | na 13 | 0@, | Ol || 018 [ v@Z+m2 4689
CT10 NNLO (prel.) [56] | Fszy, | 1.3 (pole) O(a?) O(a?)
ABEMO09 NLO FFNS [57] I’;&J 1.18 (MS) O(a?) - 0.1135 xym for mass optimisation only
ABKMO09 NNLO approx.-0{a?) -

Table 6: Calculations from different theory groups as shown in figures 5-8. The table shows the heavy flavour scheme used and the correspond-
ing reference, the respective Fy 1) definition (section 2), the value and type of charm mass used (equation (3)). the order in o g of the massive
and massless parts of the calculation, the value of oy, the renormalisation and factorisation scale, and which HERA charm data were included
in the corresponding PDF fit. The distinction between the two possible Fy(y definitions 1s not applicable (n.a.) for (O« ) calculations.

DESY 12-172, EPJ €73 (2013) 2311
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some personal remarks
mM

11121314151.61.71.8

effect smaller at 'NNLO', but will not disappear completely
-> in VFENS not fully obvious to use world average to reduce uncertainties

— |
’

scheme vt 2 'I”-;:lc.f \(gf:.”dp

VENS [GeV] Tred~ H0rea | Ofa
RT standard | 1.50 & 0.06.p £ 0.0650q £ 0.0 50 £ 0.003,, | 630.7/626 | 49.0/47
RT optimised | 1.38 £ 0.05,; & 0.03,,3 £ 0.01 0 £ 0.01,, 623.8/626 | 45.8/47
ACOT-full £ 0050 % 012500 £ 0.01pace £ 0.06,, | 607.3/626 | 53.3/47
S-ACOT-y 115 £ 0.040; & 0.01 504 £ 0.01 e £ 0.02,, 613.3/626 | 50.3/47
ZM-VENS 1.60 £ 0.05g £ 0.03504 £ 0.05p0m £ 0.01,, 631.7/626 | 5h.3/47

PDG pole mass

-> use "effective” mass values, or live with larger m_ uncertainty?

m.(m_.)/GeV
1.0 1 1. 2 1. 3 1 4
1-9... ; this work, FFNS NLO, Ay2=1
—6— Alekhin et al. 2012/2013, FFNS appr. NNLO, Ay?=1
| e PDG m.(m.), MS -> can use as external constraint?
—i—é—: | Gao, Guzzi, Nadolsky, 2013, GM-VFNS NNLO, Ay?~15-50
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2224 ZM-VFNS (CTEQS6.6M) ]

do / dy [nb]

RI"IOI'I’I'I

D* cross section vs. inelasticity y

J izeust
1992 - 2007
= :__-:R“"“‘“- -.,“f_;__":-

. 1 L] H1 data
- SEIEER HVQDIS (CT10f3) ZEUS
325000_ """" L L AL N BRI
= ep >e’ D*X
1 & ze000f | B s marr s
:g . E_ ----- } —— RAPGAP bx1.52 E
]
10000 * -
- . - _
y
good agreement between experiments
and with massive NLO QCD calculations
massless NLO calculation (zM-VFNS) fails at low y
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