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we investigate the fundamental forces and particles in e p

collisions at highest energies — quark and gluon interactions,

we verify the Standard Model and seek ,new physics” ...

... among the other - studying heavy meson production ...
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Hadron production in e-p interactions: (1)

HERA: e* (27.5 GeV) — p (820/920/575/460 GeV) _ HERA dellvered
. o °% [E,=820/920 GeV [ 5 fp-] -
— Yp— hadrons < HERA Il ¢*
2 oo |E,=460 GeV 14 pb™!
Q*=0 (quasi-) photoproduction (PHP) S E,=575 GeV 7 pb-!
Q*>0 deep inelastic scattering (DIS) E
DIS (Quark/parton model, QPM): 2 ! e
v proton = sum of inter. y" quark/parton §, "
parton fragmentation — hadrons = mesons (!) £ |
= factorisation of the ,hard” and ,soft” interaction ]
» Proton structure, quarks, gluons... 100 - AE—
* Quantum Chromodynamics (QCD) ;
— theory of quarks and gluons interactions Y T T T
days of running
Elektron

Proton O’ — 7" virtuality (0— 10> GeV?)

s = EE, Ns=~300GeV
W— v p CMS energy (20-290 GeV)
~ )2 2 0 _ :
x = Q°/W-— Bjorken x = fractional parton
momentum in proton Breit frame
y = (*/(sx) — fractional energy transfer to p
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Hadron production in e-p interactions: (2)

E,/GeV

LABoratory frame...

(]

v p (hadronic) centre of mass frame (CMS)
Breit frame: q(y’) = (0,0,0,Q)

Similarto e+e- pp
=] current current target
XF p L/p max Feynmann X dn Bl:eit I'IIJCM -——
y =1 = -In(tan(6/2)), (pseudo-)rapidity &1 = .
p, = transverse momentum / \
« proton rest frame: B OCMS) Rapidity y

diffraction (coherence) condition: %

fluctuation “length” (’y* — d|p0| qq) - == -~
= 2Ey/(mqq2+ 0*) > 1fm
— x < 0.0l

At HERA we observe diffraction, (also at Q*>>0) and

it makes ~10% of the visible cross section !
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Heavy meson production at HERA

« Diffractive charmonium production:
Elastic and proton-dissociative J/W photoproduction
Y'/W ratios

e Inelastic J/W production

e Open charm production:
Fragmentation of charmed mesons

Charm in proton structure function
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Diffractive meson production at HERA (1)

elastic (exclusive) proton dissociative
2 ,
e(k) @ o(k') " ..»«*Qz oK)
VM = p,w,@,] /YWY / W
w .
op) ]
—
|t]<1 GeV? dominates at high |t]|

Q? =~ 0 (PHP)
Q* > 0 (DIS)
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Diffractive meson production at HERA (2)

Vector Dominance Model + Regge
. om Yo — VM p = (y'—=VM)O(VM p —VM p)
VM * VMp—VMp U DL IPomeron exchange
(P", ©.0) . doldi ~exp(-b(W)), b~R > =~10GeV>

« b(W) = (b, +b +a'In(W?)) (“shrinkage”)

p p o 0, ~WDbW) ~W?, §=022
Perturbative QCD

J/
7K Large O °, M,,, or |f{ — small qq dipol

« QCD Pomeron exchange:
|g(x)|2 > 2 gluons (colour singlet)
p p © O (xg(x))* ~ w7 1
« b << 10 GeV*, weak shrinkage

VM at HERA: transition between soft and hard regime; testbed of QCD scales
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Diffractive meson production at HERA (3)

: . . . dc A .
Proton-dissociative VM production... G | clasti
Colourless exchange (Pomeron) in QCD = ?...
proton dissociation

vyp - JWY - p uY, proton dissociates...

Large MW, t| — perturbative QCD -

, 1t
- g VM - a VM Gluon cascade dynamics:

» Dokshitzer, Gribov, Lipatov, Altarelli, Parisi
(DGLAP): gluon transverse momenta ordered,

-2
*
[ %]
2000
N
-2
[ %]

000000

: i v 0 Y ewolution in Q’
* Balitsky, Fadin, Kuraev, Lipatov (BFKL):
do/dt ~ |t|™ no ordering of gluon transverse momenta,

ewolution with x (1/W)
* 2-gluon exchange — o(W) = const!

« gluon “ladder” exchange —
DGLAP — o(W) = const(W)
BFKL — o(W)1, W1..!
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Charmonium production at HERA (1)

H1 (EPJ C73 (2013) 2466): Elastic and Proton-dissociative Php of J/JV Mesons at HERA
HE: Vs = 318 GeV, LE: Vs = 225 GeV

Energy dependence

H1 elastic J/y photoproduction H1 p-diss. J/y photoproduction H1 J/y photoproduction
— a O 1.4 i
'g 120 ¢ Hidamre E 120 [ ¢ HidaaHE o) -
=t = | 3 1.2f
E L * H1 data LE > i * H1 data LE g i
_?_" 100 A HE, LE, H1(2005) ..._5__' 100 j_ — Fit HE, LE, H1(2005) © 1 E
- L -2 -

T 80 T 80 [ 0.8
o i Q 60 i S
> 60 2= N i
© L (o) - 0.6 i
40 [ 40 ¢ 0.4F

i (@% =0.1GeV* i ]

20 (@ = 0.1 GeV? 20 It < 8 GeV? 0ok @ H1 data HE, LE, (@%) =01 GeV

[t] < 1.2 GeV? r My <10 GeV L —— Fit HE, LE
07"“"|“‘|"“' 0’..|...|...|...|. 0'..|...|...|...|.
40 60 80 100 40 60 80 100 40 60 80 100
W, [GeV] W,, [GeV] W, [GeV]

Simultaneous fit of elastic and p-diss. cross section ( 0 ~ W°):

6, = 067003 6 =042%0.05

p-di
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Charmonium production at HERA (2)

Energy dependence

Elastic J/y photoproduction

—k
-
(8]

® H1 data HE
B H1 data LE

A H1(2005) t*t*i+
— Fit HE, LE, H1(2005) tf
¢ Zeus(2002) " +‘

v E401, E516 *

—
o
nJ

— % LHCb(2013)

6(y p — J/y p) [nb]

|
—_—

105—fh

10 o 10°
W, [GeV]

H1 fit extrapolation to higher energy describes LHCb data as well!
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Charmonium production at HERA (3)

Energy dependence

Elastic J/y photoproduction

—_—
o
[%]

® H1 data HE
B H1 data LE
A H1{20085)

& Zeus(2002)
v E401, ES16
# LHCh{2013)
= MNRT(LO)
= MNRT{NLO}

5y p — J/y p) [nb]
S}

I
—
-

10;{"*

10 o 10°
W, [GeV]

* LO and NLO fits to previous J/WV data from HERA (gluon densities!)
 Both fits extrapolated to higher energies...

» LO extrapolation describes LHCb data.
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Charmonium production at HERA (4)

Energy dependence compllatlon

I/
||I’r||||||| | L

2.4 E— P IpZEUS!M % DVCS ZEUS 96-00 —
-~ @ pZEUS95 * DVCS ZEUS LPS -
2.2 — ® pZEUS96-00 s DVCS H1 HERAII — —~ W5
~ O pHI96-00  + DVCS H1 96-00 : 0)
2 A 0ZEUS ¥ TZEUS —
- A o H196-00 -
- O JiwH1 -
1.6 T —
1.4 .
1.2 X —
1 - l g —
0.8 % - [& —]
0.6 i | E
04 + .
0.2$ =
L L P B A B A I AT AT I AR

% 5 10 15 20 25 30 35 40''85 90 95 100
Q*+M?*(GeV?)
VMs: bigger “hard” scale Q*+M?* — steeper rise with W,
Q°+M? scale governs “soft” — “hard” interaction transition

DVCS: always steep rise with W — “hard” interaction...
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&

“elastic”: do/dt ~ e®"

p-diss.”. do/dt ~ (1+(bp /ml)™

H1 Jy — p*u photoproduction

¢ H1 data (BG subtr.)

Wyp—>Jyp
Hyp—->JvY

Events
ﬂ—‘f("f b — Jiy p) [Nb/GeV]

'trec [Gevz]

%oy p— iy p) [b/GeV] o

4.88—-4.3 £0.2 GeV?
1.79-1.6 £ 0.2 GeV?

3.98 £ 0.15

ooy

t-dependence

H1 elastic J/w photoproduction

Iil,_! $ H1 data HE
5= — FitHE, H1(03)

| (@%=0.1GeV*
E 40 GeV < W, < 110 GeV
i I 4 3 I 4 i I I il I 4

Charmonium production at HERA (5)

H1 p-diss. Jiy photoproduction

(v p—= JAy Y) [nb/GeV?

do
dt

F M, < 10 GeV
g a1 4 4

0 02 04 06 08 1 1.2
-t [GeV?

H1 elastic Jiy photoproduction

$ Hi data HE
— Fit HE, H1(03)
L (0% = 0.1 GeV®
E 40 GeV < W, < 110 GeV

¢ Hi dataLE

& Fit

2

-y
o

L (0% =01 GeV®
25 GeV < W, < 80 GeV

2 4 6 8
-t [GeV?
H1 p-diss. Jiy photoproduction

(v p—= JAy Y) [nb/GeV?

E (0% = 0.1 GeV*
[ 25 GeV < W, < 80 GeV

dt

PRI [N SN T Y T B P Fi

0 02 04 06 08 1 1.2

t[GeV?
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[ M, < 10 GeV
PR A TEO T BT IR T

¢ HidataLE

~ Fit

PR I T S [N ST T T A T T

1 2 3 4 5
-t [GeV?




Charmonium production at HERA (6)

t-dependence

H1 p-diss. J/y photoproduction

(rl
% ¢ Hi data HE
i H1(03) highlt
% 10 3 * (03) highlt|
- g — Fit HE, H1(03)
> 1k
Z :
- .
T 10 3  First measurement of p-diss. production
o} - at low |[{|,
5?:—-10'2 | (@) =0.1GeV * Previous H1(03) high |[{| data2
'0|'O " 40 GeV < W, < 110 GeV T extrapolated to present W, Q, My range,
- My <10 GeV » Good agreement in the overlap region
10'3 [ A | I 11 | | I 11 | | | 11 1 | | 1L 1 1 1 | [ |

0O 5 10 15 20 25 30
-t [GeV?]
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Charmonium production at HERA (7)

t-dependence compilation

— — . . -blt
' @ pZEUS 96-00(120 pb”) A 0ZEUSO94 dG/dt ~ € 4
® pZEUS 94 A ¢ ZEUS 98-00 ]
® pZEUS95 A ¢ H196-00 -
O pH196-00 B J/y ZEUS 98-00 ] b=b + b
* DVCSZEUSLPS(31pb’) M Jiy ZEUS 96-97 ! VM p
¥ DVCS H196-00 O Jiy H1 99-00 - 5 )
% DVCS Hi 4 T ZEUS (468 pb™!) | <r’> =b - (hc)

5 :D Proton target:
%'i_ FA- - - - - - P b =~45GeV? =>

=> r_gluon = 0.6 fm

o | N
! : < rem=0.8fm

0 20 40 60 80 100
Q*+M?*(GeV?)

Decreasing slope (and interaction size) with rising scale Q*+M? -

- transition between “soft” and “hard” interaction
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WY(2s)/W(1s) ratios (1)

Ratio R = o(W(2s)/o(J/W(1s) =>
=> sensitive to radial charmonium wave function...

W(2s) wave function # J/W(1s)w.f.. ithasnode atr=0.4 fm,
V), <r’(W(2s)> = 2<r*(J/V(1s))>

‘.l NIy (18)

1 [fm]

PQCD prediction: R =0.17 (Q%*=0) and rises with Q?
(J. Nemchik et al., 1994, 1998)
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WY(2s)/W(1s) ratios (2)

ZEUS preliminary, DIS2014: HERA I, int. lumi = 354 pb™

\ ZEUS
@ 10° E T T T 3
= - =
= B ]
. i Jy(1S) i
10° | . =
= * =
K . A
i . i
10% & . W(2S) .-
E #‘ ¢ L ] E
o PP e
- e ZEUS (prel.) 354 pb"
- = Background fit
B I | 1 [ | I L L 1 [
2

3 4

"l-l",ull L i1
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Y(2s)/W(1s) ratios (3)

ZEUS preliminary DIS2014: HERA II, int. lumi = 354 pb™

0.4
0.3

01 E

Y(2S) decay mode | o (¥(25))/a(J/Y(1S)) 30 < W < 210 GeV
— J/Yp(— ptp)mtrm | 0.29 £ 0.04100 5<Q? <70 Ge\?
— utu- 0.25 + 0.0579:0% It < 1 GeV?
combined 0.28 £ 0.0310 07
) ZEUS . ZEUS
QR uf msemew T T g8 u s
EEE T T } IS L 3
°“o-~z—r§1§ I ] S ¢
10 20 30 40 50 6002 (Ge?;z) 0 0.2 04 06 08 . (Ge;zl
. ZEUS _
Ao o= zEUS(prel)3sapy’ 0 Ratio R =
SIE aef o W28
B esE - oWIS) o(W(2s)/a(J/W(1s)):

III|.IIIIIIIIIIIIIIJIIlIIIlLIlIIIIJlIIII

e Increases with Q2

L 1 1 Il L Il L 1 1
40 60 80 100 120 140 160 180 200

W (GeV)  Independent of W and t
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WY(2s)/W(1s) ratios (4)

ZEUS - H1 comparison:

5 ZZI.EléJS d?tza aréazyzsed gwoc(); b\l/r;s used by H1 40 < W < 180 GeV
i - V') 1< Q<80 GeV?
ZEUS
= 1.2 B | | | I g
g g 1 - @ ZEUS (prel.) 354 pb'
=g - O H127pb’ B
T2 N + ]
5 0.8 E
0.6 :— S _:
0.4 :— _'_+ _:
- e ]
02 5 r% E
0 10

o

I I
20 30 40 50 60 70 80

2 2
Q° (GeV?) H1 study of y’ in DIS
Eur.Phys.).C10:373-393,1999
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Inelastic W and W' production (1)

y
% o

Color Singlet model CS: Color Octet model CO:
cc g.n. = J/¥ q.n. cc g.n. #J/¥Y q.n.
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Inelastic W and W' production (2)

ZEUS, JHEP 02 (2013) 071

ZEUS
0 - IR IR -
E 5000 - ' g SO0 -
U>J - o ZEUS 468 pb"! EZE: : b .
(11 4000 .o e
3000 - | -
2000 - -
1000 - " :
0 —I sece oo l.ll I I..I I lil N
2 25 3 35 4 45 5

60 <W <240 GeV
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Inelastic W and W' production (3)

ZEUS
HU-B"'I"""' .-—-.0.81|'II|III|III
_._? e ZEUS 468 pb™? | _2 e ZEUS 468 pb™" |
T 06| LOCS 1% 06— LoCS :
= 04 - - 0.4 - N
© : I I 18 0 5 I ] z=E(Y)/E(y*)
0.2 - t - 0.2 - t ] (p rest frame)
0" o0 150 " 06 07 08 09
W (GeV) z
S— 0-8 _""I""I""I""I'1"'_
Z | e zEUs4espb’ . .
= 06— LOCS > W(2s)/J/y cross section ratio vs W, p_T and z
2 ‘ - consistent with being flat,
Zoar ;
© 1y L LO CS model expectation = 0.25 (horiz. line)
0.2 - -
0 :| I I I I |
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Inelastic W and V' production (4)

ZEUS ZEUS
17| i 10 ]
%_10 2 ] iw E
>3 ] <
2107 ;- 510 ' 5
1 T
o o
< ] T 3
5 R :
107 ] ] 10 E
10'22 < 10 =
o5 . 02l 0.45<2<0.6 ] 06<z<0.75 ']
1 | p2 (GeV?) 1 p2 (GeV?)
I v 1
07 L 1 e ZEUS 468 pb™ © o ZEUS 468 pb”
107} i — NLO CS+CO (BK) : — QCD k, factorisation
af - : 3| BLZ
10°L 0.75<2<0.9 " * | - NLOCS (BK) P 075<2<0.9 (BL2)
o 1T/ S
! P piGeV) 1 pHeen)
Left theory: full NLO computation including CS and CO terms
Right theory: LO CS model framework amended with non zero initial state gluons k_
=> better description of the data from k_ factorisation
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Open charm production (1)

4 - + k — E:
D" =cd, D" = cu, D" = ¢eu, D™ = ed E?---%_(,i_ P ()
e .
LY@ D@
; corb ,..:)___.r'
 Predominantly boson-gluon fusion - ey
 Charm contribution to inclusive DIS at HERA up to 30% — —
. L2 A2 A 2 ::;i-%?#g(I
- Multi-scale problem: Q% M ?, p_ sokGt (P) ;JT 2
>

 sensitive to c-quark mass...

* sensitive to gluon density in the proton (PDFs)

e Test of pQCD NLO calculations (various mass schemes!)
» Can extract charm contribution to proton structure function
» Charm quark hadronisation to charmed hadrons -

- test of fragmentation universality
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Open charm production (2)

ZEUS, D* production in DIS, JHEP 05 (2013) 023, HERA I, 354 pb"

ZEUS
G T ... ZEUS
2 4000} Sk . ZEUS D' 354 pb
» r QO
53500 O ﬁ_r 4 ZEUSD' 133.6 pb"' |
£ 3000 N - HVQDIS
£ g o
g 2500} O 02 # =
2000 P Ko
E o)
1500 : ° 0 % B
1000 ; ZEUS D' 354 pb™ é 107 ¢ 3
300 7 Gauss™ + background 1o L _
b b b b b b b 10 E =
ql.? 175 18 185 19 195 2 205 21 &‘L
M(KTITTE) (GeV) 1 |2 1 L1 1 s
10 10 10
Q% (GeV?
ZEUS GV
o T T T T T T T
> ; « ZEUS D' 354 pb™
= » ZEUSD' 1336 pb™"
£ 1= i HVQDIS E
a . ] -
- 5 1 NLO QCD predictions (HVQDIS) based on
=)
g o E FFNS mass scheme reproduce the data
oy up to Q%= 1000 GeV?
10—2 1 1 1 1 1 |
2 3 4 5 6 7 8 %10

p,(D") (GeV)
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Cambinalions / & MaV

Combinations / & MaV

Open charm production (3)

ZEUS, Charm fragmentation fractions in PHP,

JHEP 09 (2013) 058, HERA I, 372 pb™ 130 < W 300 GeV

D" — K—=wt,

D*t — Dz - K ntm/

S

Df — ¢nt, Af - K pnt

ZEUS
a3
e + FEUS 372 phi' -
130 < W < 300 Gav, OF < 1 Geav?®
e rlw’l:;:"]“:gzm:m R0 > 3.8 Cev. i< 16
o - — Gaus"™ ; Backgmund 4
e =
200 it .
a C. . e ey o -
BN eyttt Tt T
e, (o} 3
"—‘
6000 |
4000 |
[ wimau! A 1ag
2000 [~ Wm0 - 27787 4 680 o
0 ; .
1600 1800 2000
MiKz) (MeV)
-~
M(K-=

Combinations / 0.6 MeV

ZEUS

DT — K natxnt

* FEUS 372po’
130 =W < 300 GaV, O =1 GaV®
1000 = p,i0") = 38 GeV, n(D*)| <1.6 and
P, (0% < 3.8 GaVor N[0 > 1.6
— Gauss™" + Background
— Wrong charge Background

--- Background
WMD) = 2138 £ 58

500 =

[ S— P S T N (T ST SR T N SR S

140 150 160

170

M(Knr,)-M(Kn) (MeV)

MK ntnl) — M(K nT)
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Combinations [/ 2.7 MeV

* ZEUS 372 po’ i
130 < W < 300 GeV, OF <1 Ge".i
pr{[f}:h 3.8GeV, |00 < 1.6

—Gauss™" + Backgr ound
--- B adkground

MO} = 18817 + 324

MK (Mel)
M(K n n™)




Open charm production (4)

ZEUS, Charm fragmentation fractions in PHP,
JHEP 09 (2013) 058, HERA I, 372 pb™ 130 < W 300 GeV

w 0.7
S - -
g 0.6 : i .
§ | i 1 | ! :
% 0.5 - -
50.4:— vfc—»>D%) -
£ - e f(c>D") =
S 03 = f(c—>D*) _Z
@) = |
- + s f(c—>Dg) -
— o0 } . +° -
0.2 |- } it o fleoAy)
ES 4% * i E
_ v TP ep DIS ep DIS e'e ]

0 ZEUS ZEUS ZEUS H1
HERA Il HERA | HERA |

ep PHP, ep DIS and e’e” agree => universality of heavy quark fragmentation!
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Open charm production (5)

H1 + ZEUS: HERA charm data combination in DIS, EPJ C73 (2013) 2311
Charm structure functions etc.

"Visible" charm "reduced” charm Charm structure
cross-section 0°° P> r0ss-section o P ¢ nction Fee,

(NLO pQCD model dependent!)

20 2ra2(Q?)
dzd@?  xQ?

(L+ (1 - y)’|Fs%(z, Q%) — v’ F;°(z, Q%)).

JCE _ d?ﬂ.cf I@
T dwd@® 2ma¥(@Q?) (1+ (1-y)?)
2
- Ef_ y e
= B - et

o (2, @)

Hf;:d(mz QE) = Ovyis,bin red th :

vis.bin
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Open charm production (6)

H1 + ZEUS: HERA charm data combination in DIS, EPJ C73 (2013) 2311

B H1IVTX ¥ H1D*HERAd [] ZEUSD*98-00 ¢ zEUSD'

A HID*HERA-I O ZEUSc—uX A ZEUSD*96-97 o ZEUSD' H 1 and ZE U S
o B > > > > . . H1 and ZEUS
o ¢ | Q°=2.5 GeV | Q°=5 GeV | Q=7 GeV o © 0.6 : — T T T : —
o o @ .
o = W HivTX ¥ HIDHERAd [ | ZEUSD-9800 { ZEUSD
0.2 — [ [ " A HID*HERAN O ZEUSc—uX A ZEUSD'9697 Hh ZEUSD'|
} i - ﬁ £ f - ih - ® HERA
i ﬂ ] i : I i 7 Q=18 GeV? 7
0 _LLUlUl_I_LLLUld_I_LLLUld_I_Luu_LLLUHLLLLLUld_LLLUMLLLuu_LLLUld IIIIII.I.Il II|||u,|J L1l 04 — = e —
05 Q=12 GeV® | Q’=18 GeV® | Q*=32 GeV? I [ 1

%’i“ : Hﬁ, | %ﬁ* ol

_.-._

0 IIIIIII| IIIIIILI] IIIIIILIJ 1 1111 IIIIII_II IIIIIILII IIIIIILI] L1 IIIIII_II IIIII|_|,|] IIIII|_|,|J L1111 - # t %

0.5 Q’=60 GeV® | Q%=120 GeV? | Q?=200 GeV?

0 MM&MMM IIIIII.I.Il IIIIII.I.IJ Lillll

05 Q%=350 GeV? | Q2=650 GeV? | Q?=2000 GeV?
N | B ® HERA . i
! 1} I i Combined results uncertainty
I Pal Yol ~2 times lower than for each
IIIIIII| IIIIIII_II IIIIIILIJ [T IIIIII_II IIIIIILI] IIIIIII_II L1111 IIIIII_II IIIII|_|_|I IIIII|_|_|] IIIEI
10" 10% 107 10® 10% 107 10" 103 10? most precise data set...
X
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Open charm production (7)

H1 + ZEUS: HERA charm data combination in DIS, EPJ C73 (2013) 2311

H1 and ZEUS
803 I @P=2.5GeV? | Q=5Gev? | o= 7 GeV?
0.2+
0 m‘m - . L1l : Ll L
0.5 | Q=12 GeV | Q=18 GeV | Q°=32 GeV
0 @m 1 llllu.|] 1 |||||u] 11 NLO prediction based On
0.5 - Q°=60 GeV® | Q°=120 GeV® | Q=200 GeV* _ _
| | | inclusive HERAPDF1.5
! : ! : ' : describes the charm data well...
0 g B Q=350 GeV* | Q=650 GeV? | G*=2000 GeV*
L i i e HERA
I i | ==HERAPDF1.5

107 102 1072 10 10° 102 107 10°® 102
X
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* HERA was heavy meson factory: only selected, recent results were presented

« Diffractive and inelastic charmonium production: — semi-quantitative succes of
perturbative QCD

» Heavy flavour mesons — perturbative QCD at work
« Charm contribution to proton structure well understood within pQCD framework

* Quality and amount of HERA data — challenge for pQCD calculations

MESON-2010, 10.06.2010



