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Why are direct photons interesting?

%

* Photons produced 1n the partonic
interaction probe QCD dynamic
without hadronic complications

* vy — quark: coupling precisely known

o,
Two processes i@ lowest order:
* QCD Compton : sensitive to gluon

distribution 1n the hadron
« Annihilation: sensitive to the QCD
running coupling constant o
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Lowest order diagrams for direct vy production

a) QCD Compton

) Anmhilation
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EXAMPLES OF BREMSSTRAHLUNG DIAGRAMS
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EXAMPLES OF HIGRER ORDER DIAGRAMS
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O(aa,)

O(aa(1l/a +g))

Important at high Vs and low P
(NLO ACFGP NPB399,34)

O(aa?)



Direct photon production

_|_ _|_ : _|_ O(aas)
- s - > “Direct” y
+ oo + +
— == S5 O(ao,?)
sl saiaey el b g pp Sl e gy Fragmentation
— D —= —

Only the sum 6(D) + o(F) 1s a physical observable
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Direct photon production

NLO codes
type of code | Direct | Fragmentation
INCNLO (%) I/FO NLO NLO
Vogelsang, Gordon (*) I/FO NLO NLO
Owens et al. (%) G/FO NLO LO
Frixione, Vogelsang G/FO NLO LO
JETPHOX (%) G/FO NLO NLO
l : Inclusive
G Generator
FE) = Fixed Order

(*) http://wwwlapp.in2p3.fr/lapth/PHOX_FAMILY/main.html

Threshold resummation:(*) Catani et al.
(*) Kidonakis, Owens

Guillet, DIS04
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World Data vs NLO QCD

INCNLO

£ . O WAYD 7

- pp PO ;
st m UAS pp P, P — "}A
— i
g 5[ A E708 pBe/B0D
2 - O UAB
I 23 GeV <Vs< 63 GeV

£ i L
a L d AFS pp Aurenche, Fontannaz, Guillet, Kniehl,

- ; Pilon, M.W. Eur. Phys. JC9,107

i T (1999)

3 | '

- Possible experimental problems?
iy Or theory misses the /s dependence?
N

|5 3 MLL ACFGP

g + M=u=MF=pt/2

L CTEGAM A=286 Mey

L , frag BFG
D 1 1 | 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1

2. 0.2 0.3 0.4 .3 .6 Q.7 0.8 .
Xt Amows: perturbative predictions "STABLES” vs scale
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[

But NLO QCD has been proved correct!
including for direct photon
at least for the measurement of o

(UA6 Phys.Lett. B452,201)

See Bethke plots (hep-ex/0407021)
on next slide
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Presented by David Gross (S.Bethke, hep-ex/0407021)

THE DISCOVERY EXPIL.ORATION,
VERIFICATION AND UNDERSTANDING
OF QCD IS DUE TO THE REMARKABLE
WORK OF MANY EXPERIMENTERS
AND THEORISTS OVER 40 YEARS !
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World summary of %(Mz)
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Soft gluons resummation and E706

(hep-ph/9903436)
Catani, Mangano, Nason, Oleari, Vogelsang

Additional contributions
to solve the Pb? NNLres

1U4 T T | T T T T | T T T T | T T T T | T T T T
E3
- e E,..=530 CeV -
T Proton—Nucleon : T _
A - o Takes into account soft gluons at large
£ I |
g _
T i |- _| o Reduces scale dependence
z
- +: B8 data ] ‘ ' ;
T | Dushes: W0 o Small corrections for scales set to pr/2
10~ = ' . |
= Solid: NLO+NNL resummed
- Upper: p=E./2
Central: p=k,
1074 = ver =2, CTEQ4M
1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 5 >
4 L] 3] 10 i2

E; (GeV)
Main corrections at large x¢ (decreasing with scale)
does not help data/theory at small zp

1.e. does not solve the "ky problem”
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New PHENIX data

Photons - \s = 200 GeV p + p Collisions

102 =3 T T L T T I T T 1 ] I L | F P T T L 1T 1=
Y =] [ I | | | | =
> = DPMJET : 3. Ranrt et al. NLO pQCD : CTEQEM1M=u=MF=1*pT_i
O 10 Q0 ©  Alldecay photons _ = INCNLO
= = mEemea r Decay Photons - KKP =
= i = % =
E = m— Prompt Photons : BFG setll 3
D|”n_10' = =
ol g LE PHENIX data =
107 = =
Ll 5 = m Adleretal., PRD71, 071102 (2005) =
107 & =
104 = A (preliminary), K. Okada et al., hep-ex/0501066 =
10” g é
10° E 5 =
= 15 0 =
107 & i =
10-8 é_ ‘\‘\*\ _é
107 & {4 =
10-1[' :I I B e i e ey Y Y (T O |:
0 2 10 12 14 16 18 20
Py (GeVic)
NLO QCD fine
fig. 4.34 from hep-ph/0311131 CERN YR
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=P

Theory/Theory with scales M=u=M:

Theoretical uncertainties at RHIC energy

Scales uncertainty Fragmentation BFGI/BFGII
2 _ 3 s

- 1 & ]
18 b V§=200 GeV pp—>¥X CTEGSM BFG set || -4 Egsk 5= 200 GeW pp — X =
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Aurenche et al Eur. Phys. JC9,10(1999)

e O
WA/0 pp

UAG pp

mO

£706 pBe /800
UAB o

data/theor

Ln
T T T T T
Op>

Updated with PHENIX
prelim. K.Odaka et al.
hep-ex/0501066
Stat. Err. only

gn

AFS pp

Phenix data clarifies
the data/theory H
puzzle -

A P
T T T T | T T T T | T T T T | T T

= -

CTEQ4M A=296 MeV

i
R ? | NLL ACFGP
& 1 % M=u=MF=pt/2

frag BFG

C 0.1 C.Z2 0.3 0.4 0.5 C.o 0.7 C.8
X1

-
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Remark:

Fragmentation vs direct depends on scales (specially M_F)

One cannot evaluate
“the fraction due to

77'

fragmentation™!

Monique Werlen
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1.8

1.6

Fragmentation/Direct

1.4

0.8

0.6

0.4

0.2

V8=200 GeV pp—>¥X CTEGHM BFG set |l

M=p=2p M=2p;

M=g=pr Mr=p;

M=pu=M=0.5p;
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The PHOX Family

F

NLO eyent generators (parton level)

for large p, PHOton (hadron ou jet) X-sections
5

http://www.lapp.in2p3.fr/lapth/ PHOX FAMILY /main.html

P.Aurenche, T.Bmot, M.Fontannaz, J.Ph.Guillet, G.Heindrich, E.Pilon, M.W.

DIPHOX: SRR 2 irHox:
h ] h , Y ’Y‘I'X j ' ) h-l hﬂ —s A =R X
hh htxX @ ® o i
11 =Y 1 hi ho — hs + X
h, h—h, h,+X
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DIPHOX vs CDF data

Thep-ex/0412050]

-k
o

dm’dﬁcbw (pb/rad)

10

Monique Werlen
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azimuthal angle

® CDF Run |l Data (207 pIJ"'}
—DIPHOX CTEQSM p. =y =m_j2
-- ResBos CTEQSM p.- = pg = m, .

--- PYTHIA norm to data

E'>14 GeV, E’ > 13 GeV
m"*|<0.9
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K.Odaka hep-ex/0501066 PhOton IS Olation

./

j: B - PHEHNIX Preliminary {Subtraction)
= L o PHENIX Preliminary {lsolation) i
% B ahaded box reprecanis cyciemallo sror i
mi " E_ %EE i
2L B i
M R ana]
'ng_ f{g ! 08 |
ﬁ% _ in a cone around photon with:
E %i- I R \/A-fﬁ + Agp? =05
E ﬁ 04 -
L . < —
1k | Jﬁ , Isolated/Non-isolated E; (parton) < E; max =0.1E,
5 | 02 L JETPHOX NLO
!II é !I! 1-'] 1:'1_ 1I4 1:E 18 : CTEQ6M BFGII M=M,=p=p,
p{GeVic) =
P [ T I T T S S S

5] 8 10 12 14 16

I[solated vs non-isolated: not much difference in data and in theory
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data/theory

DO very preliminary

2
18 F O DO preliminary pp—> ¥X vs=1.96 TeV " _
- S [ ¢ JETPHOX
p= \\ [
1.6 - a10%
: a L
= % i
1.4 -_ ~. 102:_ o
o " E
b= - .o.
1.2 R
B “O ? —o—
B & -
1 - -0~
N 1 E 4
i ; ——
0.8 [ R W
L 10 5 i
0.6 L NLL PHOX isolation 0.1E; in cane 0.4 - —o—
- _2_ o
i 0 F —F
0.4 | M=pu=MF=pt -
: 10_57 1 | Il 1 1 ‘ 1 1 Il | Il 1 1 ‘ 1 1 1 Il | 1 1 1 1
0o [ CTEQBM Ay=226 Mey 50 100 150 200 250 /300
L ™ pr GeV/c
L frag BFG I
0 i 1 1 I 1 1 1 | | | 1 1 1 I 1 | | 1 I 1 1 1 | | | | 1 1
0.05 0.1 BAD 0.2 0.25 0.3
Xr
. 17
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Prompt Photons in AA collisions

H

hep-ph/0311131 CERN YR

Includes:
- EKS98 : Structure Function modification

in heavy nucleus (anti-)shadowing in Au
- parton energy loss

Monique Werlen 2005 RHlC & AGS Annual Users' Meetmg
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pp, dAu, pPb, AuAu, PbPb — yX CTEQ5M BFG set Il M=y =M, = p,
pp, dAu, pPb, AuAu, PbPb — m°X CTEQ5M KKP M=y =M, =p,

= i | | T T T | | | | T I_l
=
> N \5 = 200 GeV AuAu EKS98 Eloss - Y / TCO
s I & \s = 200 GeV pp ]
h- o o \5 = 200 GeV dAu EKS98 |
E B : \5 = 200 GeV dAu EKS98 A 5
1 ) PE=
= 2
= I e 7
£
0
k. o = =
= -
o) i o
g [ i
z e —
-2
L D :
- o \s=55TeVPbPb EKS98 Eloss
i v Ns=55TeVpp &
10°L A Ns=14 TeVpp -
- o | \Ns = 8.8 TeV pPb EKS98 3 hep-ph/0311131 CERN YR
C | I I | | | | N T I I |
2
10 10
p; (GeVic)
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\|5H = 200 GeV - Au + Au Collisions (0-10 % Central)

el

(1/GeV?)
= =4

|:I|::|3
=
o

3
gd’N
- B

10°
10°
10
10
10
10" ——1

T Tty T penusT o Rant et

PHEMNIX Collaboration, 5. 5. Adler et al.

®  Phys. Rev. Lett 81, 072301 (2003)

NLO pGCE : CTEGSM, KKP

4 EK.308, ELoss, Mau=M_=1x p,

Monique Werlen
June 21, 2005

2 3 4 5 6 7 B8 9 10
P (GeVic)

hep-ph/0311131 CERN YR
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F'h-:-tons -\Syn = 200 GeV - Au + Au Collisions (0-10 % Central)

- W 7T 7T T T T T
E 1[]5 DPMJET: J. Ranft et al.
= 3 00 o All decay phofons
w10 9 NLO pGCD : CTEQS5M, EKS98 + ELoss
A A U = o= =0t =y n” Decay Photons - KKP
=2 10
= Prompt Photons - BFG st I
g 1
= All scales: 1xp
e
10°
10°
10°
10"
10"
107 '

T T T, i e . .
pr (GeVic)

hep-ph/0311131 CERN YR

Not complete... for example:

no photon emission through Compton and Annihilation of
partons in the plasma (jet-thermal in next slide)

no induced bremsstrahlung by the medium (next slide)
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1

. . )
Simon Turbide!. Charles Galel. Sanevone Jeon!? and Guy D. Moore
. ; gyong A

o 4
,ﬂ_ 10 E T S T ? T J T : T
A~ ; Photons at RHIC ; _
~ F; 10" N Ko o B SR T 7 B.G. Zakharov
% T e T N T =370 MeV
Q _C"‘ 1(]'-"5— -
~— ok :
= S 3 X Induced vy
sz bremsstrahl
S — jetth ¥ : remsstraniung
! o[ “Y=0 — = jet-fragmentation N
% 10 ¢ \ .w. jet-bremss. 3
[ o s th-th ] T T T T
= 107 I s 10 12 12
i P [GeV] g a) RHIC -
] = \\
= ol
All scales pt, CTEQ5M, E <2+t H“*u,h___ -
LO with k-factors from NLO rd oz Mg Shiiaint-
for direct and bremss ‘;:‘
N-N:direct =9 5 . .
=y 0 10 20 30
E

---Without gluon suppression T

22

]
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Summary

=
Direct photon production

pp collisions:

* PHENIX preliminary data seems to favor the NLO QCD theory
(like most of ISR and fixed target data)
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7 phenomenology (hep-ph/9910252)
(Aurenche, Fontannaz, Guillet, Kniehl, M.W.)

104 ETTTT | TT1TrT IIII|IIII|IIII|IIIIE

- W E70s ]

169 L MRSTZ —

108 — =

& E =
- E =

L

£ 1 [ ]
8 BUS S =
I g g
a C ]
oL _

= 109 E 0 3
o B o by E
s F p+Be->m +X '« .
= 1p-1 L Y8 = 3L.6GeV —
F |yl <070 E

g [ T P1/2 .

L Pr/2 =

E PMS 3

k= \\.

10_3 s 14 B | | | I | | s o G I | | | | | d el G | | [T
4 B il 4 8 ] 10

pr [GeV]

z = Eno/Efragmenting parton = 0.8
BKK fragmentation (no constraining data for z > 0.8)
In(1.-z) resummation not available
partly approximated with PMS scales
NLL pr/2 < = M = MFr < pr/3 close to NLL PMS
with scales pr/3 : Data/theory (zr > 0.3) = 1.4 (UAG6),
~ 1.7 (WAT70), = 1.7 (ET06/530),~ 1.2 (E706,/800)

Data sets compatible.

M.W., RSC workshop, Oct. 1999, s1.2
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Production of pions E706 data vs NLO theory

ﬂ’:’ a4 :_I T T T LIS L L I L N L B T T T T T L — T _|: E‘ 35 L ,:
22 B 3 2.5 —f
i u(KKP)/u(BKK) 2 ;
182 F = g 2 E
1.6 & — o 3
14 E 1 o1s "{“ 3
2 E E 1 1
! E C i}
ne E 3 0.5 : O E706 Be 530 GaV BKK Fragmentation Functions =
0.8 :_I v e v v b v b v v b v b b v L 1 _; ¥ E TRt A i e T T Y (AR ot S TR i Ml it S N o M N PR
.1 0.2 0.3 0.4 0.5 0.6 a7 0.8 0.8 4 5 5 7 a 8 10
z [GeV]
D’_F 35 F I I I I I [ E‘ 3 E [ rtr 1t rrr | 111 1 [ 11 1t 1 1 1T T 17T
C &) C . . ]
3 B GIUOH(KKP)/GIUOH(BKK) ® 25 [ O E708Be 530 Gev KKP Fragmentation Functions 3
25 | 35t :
— ] et o ]
4 M;=3 GeV 1 8w b + E
15 F _ E e + ,_L ]
. L I ]
T 3 05 [ =
a5 ] ] | ] ] [ R o | | | | | L |
0.1 0.2 .3 0.4 0.5 0.8 Q.7 0.8 0.9 4 8 3 7 8 k] 10
z pr [GeV]
M=M,=p=p./3

Better fit with fragmentatlon <> 0.75-0.9
functions KKP than BKK
Binoth,Guillet,Pilon,M.W. EPJC24,245
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Typical PDF uncertainties in pion production

ma |
51-25 T T T T T T | T T T | T T T T T T T T T T
Ej - V§=200 Ge¥ pp — n"% .
C 1z - -
3; | scqales M=u=M—=p;. —0.35<y<0.35 i
51_15 = CTEGE sets 101 —> 140 _
= E r KKFP fragmentation .
at = 1.1 b ]
— ? _,.r"""-rr'_
& I . 1
£ e
.85 T —
o |- v e ]
=
5 - -
=
=0.95 - -
[+]
L] L 4
=
0.e ~
0.85 — =
0B —
1 1 1 I | 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1
S5 g ] & B 10 12 14
plGeY ]
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Uncertainties due to fragmentation, renormalization
and factorization scales

f 3 T T T T T T | T T T | T T T | T T T | T T T
Izl‘“ V=200 GeV pp — "X CTEQGEM KKP
i
i )
=
E 25 1~ —]
: I il
n
= M=p=W=0.3p
x B
%‘ 2 M=p=0.5p; M=2p, =
= - * T
% B M=p=2p, M=05p,
[}
b i
s i o
E d
1= e SR —
_______ Rl bl SEE T TR
Big e MR —
- A M=L=W,=2p g
D 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1
2 4 B B 10 12 14
pLGey ol
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Uncertainties due to fragmentation functions?

Monique Werlen
June 21, 2005

§ 2.5 I T T T I T I-d.!___,.*__l__,_i‘h_'l I T T T I T T T T T T T ]
- m
mF e e W ]
5 r A Ve=200 Gel fpw X CTEGEM ]
=220 f’ H-"‘i-._-hl'“-. “"..._‘ =]
> 0 ; il iy T 7
I B e T
E 2 F T e 51
Jis] o i e S R T S T
5 @ . §
@'?5 - " W BFOW (R*+h7)/2 E
r L -
5 . A BFGW large Ng (h*+h7)/2 1
215 -
g . Y BFGW low Ng (h"+h")/2 ]
e L T e o
Tl b -
C e ok o ]
b -
075 - -
es -]
L KKP KKP {h*+h™)/2 2
0zs [ { g 2
E ® Kretzer B Kretzer (h*+h7) /2 E
D 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1
2 4 6 R 10 12 14
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[

£ C
] &
] L
fiw O PHENIX pp—>n'X 200 GeV
2 B
S
1.4 |
1.2 %} |
b THT b
06 [ NLO + i
0.4 [ M=p=MF=pt
07 | CTEQSM
| frag KKP
D B 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1
4 B 8 10 12

Monique Werlen 2005 RHIC & AGS Annual Users' Meeting -

June 2 1 9 2005 June 20 - 24, 2005 af Brookhaven National Laborafory




Monique Werlen
June 21, 2005

i

|
-

2
Charged hadrons at RHIC energies
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Fragmentation function BFGW
Eur. Phys. J. C 19, 89-98 (2001)

w3
’g C
fiw O PHENIX dAu—>(h*+h7)/2 X +s=200 GeV
s C
5 B
1.4 - P
E 09
e U
1 andl
L T Lo
o8 N
06 NLO #Neoll /o™,
i Neoll=8.5+—0.4
0.4 C o'""“,,:-q-Z.D mhb
B M=p=MF=pt
02 L CTEQSM
B frag BFGW
D_IIII|IIII|IIII|IIII|IIII|IIIIIIIII|IIII|IIII
3 4 5 B 7 o} = 10 11 12
Pr
PHENIX:PRL 91,072303

Monique Werlen 2005 RHlC & AGS Annual Users' Meetmg
June 21, 2005 June 20 - 24, 2005 at Brookhaven National Laborafory




Typical fragmentation function uncertainties
in charged hadron production

e Fa)
“ ha b2
I ha n tn

Theory with frog sets/Theory with BKK
&

1.25

0.75

a.5

0.25

[

+5=200 CeV pp—> (h" + h™}/2 X CTEQEM
scales M=p=M.=p;, —0.18<y<<0. 18
B BFGW (h*+h7}/2

A BFGW large Ng (h*+h7}/2
Y BFGW low Ng (h*+h™)/2

Ll & 8 e

KKP (h*+h7)/2

® Kretzer (h™+h7)/2

[ IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

4 B 8 10 12 14
plGeY /cl

Monique Werlen 2005 RHlC & AGS Annual Users' Meetmg

June 21, 2005

June 20 - 24, 2005 af Brookhaven National Laborafory

33



Typical scales uncegtainties in charged hadron production
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Extra slide on photon production
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