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Direct Photon Motivation

® Photons have a point-like coupling to the hard interaction, allowing for
direct probes and precision tests of perturbative QCD

® Experimentally, the 4-vector of the photon can be measured more
precisely than that of a jet, again pointing to precision tests of QCD

In these lectures, | will concentrate on photon production in hadron-hadron

collisions.

+ The dominance of the gluon-Compton scattering diagram allows the potential
for measuring the gluon distribution in the proton (although some theoretical
complications are currently making that a bit difficult).

If time allows, | may say a few words about some related processes:

+ diphoton production
+ photoproduction

Understanding direct photon production is #2 on the CTEQ List of Top Ten
Problems in QCD (http://sg1.hep.fsu.edu/~owens/QCD _list.html).

A few puzzles will be discussed along the way. CTEQ Summer School



Direct Photon Production Mechanisms

O
The lowest order is oo
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Leading order structure has the photon recoiling against a jet.
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Direct Photon Production Mechanisms

Next order is oo
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Soft and Collinear Singularities

What about singularities?

soft singularity when gluon
energy goes to 0

collinear singularity when gluon is
parallel to quark

T

/‘N\’V\'
Net effect is an order o, correction to the leading order process ( and
reduction of dependence on the renormalization scale)

singularities cancel when real+virtual
diagrams are added
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Higher Order Contributions

[

® \We've seen that including higher order ® use soft gluon approximation and leading
contributions beyond the leading log pole approximation to integrate over soft
approximation requires the inclusion of and collinear contributions analytically
o 2->3 subprocesses + combine (1) and (2) with order o ? 2-
« 1loop corrections to 2->2 body result
subprocesses a soft and IR singularities cancel
® This means encountering various IR, UV » factorize collinear singulartties
and collinear divergences ® Then have two types of MC events
® Can take these into account using analytic « finite 3 body events
techniques (Aurenche et al), or can use a + finite 2 body events that depend
combination of analytic and Monte Carlo logarithmically on the soft and
technoldgy (Owens) collinear cutoffs
+ regularize singularities (dimensional ® The cutoff dependence cancels (mostly)
regularization) when adding the two types of events
+ subtract UV singularities (MS scheme)
+ break 3 body contribution into 3 pieces ->only the total cross section has a physical
s (1) soft meaning

s (2) collinear

s (3) everything else (finite 3-body states
with 3 well-separated energetic

pattons) CTEQ Summer School



Bremsstrahlung

® Examine Bremsstrahlung diagrams in ® Bremsstrahlung diagrams are order
more detail o0
...but one difference between y
fragmentation functions and
quark/gluon fragmentation functions is
that the photon fragmentation function

® Intemal quark lines go on shell increases logarithmically with the

~long distance physics scale over the entire z range
@® [n this configuration, yis accompanied 2

by jet fragments on the same side, a4

with a high py jet on the away side \~2
® Factorize the singularity and include it a

a photon fragmentation function

. ) -perturbative part can be
® Sum th.e |argg logs vylth modified Oy 14 C) a™d caloulated
Altarelli-Parisi equations 0T Can \n O (A~ -non-perturbative part
usually modeled with vector
dominance (and measured

at LEP)
® GOy B(0,2) X o) » o)
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|Isolation

® Expect to see two classes of events Another complication: photon isolation
+ isolated (or pointlike): no hadrons
accompanying the photon

® Typical algorithm limits hadronic
+ accompanied: photon is part of a high yp g

energy in a cone of radius R

py jet; part of the fragmentation is o
perturbatively calculable N&]L‘APS about photon direction to
® This is a simplistic decomposition; the be less than some amc')unF &
situation is not so clearcut when ® Order aoy? fragmentation includes
dealing with a complete NLO 2-+3 subprocesses
calculation « soft gluon singular terms cancel
' | | against IR singularities in the 2+2 1-
loop terms

+ ...but this requires the extra gluon to
be integrated over all phase space (up
to some energy cutoff); if gluon is
inside the isolation cone, then the
gluon phase space is limited

+ incomplete cancellation of the singular
terms

CTEQ Summer School
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Cross Section Calculation
—

® |In order to calculate theoretical cross section, have to convolute
matrix elements with parton distributions (and fragmentation

functions)

Ece d"" (AB—C +X)= 2 [ dx.dx,dz. G a(XerM2)Gy /(x4 MDD ez, M}) ‘ﬂ ‘:;(ab—vcd)b(s+t+ﬁ‘)

E g ‘% 2.“21‘ &%‘%-"\
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Measurement Techniques

® Have to be able to distinguish the y

signal from the backgrounds from jets
fragmenting into a leading =° (or 1)

o, ~ U (oo,
Gjet ~ s (asz)

...but

+ more subprocesses for jet production
than for y production

+ larger color/spin factors for jet
production

vljet ratio ~ 103 - 104

...but interested in n° production
->high z fragmentation of jet
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y/n° ratio ~ 1% (at collider)

but imposition of isolation cut (forcing the
n° to higher z) can increase the ratio by

several orders of magnitude
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Quark/gluon fragmentation functions

® Quark and gluon jet Y topology
fragmentation functions have
been studied in detail at LEP

® At the Tevatron Collider (and
LHC as well) the background to
direct photons comes the rare

jets that fragment into a very high y

Z (=EolEjg) 7°, leaving little 10}

DELPH]
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Quark jets
Gluon jets
Jetset 7.4
Ariadne 4.08
Herwig 5.8C
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energy for the remainder of the 2
jet ' 10 F
® There is little information in this 01
region, especially for gluon jets, £ 14 f * Gluon/ Quark

which are the bulk of the cross g M1 N ...................L
section at low E; at the Collider 5 08y
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Measurement Techniques

There are a number of different

techniques to distinguish photons
-from the n° background:

\t

® Conversion
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the signal/background

® Reconstruction
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Direct Photons at CDF

® Two techniques utilized for
determination of photon signal
+ EM shower width
+ Photon conversion probability

CDF
Detector

® Use of techniques feasible
because of isolation cuts applied
to boost signal/background

Forward
{Not-To-Scale)

< Sili
INTERACTION POINT

n=42
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Preshower Calibration

15—

® For some limited number of
events (where the two photons

straddle towers), it is possible to e e
reconstruct the diphoton mass. 2000 | LTV oo [T ,o T
® These events can be used to 1750 |- 5w ‘ ?
calibrate the conversion Q : : ;
probabilities, and thus the amount 3 '° | 3 ]
of material. 21250 5 :
. <1000 | m .
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Discrimination variables

5

® Make use of tighter shower profiles (in

. ~ -1
general) for single photons as compared to Run 1A results (~19 pb)
n°'s
CDF Background Subtraction Methods
2 L] ¥ ¥ ¥ Al L) ~r
5 A ] Fraction of Photons = (gg—¢)/(es—¢,)
5 make cut : o e el P e et TR 988 Bala
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FIG. 3. Simulated x? distributions for 16 GeV /c photons & o9 [ Conversion Probability (1992) Background (&)
(solid) and x*'s (dashed). o085 [ 2
« 08 | R
G075 | 2
® Make use of greater conversion probability -‘Eo"gé - Mhbpiag,, ! A ]
for n0 than for single photon c 06 L . ) i
. . o 3 hotons (&
+ Probability for 1 photon not converting is *30-55 g o o 1 ' g
Py=e7* (t is # of radiation lengths) S 05 20 40 60 80 100 120
» Probability of 2 photons not converting is Py? Photon P; (GeV/c)
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Photon Fraction
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Photon/Jet Cross Sections
]

® Note that it's easier to measure low

E-; photons than low E; jets Inclusive Jet cross section
T T
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Situation at end of Run 1A

Puzzle #1: possible excess

pb/(Gev/c)

d*c/dP.dn

Photon P, (GeV/c)
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Puzzle

2

® Higher statistics in Run 1B (~87

pb)
® Is it possible that the photon

fraction does NOT go to 100% at

Photon fraction requiring:

*Run 1A: <2 GeV/c in cone of 0.7
*Run 1B: <1 GeV/c in cone of 0.4

high p; for isolated photons? |
!
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1b vs 1a

® CDF data from Run 1B agrees Data vs. 1a Theory
with that from 1A and probes both (1b theory rescaled by ratio of 1a/1b)
low E; and high E; regions in
more detail 15
125 | — NLO QCD (Owens et al), CTEQ2M, u=P,

A CDF Data 1B Prefiminary (cone 0.% < 1)

O CDF Dato 1A (cone 0.7 < 2)

L Run 1b Data Normalization Uncertainty 147
0.75

(Data—Theory)/Theory
(o]
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Photon P, (GeV/c)
CTEQ Summer School

J. Huston June 2000



Theory Evolution

® Changing the pdf (CTEQ4M should Data still shows shape problem at low p;

be used in place of CTEQ2M), but now there may be a deficit at high p;

-isolation cut, and 2->3 body NLO
cutoff changes theory prediction

Theory Evolution Using
Owens et al Calculations

1.5

1.25 —— NLO QCD (Owens et a!), CTEQ4M, u=P,

A CDF Data 1B Preliminary
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Dotted is Ratio With CTEQ4M, u=Pt, Cone 0.4, Lower Cutoffs |
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Theory Wiggle Room

{5

(theory~CTEQ4M (Owens et al), w=P;) /CTEQ4M (Owens et al), u=P,

Vogelsang prediction has improved Can add some shape to the prediction but
treatment of Bremsstrahlung (effect at hard to get good agreement with data
lowest py) ...and it's “not natural” to change the scales
Show flexibility of QCD by varying SO arbitrarily ~~ editorial opinion
renormalization, factorization and Tt

fragmentation scales independently 125 [~ MO ACD (ogeluong et o). CTEQMM 1=

~- NLO QCD (Vogelsang et al), CTEQ4M, =031 fires=Ps, firng=0.5P;

. . 1 - NLO QCD (Vogelsang et al), CTEQ4M, =Py, (tiea=0.3P1, flsey=0.5P
Comparison of Vogelsang et al with Owens et al 3 ' ' '

a A CDF Data 18 Preliminary
8 0.75 b Data Normalization Uncertainty 147
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Puzzle

® Why is theory larger than data at

~ high p;?

® Could soft gluon radiation from
initial state by spoiling isolation
cut?

]

CTEQ List of Top 10 Measurements
would like to see:
Isolation energy distribution as a

function of photon E;
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Back to Puzzle #1:Direct Photons and k-

® NLO QCD inadequate to explain size
of observed k; in DY, W/Z, and
diphoton distributions; full
resummation calculations needed

® May be similar effect in direct y; no

rigorous resummation calculation
available for direct y

+ complicated by color flow from initial to

final state
% 7 T |, SEMRSARARAL
> | _ ‘
Qo Pion Data
AT ] ]
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1+ %o i
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5 4 ¢ -
4 o 1 . N n
10 Vs (GeV)
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AR
1 - ';:-)-‘ ® Diphoton
@ Proton Data © Dimuon
® Dijet
ol aaun ] Ny &
10 10 103A
Vs (GeV)

® But yet there is a pattern of deviations

-
(]

Data/Theory

10

of data from NLO QCD predictions,
both at the collider and for fixed target
experiments

+ WAT0 \15_23 0 G eV " Direct photon productlon

a UA6 Vs=24.3 GeV
e E706 Vs=31.6 GeV
o E706 Vs=38.8 GeV
* R806 Vs=63.0 GeV
» R807 Vs=63.0 GeV
R110 Vs=63.0 GeV
w CDF Vs=1800 GeV
0 DP Vs=1800 GeV

+++§+ #"F ‘?{ ‘i‘

NLO Theory
[ U= pT/2

CTEQA4M parton distributions

Stat and sys uncertainties combined

by proton beams

% |
“WHW
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10
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Data/Theory

10

Back to Puzzle #1:Direct Photons and ky
5

...but yet there is a pattern of
deviations of data from NLO QCD
predictions, both at the collider and
for fixed target experiments

+ WA70 Vs=23.0 GeV Direct photon production]

a UA6 Vs=24.3 GeV by proton beams
e E706 Vs=31.6 GeV
o E706 Vs=38.8 GeV +
# R806 Vs=63.0 GeV ‘H +
» R807 Vs=63.0 GeV
R110 ¥s=63.0 GeV g

» CDF Vs=1800 GeV T
o0 D@ Vs=1800 GeV

NLO Theory t
- w=p;/2 .
CTEQA4M parton distributions

Hypothesis:

Stat and sys uncertainties combined
A 2 " " TS SO |

A
10

-Soft gluon radiation causes deviations from
NLO QCD at low E;
<k;> increases as log of s

1 GeV/c for fixed target

«3-4 GeV/c for Tevatron collider

«6-7 GeV/c for LHC (low mass states)
...yet the brilliance of this hypothesis is not
universally accepted (especially in Europe).
Why?
There are large logs that need to be
resummed when there is a restriction of

phase space for soft gluon emission.
«as for example at high x
«or at low system k;
+Drell-Yan production
«diphoton production
» vy + jet production
..but for single photon production (ignoring
away-side jet) there are no explicit

restrictions (except at high x)
CTEQ Summer School
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Direct Photons and k;

1
® Yet intuition tells you that these gluons are emitted and they should have
an effect on a steeply falling p; spectrum (like in direct photon production)
+ Can observe these effects, for example, by running HERWIG, PYTHIA
® Implement the effects of soft gluon radiation by incorporating Gaussian k;
distributions for the incoming partons in the proton-proton collision

+ Take the values of k; to be used either from the plot on the previous
transparency or directly from experimental observables

CTEQ Summer School
J. Huston June 2000



CDF/DO0 and k;

® Effect falls off as 1/p;?

® Implement k; smearing using

<Q> (GeVic)

<k;> of 3.5 GeV/c per parton

7 Ty e
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*The alert student may ask why aren’t
the same effects observed with jets.
-Other (larger) power corrections are
masking the effects.
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- © DO Preliminary 1994-95 —— Monte Carlo smearing;
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k: Implementations
’

® Can try to implement k;
smearing through added parton

. 1 ,5 1T T T l T T T l T ¥ T [ T T T ‘ T T fTﬁ-T’T—_I__A
’ Showe rlng NLO QCD (Owens et al), CTEQ4M, u=Py
1.25 NLO QCD+Parton Shower (Boer/Reno), CTEQ4M, u=Py -
¢ eﬁeCts tend to fa“ Off as 1 /pT r NLO QCD+3.5GeV Kt Smearing (Huston et al.), CTEQ4M, p=P,
rather than 1 /pT2 1 A CDF Data 1B Preliminary (#1.2 for shape comparison)
. . . > - Data Normalization Uncertainty 14%
» produces a deficit at high py S 075 ,
<
X
> 051
S ﬁ
2 4‘“
= 0.25 + |
5 .
) © ok kel A | % _
o + LI Y - f
Nt | e
-0.25 -
-0.5 - —
-0.75 - _
_1 L. . b l,, f BN R | | 1 1 I L U - i 1 1 1 | Lo L l
0 20 40 60 80 100 120

Photon Py (GeV/c¢)
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Photons at 630 GeV

1.5
105 :
E r -—— NLO QCD (Owens et ol), CTEQS5M, u=Py
s Prefimi 1.25 | - NLO QCD (Vogelsang et al), CTEQSM, u=P;
[ ® CDF 630 GeV Preliminary Dota r A CDF Data 630 GeV Preliminary (stat. uncertainty only)
—~ 10 — NLO QCD (Owens et ol.), CTEQSM, u=P, 1
S E i
> F i ]
& [ S‘ 0.75 |-
N’ 3 ” -
S0t £l 4
a E >Z\‘ 0.5 -
i 8 0.25 g + + +
e 2 . o
Q 10°F = - }
a » | P e } ,,,,,,,,,,,,,,,,
I r g o
S} 3 2 t
o (= :
10 F -0.25 |-
i -0.5 |-
L i
; -0.75 |-
10”....|U.,|...,l....1,u.1....l....l..., e e b b e b e Lo b e e L)
5 10 15 20 25 30 35 40 45 5 10 15 20 25 30 35 40
Photon P; (GeV/c) Photon P; (GeV/c)
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Low p; shape problems at 630 too?
5

expect about 2-2.5 GeV/c

per parton
@ CDF 630 GeV Preliminary Data (stat. uncertainty only)
1 A UA2 630 GeV Data
— NLO QCD (Vogeisang et ot), CTEQSM, u=P,
L .. Addition of Kt With Baer/Reno
5 7 T S a— . . 0.75 * . Addition of 2.0 GeV Kt olo E706 ‘
> T
3 Pion Data SECI
27| o :
P
& L gc ) B { 0.25 - + +* + *
o ® > .
5+ o -1 e Y SN
¢ ° S o + bl
: P L k3l B FERDO S S
' _J oT -
4 _0 L1 N L o - * 4
-‘6—025 u +
: 10 \5 (GeV) { & I *
3+ 1 -0.5
3 * 1 E
-0.75 |~
2 ‘++ I N
r ‘o¢ ] P I PPN I PP IV WP I B e
[ ] ® Dinho o] 10 20 30 40 50 ;0 70 80 a0
1+ »9c° tphoton Photon P GeV/c
5 8? Proton Data O Dimuon ! ( )
i ® Dijet
0 .| L a1 1 2ol s
2 3
10 10 10~
Vs (GeV)
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(Data-Theory)/Theory

o
>

o
N

Q

-0.2
-0.4

-0.6

Universal Problems at high p;?

O CDF 1800 GeV Preliminary Data (stot. uncertainty only)
® CDF 630 GeV Preliminary Data (stat. uncertainty only)

A UA2 630 GeV Data
— NLO QCD (Vogelsang et al), CTEQ5M, u=Py

o bea o by v e by s Lo aay

P T VRS B 1 L
10 20 30 40 50 60 70
Photon P, (GeV/c)

80

r O CDF 1800 GeV Preliminary Dota (stat. uncertainty only)
0.8 r ® CDF 630 GeV Preliminary Dota (stat. uncertainty only)
i A UA2 630 GeV Dato
o6 I — NLO QCD (Vogelsang et al), CTEQSM, p=P;

i + !
o 0.4
o
_GC) : * L ]
£ oz }
£ o +
S of S ; 14
T ozl O T |
S . + 000
[e] L
(=] I
~ —0.4 |- +

-0.6 i
-08 |-
. P S| . L A .
90 1072 107"
Photon X;
CTEQ Summer School

J. Huston June 2000



Diphoton Measurements at CDF
|

2 aspects:
*QCD measurements of yy 10 | | 00
sexotic searches with diphotons, “{ 3
e.g. Higgs->yy: looser cuts to maximize > & s
efficiency < 2 e
a g
Require: = % *
*E; Y12 > 12 GeV/c % S 2
*|solation energy in cone of 0.4 < 1 GeV/c 3 , 1 o
0 50 100 2.4 2.6 2.8 3
saturated by MB energy for yy ) Mass (GeV/c”) A¢(Rad)
N.B. backgrounds come from jets with /\J ' | '
Z,0 (FEo/Eje) > E ol (Ejot1) ° 3 M | Diphotons
-z .~0.95 for E;"=20 GeV/c < CDF Preliminary
fragmentation functions not well a 2 -| Solid CTEQ4M NLO
determined here, especially not & Dashed CTEQ4M Resummed
with gluons and especially not Qk 1 ]
in Monte Carlos 3 ) . :
5 10
Note that distributions that are & functions K (GeV/c)
at LO are not well-described at NLO CTEQ Summer School

->need resummed predictions J. Huston — June 2000



Diphoton Fractions

® Background subtraction more
complicated for diphoton case

Photon Fraction

*

L 2

—_
E

o

—_

o
™

0.6

0.4

0.2

0

*As expected diphoton events are more
isolated than background

both photons can fail CES/CPR test, «consistent with min bias energy
both can pass, or one can pass and

one fail- Cone .4 Distributions, R = Shaded Area / Total

end up with 4X4 matrix to invert with T go ETTTTTTTTT
output number of yy, gn°, ny, n°n°® 500 H yy 1 700 i ‘bgbg
“pairs 0 400 R ] Y R=0.30 4
' CDF Preliminary 4 300 N \
200 N N ;
N
L i 100 N §
o N D
; ] 0 2 4 6 B8 10
- s
j 500 LI B 0 B S S 2 2 B 0 B 0 S TTTT T T T
B — ~1 400 ;E t0t0| bg j
1 3 N R=0.36 ]
+ ] 300 [ \ g
- . - N
: : 200 N §
3 1 R \\\
L : 100 N \
. N
[ D
[ 0 15 D
| 0 2 4 6 8 10 0o 2 4 6 8 10
T BN PR PR T FR TS ST TES FW T e Wl SUwN e et

0 5 10 15 20 25 30 35 40 45

Photon P,(GeV/c¢)

1B diphoton data, two entries per event

Cone .4 (GeV)
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v/7° ratio at the LHC

® Use same leading order program as was

used at the Tevatron to look at the y/n° ratio

as a function of the isolation cut
® Inclusive y/n° ratio is extremely small but
the imposition of a reasonable isolation cut
brings the ratio to the order of 1 or larger in
the range of interest
+ expect y/n° to be of same order as n°n°

® Picking out the tail of the isolation energy
distribution

x 102

1400 F
1200 -
1000

- i

600 I

400 | H }l I IJ[ +

o | RAT
L

P B T POROE TSI PUUE PITUE FEA P DU
e T e a0 0 e0 70 80 90 100

» y/n° as a function of isolation energy;

uses a collinear approximation to fragmentation
*no explicit isolation cut in ATLAS; would be very
interesting to study effective isolation cut

YT

10 |

.....

1
.....
.

<1 GeV

b g T <2 GeV
S I S N B s SR RN € Y

SR I N S R
e EI,IL o '_+__+—+—+ <5 GeV

,,,,,,,

isolation energy for n°s with E;>25 GeV

coda b ba v a by a b vad g
40 50 60 70 80 90 100

DSIGMA/DPT
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Direct Photons and k;
5

® Effects of k, more severe at fixed target note agreement of s with
energies similar k; corrections
® Theoretical uncertainties too large to use ) f
direct photons for determination of gluon o O R T T T T T T T T T
bt b PP Be at 530 GeV/c ]
1030 X, p :
distribution o, RS / 0755y, 5075 ]
(CTEQ conclusion) PR N S “r [pb/(GeV/c) per nucleon]
10 | Ry o 2° [nb/(GeV/c)’ per nucleon]
.é 7 —r1 S e B e A A ; r stat and sys uacertaintics combined 1
g pBe — yX at Vs=31.6 GeV | Af
g 6 075<y_ <075 1 10_2r 3
a [ e (k)=14GeVic | 10 1 . VY M, :
SN —— (k)=12GeVle | 10"} %th;ﬁf“‘-hﬂ) s N T
s | ““ (k'l') =1.0GeV/ic . ] -4f ":‘...Z_::\ O \"\\ ]
“‘_ . MRST Vo ] 10 1 1! uses BK.Kff - s O ~‘ _\!
o R Sp oo (k) =14GeVic
e 10 r ——(kT) 1.2GeVic "
4 ~._\ S 10 B J— (kT 10GeV/c X ]
‘ ] S (k) =00Gevic X !
10 Lo Lo
3 g pBC - 'YX ]
4 - -
é ¢ o (k)=14GeVic © (k)=10GeV/c ]
2 Saf * ® ()=12GeVie s {k)=00GeVic ]
E 2 1 * ¢ + + + { 1 h
= 0 y 1
DI S the 4 E
1 g1 LT ¢ i :
| itmﬁ:‘i?%ﬁ%ﬁ-i ------- NS T -
NP | 1 NN [ R e N S—a— 1 PR UUPUR IS T .
0y 5 6 7 8 9 10 1 's774 5 6 78 9 10 1 12
pr (GeV/c) py (GeVic)
MRST k; cgrrection for E706; both MRST gnd CTEQ4 CTEQ Summer School
pdf's describe E706 data, so MRST gluon is < CTEQ4 J. Huston  June 2000
at high x



Measurement of k; in E706

® Can directly determine the level
of k; in E706 physics by

g
o

measuring the pout distributions Q oNOTheoy |, LOTHeoy
. 2 05 | ’YY i i—Reummed + TU JC ;% <kp=00GeVic,
for 1Y, TCOTTO, 'Ylto pairs <] osoceve | PYTHIA L ey | pdkeel2Geve
504 IchSY‘Icz i (RemlIGVI) P | r—<kp>=14GeVic]
. - A9>10! ' .
+ consistent with the 1 GeV/c level £
z 03
]
o2t
01}
0.6 Al T Al T T Ll Al 1
0 I LO Theory O --- i°r” data
05 | ;- <kp=0.0GeViet T
' ’Y{)tgw [ e <kp>=12GeVie ':llcw
04 | .',’f‘ﬁ'_slggwi | <kp=14Geviel 1055 Gevie
A¢>105" : A9>105"
:iﬁ “i:
4 2 0 2 4
Pout (GeV/ic)
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k+ for WA70 (pp)

5

Use an average ky of 0.9 GeV/c for WA70 v data are happiest with no ky; n° data
(measured by them in yy production in p require on order of a GeV/c
collisions); see factor of 2 enhancement

expected; note that effect is primarily a

. . . - — T
normalizationshift $10%) pp at Vs=23.0 GeV (WAT0) |
e ' [ 1 “ -035<x,5045 E
g pp — YX at Vs=23.0GeV | & 102f T ® y_[pbl(GeVic)! | 4
2 ] F R, o 7w [/(GeVic) ] 3
Z6 —0.35<x;<045 7 10 L e .
‘j_ ------ (kp=1.1GeV/c ! T
— (k)=09GeVic | L B TR =
51 e (k;y=0.7GeVic ] 10 ' TR : ) “:1?::-_-::7;-.;7;7;7;?:7;7_-5
e ] 107} NLO Theory (u=py/2) oo
4 e ! - F CTEQ4M pdf I
e 1 10 '3; n uses BKK ff T
e, FEE (kp) =1.1GeV/c ]
o T ] -4F — (k) =09 GeVic
I h LI ge— (k) =0.7 GeVic
[ ] RS (k) = 0.0 GeV/c 1
) > - 4 4 ] 4 4 4 .
\\ ] g 15l pp 2 ¥X
2 |- . £ ¢ 0 (k)=1.1GeVlc D (k)=07GeVie ]
N10F ® (k)=09GeVic ® {k;)=00GeVic .
.-..-----". h o) [ 3
L : ) P H
1 1 & 05¢ *
- ] § 0.0 oo S AN S (e e R
Q 4
SRR R
T SN R SN D BT R R 1.0 1 . .
35 40 45 50 55 60 65 70 pr (GeVIC)

py (GeVic)
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R Ed%!/dp3 (pb GeV? per nucleon)

(Data-Theory)/Theory

WA7Q rt° data

T T T T Ty
[ 1
af-. pp -7 X at 280 GeV/c (WA70) 1
107F ™~ -0.35 <x,<0.45
e ‘.\“a stat and sys uncertainties combined
10 ZEL e i
g e
[ T
10 | . A
{ L NLO Theory ) e ]
E w=p;/2 4
SECERLEES y=1.0GeVee e ]
o 'L (l(k,cr) 0.0 GeV/e e
f CTEQ4M partdn distributions T 3
E n° uses BKK fragmentation function e
. I AP SN B L.
AR T ¥ T A | T =
- 7
s 3
0 :_ ....... @----- . __f e __ .. , ._..---.._ ........... .‘ ............ f ............ -
-1 F e (k)=10GeVic “
2 e (k)=00GevVic ]
PP EP U TS S UV S VU A S S S
4 45 5 55 6.5
pr (GeVic)

Ed3c$/dp3 (pb GeV? per nucleon)

-

(Data-Theory)/Theory

-—
o
w

—
o
N

b
o

-t

0

T T 'ﬁ*‘*fl' LA B AL B R A
e 7p — 1% at 280 GeV/c (WAT0) ]
. —0.35 < x, < 0.45 3
i T W stat and sys uncertainties combined ]

.. ]
[ \.“ [} E
[ T e
| NLO Theory
E L=Pr /2

------- (k) =1.2GeVic
L (k) =0.0GeVic . 4
GORV92 parton distributions E
[ 7 uses BKK fragmentation function RN
P I N PR B i Py ]
fT I T T 1 v T T T T T3
-—-.1 v o8- A Bty R A -
3 e (k)=12GeVic ]
E e (k,) 00GeVic ]
S T R ST S I v | ‘i .LL.Z
4 45 5 55 6 6.5 7 5
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Problems with 1t°’s

® Recent paper by Aurenche et al

(hep-ph/9910252) comparing cross
sections for n°’s to NLO predictions

Data cross sections universally larger
than NLO predictions (by a constant
factor?)

What's the cause? Is it related to the
problems with inclusive photon
production? Or different (higher order
corrections, uncertainties in
fragmentation functions).

k; corrections similar to those used
for single photon production provide a
reasonably good description of the
experimental n° cross sections

Data/Theory

10

1

++¢++++++

2 WAT70Vs=23.0 GeV

*x NA24 Vs=23.8 GeV
A UA6 Vs=24.3 GeV
e E706 Vs=31.6 GeV
o E706 Vs=38.8 GeV
= R806 Vs=30.6 GeV
« R806 Vs=44.8 GeV

Hi

| NLO Theory

- p=pg/2
- CTEQA4M parton distributions
Stat and sys uncertainties combined

i *.H.W..-_:

0 .
1 production

by proton beams

[

0.2

0.3

0.5
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J. Huston
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Look in detail at t° agreement

”n.104 o T T T T T T )
I 3 pBe at 530 GeV/c |
ok 075<y,, <075 3
m 10 RN . 1 [pb/(GeV/c) per nucleon]
10 r 0 " [nb/(GeV/c)’ per nucleon] 4
3 stat and sys uncertaintics combined ]
1 F 1
10"} j
P %
10 ¢ s 3
-3f NLO Theory (0 =p,/2) ~7% E
10 ¥ CTEQaM paf ) !
10 § ° uses BKK ff 1
SF oo (k) =14 GeVic
10 F "—(k.r) 1.2GeVic 3
10-6 =1.0GeVic ]
7? (kr) 0.0 GeVic 1
10 e L L ;
Sl v ' pBe — X ]
E | 1 0 ()=14GeVic O (k;)=10GeVic '
23 . " (k)=12GeVic o (k.r)- 0GeVic
AT -
[ [ i tey
gVE 1000y ia ;
s | LEX E : ¢
L L e R :
R S Lo S SR WO S DO .
3 4 6 7 8 9 10 11 12

p, (GeVic)

~10 5 e . I S
8o af Be - 7°X at 530 GeVic (ET06)
33 10 E .- p
3 3 \*' —-0.75< y < 0.75
w1030 -t stat and sys uncertainties combined 4
& ¢ e 3
107 g :
30 e,
210 ¢ Tl s
<) ! 3 Ty
«S10 'l NLO Theory g
R m=pg/2
10} e )=12GeVic
Y J— ((:TT) 0.0 GeVic , t 3
10 F CI' EQA4M parton distributions +
i 45 7° uses BKK fmgmemn{lon function
10 Thcorly adjustcd by A . | 1 1 R -
ARMARASN B B B R BEAREE RS Ss LSS S S AR SRS NIRRRRE
 2f
2 L e e
E TE T E
B o boereesstttttitengitd g b by 1
V] [
B oqf
d . ® (k)=12GeVic ]
é 2 _ ! i 1 | ! (kTI) -00 GeV/c :
3 5 6 7 8 9 10 1:

Pr (GcV/c)

Note that k; correction slope is not as great as for
single photons; n° only takes a fraction z of the jet

momentum and ky; fraction decreases as p; decrease
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y/T° ratios

® World's n° data are
consistently different from

| NLO prediCtionS = | 'y/1t0 in pp (pBe for E706") reactions
® World's y data are
inconsistently different from 't W e ]
NLO predictions | + ‘o | ?
® Look at y/n° ratio to see if j dLT A
problem may be “signal-to- _ +."' o " s § ++ '+
background” (hope that many o, s .4 ¢
systematic errors (both theory "+ PR AT (e Gev)
. . . ® UAG6 (Vs$24.3 GeV)
and experiment) will cancel  E706 (Voco 16 Gev) |
¢ v E706 (Vs=38.8 GeV)
® R806 (Vs=63 GeV)
Tzu?justed for A—ldependence [ , 1

Investigation in progress

0.2 0.3 04 0.5 0.6

X+ =

T

CTEQ Summer School
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yr

*Tendency for y/n° ratio to agree

y/T° ratios

better with theory at higher center-of-

mass energies

Discrepancy between WA70 and UAG?

(similar energies)

T T T T T

‘y/no in pp reactions at ¥s=24.3 GeV (UAG)

—— NLO Theory
H=p/2
CTEQ4M pdf

" uses BKK ff
o

N 1 PPN | 1.
4 45 5 55 6 65

py (GeVic)

yn®

T

T

vvvvv

NLO Theory
H=p2

CTEQ4M pdf
n° uses BKK ff
Theory adjusted by A"
s adaa 24

L " "
6 7 8 9 10
Py (GeVic)

M T

y/no in pp reactions at Vs=23 GeV (WA70)

-

ce ‘

~-- NLO Theory
H=p;/2
CTEQ4M pdf
n° uses BKK ff

i oY ] a1 I ¢ 1 .

45 5 55 6 6.5
py (GeV/ic)

T

‘{lno in pp reactions at Vs=63 GeV (R806)

yn'

NLO Theory
H=p/2
CTEQ4M pdf
n” uses BKK ff
al ooaaal

" 2t A a
3 4 5 6 7 8 9
Py (GeVic)
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Direct Photons and resummation

® Threshold resummation for direct
photon production has been
performed by two groups with similar
results: scale dependence of cross
section is reduced with some
enhancement at high p;/x. E706
cross section is still larger than the
theory.

® Can k; and threshold resummation
approaches be combined, a la
George Sterman’s approach?

Note that effect (from this
preliminary result) is not so

different from Gaussian k; smearing.

E d%¢/dp® (pb/GeV?)

Figure 2: Prompt photon cross section Ed*opn,ox /dp® for pN collisions at /5 = 31.5
The dotted line represents the full NLO calculation, while the dashed and solid lines respect
incorporate pure threshold resummation [5] and the joint resumnmation described in this p

104

102

l'l'llllllll[‘fll]l"Y
i PN . Eppum = 530 GeV

Inl<0.75

1 11 1 1 1 A1 4 4 1 ) L 1 1
4 6 8 10 12
pr (GeV)

Data have been taken from [2].
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What does the gluon distribution do

at high x?

Key Question

Does George’s calculation saturate the
high x cross section using CTEQ4M(5M)*

4
10 S AL ELALSY ERALALALAN EMEARALA B
i . Epeun = 530 GeV
10 b . CTEQ4HJ ' :
3 “ Inl<0.75
F . MRST 102 | Ny ] —1
___ NLO fit to DIS+DY+E706 proton beam data * - .
; 530 and 800 GeV data combined g .
- 10 - —
F <k;> = 1.15, 1.3 GeV/c, respectively :D"
Y
o 4
N |
v
I m 1072 |- —
-1
10 | |
1074 - ]
padw e b b b
10'{ 4 6 8 10 12
E pr (GeV)
Q=5.0GeV/c
Figure 2: Prompt photon cross section Ed®opnyx/dp® for pN collisions at /s = 31.5 GeV.
The dotted line represents the full NLO calculation, while the dashed and solid lines respectively
-3 P
1o J S SEPURFIS EU I WU S S ST BTSN W incorporate pure threshold resummation [5] and the joint resummation described in this paper.
0 01 02 03 04 05 0.6 0.7 Data have been taken from [2].
X
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Future Tevatron Plans
—
® Run lI: Spring of ‘00 to ‘02(37?)
o Upgradeto 2.0 TeV

o 2-4 fb1 of data
a ~2-4 X 108 W events |
a ~6-12 X 103 jets events with E; > 300 GeV/c; jet ¢ measured
precisely to 500 GeV/c
a ~1.4-2.8 X 104 yy events (p> 12 GeVic)

+ Both CDF and DO have plans for extensive hard diffraction
physics measurements in Run Il with Roman pots and high
rapidity calorimeter coverage (D0’s proposal has PAC
approval; CDF proposal will be presented soon)

® Run Ill: 2003-2007
+ Order of 30 fb™!

CTEQ Summer School
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Run 2: inclusive photon production

”

® Inclusive photon
reach for 2 fb-1

doy/dy dp- (pb/GeV)

100 |

10 |+

01

0.01

0.001

0.0001

pp—>7+X
s? =2TeV -9<y<.9 CTEQSM Q=p;/2

> 10 events per 10 GeV p, bin for 2 fb ™

I
II
Iy
I

I
L

3

a0 100 150 200 250 300 350

p, (GeV/c)
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Normalized Contributions

Run 2: inclusive photon production

pp ——>7v+X
s?-2Tev -9<y.9 CTEQSL Q=p/2
1 T T T ¥ T T T T T
0.9 T
v //
A
08 N / /
07 '\ /
\-
\
06 ‘ . ] i
—— q qandaq
----gg
05 - aq
— — - fragmentation
¥
04t / .
/ \
/ .
/ .
0.3 / \
/ N
."J \x
02 //' \.\\ 4
/ s
01|\ RN
\ B ——
0 N ‘—.\L" ey ed e N [ I TP, b -
0 50 100 150 200 250 300 350 400 450 500
P, (GeV/c)

CTEQ5HJ/CTEQSM
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pp—>7v+X
s”=2TeVv CTEQ5 -9<y<9 Q=p,2
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- > 10 events per 10 GeV/c p, bin for 2fb™
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