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Formationw of Relativistic Anti-Hydrogen

Measured at CERN-LEAR and FermiLab

Munger, Schmidt, sjb

| Coulomb field

A

Wavefunction maximal at small impact separation and equal rapidity
“Hadvronigatiow’ at the Amplitude Level
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Hadronigation at the Amplitude Level

T =14 2/C —— — 8

€

Event amplitude
generalor

Construct helicity amplitude using Light-Front Perturbation
theory; coalesce quarks via Light-Front Wavefunctions
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Light-Front Wavefunctions

Fixed 7 =t+z/c F.T. < 0ly(y1)v (y2)v (y3)|p > |r.=0

—

Wz, ki Ai)

Inwawiont under boosts! Independent of P
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Creating Hadrons

* Coalescence of co-moving quarks
* Maximal probability at minimum oft-shellness

* Hadronization formation at a given 11ght—front
time described by light-front wavefunction bl (4, k1 M)

* Example in QED: Formation of anti-hydrogen
* Exclusive amplitudes controlled by LEWS

* LFWFs predicted by AAS/CFT
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Prediction from AdS/CFT: Mesow Light Front WF

2 0.6 0.40.2 de Teramond, sjb

oz, k3)° )

0.05(

on(x) = [ d2k Ypr(e, kb))

16 x fary/z(1 — z)
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Hadronigation at the Amplitude Level
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Baryon Production.

Tb(% Ej_a AZ)

Construct helicity amplitude using Light-Front
Perturbation theory; coalesce quarks via LEWFs
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Hoyer, Marchal, Peigne, Sannino, sjb

QCD Mechanism for Rapidity Gaps

w(kaL)
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Light-Front Wawvefunctions

Dirac’s Front Form: Fixedt=1+2z/c

WP(x, k) -+

Invariant under boosts. Independent of P"

HZ P |y >= M2y >

Remarkable new insights from AdS/CFT, the duality between
conformal field theory and Anti-de Sitter Space
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Light-Front Wavefunctions

Dirac’s Front Form: Fixedt=1+z/c
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QCD
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P >= My >

13
Yvy

Invariant under boosts. Independent of P*
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Light-Front QCD

QCD — A2
Hpo " |Wh) = Mj [Wh)
Heisenberg Equation e "
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Deep Inelastic Lepton Proton Scattering

Imaginary Part of Xgs E_
Forward Virtual Compton Amplitude >

q(x,0%) =3, [0 Pk |W,(x,k, )|

X=X, All spin, flavor distributions

Light-Front Wave Functions 'an(ﬂji,EJ_i, Ai)
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Angular Momentum on the Light-Front

A*=0 gauge: No unphysical degrees of freedom
J< E S + E l < Conserved
P LF Fock state by Fock State
Z _ _ (110
[ j _l(k j ar2 k= jig kl ) n-1 orbital angular momenta
J
FermiLab AdS/CFT and Novel QCD Phenomena Stan Brodsky

March 30, 2007 14 SLAC




T N — u+ u X at high xr

In the limit where (1-xr)Q? is fixed as Q? —

Entire pion wi

contributes to

hard process W |
Virtual photon is
longitudinally
polarized

-

Berger and Brodsky, PRL 42 (1979) 940
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Berger, Lepage, sjb

)
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Pion appears directly in subprocess at large xr

AW of the pionw momentum transferred to-the lepton pair
Lepton Pair produced longitudinally polariged
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= N — 7% + 7% ~Xat 80 GeV/c Betl‘ger-llgrods]ky prledictlion_y ,
1.2 / -
do 1 2 . )
20 ° + A cos“0 + p sin260 cos¢ + w sin“0 cos2 . O.8—+
0.4f
2 k2
-——M———tx x| (1—x,)%(1 + cos?9) +—£l (kf) sin’|
dx ., d cos@ 9 M?
A OF
(k#) =0.62 £0.16 GeV?/c? 0.4k
_0_8._.
Dramakic change ivv ol
angwlowr distribution at o
Low 04 05 06 07 08 09 |
ge xr ‘o
Example of a higher-twist Chécé‘ﬁ;’l;glf :tlf(fr'ion
dlre(:t subp SUAB e, Phys.Rev.Lett.55:2649,1985
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Direct Subprocesses
* Hadron produced directly in subprocess

* Hadronic amplitude physics encompassed in LEWF

* Higher twist in 1/QQ?, but dominant at large x or z

* Observed in Drell-Yan reactions at large xr: dramatic
change in lepton angular distribution

* Merges with exclusive processes at exclusive boundary

* Strength amplified by trigger-bias effect in single-

particle triggers Berger, Brodsky, Lepage
Brodsky, Hover, Mueller
* Color transparent % T OVEL ’
Tang
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Bawyon caw be made dirvectly within havd subprocess

Bjorken
P Blankenbecler, Gunion, sjb
_ Berger, sjb
Coalescence uyu — pd Hoyer, et al: Semi-Exclusive
within hard
subprocess $p(z1, 72, 23) < A
Small colov-singlet
Color Transparent
Minimal same-side energy
u . & < u
g 4l g
Collision can produice 3 Nactive = 6 99 — bq
collinear quarks Neff= 2Nactive ~ 4
\ 8
< Neff=
d
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pp — HX at high pr
Hadvrow created from
Jjet fragmentation

Color Opaque

F(z.0
Ej%p(pN o orX) = Eler fC’M)

[r—

4,

Nactive = 4
Neff = 2MNactive ~ 4

Neff = 4




Crucial Test of Leading -Twist QCD:
Scaling at fuxed xr

E%;(p]\f — rX) = Fenbom)

p%eff
Nefr = 4
Bjorken scaling

Conformal scaling: neg = 2 Nactive = 4
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PQCD prediction. Modification of power fall-off due to-
DGLAP evolution and the Running Coupling

Neff
6_
5.75¢
5.5}
5.25}
5_
4 .75}
4.5}
4,25}

\\

Pirner, Raufeisen, sjb

E dO’ (pN N 7.‘.)(> _ F(xT790M>

p%eff

Neff ~ 4-5

5 10

15

50 Pr (GeV)

Key test of PQCD: power fall-oft at fixed x
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\/EnEjT‘;(pp — vX) at fixed

LT

p+p collisions \'s=20-1800GeV

@ DO p+p \s=1800GeV
O CDF p+p \s=1800GeV
B UA2 p+p \s=630GeV
O UAT1 p+p \s=630GeV
A UA1 p+p \s=546GeV
A UA6 p+p \s=24.3GeV

p+p collisions \s=20-200GeV

¥ PHENIX-Run3 p+p \s=200GeV
¢ R806 p+p \s=63GeV

* R110 p+p \s=63GeV

s E706 p+p \s=38.7GeV
¥ E706 p+p \s=31.5GeV
+ UAG p+p \s=24.3GeV

X NA24 p+p \s=23.75GeV
- WA70 p+p \s=22.96GeV
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Tannenbaum

Scaling of direct
photon
production
consistent with

PQCD




PHENIX Prompt y: Comparison to pQCD

—
<

Points: PHENIX
Curve: INCNLO

E*d°c/dp® [mb-GeV2c®]

10°®

-10 1 l 1 1 1 1 1 l 1 1 1 1 1 1 l l | l
Uz 6 8 10 12 14 16
pT[GeV/c]

* No K factors, no fudge factors, absolute comparison
 Completely independent calculation.

— Good control over pQCD prompt photon calculation @ RHIC.

INCNLO (1.4):

NLO pQCD +
NLL photon
frag. func.

A




E jgp (pp — ﬂ-OX) Vs =200 GeV Tannenbaum
& 1E
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FermiLab AdS/CFT and Novel QCD Phenomena Stan Brodsky
March 30, 2007 26 SLAC




]

2
)
N

(Vs/GeV)®? E d°c/dp® [mb/(GeV/c)

FermiLab
March 30, 2007

—_k
o

—_
o

—_
o

—_
o

—_i
o

—_i
o

—_k
o

—_l
o

—_k
o

N
(@)

—_
(0]

—
N

—_
[\

—
(@)

(00}

()

-
(o2}

T CDE ¢ 1800Gev
F %?% s 630GeV ]
=L Q .
E ., UAT ° 900 GeV ]
o 500 GeV
E° %AA@% o 200 GeV
] PHENIX ® 200GeV 3
-, ¢ 53GeV
' 23 GeV ]
: h++ h | 3
3 2 " E
L 7 -
-3 -2 -
10 10 10 1
Xt (GeV/c)

AdS/CFT and Novel QCD Phenomena

27

:X) at fixed X

Tannenbaum

No Single Scaling
Inconsistent with
PQCD

Stan Brodsky
SLAC




(pr/GeV) Ed’o/dp’ (mb/GeV?)

Invariant cross sections for pp — (7T +77)/2 + X
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2
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Protons produced in AuAuw collisions at RHIC do not exhibit clear scaling properties in the

available pr range. Shown are data for central (0 —5%) and for peripheral (60 —90%) collisions.

| e s e L B S S S S B

2 -
. yefe | 0-5% r—e—
Leading twist: F o092 | | |
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d F(xpr00ns) T
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Ed3p(pN—>pX) — i
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Meson canv be made dirvectly withinw hard subprocess

pion

gu — wtd

w(kal-)

Coalescence
e par(x) o fary/z(1 - z) o< Agep
within hard
Color Trawvnusparent!
Minimal saume-side energy
U4 e g
Blankenbecler, Gunion, sjb
Berger, sjb
Nactive = 5 Hoyer, et al: Semi-Exclusive
gq — Mq Neff= 2Nactive - 4
' 6
Neff=
d
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E%Up(pp — HX) = E(zr,00m)
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Bawyon cawv be made dirvectly within hawrd subprocess

Bjorken
P Blankenbecler, Gunion, sjb
_ Berger, sjb
Coalescence uyu — pd Hoyer, et al: Semi-Exclusive
within hard
subprocess $p(z1, 72, 23) < A
Small colov-singlet
Color Transparent
Minimal saume-side energy
u . & < u
g 4l g
Collision can produice 3 Nactive = 6 99 — bq
collinear quarks Neff= 2Nactive ~ 4
\ 8
< Neff=
d
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S. S. Adler et al. PHENIX Collaboration Phys. Rev. Lett. 91, 172301 (2003).
Pawticle ratio- changes withv centrality!

Ratio

1.2}

1.8¢
1.6}
1.4}

1f
0.8f
0.6]
0.4f
0.2f

proton/pion

3 4
p; (GeV/c)

<« Central
O = Au+Au 0-10%
A Ao Au+Au 20-30%
o e Au+Au 60-92%
* p+p, s =53 GeV, ISR

---- e'*e, gluon jets, DELPHI
------ e*e, quark jets, DELPHI

<— Peripheral

Protons less absorbed
in nuclear collisions than pions!

Open (filled) points are for &= ("), respectively.




Power-law exponent n(xr) for ¥ and h spectra in central and peripheral Au+Au collisions at
vsyy = 130 and 200 GeV

S. S. Adler, et al., PHENIX Collaboration, Phys. Rev. C 69, 034910 (2004) [nucl-ex/0308006].

b+ includes protons

A10 T T | T | T | T T T T T | T | T | T | T | | T | T
- .
% 9__ n(x,) for n° ] n(x,) for % $ Cent_{' al
: <5 0-10% 1t 250-10% |
8~ [160-80% _ [ 060-80% T b .
T TE |
¢ T :
5__ I:;:l . L __ | ! 1 E i |
L 7 1 Peripheral
3l AL i
2_ Ry N v —]
T (T (I II T T N L RN I R AT R R B

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

X X

T T

Proton production more dominated by
color-transparent direct high n.gsubprocesses




tvidence for Direct, Higher-Twist
Subbrocesses

* Anomalous power behavior at fixed xr

* Protons more likely to come from direct
subprocess than pions

* Protons less absorbed than pions in central
nuclear collisions because of color transparency

* Predicts increasing proton to pion ratio in central
collisions

e Exclusive-inclusive connection at X = 1

FermiLab AdS/CFT and N oveéQCD Phenomena Stan Brodsky
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Role of higher twist inv hawrd inclusive reactions
e Hadron can be produced directly in hard subprocess as in exclusive

reactions
Semi-Exclusive Reactions -BHM'T
Hoyer, Mueller, Tang, sjb

* Sum over reactions
e Trigger bias: No wasted same-side energy
e Exclusive -inclusive connection important at high xr

e Explanation of n.g= 8, 12 observed at ISR, Fermilab: Chicago-Princeton
experiments

e Direct Hadron Production -- color transparency and reduced same side
absorption

e Critical to plot data at fixed xt

* Interpretation of RHIC data is modified if higher twist subprocesses
play an important role

FermiLab AdS/CFT and Novel QCD Phenomena Stan Brodsky

March 30, 2007 37 SLAC




Fluctuation of a Pion to-av
Compact Color Dipole State

by ~0 (1/ky)
¢ X1, Kiq
-
n >
T Xo; Kip
A A’

Color-Transparent Fock State For High Transverse
Momentum Di-Jets

u U
o+ Same Fock State
g Determines Weak
d Y,
Decay
FermiLab AdS/CFT and Novel QCD Phenomena Stan Brodsky
38 SLAC

March 30, 2007






