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Scattering in the Regge Regime

e Perturbative QCD is not valid for large s, small Itl scattering
- how to compute such amplitudes (and total cross
section)?

e Sum over amplitudes for exchange of a mesons of spin J,
mass m in the t-channel:

SJ

A(s,t) x

t — m?

e As s — 00, summing over all such t-channel poles violates
Froissart bound!
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FIG. 1. Differential cross sections at 20.8, 64.4, and
199.3 GeV from this experiment, and at 5.9 GeV from
Ref. 2. The curves are the result of a fit described in
the text.




The Pomeron

» Regge theory is great! But Reggeon exchange alone cannot
explain the behavior of total cross sections at very large s.

Orop O (a/S)a(O)—l

For leading Reggeon (a9 — 1) = —0.45 the cross section
should decrease as s increases: inconsistent with experiment!

. introduce the “Pomeron” in 1961 (named
after Pomeranchuk): trajectory with vacuum quantum
numbers and intercept oo > 1.

* Leading mode on the trajectory is a 2+* state, possibly 2+
glueball.
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The Pomeron Reborn

e In AdS/QCD models, natural dual to the 2+ glueball is the

graviton.

e Summing over the entire trajectory is difficult (need to use
string theory, not just SUGRA limit)! Some impressive work
by Brower, Polchinski, Strassler, Tan (BPST) on relating
hard (large t) and soft Pomerons.

e We will use the ideas of Regge theory and dual theories to
treat pp and ppbar scattering.







Proton-proton scattering in AdS/QCD

e Follow similar procedure to “Reggeization” of meson
exchange, but from a more stringy perspective:

1. Find the coupling of the lowest state on the Pomeron
trajectory to the proton from a dual model, and compute
the amplitude.

2. Take the large s, small It| limit of the amplitude by an
appropriate generalization of the amplitude for closed
string scattering (where the full trajectory is exchanged).

3. Compare with data (and fit any parameters you can’t
compute!)




2++ glueball - proton coupling

e In holographic theories, the 2++ glueball in 4d is dual to the
tower of states generated by the 5d (or 10d) graviton —i.e. a
fluctuation around the 10d background metric.

e The graviton couples (by definition) to the 5d energy-
momentum tensor.

e 'To good approximation, the 2+ piece couples to the
energy momentum tensor of the proton in 4d:

RlllLT=

e Coupling determined by wavefunction overlaps (more
on this later)




2++ glueball - proton coupling

e Decompose matrix elements of the energy-momentum tensor
into form factor (as with the EM current):

1P(00)pq"

i 2
+ O(0) | u(p, 5)

(p's [Ty |p,s) =Tu(p's") |At)y Py + B(t) S g

/

p+p

where P = and g=p—17p'.

® In the limit s — oo and ¢ <« s, only the first term
contributes to leading order. From now on consider only the
term containing A(?).

* Specifics of A(t) are model-dependent, but can usually
approximate with dipole form:

A(0)
(¢ — M3)?

A(t) =




2++ glueball - proton coupling

e The differential cross-section for exchange of a single 2+
glueball (summed over proton spins) is

dt T t—mg

N e~

vertex factor propagator

do A4(t)82( 1 )2

coupling

...now we need to sum over the whole glueball trajectory...




“Reggeizing” the propagator

e Consider features of 4 — 4 flat space, closed string
scattering amplitude (bosonic or superstring):

[—a(s)|T[—a(t)|T[—a(u))

i A e AT it e

e Ki234 isa function of polarizations, spins, momenta of in-
and outgoing particles

e a(z) = ag + a’x . Mass of lightest state on the trajectory:
2 ao

R == (e.g. m2=0 for NS-NS bosons)
a

e Residue at nth pole ~ (a’s)?"




“Reggeizing” the propagator
Assume the basic characteristics hold for curved space:
Linear trajectories: a(z) = ag + a'x

Mass of lowest mode relates slope and intercept: m?> = —ap/a’

g

Mass-shell condition:

a(s) + a(t) + a(u) = d' (4m2 — 3m?)

X P g

K134 ~ s The pole with residue ~ s® relates exchanged
angular momentum to a(t)as oy = 2a + 2 where & = 24’
and J = ag + o't




“Reggeizing” the propagator

Applying these rules to the single graviton propagator:

1 CL’F[—X]F[—O&(t)] (a/S)Qa(t)

e mg I [a(t) — x|

Gives:

* Infinite sequence of poles at a(t) = n with residues
appropriate to exchange of spin J = 2n + 2 massive states.










Regime of Validity

e Fit to data for pp and pp-bar scattering (from Durham
database) as a function of s and t

e Constrain the range of s and t by (mostly) excluding effects
our model does not take into account:

1. Reggeon Contamination (restricts s from below)

2. Multi-pomeron exchange, AdS curvature effects
(restrict s from above)

3. Coulomb interaction (restricts It from below)
4. Perturbative QCD effects (restrict It from above

§. t/s corrections







Reggeon Contamination

e Optical theorem relates o ~ s7'ImA(t = 0), so
approximately

d 2B
d—j ~ §T2. A%52%a (1—|— Aisb_a—l—...)

e Estimate error due to Reggeon contamination as ratio of first
two terms. For ppbar:

Vs = 31 GeV: 22%
J5 = 1800 GeV : 0.3%

Include by adding in quadrature to experimental errors.
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Summary of data and restrictions

e Data sets ranging from v/s = 31 GeV to /s = 1800 GeV
e Restrictrangeof t:  0.01 < < 0.6

e Include Reggeon contamination by adding approximate
contamination error in quadrature to experimental error bars.

COMPETE collaboration uses similar range
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Comparison to DL model

e Industry standard for treating Pomeron exchange is the
Donnachie-Landshoff model

e Assumes photon-like coupling to proton; replaces our (model-
dependent) form factor with the EM form factor

49 (36Fu (1)) (830>2a<t>—2

dt DL 47

where )
dmg — 2.79¢ 1

4m2 —t (1-1t/0.71)2

£1(t) =

* For comparison, also fit using DL model, varying 3, ag, @’







DHM versus DL diff. cross section fits

our favorite

DHM fits /

both data sets just E710 just CDF
ap = 1.076 + .0016 ap = 1.074+.0016 ap = 1.086+.0016
o = .2904+ .006 GeV 2 o = .286 4+ .006 GeV 2 o = .3004.006 GeV 2
M = 983+ .016 GeV M = 970+ .016 GeV M = 1.02%+.016 GeV
A = 428+ .03 GeV ! A = 431+.03 GeV! AN = 414+ .03 GeV !
d.><<>.f. = 1.65 d.Xo.f 1.41 d.><<>.f. = 1.26
DL fits
both data sets just E710 just CDF
ag = 1.076+ .0013 ap = 1.075+.0013 ap = 1.082+.0018
o = .2804 .003 GeV 2 o = 289+ .003 GeV 2 o = 2894 .003 GeV 2
— 1.858 +£.016 GeV ! B = 1.877+.016 GeV ! — 1.801 £.020 GeV !
2 2 2
S nliEaT sl en st

.2 are comparable to (or better than) DL...




Best fit to differential cross section

ATAN(2) D2 [=X]T* [—a(t)]

T I2[a(t) — ]

(a/S)4a(t)+2

= —.457 +.0008
150 + .003 GeV 2
1.02 + .016 GeV
= 4.144 .04 GeV !

= 1.26
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Our best fit: including
the CDF data in the fit
but not the E710 data

1800 GeV E710 data
set is shown in black:
the fit didn't include it

31 GeV data doesn't
quite fit: primarily
regge contamination?
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Total cross section

e The total cross section:

47T>‘2F[—X] AN b
Ttol a s e (s
it F[1—|—CL0]F[CLO —X]( )
d
e Using the best fit values from d—j results: b= .0846, C = 21.325

e Fitting to total cross section data:

both 1800’s ble= 076, 0= 23.T727

just E710 b= .074, C = 24.427

just CDF b=.086, C =21.097 Guu——










Reminder of Sakai-Sugimoto

e N, color Dyg-branes (replaced by SUGRA background)

period oc My

—~—

Sl BN iR
ds® = (E) (nuvdatda” + f(U)dr?) + (5) ( o) T U2dQZ>

U\ 34 97N, U3
e¢:gs T b F4:d03: il €4, f(U)Zl— o
R V4

e Ny flavor D8-branes with Ny < N, : assume nontrivial
profile in (U, 7). (Geometrical realization of sb)

e Fix Mkk, gs using measured my, fr




(Relevant) 4d Field Content

Bulk

ha
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other
,ul/ [3 U stuff
hi) («)T(U)
KK tower
dual to 2+ glueball

Brane

Awmr
9d gauge field

L

A,LL (xv U) Ay (x7 U) stuff

\ Gauging away Au
yields
An) () (U) it
KK tower Lagrangian
dual to (axial) vector
mesons !
wo(z)o(U)

massless pion







Glueball Mass

e Perturb around D4-brane background metric with h,,, (p)T'(U)
to find mass eigenvalue equation for 4d graviton
(Brower, Mathur, Tan: 2000)

(&)

e Lightest mode is leading 2+ glueball (heavier modes are on
daughter trajectories)

myg = 1.567 MKK — 1.485 GeV

0, {U4 £(U)Oy

R9/2
} TRl mle [71/2 T(U)

e Fit value:

Mgl = \/ =7 = 1.745 GeV




Graviton-Pion Coupling

e Treat protons as Skyrmions (4d Skyrme model arises
naturally from DBI action)

e Decompose gauge and graviton fields:  7/(z) = ¢~ "(#)/ /=

A (2, U) = U ' (2)0,U(z)y(U) + meson tower
hyw (2, U) Py (2)T(U)

e Expand DBI action to find relevant coupling

Spg /dgx e_¢\/§g“°‘g”ﬁhag(a:, z)Tr {g'y‘sF,me; -+ gUUFMUFyU) +...
x / d*z hag(2)Tr { A (U OU) U 0°U) + By, [UT0U U O,U] [U10°U U OPU T} + .

x / d*x AhagTO‘ﬁ + correction







Mg from the Skyrme Model

e Mg appears in the proton form factor

e In the Regge limit we approximate
('s' [ Tuwlp, s) = u(p', s') [A(O)yu Py + -] ulp,s)

o A(t) is well-approximated by dipole form. Computed in
Skyrme model by Cebula, Goeke, Ossmann, Scheitzer

A(0)

e

with M, = 1.17 GeV

e Compare to fitvalue My; = 1.02 4+ 0.016 GeV




Conclusions and Future Directions

Constructed a model for pp and ppbar scattering
e Used holography to find structure of couplings

e Used closed string scattering to Reggeize the
amplitude

Fit the model to data: as good or better than DL model
Computed (some) parameters in SS: reasonable agreement

Future directions: other scattering processes, inclusion of
Reggeons







