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AXxino LSP Case
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see also [Covi et al.,’0l]

and [Strumia,’ 0]
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Well-motivated DM Candidates

candidate identity mass interactions production constraints experiments
<0.01eV  (p/fa)" misalign. mech. < cold direct searches with

(spin 0) extremely weak microwave cavities
N.'GOldSt- bOSOIl fa Z 6 X 108 GeV <_> ma, faj ga/yf}/
P(Q) symm. break. CMB

Y1 LSP  lightest neutralino DO(100 GeV) g, g, v therm. relic + cold indirect searches
spin 1/2 weak G decay + warm/hot  direct searches
mixture of Myy ~ 100 GeV collider searches
B,W,H H BBN = Mg, Y1 coupl.

G LSP gravitino eV-TeV (p/Mp)" therm. prod. + cold 71 prod. at colliders
spin 3/2) extremely weak ~ NLSP decay + warm + 71 collection
superpartner Mp = 2.4x1018 Gev + 71 decay analysis
of the graviton BBN < mg, Mp (7), Tr

a LSP axino eV-GeV (p/fa)" therm. prod. « cold/warm 7 prod. at colliders
(spin 1/2) extremely weak ~ NLSP decay < warm/hot 4 71 collection
superpartner fa > 6 x 108 Gev + 71 decay analysis
of the axion BBN < mz (7), fa, T (7)
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Well-motivated DM Candidates

candidate identity mass interactions production constraints experiments

The European Physical Journal C volume 59 - number 2 - january - 2009

For a review (including an EP]
@ extensive list of references),

Supersymmetry at the dawn of the LHC

see

c1sp|l [FDS, Dark Matter Candidates,
Eur. Phys. J. C59 (2009) 557,
arXiv:0811.3347]

WIMP Mass [GeV/c?

a LSP in

@ Springer
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The QCD Vacuum: Puzzles & Tools

? Chiral Symmetry Breaking 0 Lattice QCD

* Non-Pert. + Pert. (Cooling)

? Dynamical Mass Generation
O Instantons

? Color-Confinement * Non-Pert. & Topology
* Static gq Potential 0 QCD Sum Rules & Condensates
* Flux-Tube Formation * Pert. + Non-Pert.
* Casimir Scaling * Power Corrections & OPE

? Hadron Structure 0 Loop-Loop Correlation Model

* van der Waals Potential * Pert. + Non-Pert.(SVM)

? High-Energy Scattering * Gluon Field Strength Correlator
* Hadronic Cross Sections * Lattice QCD Input
* Parton Distributions * Gaussian Approximation

Unified Description: Static Potentials & High-Energy Scattering
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Wegner-Wilson Loops [ Wegner '71, Wilson '74 ]

M@qu11¢nmpp4gﬁﬁgﬁqx2ﬂﬂ

(e Ground State Energy of a Static Color-Dipole — Static qq Potential )
1

E.(R)=— lim —=In(W,.[C])
\_ T— 00 y,
e Chromo-Field Distribution of a Color-Dipole — String Formation h

LN, WCIPET (X)) s

AGT@B( ) o RI;IEO R <WT[C]> o <PNC (X)>
\. /
(e QCD van der Waals Potential between two Static Color-Dipoles )

L 1 (W [ChW, [Cy))
Vi (R, 71,72) = — lim = In - =
\ L) = = A T G [O) (WGl )
(e High-Energy Dipole-Dipole Scattering in the Eikonal Approximation )
Wr [Cl]Wr [02]>M

S,Mrsb,z,r,z,r—hm W, 2

k (50020122 2) = A T 1OV e (W [Cil) o )
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<Wr[IC]>E <Wr1 [01]1:@2 [02]>

e Non-Abelian Stokes Theorem
W, [C] = Tr, Ps exp [—z’ % /daW(Z)gZ’V(O, Z;Cz0)t
S
[

(o Trace Trick [Berger & Nachtmann '99]

E

4 )

- J

~N
rfrrl (A) T~rT2 (B) — T~r7“1 X712 (A ® B)

5 Go, ()" ® 1 for X € S
gul/("') ::{ e () )

Go, ()M ®t°) for X e S

\- J

e Matrix Cumulant Expansion )

<73 exp [—z— / (X)Q()] >E: exp[i i(—ig)”/ala(Xl)...ala(Xn)Kn(X1, s Xn)]

!
\ n=1" J

* e Gaussian Approximation *

K <7DS g(O X170X1)9(07X230X2)>E [A{2:<,PS gA(OaXl;CX1)gA(OaX2;CX2)>E
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Perturbative and Non-Perturbative QCD Components

(e Bilocal Gluon Field Strength Correlator Z =X{ - X5 A
2
g a , b , o lanop NP, NP,
\<m g/,u/(07 X1; CXlo)gpa(O7 Xo; CX2O)>E - 15 (F,uz/pa + F,LLI/pO‘ + F,ul/pa ) )
(e Perturbative Gluon Exchange (P) with mg # 0 A
2
g-1lr o 0 2 2
FP ——[— 20 — Z0us) + —— (Zsbre — Zob, }D 72,
k,ul/pa 2 9 6ZV( pp PM)—I_aZM( p /O) P( mG) )
4 . )
e Non-Pert. Stochastic Vacuum Model (INP) [Dosch '97, Dosch & Simonov '88]
Gg R
F;i\g;co — 3(N2 —1) (5up5w - 5u05vp) D(ZQ/Q2>
Go(1—kr) 11 O 0
FNPne — - Z50uy — Zy0ue) + = (2,006 — Z50,,)| D1(Z*/a?
\/JI/PO' 3(N02_1)2 aZV( Hp p,u)_I_aZ'u( p P) 1( /a’))

F
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Static qq Potential = Color-Coulomb + Confinement
15 — —_— 15
Total
[ Perturbative
1 [ - Non-Confining 1 _
[ ---- Confining i
= 05 - = 0.5 —
S R
g U e ——————— : g 0
= -0.5 : - ﬁ’s -0.5 :' & [ Adjoint Quarks _:
- e //“ Fundamental Quarks ----- -
] N~ 3: =6.0 ——
L y Al B=6.2 e
o fo B=64 o
: : | L L L L | 8. BI: 62. |_‘|—| ]
B 0.5 15 R Y 1 15
R [fm)] R [fm]
V(R = VP (R NP ne pya NP ¢ Casimir Scaling
o Vr(R) =V (1)+V; (R)+V,™ “(R) No String Breaking
. 1 02 (’I“) . 1
) T(R) = — Tll_I)Iloo T 1D<Wr [C]>pot — 9 Th—r>noo T XSS pot

7T2
Xss = — z/sdauu(Xl)/SdUpo(Xz) (Fivpe + Frivgor + Franpi)

3 Gaok

8 fOOOdZ2D(Z2, CL2) [Dosch '07, Dosch & Simonov '88]

e String Tension o =C5(r)
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Chromo-Field Distributions of Color-Dipoles

AGE (%) = (L508,(0)025(X)) (L qe,(x)g2,(X))

W,.[C] vac
B 0 B B
g L Ne | (WO (X)) (PO% (X)) | = 9 | B2 o B
Rp—0 R} w2 (W,.[C]) Ne 472 | B2 B2 o0
E; E. E?
2 - 1
AGraB(X) — _CQ(T) lim —r —5 XSPSW

Rp—0 le:) 47T2

e Casimir Scaling

e new derivation of SVM results [Dosch & Riiter '95]

~T/2

C =0Sw

e Chromo-Magnetic Fields B2(X) =0
e Energy & Action Densities

e (X) = %(-E?(X)+§2(X)) :—%EQ(X)
5 (X) = —%<E2(X)+§2(X)> :—%E‘?(X)
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Low-Energy Theorems: Confining Non-Pert. Component

e Energy Sum Rule [I\/Iichael '86, Rothe '95]
1
E.(R) = /d?’Xsr(X)—i@/dSX sr(X)
9

e Action Sum Rule [Michael '86, Dosch et al. '95]

E.(R)+R oy __T/d X $.(X)

e Total Energy Stored in the Chromo-Fields

3 ROFE.(R)
tot o 3 _ = _
EP(R) = /d Xen(X) = SE(R) -5 O
e Chromo-Magnetic to Chromo-Electric
X B*(X 2
Q(R) ::f > (X) V. — oR + 8(9)/9g
[d3XE?(X) » 2-(9)/9g

BN (R) [GeV]

1-5 T T T T I T
L —— B for ay = 0.81

0.5

- - (3Vy% e — ROVZY N JOR) /4

Fundamental (r = 3)
1 I 1 1 1 1

1 1.5

R [fm]

e strong coupling at u = uynp

g*(unp) = 102
Oés(,UJNP) = 0.81

e 3(g9) = ndg/op at p = pnp

B(g)
g

High Energy Scattering
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Perturbative Dipoles ——  Confining Strings

R=0.1fm R=1fim

9%e,(X), X 1) [GeV/fm?]
9%e, (X, X1) [GeV/fm®]
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[Nachtmann 1991, Dosch et al. 1994]
Functional Integral Approach to High-Energy Scattering

e S-Matrix
Sab—md — 5fz =+ 7:(27T)454(Pc + Pd — Pa — Pb) Tab—>cd

e T-Matrix Element
Tab—cals,t) = 2is /dzmeiq_igL /dz1d2r1/dz2d2r2
X Yi(z1,71) Yy(22,72) {1 AN SgD(SagL,21,771722,772)}¢a(21,7?1) Yp(22,72)

e Loop-Loop Correlation Function — Dipole-Dipole Scattering

M (e bz 20 ) = lim (WIC1W[Co]) m
Spp(s: by 21T 220 72) = 10 e W

e Wegner-Wilson Loop — Color Dipole

—ig% dz“gu(z)]
C1,2

Unified Description of pp, v*p, and vy Reactions

1
W[CLQ] = FTI‘P exp
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[Shoshi, FDS, Dosch & Pirner, hep—ph/0207287]

Perturbative and Non-Perturbative Dipole-Dipole Interactions
g = \

.
2>
,
.
.
’
=
— ’ — .
, .
q ‘ q ‘
. v
/A ’
. ’,
, .
\ .
- — — ﬂ\’ I/ —
k k k =k
_ . —
an 2N 14 TR
. v
’ 4
’, ’
’ .
. Ay
. v
/ ’
. ’,
, .
. q -
Y ’
i l

q q

L ©

Y
]

> q >
<D2 ¢D> < Do %>
< —
q q
(a) (b)
. q - q
<D1 \ < . zﬂ1)> <D1 . 2 ) ¢D>
q $a
kL —k kL7 —k

Frank Steffen (Max Planck Institute for Physics, Munich) High Energy Scattering



[Shoshi, FDS, Dosch & Pirner, hep—ph/0207287]

String Decomposition into Dipoles

e Mathematical Identity:
11 —kir? -
g Fy(—m = 1 Dy ) (1— iy |7 )
( _|_1 2( 27 27 3 A )) / 552 J0(| J_||TD‘§)

e String-Hadron Interaction — Stringless Dipole-Hadron Interactions

y q " . q .
of 17 7] Yo < & || > & || ¢D>
¥ 7 e x 7 =
Ky —ky — foldfg%x ky —ky
» d > d
Qh — ¢f> < S— ¢,>
q ) q )
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Unintegrated Gluon Distribution

[Shoshi, FDS, Dosch & Pirner, hep-ph/0207287]

e Definition via |k |- factorization:

opn(, |Th]) = 1 > sk
3 (1L ]|7o])?
e Extraction from our Dipole-Hadron Cross Section:
) Kt
F k =
h('CU? J_) 67('3053(]{7J2_)

T e )
120:_ - Non-Perturbative , B
wt Dipole Proton 7

_ ) ]
= r . h
= »t Cross Section - ]
E 60:— /’/ _:
£ ]
S wf ]
20 F E

| P Ml |
1 1.2 1.4 1.6

An%1? L~ Jo([k[I7])
Ty /dk2 ( ) k2)f'h

" [(4ms(kf))2 { [iD%@)(kf)]z (n|l — eiELF2|¢h>} <%>P

+ (szlbf {[(1 —r) [iDy® ()] + % [’iD@)(kf)]r (a1 — 472 |4y

K,2

52

e String of the Dipole has been shifted into the Hadron!

String Effect

Color Transparency

k4 df [zD(2)(k2 )] (1| tan?ps (1 — kL/g)rz)wm} (33;)61\@]
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Unintegrated Gluon Distributions of
Hadrons and Photons

E T T T T I T T T T I T T T T I T T T T I T T T T E
=103 Proton ;
1L Pion ---— .
10 3 Kaon ----- E
- A\ Vi QY= 0 GeV? ]
L 100 Q*= 10 GeV? ——- 3
v : Vi Q*=0.01 GeV? 3
g 1071 3 Q2 = 10 GeV2 """ =
& . :
=2 o[ i
5 E
Sl E h
SO0 e 3
< E e
["\ . :: \‘\‘/./‘/ ''''''''''''''''''''''''''''''
- 107*F E
= ;
107 E
1076 [ 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 I.- 1 ]

0 2 4 6 8 10

kil [GeV]

e small |k |[: F(z, k%) 1/|ki| < string effect!
F(z,k?) o< S?

< low resolution!

o large |k |: F(z, k%) x<1/k? <« gluon propagator!

Sp—independent < high resolution!

Folw, k) [GeV™?]
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Comparison with Other Work

102 10! 10° 10! 102 107! 10° 10! 102
F 2z =101 LLCM — 3 z = 10~2 LLCM — 3
102 g GBW ----4 5 10?

wE > 3 10"

10° € 1 10°
101 {10!
1077 ~g 1077

10-3 11073

10-4 L 104

10? 102
10! _ 110!
100 £ 100
1071 " 10!

10-2 1102

1079 | {103

ol v vl bl s vl vl bl el 4
1072 107t 10° 10! 1072 10! 10° 10! 10?
k2 [GeV?]

e small |k, |: .EgLCM x 1/|kL|, FEBW ok, BIN o ki

o large |k, |: FILCMGRVIN o 1/k7

];GBW o< k? exp(—R?(z)k?)
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[Shoshi, FDS & Pirner, hep-ph/0202012]

Energy Dependence: Two Pomeron (Soft + Hard) Picture

e Two Pomeron Picture ~ eV <l <1 o )
NP2 NP 2 Ner2 (8 TETS Y\
(x™) = (X)) =) = SOFT
P2 RY 2 s TEFZ\C
) = (6T =) o HARD
N %0 o J
Co Scaling Variable s|F1]? o o7 = L )
e T-Matrix Element A
T(S, t) = 218 /d2bL6iﬁgL /d21d27“1/d22d27“2 |’¢1 (21, 771)|2 ‘¢2(22, 772)‘2
2 1 1 1 2 2
X [1 — 3 cos <§XNP(S)) cos <§XP(S)) — 3 cos <§XNP(S)) cos (gxp(s))]
Unitarity Condition in Impact Parameter Space
S Multiple Gluonic Interactions Saturation Effects )

Universal Energy Dependence for pp, v*p, and vy Reactions
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black disc [
limit » 1 :f:‘f:’jﬁfifif:‘.:’\:-\

Proton-Proton Scattering

e Profile Function
T, Bul) = [dsadry [dzadiralun (on, 7Py (o, )

X [1 — Spp(s,bi, 21,71, 22,72)

——
=10! GeV —— ]
=102 GeV ----
=10% GeV ----- -

%%%?%%%%Z

=108 GeV ------ ]

R S S ity cu Sl T A T S R

3 4 5

B.] [fm)]

e Proton Opacity \, with |b, | *
e Maximum Opacity for |b.| = 0 at /s > 106 GeV
Ty = [dadry [zt gy er, R Wy, )P = 1

since [dz;d?r; ¢, (2i, 7)1 =1
e Transverse Proton Radius  with s 7

J

Frank Steffen (Max Planck Institute for Physics, Munich)

Total Cross Sections
tot(s) — LtmT(s.t—0) = 2 [d®b, J b
oap (5) = _ImT(s,t=0) = L Jab (s, [0L])
lll T T lllllll T T lllllll T T lllllll T T T TTT1IT T T TTTTTT T T T TTTTIT T T T TTIIr
10° £ LHC energy Conset of the black ) -
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10? 235 / -
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10t E
EREA3 E
= i ]
3 I ]
e}
107t F =
102 F .
[ vy ]
Data from accelerators —e—
107° pp - data, Akeno F—e— 3
pp - data, Fly’s Eye —=— E
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High Energy Scattering



g Proton-Proton Scattering

e Profile Function
Top(s BL]) = /dzldzm /dZ2d2r2wp<z1,mmwp(zz,fzw

X [1 — Spp(s, bL,Zb??l,Zz,??z)}

1.2 77—
[ Vs =10' GeV —— ]
r Vs =102 GeV ---- 1
1 prrmmrm e e oo V5 =10° GeV ----- ]
[ TN V5 =10% GeV oo 1
oo NN V5 =10° GeV —-—-- ]
0.8 - NN V5 =10° GeV ----- ]
— EL A Vs =107 GeV .
s N N Vs =10% GeV ------ ]
=~ - \ . \ 4
& 06P ' Yo .
<% - -
= 3 ]
0.4 \ \‘\ -
i D k ]
L N, ]
N\, . N T
: \'\‘ \\. R :
oL e B S
0 1 2 3 4 5
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e Proton Opacity \, with |b,|
e Maximum Opacity for [by | = 0 at /s > 10° GeV
T = [ty [azadrs by en, 7P e, P = 1

since [dz;d*r; [y (2, 7)) > = 1
e Transverse Proton Radius  with s 7

. J

The Differential Elastic Cross Section
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Conclusion

(e The Model )
* <Wr [C]>E and <Wr1 C1|W,., [C’g]>E +— Gaussian Approximation
* Perturbative & Non-Perturbative QCD Description +— Lattice QCD
Color-Coulomb  Confinement
* Flux-Tube Formation: Perturbative Dipole — Non-Perturbative Dipole
™ Casimir Scaling +— Gaussian Approximation y
(e Structure of Dipole-Dipole Scattering in |k, |-Space A
* Non-perturbative string-string interactions show a new structure
\ different from the perturbative two-gluon exchange. y
(o Impact Parameter Profiles J (s, by |) A
* Unitarity Bound = Black Disc Limit or Maximum Opacity
. Geometrical Picture of High Energy Reactions )
(o Comparison with Experimental Data for pp, v*p, and vy Reactions )
* Total Cross Sections
" Differential Elastic Cross Sections y
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Outlook

N r . N
? Further Reactions 77 Multiple Loops
* Vector-Meson Production * Sea Quarks in the Nucleon
* Diffractive Dissociation * Nuclear Interactions
* Nuclear Reactions * pA and AA Reactions
\ Y, \
-
777 Dynamics — String Breaking
\_ /
4 )
777 Quantum Evolution — Energy-Dependence
g /
[??? Path Dependence of the Bilocal Gluon Field Strenght Correlator j
[??? New Approaches to <WT [C]> and <WT1 eAlM [02]> ]
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