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Pomeron fizika: CERN LHC TOTEM
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Rugalmas és diffractiv szoras: Pomeron (szintelen) csere
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Bevezetées a Pomeron fizikaba

Crossing szimmetria:
s-csatornaban részecske-keltés: (a)
t-csatornaban koélcsénhatas részecske cseréevel: (b)

A(s,t) = 16m Y (21 + L)ai(s)Pi(cos ),

=0

ap ~ 1/(s —m7 + imyl})

R. Engel, hep-ph/0111396
E. Levin, hep-ph/9808486

s, t valtozdk, rugalmas pp:
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Reggeons

A(s.t) = ————F—
" sin(ma(t))

a (t)

o\ k()
A(s,t) = ) mlar(t)Br(t) ()

e
L 0,

14+ e imag (t)

nloag(t)) = ————
AR, SIn(movg (1))

Summation is over Regge trajectories,
Reggeons = quasi-particle =
family of resonances with same quantum numbers

T. Regge, Nuovo Cim. 14 (1959) 951
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Pomeronok és hataskeresztmetszetek

F

Pomeron (Pomeranchuk-on
Nincs ismert rezonancia a Po
(vakuum kvantum-szamolk
Ismert részecskekre:

V. N. Gribov and I. Ya. Pomeranchuk, Phys. Rev. Lett. 8, 343

Elméleti Fizikai Szeminarium, Szeged, 2015/11/12 Csorgo, T.



Pomeronok és hataskeresztmetszetek
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LHC adatokbdl: c,,(s) ndvekvo, ~ Ins
Froissart-M. fels6 korlat: o.:(s) < CIn2s, Pomeronok alt. sertik
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Gauss b-ben: Pomeron t-ben!

Gauss kozelités:
Rugalmas szoérasi amplitudd az Gtkdzési parameéter (b) térben

pp elastic scattering

Vs =2.7T6,8,13 and 14 TeV

forward range
pp (PDG)

pp (PDG)
Auger + Glauber
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ATLAS
CMS
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S-matrix unitaritas, optikai tétel

Megjegyzés: Rugalmas szorasokra

|Fourier-transzf|? ~ do/dt
Femtoszkopia lehetOsége
Inverz képalkotasi probléma
nem-Gauss forrasok stb
vizsgalatanak lehet6sége

Fekete (szlirke) korong hatareset (fontos, idealizalt eset)
— o(b) ~ O(R-b)
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Diffraktiv proton-proton szoras

diquark
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Bialas-Bzdak kvark-dikvark modell

do A. Bialas and A. Bzdak,
— = Acta Phys. Polon. B 38 (2007) 159

{ff‘ —ln p= (q, CI) vagy p = (CI, (ql q))

1 (b) Jo (AD) bdb,

o(b) = b fliggo kdélcsdonhatasi vszseg elo.
— képalkotasi lehetoség a szoérasrol

/ [{1 *:,?{]_ g rl“ ﬂgd 5fID|:~ g d‘D( ) *:_,_:,;I,'I o(s ,:!-. 54: *:_,:}r :1]! Ei']

A protonok szerkezete = ?
— Diffraktiv pp szoras, ISR (23.5-62.5 GeV) és LHC (7-13 TeV).
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Diffrakcio a la Bialas és Bzdak

(a2 22V/RB2. c0, - _ ,
a T8 Raa§2( g7 + As2). A = my/mag.
] ] q.

Bialas és Bzdak kvark-dikvark modellje analitikusan integralhato
a Gauss kozelitésben,
feltéve hogy a szorasi amplitudo valos része elhanyagolhato.

Ket kep: p = (q, d) vagy p = (q, (9,9))

Megj: p= (q,9,9) modell mar az ISR-nal rossz, p # (q,q,9)
W. Czyz and L. C. Maximon, Annals. Phys. 52 (1969) 59
»Rugos” p=(q,d) Pomeron modell, Grichine, arxiv:1404.5768
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A BB modell valos kiterjeszése

e
ble iABA2E — 9p / et (D) Jo (Ab) bdb,
0

fa(s.b) = i (1 _ e mQAsy) T (s b)) Bialas-Bzdak eredeti,

ta(s,b) = i (1 — e BesD)) = (1 /1= 0o(s,b)

/ [{1 *:q[]_ 5 -rl ‘w,,gd *:le.i 5 5 fg\PDI:_J *:Tgfjﬂ'[ Sq Sd: *:_f;! _”I Ei]

A képzetes t,, valos kiterjesztése,
az opacitas fliggeny képzetes része, Im Q bevezetésével
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ReBB: a BB modell valos kiterjesztése

2 112 12 0 / N SN R S
s,A7sqd”s3D(8q,84) D(8,,8;) , 7(8¢,84: 8, S4: b) -

Bialas-Bzdak
modell

,realizalva”:
= (q,d)

p= (g, (q,9))

Gauss
b-ben,
Pomeron
t-ben?
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ReBB modell: két ut

Hasonlo idea:
p
allando
- nincs
0sszhangban
az adatokkal

Kis
0
ertékekre
visszakapjuk
az
oBB modellt
Az adatok a masodik lehetdségre utalnak (ISR-on jo,
T. Cs., F. Nemes, arxiv:1306.4217 LHC-nél nem)

ImQ(s,b) = —a - Oinel(s,b) .
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ReBB modell, két TOTEM adatsoron
p+p — p+p, diquark as a single entity at +/5=7000.0 GeV

MINOS: successful o Data points
Fit range: 0.00= 4= 2.50 GeV*
y* I NDF = 336 44/15%= 2 12
CL=0.000 % — BB model fit
ERROR MATRIX ACCURATE
Ty =307+ 0.7 mb

p=0.104 + 0.

L=0.50
R,=0.46= 0.0 fm
Ry=0.85= 0.01 fm
R, =020+ 0.01 fm
By, =100
n=013+0.01
¥=0.95+ 0.01

1 1 1 1 I 1 1 1 1

(doidt - fitNerror

(doidt - fit)ifit
LLbby oooso
c;.h-h-wm;u‘:n_'_.mw-h-

< 2.5 GeV?,
nem teljesen OK > @ 8 TeV?
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Gerjesztési fliggvény: pp skalazas

¥2 I ndf 6.2/3 ¥2 I ndf 2413
p0 0.15+ 0.011 po 0.59+0.011
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Gauss b-ben
Pomeron t-ben!

[=1]

Geometriai skalazas: {R;, Ry, Ryq, O} = py + p; In (s/s¢)
Elméleti Fizikai Szeminarium, Szeged, 2015/11/12 Csorgo, T.




Gerjesztési fiiggvény: do/dt

pp elastic scattering

—
i s

Vs =2.7T6,8,13 and 14 TeV

forward range
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doldt for protons [mb/GeV?]

o.01 G015 .02
It] (GeV?)

=2
o

2.76 TeV
L |

0.5

t] (GeV?)

de ty, Ot ~ const (2 %)
I | L 11 1 | I | L 1 1 1 | | | I.“ HasonIO, eredmények:
s 1 s | K.A. Kohara, T. Kodama, E. Ferreira,
t[GeV] arXiv:1411.3518
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ReBB arnyeékolasi profil

11 | L1l L1l Ll L1l Ll .| L1l L1l
1.5 2 2.5 3 . 4 4.5 5 0 0.5 1 1.5 2 2.5 3 . 4 4.5 5
b [fm] b [fm]

Figure 4: The A(b) = 1 — |e=**?)|2 shadow profile function. 23.5 GeV (left) and
7 TeV (right).

A telitodés jelei 7 TeV-nél: A(b) ~ 1 a kis b tartomanyban.
~ max kolcsdnhatasi valdszinlség, ha b kicsi.
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Képalkotas a szub-femtomeéter skalan
23 GeVes ISR es 7 TeVes LHC adatokon

3210123 3210123

Vs =23 GeV Vs=7TeV
8 eés 13 TeV-es eés kesobbi LHC energiakon?
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Geometriai skalazas a pp szorasban
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Geometria skalazas: {R,, Ry, Rya, O} = pg + Py In (S/S)
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Mit tudtunk meg eddig?

The ¢ /2nR2_ ratio as a function of s ) The :JIOLEXPIZ:ER; ratio as a function of s’

Model p=(q,d) ' : Model p=(q,(q,q) jL

tot,exp

III|II|III|||||||||||| _IIIIIIIIIIIIIIIIIIIIIIIIIIII|II|I|I||||||||||||

70 'lees0 7000 7010 70 !'ees0 7000 7010
s'2 [GeV] s'? [GeV]

Modell fliggetlen effektiv formula: e R ms R
jo kozelités, BB, aBB és ReBB modellekre e e
F. Nemes and T. Cs, arXiv:1204.5617
- Froissart-Martin korlat rendben (Uj)!
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Mit tudtunk meg eddig (2)?

BB: Bialas-Bzdak

Gauss b-ben:
Pomeron t-ben

ReBB modell:
Pomeron Femtoszkodpia

p=1(q,d)

ReBB modell:
Froissart-Martin felso korlat
Automatikusan teljesul!

IIIlillllillIlillllil.ll.“ BB%AAmOdeII

0.5 1 1.5 2
-t [GeV?]
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Earlier results on elastic scattering

—_—

Vs =TTeV Earlier hints on

non-exponential

with f* = 3.5 m behaviour:

with 5% = 90 m

statistical error at ISR: 21.5 to 52.8 GeV,

systematic error Change of SlOpe

and better fits with

exp(-B |t|- C t2)

at SppS:
Change of slope only, at
|t|~ 0.14 GeV?

At Tevatron,
non-exponential not seen

earlier LHC data ~ exponential, satisfactory fits with exp(-B |[t]).
New TOTEM data at low |t|: evidence for non-exponential
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Glauber-Velasco: Multiple Diffraction Theory

[ j— | F(t): f. sc. amplitude
2 [ Jo (5!1--’"—?‘) {1 —exp [ (b)]} bdb Q(b): opacity, complex
J0

; | > . 9 f(t)
— (1 —ia) ﬁ Jo(qb) G, g (—f)f(ﬂ qdyq

f(t): cluster averaged parton-
parton scattering amplitude

-t = g2: momentum transfer
b: impact parameter

dog/d|t| = F(?‘)F do/dt: diff. cross-section
! elastic pp scattering

R.]J. Glauber and J.Velasco
Phys. Lett. B147 (1987) 380

0.21 3.53
1.371 15.02
-0.634 44 .08
0.044 154.20

a;” | (m&)? (fm=?)

BSWW EM form factors Gg
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Diffraction in pp @ ISR,

Glauber and Velasco, PLB147 (1984) 380

PP 23.5 GeV 'pp 307 GeV

8 —
. .
BRI ==l B
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—r"""'..

Glauber and Velasco,
Phys. Lett. B147 (1984) 380 |
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Glauber and Velasco,
IFIC preprint, 1996,
k unpublished
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Illustration: elastic pp at the ISR energy range
13.7 - 62.7 GeV well described by Glauber-Velasco
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First results @ Low-X 2013: GV works for do/dt dip
p+p — p+p, Glauber model \/s=7000.0 GeV

: successfu o Data points
r:i:Nr?:ge = ﬂ.ﬂﬁi—'ftli-' 2.50 GeV? G Ia u ber_Ve | aSCO (GV)
4% I NDF = 100.44/74=1.36 — Fitted theory (Original)

CL=2.216 %
ERROR MATRIX ACCURATE

2
—
=

(X}

Extrapolation

describes do/dt data
Both at ISR and
TOTEM@LHC
in the dip region

dol/dt for protons [mb/GeV 7]

a = 5.47:0.20 (GeVic)” h arxiv:1311.2308

K =153.95+ 0.27 mb
o =-0.31= 0.02

by~ 0.57:£0.42 (GeVie)” Note: at low-t

b, = 0.22+ 0.02 (GeVic)™

T||||||I|IIII"""" GVISNeXpOnentlaI

Really?
Lower energies?

z_
z_
z_
z_

(data - theory) / error
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GV predicted non-exponential do/dt in 1984

SLOPE [Gew/c] ™ Figure 4 from
50 Glauber-Velasco
PLB 147 (1984) 380
PP 546 GeV Slope is not quite
Exponential:
a non-Gaussian behaviour

Quark-Diquark Models
(Real Extended Bialas-Bzdak, 2015)
Non-exponential do/dt:
a non-Gaussian behaviour of
A(b) shadow profile function

\
\
i c
| = . : izl
| r
\
|
|

M

| L A
\

0] 02 03 04 05 06 0.7
2 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
-T [GeVr) o

F . + Fig. 5. The ReBB model, fitted in the 0.0 < [¢| < 0.36 GeV? range, with respect to the exponential
| ‘3‘ fit of Eq. (33). In the plot only the 0.0 < [¢| < 0.2 GeV? range is shown. The curve indicates a
significant deviation from the simple exponential at low |t| values.
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TOTEM do/dt @ 8 TeV

¢ data, statistical uncertainty

full systematic uncertainty band

syst. unc. band without normalisation

[mb/GeV?]

do /dt
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do /dt — ref

TOTEM news

Xiv:1503:081 11, NuclkPhys- B899 (2015) 527
non-exponential behaviour at low-t

Table 4: Fit quality measures for fits in Figure 11.

Np ¥ /ndf p-value significance
117.5/28 =420 6.1-1071 120
29.3/27 = 1.09 0.35 0.94 o
25.5/26 = 0.98 0.49 0.69 o

0.06
0.05
0.04
0.03
0.02

¢ data, statistical uncertainties —N, =1
full systematic uncertainty band —_—N, =2
syst. unc. band without normalisation ——Np, =3

0.01
0
—-0.01
—-0.02
—-0.03
—-0.04

0.02 0.04 0.06 0.08 0.1 ny 0.14 0.16

0.18
Il

0.2
[GeV?]




TOTEM Cross-check: modified binning

0.06 — —
0.05 ¢ data, statistical uncertainties
o : full systematic uncertainty band
0.04 syst. unc. band without normalisation

0.03
0.02
0.01
0
-0.01
-0.02
-0.03
-0.04
-0.05

ref = 527.1 19391

ref

Fr
|
.
=
o)
=

| |

0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
F| [GeV?]

Figure 12: Differential cross-section using the “per-mille” binning and plotted as relative difference from the reference
exponential (see vertical axis). The black dots represent data points with statistical uncertainty bars. The red line
shows pure exponential fits in regions below and above |f| = 0.07 Ge V2, see Eq. (19). The yellow band corresponds to
the full systematic uncertainty, the brown-hatched one includes all systematic contributions except the normalisation.
Both bands are centred around the fit curve.

dr

do = | e 171 < 0.07 GeV?
a,e? || > 0.07 GeV?

Simple exp fits excluded. Different binnings show the same effect. Here 7.8 G significance.
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Saturation from shadow profiles

at 7 TeV
proton becomes

Blacker, but
NOT Edgier,
and Larger

BEL = BnelL effect

apparent saturation:
proton is ~ black at LHC
up to
ISR and SppS: r~0.7 fm
R.J. Glauber and J.Velasco

Phys. Lett. B147 (1987) 380 see also Lipari and Lusignoli,
b,,b, fixed arXiv:1305.7216
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Summary

The shadow profile function A(b) as a function of the impact parameter b

o 1.2

7 TeV fit result (Fourier-B. tr. of 1-e'ﬂ"”)

j=n Q.J
Fourier-B. tr. of 1 -Z(-1 )‘j—'
=

\\
\

AN

e =

1.5 2 2.5

Grey atr~ 1 fm,
black up to r~0.7 fm
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Shadow imaging in p+p at LHC

N5 [GeV] [

23.5
30.7
52.8
62.5 ;-
546.0 (pP) |:
70TV |

[ T TTTITR

The BnelL effect. Non-Gaussian behaviour.
Glauber-Velasco yields results similar to Bialas-Bzdak.
- Model independent analysis?

Elméleti Fizikai Szeminarium, Szeged, 2015/11/12 Csorgo, T.



Model independent analysis

of nearly Levy correlations
T. Novak

T. Csorgb

Q (GeV) H.C. Eggers and M.B. De Kock

Fig. 1. The Bose-Einstein correlation function R; for events generated by PYTHIA.
The curve corresponds to a fit of the one-sided Lévy parametrization, Eq. (13).

T. Csérg6 et al. / Physics Letters B 663 (2008) 214-216 [ [oXe [ R aLe [ s X=]aLe [<]p ] 0
shape analysis of correlations:

Summary

Elmaietl Fizikai Szeminérium, Sizeged, 2015/14/12 Csorgo, T.



MODEL - INDEPENDENT SHAPE ANALYIS I.

experimental properties:

i) The correlation function tends to a constant for large values of the relative
momentum ().

i1) The correlation function has a non-trivial structure at a certain value of
1ts argument.

The location of the non-trivial structure in the correlation function is assumed

for simplicity to be close to ( = 0.

Model-independent but
experimentally testable:

Elméleti Fizikai Szeminarium, Szeged, 2015/11/12



MODEL - INDEPENDENT SHAPE ANALYIS

- Ni(ki) Mi(ks)’

Cg (kl ; k:)

Ry (k. ks) = Cy(ky. k) — 1.

Let us assume, that the function g(t) = Rs(t)/w(t) is also an element of the
Hilbert space H. This is possible, if

/ dtw(t)gi(t) = / dt [R3(t) /w(t)] < oo, (6)

g(t) =2 gnln(t).
Then the function g can be expanded as n=0
gn= [ dt Ro(t)hn(t).

From the completeness of the Hilbert space and
from the assumption that g(t) is in the Hilbert
space:

L(t) =w(t) ) guha(t).

=0

Elmaietl Fizikai Szeminérium, Szeged, 2015/14/12 Csorgo, T.



MODEL - INDEPENDENT SHAPE ANALYIS lII.

Y . _~ *\T) k ., k-}h
Clrg(kl? k‘-) .-(._ 13 ___)

n=I()

Model-independent AND experimentally testable:

n=(0

< / dt [Rj( t)/w( 1‘)} < 00

Elméleti Fizikai Szeminarium, Szeged, 2015/11/12 Csorgo, T.



EDGEWORTH EXPANSION: ~¥ GAUSSIAN

w(t) =exp(—t*/2),

[ 9]

/ dt exp(—t2/2)H,, (1) H,py(£) & 8,y 1,

C2(Q) =N {1+ Azexp(—Q*R}) x
[1 + %Hg(ﬁQRE) + SLHL(VIQR) + }} |

3d generalization straightforward but not discussed

o
Elméleti Fizikai Szeminarium, Szeged, 2015/11/12 Csorgo, T.




LAGUERRE EXPANSIONS: ¥ EXPONENTIAL

Model-independent but = OR,
experimentally tested: )

w(t) = exp(—1)

. %)

° / dt CXp [ o 3L) L n (f ) L’m ”) 9. finm

A \, L

LE

" odr o
Ln Hf] — exp IIif] f . (—t) o xp(—t).

Cy(Q) = &{1 + A exp(—QRy) [1 + 1 Li(QRy {” 2(QRL) + H

=

First successful tests
[0

/ dt R2(t) exp(+t) < oo,

A=Al —c1+ca— ...,
60\, = 0%\, {1 + r‘f + f:; + } + )\i {52{31 + 0%cy + }

Elméleti Fizikai Szeminarium, Szeq



LAGUERRE EXPANSIONS: ~ superEXPONENTIAL

Laguerre expansion fit

—1
10 1

NA22 data Q°
Elméleti AiziksiGSgdramidi SnHepyibdheptph /9942220, T. Csorgd, hep-ph/001233 Csorgé, T.




MINIMAL MODEL ASSUMPTION: LEVY

experimental conditions:

(i) The correlation function tends to a constant for large
values of the relative momentum Q).

(ii) The correlation function deviates from its asymptotic,

large () value in a certain domain of its argument.
(iii) The two-particle correlation function is related to a
Fourier transtormed space-time distribution of the source.

Model-independent but:

o _ No(ky. ks
e Assumes that Coulomb can be corrected Sk, ky) = #
| ~ Ni(ky) Ni(ko)

e No assumptions about analyticity yet

e For simplicity, consider 1d case first

e For simplicity, consider factorizable x k

e Normalizations: " o
1k gk

e density /( 9(k)

e multiplicity

® single-particle spectra

Fn@sstSriblegyizaMiAsZaic, ERy &3 6065/ {2004) Csorgs, T,



MINIMAL MODEL ASSUMPTION: LEVY

Model-independent but:
e not assumes analyticity
e C, measures a modulus squared Fourier- Iy .. S
2 . q (2[:}111 ;1'3} =1+ |f f(jlg)|2
transform vs relative momentum

e Correlations non-Gaussian

e Radius not a variance fqu2) = / dr exp(igi2x) f(x),

e 0 ) 2

C(q;a) =1+ Nexp (—|qR|™).

BrefotoriklRE Y- dMifs aiC, B L3 6067/ {2A04) Csorgs, .



UNIVARIATE LEVY EXAMPLES

Include some well known cases:

o )=2

® Gaussian source, Gaussian C,

o ) =1

® Lorentzian source, exponential C,

® asymmetric Levy:
® asymmetric support

e Streched exponential

1 + exp (— Vg

T. Cs, hep-ph/0001233, T. Cs, S. Hegyi, W.A. Zajc, EP) C36, 67 (2004)
Elméleti Fizikai Szeminarium, Szeged, 2015/11/12 Csorgo, T.



LEVY EXPANSIONS: ~ 1d LEVY

Levy generalizes exponentials and

Gaussians | 0wt Moo Hla M2
Lo(t|a) =1, Li(t| o) = det ( 1' 1‘. ) . Lo(t|a) =det | p1a K20 HM3.a

ubiquoutous Lt

How far from a Levy? o = [ dt t™ exp(—t*)
J0O

Need new set of polynomials
orthonormal to a Levy weight

I'(z) = /:O dt t* ' exp(—t)

Csorgo, T.



LEVY EXPANSIONS: ~ 1d LEVY

« In case of » = 1 Laguerre is
(o] /¢

These reduce to the
Laguerre expansions and
Laguerre polynomials.

Elmaiell Fizikai Szeminérium, Srzeged, 2015/11/12
7 J

Csorgo, T.



LEVY EXPANSIONS: ~ 1d LEVY

. In case of » = 2 instead of Edgeworth
new formulae for one-sided Gaussian:

Provides a new expansion around a Gaussian shape
that is defined for the non-negative values of t only

Elmaietl Fizikai Szeminérium, Szeged, 2015/14/12 Csorgo, T.



MULTIVARIATE LEVY EXPANSIONS

Lo(t| )

Li(t|a)

La(t| ) FE — }F( — } - [_,—_J} [Ff — JTt —) — - __,]f'(__— J] [Ff }fi ) =T (— ,}] .
.'.' k e X {

J

¥ ¥ X ¥ (8 e

Elméepi dakdbekerpin@iwrpoeteger, C913rX12206.1680v1 [nucl-th] Csorgd, T.



POSSIBLE APPLICATIONS I

. Malgorzata Janik’s talk at WPCF2014

° -I_I ) 7
. Levy expansion term could be added.

Near side peak

Cianap)

Csorgo, T.

Malgorzata Janik — Warsaw University of Technolog

I ©6/05/2014, WPCF '14
Elmeéleti Fizikal Szeminarium, Szeged




SUMMARY AND CONCLUSIONS

Several model-independent methods:

Based on matching an abstract measure in H to the
approximate shape of data

Gaussian: Edgeworth expansions

Exponential: Laguerre expansions

Levy ( ) : Levy expansions

In case of alpha = 1 Laguerre ok

In case of alpha = 2 new formulae for Gaussian

New directions: multivariate Levy expansions

Elméleti Fizikai Szeminarium, Szeged, 2015/11/12 Csorgo, T.



Koszonom a figyelmet!

Kérdések?

Elméleti Fizikai Szeminarium, Szeged, 2015/11/12 Csorgo, T.



Backup slides - TOTEM
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TOTEM - Experimental Setup at IP5

RP 147 RP 220
Near Far \ Near
Top T‘-‘,\') D Top

Horlzontal ;
., Horizontal

T 0o *

[,

Bottom Bottom

I i i L
v ] ]
149.1m 150.3m 2148 m

HF (CMS)

T1 (TOTEM)
T2 (TOTEM) CASTOR (CMS)

T1, T2: CSC and GEM Inelastic telescopes; RP: Roman Pots
[Details: JINST 3 (2008) SO8007]. In this talk: TOTEM Roman Pots 220 m

Elméleti Fizikai Szeminarium, Szeged, 2015/11/12 Csorgo, T.



TOTEM data taking

o - L LR 1 * RP approach o L range Elastic
(m) ' (GeV?) events
~ B*=1km, 30,8 TeV 90 4.8-6.50 7-10~3 - 0.5 IM
\ 90 10 i 0.02 - 0.4 14k
2 B =90 m, 100 ,7 TeV 3.5 7 07 0.36 - 3 66k

o L 3.5 180 2 2-35 10k
; 90 ) 0.01 -1 SM
&9“ m, 5o, 7 TeV 1000 . 2 6-10 7 -0.2 | 0.4M

11 5-1: 0.05-0.6 45k

Show results
from data

B = 11m, 5-13, 276 TeV ———— sets indicated
A I 1 L 1| I --H::\L"-‘ = ~ =T by drrows

1

July 2012 data,_special LHC run , p* = 90 m, Vs = 8 TeV

2 = 3 colliding bunch pair, 8 x 101° p/bunch
Instantaneous L ~ 1028 cm2s-1
11 h data taking, RP-s at 9.5 o
Integrated L ~ 735 ub-1
7.2 10° elastic events

E

Elméleti Fizikai Szeminarium, Szeged, 2015/11/12 Csorgo, T.



ref = 527.1e719-39¥

do /dt — ref

Differential cross-section @ 8 TeV

0.06
0.03
0.04
0.03
0.02
0.01
0
—0.01
D —0.02
—0.03
—0.04
—0.03

|+ da suristical uncertainties —Np=t] ]
- full systematic uncertainty band —N, =2 -
- - syst. unc. band without normalisation —N,=3|: . N
] | | I R | | | ]
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
it [GeV?]

do
dr

bin i

I

~ f(r)de,
At Join i

N, = 1 fits excluded. Relative to best exponential, a significant 7.2c deviation found.

Elméleti Fizikai Szeminarium, Szeged, 2015/11/12

Csorgo, T.



Backup slides — ReBB
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ReBB model, fit range studies

p+p — p+p. diquark as a single entity at \/s=7000.0 GeV p+p — p+p, diquark as a single entity at +/s=7000.0 GeV

[
(X

2
-
o
T
2
]
s
o

MINOS: successful o Data points
Fit range: 0.00 =< -t = 0.38 Gev?
12/ NDF = 109.90/83= 1.32
CL=2.572 % - reBB model fit
ERROR MATRIX ACCURATE
Ty = 99.6 0.5 mb

p = 0.097 + 0.001

MINOS: successful o Data points
Fit range: 0.38 = -t = 2.50 Gev?
%2/ NDF = 120.42/73= 1.65
CL = 0.040 % — reBB model fit
ERROR MATRIX ACCURATE
1 . Oy = 92.4+ 2.6 mb

3 p=0.103+ 0.001

w0’ E
remarkable stability of

extrapolation to the
e~ 004 001 unfitted region

Roa = 0.37 £ 0.0ZTm
Agq =1.00
o =0.12+ 0.01

—
o
]

-

protons [mb/GeV ]

L
W
%

or protons [mb/GeV

do/dt for

Rgg=0.33 = 0.01 fm i _
Agq=1.00 -5
B 10

10
10

5

el
a*‘J’

(do/dt - fit)error
(do/dt - fit)/error

&
|||||||||||| ||||| IT |||||.]

ooo

05 of
s IR o O bt b

(do/elt - fit)fit
(do/dt - fit)fit

5666

oco00sH oL0e
cﬂthM'_.D'_.Mw-h

(=]

1 15
t [GeV?]

fit: 0.36< -t < 2.5 GeV?, OK ' < -t < 2.5 GeV?, ~ OK




Focusing reBB on the low-t region

p+p — p+p, diquark as a single entity at +/s=7000.0 GeV

!

MIGRAD: converged o Data points

Fit range: 0.00 < -t < 0.38 GeV®| —— uBB model fit
+2 1 NDF = 105.26/81= 1.30
CL=363T%

ERROR MATRIX ACCURATE | ===-= o=0
Oy, = 39.6 212 mb

p=0.014 £ 0.433

=

=
]
"

Extrapolation

de/dt for protons [mb/GeV

[y
=
R

L =050
Rg=0.45+0.01 fm
Rq=095+ 0.02 fm
R gg= 0.27+ 010 fm
A =100

@ =002+057

1 1 1 1 | 1 1 1 1 | 1 1 1 1 1 1 1 1 1 1 1 1
-

Ly L]
- - I..-.'I--
" »

-
J-:\l-
(]

(data - theory) / error

1 15
1t [GeV]

Figure 5: 0 - 0.36 GeV?. p has large error, since the dip is not part of the fit.

Saturation is apparent if fit range is limited to |t| < 0.36 GeV?2

Elméleti Fizikai Szeminarium, Szeged, 2015/11/12 Csorgo, T.




Focusing reBB on even lower -t region

p+p — p+p, diquark as a single entity at ~\/s=7000.0 GeV

2]

=y
=

MINOS: successful o Data points

; . c te 2 ]
Fit range: 0.00 < 4= 018 GV | —— BB model fit
351 NDF = 73.28/58= 1.27
CL=8333%

ERROR MATRIX ACCURATE | === =0
Gmt =998+ 2.9 mb

=5
=
)

Extrapolation

p=0.000+0138

do/dt for protons [mb/GeV?]

|||||II||'|T|'| IIIII|T| IIII|T|'| IIII|'|T1 IIIIﬂ'l]MIIIIﬂTrmTﬂTl'l IIIII|T| TTIT

.

=050 H‘"’mh

R, = 04601 fm W
Rq=096+0.01 fm M o
Rgq= 0.16:£ 0.07 fm i
Age=1.00

o =000+ 017

AN N T N TN TN O A N TN T A T T N Y B

-1."-.9-__

:
.
<

Connection to TOTEM

0.5 1 15 2 , 0.5 5 2 a 5B 4 45 5
t[GeVY] b [fm]

(data - theory) / error

Figure 6: 0 - 0.18 GeV?2. p has large error, since the dip is not part of the fit.

Saturation still apparent, fit range |t|] < 0.18 GeV?

Elméleti Fizikai Szeminarium, Szeged, 2015/11/12 Csorgo, T.




TOTEM 8 TeV pp data

is 1: fits Aexp(byt + b2t2 +...), Ny parameters in exponent

0.05 T

1 TR
| diagonals combined

4ata (inning ob) NUCl.Phys. B899 (2015) 527-546

| statistical uncertainties

19.38 |t

519.5e

systematic uncertainty band: analysis+normalisation
systematic uncertainty band: analysis only

do/dt — ref

ref

Ny
fit parametrisation: a exp( Y byt")
n=1
fits with statistical and systematic uncertainties:

Ny = 1: x*/ndf = 117.5/28 = 4.198 = p-value = 6.14 x 10~ '3, significance = 7.20 &
N, =2: x3/ndf = 29.3/27 =1.085 = p-value = 3.47 x 107, significance = 0.94 ¢
N, =3: x?/ndf = 25.5/26 = 0.980 = p-value = 4.92 x 107, significance = 0.69 &

do/dt fits, stat. and sys. unc. combined TOT E M p p d a ta a t 8 TeV

Ae®, x2 | NDF = 6.9/ 8 = 0.86, 6, = 100.9, 0.021<-t<0.08 GeV?

Ae®*, 42 / NDF = 119.7 / 17 = 7.04, CL=1.8e-17 (8.4 sigmas) eX p O n e n ti a I S h a p e

Ae®*CX y2 | NDF = 13.5/ 16 = 0.85, 6,4, = 101.1, 0.021<-<0.2 GeV?

Ae®*CX*0X 52 | NDF = 11.1 /15 = 0.74, 0,5, = 101.4, 0.021<-t<0.2 GeV? eXC I u d e d a t 7 + o)

new determination
Otot = (101.4+ 2.0) mb

Theoretical support, from ISR
to LHC energies, unitarity
L. Jenkovszky and A. Lengyel,
arXiv:1410.4106

do/dt normalised to stat. exp fit.
- 2 :
w
\

-
o
g

Elméleti Fizikai Szeminarium, Szeged, 2015/11/12 Csorgo, T.



Non-exponential behaviour in ReBB

foonedtal {u

N\

\

\
TN

0.14 016 018 02
It} GeV*

002 o004 006 008 . 012

[=]

Fig. 5. The ReBB model, fitted in the 0.0 < |t| < 0.36 GeV? range, with respect to the exponential
fit of Eq. (33). In the plot only the 0.0 < |t| < 0.2 GeV? range is shown. The curve indicates a
significant deviation from the simple exponential at low |t| values.

Similar
non-exponential feature
seen at 7 TeV as in 8 TeV

TOTEM data

Elméleti Fizikai Szeminarium, Szeged, 2015/11/12 Csorgo, T.



Predictions for the shadow profile

Blacker and Larger, Similar to:
but not Edgier: K.A. Kohara, T. Kodama,

BnEL effect E. Ferreira,
at LHC energies arxXiv:1411.3518
but they also claim
an asymptotic BEL effect

Elméleti Fizikai Szeminarium, Szeged, 2015/11/12 Csorgo, T.



Predictions for the shadow profile

D ek OO ik 9 Y

20|
1
0

1t
2}
3H

I
9‘. .

Y0133 “3701 23
Vs =14 TeV s =28 TeV

Blacker and Larger,
but not Edgier:

BnEL effect Results presented so far:
at LHC energies arxiv:1505.01415

Elméleti Fizikai Szeminarium, Szeged, 2015/11/12 Csorgo, T.



New results: pp data with ReBB model
All the usual BB fit parameters are free (y/s = 546 GeV, 1.8 TeV)

P+P — P, diquark as a single entity at +/s=546.0 GeV PP — p+p, diquark as a single entity at +/s=1800.0 GeV

=
[—]
(1]
—u
=

o Data points o Data points

MIGRAD: conwverged
Fit range: 0.02 < -t < 0.30 GeV/® — reBB model fit
321 NDF = 35.05021= 167
CL=2.787 %

ERROR MATRIX UNCERTAINTY &|¢percihi U
Ty =786+ 162 mb

p=0.000+0.242

MIGRAD: converged
Fit range: 0.02 < -t = 0.08 GeV* — reBB maodel fit
¥2 I NDF = 13.11/9= 1 .46
CL=15.790 %

ERR MATRIX NOT POS-DEF
Oy = 569+ 10.0 mb
p=0418 20102

—u
=
Fa

Extrapolation Extrapolation

—

daldt for protons [mbiGeV?]

—
o

=
o
2
—_
L
=

="
w
=
o
—
o
=

o
=
o
i
o
™,
=
-

%=050
Rg= 0.50 £10.0 fm
Rg= 0.78 <001 fm
Rga=0.57 + 001 fm
Agg=1.00
o=0.00+0.22

4=0.50
Rg=0.48= 0.04 fm
Ry=0.69= 0.03 fm
R ga = 0.67 = 0.06 fm
Agg=1.00

o= 0.42=0.12

L|,|,‘||||||I|_HT|_|THFIT|I_|'I'H1]T|_|'I'I'H11]IIIIIW1I IIIIHqIIIIIHq TTI

(doidt - fit)lerror
(doi/dt - fit)lerror

IIII|II'I‘

0.5 1 1.5 2.5 0.5 15
1 [GeVY] 1[GeVY]

There are not enough points to pin down the shape.
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Tevatron pp data with ReBB model

All the usual BB fit parameters are free (1.96 TeV)

p+p — p+p, diguark as a single entity at +/s=1960.0 GeV

(X]

o Data points .

=
(=]

MINOS: successful D-p elastic do/dt at Ys=1960 GeV vs. [t

Fit range: 0.20 < 4< 1.50 GeV" — reBB model ~ I\

Lz, _ o =10k

#* I NDF = 13.93/12= 1.16 Extrapolatio 8 ?\ — pimodel, Gauss FF

CL = 30.545 % g L

ERROR MATRIX ACCURATE s a=0 % \ + {5=1960 GeV’ data
——— ©

Ty =773 121 mb
p= 0139+ 0,005

1{]-2; kl"v%ﬁ\

107k ~

daldt for protons [mb/GeV?]

L,
L=050 ! 1 g \
Ry=0.39+ ﬂ.IZI[:Effrn 10 e \

R, =0.87 % 0.04 fm . L
R g = 0.30= 0.4 fm g \

— t 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Ae=100 3 107 05 1 15 2 25 3

= o=016=0.01) . momentum transfer, 1 (Ge)
N S s Similar to:,
g sf V. Grichine,
ZOOF et tTele, arxiv.org:1404.5768
§ o p=(q,d)ina
A o5 ""-'t[ggvzlfl'ﬁ' | »,Springy” Pomeron picture
also increases real part of t
Ok. )
Cle d C d cged O OIrgo


http://arxiv.org/abs/1404.5768
http://arxiv.org/abs/1404.5768

Tevatron pp data trends ReBB model

The good fit at /s = 1.96 TeV compared with the extrapolations
based only on pp fits of our ReBB paper

32 [ ndf 24713
p0 0.59+0.011
p 0.019 + 0.0011

¥Z I'ndf 7513 . 02 %2 Mndf 1273
pd 0.3x00M = P -0036+00M1
p1 0.001%+0.0011 b 1 0.009 £ 0.0011
= ol l
A “E l
_____..——"_,-o- L o1eF \ }

N |

1)

ReBB model works
also for elastic pp data
but pp is more ,,opaque” than pp.
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Backup slides — Discussion
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Black disc Iimit?

Geometric scaling,

- LI G o - c -y,
T The d'p{:: '__pparamet_?ras__a function of s~ but not the black disc limit:

T. Cs. and F. Nemes
arXiv:1306.4217
Int. J. Mod. Phys. A (2014)

C(data) ~ 50 mb GeV?
+
C(black) ~ 36 mb GeV?2

' _—l'lllllllllIIII|IIII|IIII|IIII|IIII|II|I||I|IIII|IIII|

0 10 20 30 40 50 G0 70 ”E?EIEIEI TO000 TO40
5" [GeV]

Chiack = |tdip black| - Otot plack = 27j1 1(hc)? = 35.9mb GeV?

Elméleti Fizikai Szeminarium, Szeged, 2015/11/12 Csorgo, T.



Motivation: Is the proton a black disc?

Recent papers by M. Block and F. Halsen address this topic :
Experimental confirmation: the proton is asymptotically a black disc,
arXiv:1109.2041, Phys. Rev. Lett. 107 (2011) 212002

Elméleti Fizikai Szeminarium, Szeged, 2015/11/12 Csorgo, T.




Properties of a black disc

Properties of a black disk: In impact parameter space b, the elastic and total cross sections are given by

3 . \ i
Tyl = 4 / gf b |f.! ( b. s || Teor = 4 / d°b Ima { b.s IE L)
™ v, 1 ; T - a1 1 . L
y
150 p— ——TT — T —— ———
; ' I I I i 0-2 LA N | T T T LA L | T T T LI | T T T LI |
140 F = pp. O tot / I
130 _ ® pbarp, s, / _ [ ,’_-——f' I — ]
Y e 2 ] 0.1 == -
120 E pp, log“(vim) . ] I i}
s = — —  pbarp, log%v/m) / 3 [ 4’
110 F * 6o AUGET, 25% He, 57 TeV . L {
o ] 0.0 -
. - . CMS, 7 TeV r
o 100 E ® GII‘IE" ! e | /
E 90 E " o, Atlas, 7 TeV 4 ; - op  data
't'). 80 b ———————— &, PP, log®(v/im) ; o -0.1 / R bbar p data ]
E * pbarp, a, . oM mm———— Pop Iog2(w'm)
70 3 /{/ [ —_——— P pbarp 109 (vim)
Fs

Conclusions: We find that the In? s Froissart bound 101 the ploton for oot [7] and giner [9] is saturated and that
at infinite s, (1) the experimental ratio giye/0w0e = 0.509 £+ 0.011, compatible with the black disk ratio of 0.5 and
(2) the forward scattering amplitude is purely imaginary. We thus conclude that the proton becomes an expanding
black disk at sufficiently ultra-high energies that are probably never accessible to experiment. The theory for these
bounds is predicated on the pillar stones of analyticity and unitarity, which have now been experimentally verified up
to 57000 GeV. Further, since oy, has been extrapolated up from the Tevatron, we expect no new large cross section
physics between 2000 and 57000 GeV.

Finally, the lowest-lying glueball mass 1s measured to be Mgjyehan = 2.97 £ 0.03 GeV. Reproducing these experi-
mental results will be a task of lattice QCD.
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Black Disc (BD) limit?
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Geometric scaling, but not BD limit?
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