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S-matrix Unitarity, Optical Theorem

Note: diffraction also measures

|Fourier-transform|?2 images of

sources of elastic scattering

- ideal for femtoscopic studies

- several similarities e.g. non-
Gaussian sources etc

Black (grey) disc limit (important)
— o(b) ~ B(R-b)
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Diffraction in quark-diquark models

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

dt 4“ p= (g, d) or p = (g, (q, 9))

1 (b) Jo (AD) bdb,

c(b) = b dependent prob. of interaction
— connection to scattering centers

/ [{1 *:,?{]_ g rl“ ﬂgd 5fID|:~ 3 d‘D( ! *:_,_:,;I,'I o(s ,:!-. 54: *:_,:}r :1_'! Ei']

Structure of protons = ?
— Diffractive pp at ISR (23.5 - 62.5 GeV) and LHC (7 - 8 TeV).

Low-X 2015, Sandomierz, Poland, 2014/09/02 Csorgo, T.




Diffraction a la Bialas and Bzdak

(a2 22V/RB2. <9, - _ .
at8a)/ Raa §2( g + Asg), A =mg/myg,

The quark-diquark model of Bialas and Bzdak has been
analytically integrated in a Gaussian approximation,
assuming that the real part of forward scattering is negligible.

Two different pictures: p = (q, d) or p = (q, (q,9))

Note: p= (q,q,q) model fails, quarks are correlated
W. Czyz and L. C. Maximon, Annals. Phys. 52 (1969) 59
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Diffractive pp scattering

diquark

Low-X 2015, Sandomierz, Poland, 2014/09/02 Csorgo, T.




Real extended BB model for the dip

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

el [H (J) =1 (l _ et Im fl(s,b}\/l - {T(H (’i)) Bialas-Bzdak obtained
if Re (t) = O

ta(s,b) = i (1 — e B — (1 —V/1—0o(s, 1;))

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

Real extension of an imaginary t
New parameter Im Q added
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ReBB model for the dip (2)

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

Bialas-Bzdak

pg i, «, = {(1, ([} model is
,realized”:

= (q,d)
p= (g, (9,9))
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ReBB model: two choices

Similar to a
constant p
but
not favored
by data

For small
values of
0
we recover
our first
attempt, the

This choice is also favoured by data aBB model
1. Cs., F. Nemes, arxiv:1306.4217

ImQ(s,b) = —a - Oinel(s,b) .
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ReBB model, final 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
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ReBB model, combined data sets
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MINOS: successful o Data points
Fit range: 0.00< + = 250 GeV* _1 [ { } — l _ | e [_ [ z }] ‘
1% NDF = 336 44/159=2.12 = fh ¥ -}, ¢ }"l) £ 2 x"‘j p '},
CL=0.000 % — BB model fit
ERROR MATRIX ACCURATE
Ty =307+ 0.7 mb
p=0.104 + 0.

—
=)

dao/dt for pratons [mb/GeV *]

-
=

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

-
c|

(doidt - fitNerror

(doldt - fit)/fit

SEbbs gome
e LR S P G

Fit range: 0 < -t < 2.5 GeV?,
not quite OK - check @ 8 TeV
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ReBB shadow profile functions
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Figure 4: The A(b) = 1 — |e=**?)|2 shadow profile function. 23.5 GeV (left) and
7 TeV (right).

Indication of saturation at 7 TeV: A(b) ~ 1 at low b.
~ max probability of interaction at low b
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Imaging on the sub-femtometer scale
at 23 GeV ISR and 7 TeV LHC energy

-32-10123 3210123

Vs =23 GeV Vs=7TeV
What about 8 TeV and future LHC energies?

Low-X 2015, Sandomierz, Poland, 2014/09/02 Csorgo, T.




Excitation function: do/dt

pp elastic scattering
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TOTEM 8 TeV pp data

is 1: fits Aexp(byt + byt

ZHTH Ny parameters in exponent

19.38 |t

ref
519.5¢e

do/dt — ref

ref

| diagonals combined

0.2
lt]  (GeVv?)

do/dt fits, stat. and sys. unc. combined

Ae®*, 32 | NDF = 6.9/ 8 = 0.86, 0, = 100.9, 0.021<-t<0.08 GeV*
Aeﬂ‘,xz / NDF =119.7 / 17 = 7.04, CL=1.8e-17 (8.4 sigmas)
A®*C< 32 | NDF = 13.5/ 16 = 0.85, o, = 101.1, 0.021<-t<0.2 GeV?

AeBCX DX 42 | NDF = 11.1 /15 = 0.74, 6, = 101.4, 0.021<-1<0.2 GeV?

4ata (binning o0y NUCL.Phys. B899 (2015) 527-546

| statistical uncertainties
systematic uncertainty band: analysis+normalisation
systematic uncertainty band: analysis only
Np
fit parametrisation: a exp( ¥ b,t")

n=1
fits with statistical and systematic uncertainties:

Np = 1: x*/ndf = 117.5/28 = 4.198 = p-value = 6.14 x 10~ 13, significance = 7.20 ¢
Np =2 x2/ndf = 29.3/27 = 1.085 = p-value = 3.47 x 101, significance = 0.94 ¢
Ny = 3: x?/ndf = 25.5/26 = 0.980 = p-value = 4.92x 10!, significance = 0.69

TOTEM pp data at 8 TeV
exponential shape
excluded at 7+ ¢

new determination
Otot = (101.44+ 2.0) mb

Theoretical support, from ISR
to LHC energies, unitarity
L. Jenkovszky and A. Lengyel,
arXiv:1410.4106
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Non-exponential behaviour in ReBB
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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
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Black disc Iimit?

Geometric scaling,

- LI G o - - .
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
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Chiack = |tdip black| - Otot plack = 27j1 1(hc)? = 35.9mb GeV?
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Excitation function: scaling in pp
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Geometric scaling: {Ry, Ry, Ryg, 0} = po + py In (S/sp)
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Geometric scaling Iin pp
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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
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Predictions for the shadow profile

—}}10 123 —}}111 123

Vs =14 TeV Vs =28 TeV

Blacker and Larger,
but not Edgier:

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

(2]
[*]

—u
=

o Data points

=%
=

o Data points
MIGRAD: conwverged

Fit range: 0.02 < -t < 0.30 GeV/® — reBB model fit
21 NOF = 35.05/21= 1.67
CL=2.787 %

ERROR MATRIX UNCERTAINTY &|¢percihi U
T, =786 162 mb

p = 0.000 + 0.212

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
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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
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ReBB model works
also for elastic pp data

but pp is more ,,opaque” than pp.
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What have we learned?

0 oM 00+ 006 06E 01 012 01F 016 BIE 02
¢ GaV*

FIG. 5. The rBE model, fitted in the 0.0 < [t] < 0.36 GeV? range, with respect to the exponential

Really extended Bialas-Bzdak:
p =(q, d) at LHC
non-trivial structure at low-t
describes both pp and pp

BnEL: Blacker, Edgier; Larger

ReBB model works naturally
SN IR AR AR also for elastic pp data

05 1 15 2 - but antiproton is more ,opaque”.
-t [GeV?]
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Backup slides — Questions?
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Focusing reBB on the low-t region

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

Low-X 2015, Sandomierz, Poland, 2014/09/02 Csorgo, T.




Focusing reBB on even lower -t region

p+p — p+p, diquark as a single entity at ~\/s=7000.0 GeV
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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?
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Backup slides — Discussion
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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
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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.

arXiv:1109.2041, Phys. Rev. Lett. 107 (2011) 212002
arXiv:1208.4086, Phys.Rev. D86 (2012) 051504
arXiv:1409.3196

Low-X 2015, Sandomierz, Poland, 2014/09/02 Csorgo, T.



http://arxiv.org/abs/arXiv:1409.3196
http://arxiv.org/abs/arXiv:1409.3196

Black Disc (BD) limit?

Scaling but
not in the black disc limit:
T. Cs. and F. Nemes
arXiv:1306.4217
Int. J. Mod. Phys. A (2014)

o 23.5 GeV

O 30.7 GeV C(data) ~ 50 mb GeVZ

52.8 GeV
¢ 62.56 GeV ¢

LI | Clblack) ~ 36 mb Gev:

.. Ji(gR)1?
L, ¥ 1\g)
- 'ITI [ qﬁ’ ]

2~ 35.9mb GeV?
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Geometric scaling, but not BD limit?

o 23.5 GeV
30.7 GeV
52.8 GeV

¢ 62.5 GeV
7000 GeV

* Black disk

-:.;i_':-.lllllﬂ] IIIIHH] [TTTm

Scaling but
not a black disc limit:
T. Cs. and F. Nemes
arXiv:1306.4217
IJMPA (2014)
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plotted vs

Z = t/tdip
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