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Unitarity and the elastic amplitude

unitarity of the scattering matrix S:

SST =1 S=1+iT T —TT =iTTT

unitarity equation in impact parameter b representation:

2 Im te;(s,b) = |tey(s,b)|% + Gin(s, b)

(s is the squared CM energy)

the elastic amplitude can be written as a solution of the unitarity equation
in terms of 7;,

0 < 5l-n(s, 1_5) <1 and 4;,; can be calculated using the rules of the
probability calculus based on Glauber’s multiple scattering theory



Bialas-Bzdak p=(q,d) model

¥ oo ¥ oo
am(b) J d*s, Syd?s) D(Sq, Sa) D(sq, $4) 0 (54, Sa; Sqr Sa; b)

= quark-diquark dlstrlbutlon inside the proton:

5242 2 — )3 A. Bialas, A. Bzdak Acta
1422~ __Mg| [ °d = T5q | Pphys.Polon. B 38, 159-168 (2007)
d - - = —
D(54,54) = oz ¢ 94 6°(S; + Asy) mg| [2 =
qdn Sd = Sq

= jnteraction probability of the constituents:

(3,845, 50;b) =1 — I_H_[[l — 0ap(b + 8, — 8]
a_ b
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- 2
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" jnelastic cross-sections of quark, diquark scatterings :

SZ =R2+R: || a bEe{gd)
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Oab,in = j Jo'ab(§)d2§

— 00

Oqq,in * Oqd,in® Odd,in =124

Proton-(anti)proton scattering in
" free parameters: the quark-diquark model.

Aqq A Ry, R, Rya, | (Agq =1 and A = 0.5 can be fixed) 3



https://arxiv.org/abs/hep-ph/0612038

Unitarily Real Extended Bialas-Bzdak (ReBB) model

= elastic scattering amplitude in the impact parameter space:

— — arXiv:1505.01415
tel(s, b) =1 [1 — e_Q(S'b)} F. Nemes, T. Cs6rgd, M. Csanad, Int. J.
Mod. Phys. A Vol. 30 (2015) 1550076

= the opacity function:

Im() +# 0 as the real part
of the amplitude is not
negligibly small

S 1 > S S
Reﬂ(s, b) =3 ln[l — 5l-n(s, b)] ImQ(S, b) = —« 5in(s, b)

Q(s, 5) = ReQ(s, E) + 1 ImQ(s, E)

NEW FREE PARAMETER
= elastic scattering amplitude in momentum space:

T(s,t) = an

0

to (5, 51) Jo(BIIEDIBIdIB]| [B]= V=E as y5 — oo

(t is the squared momentum transfer)  *



https://arxiv.org/abs/1505.01415

Measurable quantities

= differential cross section:

do

(5,6) = —|T(s, D)
dt > 41 >

= total, elastic and inelastic cross sections:

Otor(S) = 2ImT (s, t = 0)

= ratio p,:

0

01 (s) = j

— 00

do(s,t) it

dt 0in(S) = Otor (S) — 01 (5)

po(s) = %i_r)r&p(s, t) =

ReT(s,t - 0)

ImT(s,t - 0)

slope of do/dt:

_ _d
BO(S) — 11_1)18 B(S, t) = a(

%% (s ¢
ndt(s’)

)

t—0
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The pp and pp elastic scattering amplitude

= according to the Regge formalism the strong scattering amplitude for pp and pp
scattering can be written in terms of C = +1 and C = —1 exchange components

TPP(s,t) = T*(s,t) — T~ (s, t) TPP(s,t) = TH(s,t) + T (s,1t)

= for +/s = 1 TeV the mesonic reggeon exchanges are negligible only the gluonic
Pomeron and Odderon exchanges are present implying that

T+(s,t) = TF(s,t) TP(s,t) = %(Tpp (s,t) + TPP(s, 1))

q

T~ (s,t) =TO(s,t)

TO(s,t) = % (TPP(s,t) — TPP(s, 1))

= asimple and model independent consequence:

do'pp do'pp

—(s,0) #——(s,0) forv/s = 1 TeVthenTO(s,t) = 0
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Fit method

= |east squares fitting with:

M n;

2= (dij + €pjBpij + €cjdijoc; — thyj) ez | <dawt — th%t> . <dp0 - thp0>
- E E _ 2 42
j=1 i=1 O-l?] J J 50—1’01’ 5p0

2 . [Qij T EpjOpij t+€cjdijoc;
Oij = Oaij d

Bri; = Jagij F(d6ct)? k€ {ahb)

A. Adare et al. (PHENIX Collab.)
" jttakes into account (in M separately measured t ranges): Phys. Rev. C 77, 064907

Lj

* the t-dependent statistical (a) and systematic (b) errors (both vertical o5 and
horizontal 0 t) = €, parameters;

* the t-independent o, normalization uncertainties = €. parameters;

 the measured total cross-section d

and ratio dp0 and their total uncertainties
00, and 0.

Otot

= minimization with CERN Root MINUIT, parameter error estimation by MINOS. 7



Satisfactory ReBB model fits for pp do/dt data
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z 10
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UA4 Collab. (SPS) Phys.Lett. 155B (1985)
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data: DO Collab. (TEVATRON) Phys.Rev. D86 (2012)



Satisfactory ReBB model fits for pp do/dt data
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data: TOTEM Collab. (LHC) Eur. Phys. J. C 80 (2020) 91 data: TOTEM Collab. (LHC) Europhys.Lett. 98 (2012)



R, [fm]

Energy dependences of the scale parameters

0.50: T T T T T T T T T T T T ] 3 E 1'00: ' ' LA | T L T T LENELENL L | _ 'E‘ 0.50: T T T T 1] T T T T LI N | ]
0.48f-|®PP 3 = o0.9sf|*PP 5 = E [¢ pp .
I Lol | Ru(s) F R | Roa(s) :
0.46 | —fit 0.96 F~|—fit d = E | it qd
- 0.0aF - 0.40F —
0.44F 94 = F
0.42f- 0.92f- = 0.35F
0.40[- 0.90F - 0.30F
0.38|- 0.88F — 0.25 E 3
0.36 f— p, = 0131 + 0.010 [fm] 0.86F p, = 0.590 +0.015 [fm] 3 é p, = 0.158 + 0.035 [fm] f
- p,=0.017 £0.001 [fm] 0.84 - p,=0.019 +0.001 [fm] . 0.20 ® p,=0.010 +0.002 [fm] —
0.34F JYINDF =1596/2=0798 3 = JUNDF =0.469/2=0234 - E ZNDF=2.239/2=1.119 3
0.32F- oL = 45.03% = 0.82F CL=79.10 % - 0.15 CL=32.65% ]
F 1 a3l 1 1 1 gl 3 E 1 M | 1 1 L TE A A | . a 1 a3 gl 1 1 1 PR R T B |
0.30 103 104 0.80 103 104 0.10 103 104
Vs [GeV] Vs [GeV] Vs [GeV]

The energy dependences of the scale parameters, R, Rz and R4, are the same for
pp and pp processes!

Parameter R, [fm] Ry [fm] R.q [fm]
P(s) = po + p1ln(s/so) \2/NDF 1.596/2 0.469/2 2.239/2
CL [%] 15.03 79.10 32.65
PEiRg, Ra, Rgq, } o 0.131 = 0.010 | 0.590 = 0.015 | 0.158 + 0.035
5o = 1 GeV? n 0.017 £ 0.001 [ 0.019 & 0.001 | 0.010 = 0.002

Parameters which define the energy dependence
of the ReBB model scale parameters 10



New: proportionality between py(s) and a(s)

ter(s,b) = i (1 — e %D [T =5, (5, b))

a&in K1

b2
2R?(s)

Im t,;(s,b) = A(s)exp (_

)

\

3 1
Po(s) = a(s) (2 —5As) +34° (S))

A(s) =Imt,(s,b =0)

—> by rescaling one can get additional «
parameter values at energies where p, is

measured

[o

2-0 2 T T T T 1 T T 1 T T T | L T T 1 T T I_
—_—2-3/2 L+1/3 A ]
1.8/ & 0.541 TeV pp =
1.6/ 1 1.800 TeV pp -
14 ® 7.000 TeV pp =
“'| W 8.000 TeV pp .
1.2— -
1.0— | —
- T ] =
0.8— on —
0.6— —
0.4— —
0.2— —
0 :I 1 | | 1 1 1 I | 11 | 1 1 | | 1 11 | 11 1 I | 1 1 | 1 1 | | 11 1 I 11 I:

&80 0.82 0.84 0.86 0.88 0.90 092 0.94 096 0.98 1.00
A

The dependence of py/aon A =Imt,;(s,b = 0) in the TeV
energy range. The data points are generated numerically by
using the trends of the ReBB model scale parameters and the
experimentally measured p-parameter values.

T. Cs6rgd, . Szanyi, Eur. Phys. J. C 81, 611 (2021)
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https://doi.org/10.1140/epjc/s10052-021-09381-5
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Energy dependence of the a parameter

P(s) = po + p1ln(s/so)

PE{Rq,Rd, qu,a}
SO — 1 GeVZ
Parameter a (pp) a (pp)
X*/NDF 0.760/2 1.212/2
CL [%) 0.68 5154
Po 0.167 £ 0.060 | —0.103 £ 0.027
4! —0.003 £ 0.003 | 0.018 = 0.002

L | | | | | | | | I | | | | 1 | | 1 | | | I o
:— * PP pscaled I:] pE pscaled —:
- | ¢ pp QPP =
—|— ppfit ~-- pp fit =
E === PP od || |L.--""7 E
= et . ]
il |!] . =E®T =
? - é)- - - * i j
" =
— pp pp 3
C pD =0.167 + 0.060 pu =.0.103 +0.027 -
:_ P1 =-0.003 £ 0.003 p1 =0.018 £ 0.002 _:
:_ ¥?/NDF = 0.760 / 2 = 0.380 ¥?2INDF =1.212/ 2 = 0.606 _:
- CL =0.68 % CL = 54.54 % S
— 1 1 L 3 3 a3l L L 1 1 ' B | =
10° 10*
Vs [GeV]

Parameters which define the energy dependence
of the ReBB model a parameters for pp and pp

The energy dependence of the a parameter is not the same for pp and pp processes
— the Odderon is characterized by a single parameter, !
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do/dt [mb/GeV?]

(do/dt-fit)/error

(do/dt-fit)/fit
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Combining to them also the result at 7 TeV the

1.96 & 2.76 TeV is: 7.08c .

significance becomes higher than 10.00.

The significance obtained by combining the results at
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Summary

= ReBB model fits to pp and pp do/dt data

-> satisfactory description in the energy range of 0.546 < /s < 7 TeV and squared
momentum transfer range of 0.37 < —t < 1.2 GeV?

= determination of the energy dependence of the parameters

> R;(s), Ry(s) and R;4(s) are the same for pp and pp processes, a(s) is not
- Odderon effect

= lack of pp and pp do/dt measured data at the same energies at the TeV energy region

= extrapolations to accomplish comparative study and obtain a significance for the
Odderon effect

-> difference between pp and pp do/dt in the dip region

- model-dependent evidence for Odderon exchange in t-channel at /s = 1 TeV
with a significance of at least 7.080
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Tests @ 0.546 & 0.630 TeV v/

do/dt [mb/GeV?]

(do/dt-fit)/error

(do/dt-fit)/fit

]
(=]
]

10

0.4
0.2
0.0
-0.2
-04

o

T 1 1 1 I 1 1 T T I 1 1 T 1 I T 1
{5=0.546 TeV, pP
parameters are ¢ data [UA4]
taken from the trend
- = reBB p=(q.d) test
E E
— Range: 0.375 < -t <1.210 [GeV?] T
= ¥*INDF = 46.33/37 = 1.25 -
= [CL = 1.398e+01 % | =
=E 6, = 61.51 [mb] E=
= o,, = 48.05 [mb] 3
o,, = 13.46 [mb]
E p, = 0.112 E
= ) =0.500 =
E R, =0.350 [fm] =
[~ R, =0.825 [fm] 7
E R, =0.283[fm] E
~ A, =1.000 =
E-a=0.118 -
E c,,=-0.304 £0.754 E
B IEG? =I -ulosf ? 0I05I1 1 ! l l 1 l ! 1 l l l ! l l l 1 ]
- N 3
: ;@5 E
— & =
3 T 3
.0 0.5 1.0 1.5 2.0 2.5

-t [GeV]]

do/dt [mb/GeV?]

(do/dt-fit)/error

(doldt-fit) it

10

10°°

0.5
0.0

-0.5

o

{=0.630 TeV, pp

parameters are () data [UA4]

taken from the trend —— reBB p=(q.d) test

Range: 0.730 < -t <1.230 [GeV?]
¥2INDF = 25.06/8 = 3.13

CL=0.156%

tht

= 63.19 [mb]

o,, = 49.21 [mb]
o,, = 13.98 [mb]
p,=0.116

=
]
o
(=]
o
(=]

R, = 0.355 [fm]
R, = 0.830 [fm]
R, = 0.286 [fm]
Age = 1.000
@=0.123

e, =-0.366 = 0.202

||urm] ||||Im| ||||m| |||rITI| |||rITII| ||||IrI] TTT
;e
||||uu] ] ||uu| ||||uﬂ |||u1|I |||um| |||||u] |||u1|I

0.5 1.0 1.5 2.0
-t[GeV

'Q IIIIIIIIIIIIIIIIIII ||||I||||I|||||||||

)

5

|
[

data: UA4 Collab. (SPS) Phys.Lett. B171 (1986)
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Tests @ 1.8 & 1.96 TeV

3 3
& 10 — 10
% T 1 1 T I 1 T 1 1 I 1 1 1 1 I 1 1 E=1B Tev, plp. l‘*l> % ] 1 T T I 1 1 T 1 I 1 1 T 1 I T 1 ,'|'§=1.96 Tev, p.F
[4}] -
% 102 parameters are & data[E-710] % 102 parameters are Q) data [DO]
E taken from the trend —— reBB p=(q.d) test £ S taken from the trend —— reBB p=(q,d) test
g 10 = 3 4oL ]
'3 Range: 0.387 < -t < 0.627 [GeV’] = -8 E Range: 0.380 < -t < 1.200 [GeV?] E
1 7*INDF = 3.89/9 = 0.43 ~ 72INDF = 8.34/13 = 0.64 .
CL=91.83% 1= [CL = 8.209e+01 %] =
107" = 3
o,,, = 76.19 [mb] = — o, = 77.30 [mb] -
- . =58.08 [mb] 3 107 o,, = 58.82 [mb] =
102 o,, = 18.12 [mb] - S o,, = 18.48 [mb] 3
= p0=0.141 ; , - p0=ﬂ.143 -
SE : 107
107 A =0.500 = E L=0.500
S R, =0.391 [fm] = ;[ Ra=0.394[fm]
M R, = 0.869 [fm] ] 10" E~ R, = 0.873 [fm]
4 d = d
107 R., = 0.306 [fm] E = R, =0.308 [fm]
= A, =1.000 = o Awa=1.000
."]—5E a=0.160 E 107 E a=0.163
= e,,=-0.330 £ 0.677 E F < ,=-0.421+0.143 =
. B 1 l l 1 I l 1 l l I l l l l I l l 1 l I 1 l l 1 : o B L 1 L L I 1 1 1 L I L L L L I L L L L I L L L L ]
e E E S E E
s SF E s SF E
E E.___-_a ----------------------------- —E ? E____-_ L -F}m_c;..- --------------------- —E
z OF SRy E 5 0F A -~ o-C ol =
e SF E s SF E
=) = = T = -
L 04F — . 04F ' L ' ' -
= = 3 E = L9 3
g ﬁ E g L7 L_{f E
§ o.n;-....ﬁ- i..W...............................E § o.n;—-...&&%;. T“(r \.‘F LLEEELEEEEEEEEE R R
S —02fF T = S —02fF <|[J T ) 3
_04 :_ 1 ‘ L 1 1 _: N _04 :_ 1 1 ‘ 1 1 _:
0.0 0.5 1.0 1.5 2.0 .2"..5 0.0 0.5 1.0 1.5 2.0 .2"..5
-t [GeV] -t [GeV’]

data: E-710 Collab. (TEVATRON) Phys.Lett. B247 (1990)



Tests @ 2.76 & 7.0TeV

do/dt [mb/GeV?]

(do/dt-fit)/error

(do/dt-fit)/fit

]
[=}
]

10

0.4
0.2
0.0
-0.2
-0.4

=

(5=2.76 TeV, pp

parameters are
taken from the trend

Cb data [TOTEM]

- reBB p=(q.d) test

=
S Range: 0.372 < -t < 0.741 [GeV?] 3
- 72INDF = 35.49/20 = 1.77 -
E [CL=1.765e+00 %] =
C o, = 81.60 [mb] .
E o, = 61.85 [mb] =
E o,, = 19.74[mb] =
- p, =0.109 -
E =
E 1.=0.500 3
- R, = 0.406 [fm] -
E- R, = 0.885 [fm] =
E R, =0.315 [fm] 3
- A, =1.000 t . =0.623 -
E-a=0.126 t  =0777 =
F <, =-2.219 +0.702 (do/dt), _/(doldt) —=1.222 3
: l E‘::I' =I-2.I40IF il_ 0I62I8 l I 1 l 1 l I 1 l 1 l I 1 l l l —
= ymmmmmmmmmmmsmmmmmmmsmmmnmes =
.0 1.0 1.5 2.0 2.5
-t [GeV]

da/dt [mb/GeV?3]

(do/dt-fit)/error

(do/dt-fit)/ffit

103 T 1 1 1 I T 1 1 I T T 1 1 I T T
& (s=7 TeV, pp
102 L parameters are ¢ data[TOTEM]
3\ taken from the trend — reBB pu(q.d) test
10 = -
= Range: 0.377 <-t <1.205 [GeV’] 3
[ v2INDF = 86.62/56 = 1.55 .
1 [CL = 5.394e-01 %| =
- o, = 94.33 [mb] 3
107 o,, = 70.41 [mb] -
= o,, = 23.92 [mb] 3
= p =0.099 -
1072 1= 0.500 ’ —
R, = 0.438 [fm] 3
o[ Ra=0.920 [fm] -
10 R,q = 0.333 [fm]
A, = 1.000
a=0.121 t . =0.517
10 - <., = 0.000 + 0.006 t . =0.682

c.,=-0.366 +0.152

(do/dt)__ /(do/dt) =1517

0.4
0.2
0.0
-0.2
-0.4

F= I|III|IIIIIII|||||I IIIIIIIIIIIIIIIIIII

o

=
o
Y
(3]
oS
o
o]

5
-t [GeV]]
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pp test and pp extrapolation @ 8.0 TeV

3
‘\; 10‘ —r 1 1 [ r 11 [ rr 171 \|'§=8 TeV
[ y Range: 0.383 < -t < 0.899 [GeV]] - a re e m e nt
2 10° op: 7INDF = 26.07120 = 140 | (| 44 PPITOTEM) PP-PP a8
E E CL=1.077e+01 % —— ReBB p=(q.d) pp
3 40k pp: ¥2NDF =1018.21/20 = 50.91| |- = ReBB p=(q.d) pB
g TE CL = 5.109¢-201 % « =
1 N 1 .
:E of® = 96.23 [mb] o{’o‘{=gs.73[mb]? pp‘pp |nagreement.
- o’ =71.67 [mb] ol = 71.67 [mb] -
107" o =24.55[mb] o =25.11[mb] 3 Odderon
- p’ = 0.098 PP =0.172 3
107 =
E 2= 0.500 3
,F Rq=0.443fm] =
10" E R, =0.925 [fm] parameters are =
Ry = 0.336 [fm] taken from the trend | 3
- A, =1.000 ) .
10 o®=0120 o*F=0212 -
E <, = 0.000 (fixed) 3
- .= 0.000 (fixed) | | |
0 S
§ o E
R N o o 3
ToETTRES 5
T SF ®Q =
z - a2 3
. 04F by | 3
= - N 3
= 0.2 - G L -
— C 1 AL -
L 0.0f=====q=fpl ]
2 = g I, 3
0.4 L@ . . . —
0.0 0.5 1.0 1.5 2.0 2.5 21
-t [GeV?]

data: TOTEM&DO Collab. (LHC) Phys. Rev. Lett. 127 (2021)



Tests for oo+ and pg

0.3 B T T T | T | T T T I T I T ]
B parameters are _

02| takenfromthetrend | . i il il ]
E ; :ij : E.----____ - E-""":'----:-.--:---?.-.- * ; :

-0.2

I
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...................................................

PP
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reBB, p(q.d), pp - In(s) trend
Range: 500.0 < {'s < 8000.0 [GeV]
x*/NDF = 0.78/2 = 0.39

|ICL =6.761e+01 %|

EEEEEEEE reBB, p(q’d), pﬁ - |n(5) trend

Range: 500.0 < (s <8000.0 [GeV]
¥2/NDF = 1.33/2 = 0.67
ICL = 5.138e+01 %

-0.3

10°
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60F
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"
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reBB, p(q,d), pp - In(s) trend
Range: 500.0 < {s <8000.0 [GeV]
¥*/NDF =6.44/3 =2.15

ICL = 9.189e+00 %|

reBB, p(q,d), pp - In(s) trend
Range: 500.0 < {s <8000.0 [GeV]
¥2/NDF = 12.53/9 = 1.39

ICL = 1.848e+01 %|

parameters are
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.........................................................
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Predictions for pp and pp do/dt and their ratios

do/dt [mb/iGeV?]

pp

(dofdt) J(doldt)

3
10 T T T T T T T T T T T T T T T pp reBB p=(q,d) p[ed.
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o N Vs=0.9 TeV
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—
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do/dt [mbGeV?]

ReBB prediction for pp do/dt @ 0.51 TeV

L] I L] I I I L] I n I n I n I I I L] I L] I L] L] L] L]
102 (s=0.510 TeV, pp
¢ data pp 0.546 TeV
ReBB
10 — — - - H(x) limit of ReBB
1 [ ] type B theory error band
65°%% = 13.3 [mb]
10"E BR®® = 14.7 [GeV] =
102 - o GREEBHI = 17,0 [mb] .
E- BT o137 [Gev E
-3 B -
10 3 X
1074 E‘ -
10_5 L [ L [ I [ L [ [ ] I [ ] [ [ ] [ I [ L [ L I L
0.0 0.5 1.0 1.5 2.0 2.5
t[GeV]]

* pp data measured by the STAR Collab. is expected at 0.51 TeV

PP

(dGldt)pﬁl(dGIdt)

1.5
14
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1.1
1.0
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0.8
0.7
0.6

0.5

reBB p=(q,d)

- \s=510 GeV

'o IIIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIII
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do/dt [mb/GeV?]

(do/dt-fit)/error

(doldt-fit)/fit

1

—
<

0.4
0.2
0.0
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Fit at pp 23.5 GeV & In“(s) energy dependence
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Various significance combinations

— —
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do/dt [mb/GeV?]
—
(=]

(do/dt-fit)/error

(do/dt-fit)/fit
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3 The significance obtained by combining the results at 1.96 & 2.76 TeV is: E
3 2 — .2 2 — =
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Sl Y SO— E
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