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Unitarity and the elastic amplitude

unitarity of the scattering matrix S:

SST =1 S=1+iT T—TT =iTT?

unitarity equation in impact parameter b representation:

2 Im tey(s,b) = |tei(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 < 5in(s, I;) <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

Oin (b) f
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= quark-diquark dlstrlbutlon inside the proton:
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A. Bialas, A. Bzdak Acta
Phys.Polon. B 38, 159-168 (2007)
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= interaction probability of the constituents:

0 (3 3050, 35B) =1 - ]_[ [ 11 - 0a+5:- 5]
b

Oab (§) — Aabe_lglz/sczlb

= jnelastic cross-sections of quark, diquark scatterings :

Sab — Rczl

+RZ || a, bE{gd)

+00 400
— 2 22
Oab,in = J f O-ab(s)d S
—00 —00

Ogq,in * Oqd,in* 9dd,in = 1:2:4

" free parameters:

CICI’

Proton-(anti)proton scattering in
the quark-diquark model.

MRy RayRya, |(Agq = 1and A = 0.5 can be fixed) -



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‘ﬂ(s'b)} F. Nemes, T. Cs6rg6, 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

N 1 N N =
ReQ(s,b) = —Eln[l — Gin(s,b)] ImQ(s,b) = —a Gin(s,b)

Q(s, 1_5) = ReQ(s, E) +1 ImQ(S, E)

NEW FREE PARAMETER
= elastic scattering amplitude in momentum space:

T(s,t) = an

0

ter(s, [b]) Jo(12][b])|b]alb]| |A] = V=t as 5 > o

(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:

Otot(8) = 2ImT (s, t = 0)

" ratio p,:

0

01 (s) = J

— 00

do(s,t) it

dt 0in(S) = Otor (8) — 01 (5)

po(s) =limp(s, ) =

ReT(s,t - 0)

ImT (s, t - 0)

slope of do/dt:

_ . d
By(s) = }:l_r)% B(s,t) = Ec(

n%% (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 € = —1 exchange components

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

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

T+(s,t) = TP(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:

doP
dt

do
d

if ’ (s,t) #

:p (s,t) for/s = 1 TeVthenT9(s,t) # 0
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Fit method

= |east squares fitting with:

M n;

~ 2 2 2
=Y z(dif+Ebiabif+ecfdif“cf_thij) bt +<dw— ) +<dpo—thpo)
j:l i=1 6-1,2] J J 60_(:01’ 6p0

-2 _ ~ (9t Epjlpij + €cjdijoc;
Uij = Oqij dij

Bri; = Jagij F(d}0cti)? k€ {ab)

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

* the t-dependent statistical (a) and systematic (b) errors (both vertical o5, and
horizontal 6, t) = €, parameters;

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

* the measured total cross-section d

and ratio dpo and their total uncertainties
00, and 6pg.

Otot

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



Satisfactory ReBB model fits for pp do/dt data

o 1 03 T 1 [ r 11 [ 1rrr 1771 o 103 LIS I N N NN I I Y N NN I B N N B —
% {5=0.546 TeV, pp :u>: Vs=1.96 TeV, pp
(U] (V] =
2 107 JS=0546TeV | O saluad) 2 10 Vs =196TeV ¢ wwaivo)
E E% — reBB p=(q,d) fit E E — reBB p=(q,d) fit
T 10 ° = ) B
5 = MINOS: successful 3 S 10 MINOS: successful -
o] — Fit range: 0.375 < -t < 1.210 [GeV?] ° 2 Fit range: 0.380 < -t < 1.200 [GeV?] J
1 #*INDF = 44.49/33 = 1.35 u »*NDF = 8.22/9 = 0.91 -
[CL = 8.742e+00 %] 1= [CL=5.121e+01 % —=
> ERROR MATRIX ACCURATE = ERROR MATRIX ACCURATE =
107°E G, = 61.33 = 0.67 [mb] = o, =77.82 = 151 [mb]|]
= o, =47.96 +0.71 [mb] 107 o, = 58.94 +1.64 [mb] 1o
102k o, =13.37 £0.26 [mb] S G, =18.88 £ 0.64 [mb] |3
= p, =0.112 £ 0.002 o p, = 0.141+0.004 -
oF 107°F | =
107" == 1 = 0.500 (fixed) E ) =0.500 (fixed) =
= R, =0.349 +0.003 [fm] ;[ Ra=0:396 =0.006 [im] -
4R, =0.825 = 0.004 [fm] 10" E R, = 0.869 +0.012 [fm] =
107 E" R, = 0.284 + 0.010 [fm] = E R, =0.294 = 0.029 [fm] 3
~ A, = 1.000 (fixed) =] o A, = 1.000 (fixed) -
5 o=0.117 £0.002 107" E~ @ =0.163 £ 0.005 —-
10 E E = 3
E <, =-0.398 £0.911 E F <, =-0.013 £0.834 3
. : L Ec? =I-G.Iug!G ? oi4‘1|6 L ! 1 [ 1 1 ! [ 1 1 1 ! 1 1 1 1 ] - : L L L L I L L L L I L L L L I L L L L I L L L L ]
= = S F E
s SF = s S E
E  Oof-- = & - - - - - QB = m m === mm e m i mm e m =
5 = 3 T = b 3
B E — B —
= = = 2 = 3
0.4F ' ' ' ' 3 0.4 ' A ' ' ' =
= - - = — -
- - Y - y -
S o02F (JE:’ L - = o02F | L ' =
= o O - = C L C =
by 0.0fF= l..T}Bﬁ,ﬁf_.....................: ho O-Dr""gﬁ%ﬁ“]'i" .{. T LLLLE LT T T
-"é - [~k ] --g - T ) ]
s -0.2 - ‘T’l) 3 s -0.2 o T T . 3
—0.4F - -04F 1 -
0.0 1.0 1.5 2.0 2.5 0.0 0.5 1.0 1.5 2.0 g.5
-t [GeV] -t [GeV]]

data: UA4 Collab. (SPS) Phys.Lett. 127B (1983)
UA4 Collab. (SPS) Phys.Lett. 155B (1985) 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)
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Energy dependences of the scale parameters

R, [fm]

1.00 —r——1—1—
0.98F
0.96F
0.94F
0.902F
0.90F
0.88F
0.86F

Rq(s)

R, [fm]

- #pp
o pp
F |—fit

p, = 0.590 = 0.015 [fm] i

P, = 0.131 £ 0.010 [fm] - - p, = 0.158 = 0.035 [fm]
p21=0.D17i0.001 [fm] E 0.345 ?;I:Ig:isoi::?; Efr;n]zu E 0.20;— [ p;=0.010 +0.002 [fm] =
ELN::;o;';?GIZﬂ'm _ o.azf 2L=79-10'% h —f 0-152— ,é£~=n:2::im=1.119 —
O KT 80 o KT 010 v pre
Vs [GeV] Vs [GeV] Vs [GeV]
The energy dependences of the scale parameters, R, R; and R4, are the same for
pp and pp processes!
Parameter R, [fm] Ry [fm] R.q [fm]
P(s) = po + piIn(s/sq) Y?/NDF 1.596/2 0.469/2 2.239/2
CL [%] 45.03 79.10 32.65
PERg, Ry, Rya, 0} o 0.131 £ 0.010 | 0.590 £ 0.015 | 0.158 + 0.035
5o = 1 Gel? D 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 — et ¥%inGD [T =5, (5, b))

a&in K1

b2
Imt,;(s,b) = A(s)exp (— m)

\

3 1
Po(s) = a(s) (2 —5As) +34° (s))

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

[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 ]
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“'| W 8.000 TeV pp .
1.2— -
1.0— | —
- T ] =
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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

=4 by rescalmg one can get additional « using the trends of the ReBB model scale parameters and the

parameter values at energies where p, is

measured

experimentally measured p-parameter values.
T. Cs6rgd, |. Szanyi, Eur. Phys. J. C 81, 611 (2021)
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Energy dependence of the a parameter

P(s) = po + p1ln(s/so)
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— 1 1 L 3 3 a3l L L 1 1 ' B | =
10° 10*
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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, a!
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Tests @ 0.546 & 0.630 TeV v
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data: UA4 Collab. (SPS) Phys.Lett. B171 (1986)
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Tests @ 1.8 & 1.96 TeV
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Tests @ 2.76 & 7.0TeV

do/dt [mb/GeV?]

(do/dt-fit)/error

(do/dt-fit)/fit
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Tests for oo+ and pg
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A R S #2/NDF = 0.78/2 = 0.39 —]
- [CL=6.761e+01 %] i
B ==unusnn reBB, p(q,d), pp - In(s) trend _
I R A Range: 500.0 < (s <8000.0 [GeV] [
- 72/NDF = 1.33/2 = 0.67 i
- | [CL=5.138e+01 % ]
i i [ S I I I I I I 11

10°

10*
Vs [GeV]

Oyt [MB]

140
130
120
110
100
90
80
70
60
50

" PP
mo PP
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
taken from the trend

.........................................................

+IIII|IIII|IIII

....................................................................

.......................................

Vs [GeV]

16



doldt [mb/GeV?]

(do/dt-fit)/error

(do/dt-fit)/ffit

10

— —
=] (=]
(] ]

]
(=]

107"

1072

107

0.4
0.2
0.0
-0.2
-0.4

o

Extrapo

ations - ODDERON

E 1 1 1 1 I 1 1 1 I 1 1 1 1 I 1
= Ys=1.96 TeV
a odderon b spaas [UA4]
=\ significance: 2.20 [— wses-aammen
= ® Range: 0.380 < -t < 1.200 [GeV?] 3
C 1?INDF =24.28/13 = 1.87 3
E RL_ CL = 2.862e+00 % |
= A} o, = 77.66 [mb] =
E Y o,, = 58.94 [mb] —
= ‘e o, =18.72 [mb] 3
= o p =0.111 3
o 0
E A E
= 1.=0.500 e 3
- R, =0.396 [fm] f ]
E- R, = 0.869 [fm] N -
E R, =0.204 [fm] 3
~ A, =1.000 .
Eo=0128 .
E ., =-0.753 £ 0.137 ~3
: 1 1 1 1 ! 1 1 1 ! 1 1 1 1 ! 1 1 1 1 I 1 1 1 1 :
SO 0m m e o e = i e m 3
:_ T ][ ; T T T _:
e {H """""""""" E
.0 0.5 1.0 1.5 2.0 2.
-t [GeV)]

do/dt [mb/GeV?]

(do/dt-fit)lerror

(do/dt-fit)/fit

— —
o o
2 [

-
(=}

107"

1072

<

10

1074

0.4
0.2
0.0
-0.2
-0.4

=]

E
\

odderon
significance: 7.10

{s=2.76 TeV
+ data pp [TOTEM]

reBB p=(q,d) pp extr.

Range: 0.372 < -t <0.741 [GeV?]

E E
- ¥2INDF = 100.35/20 = 5.02 -
e 1Y |CL = 1.092e-10 % | -
= o 3
= ] =
- & G, = 84.86 [mb] -
E % G,, = 62.72 [mb] —=
= 3\ o, = 22.13[mb] 3
- NS = 0.140 =
% — P
3 h " =
= A=0.500 3
- R, =0.419 [fm] ~ =
E- R, = 0.877 [fm] - =
E R, =0.197 [fm] 3
~ Ay, =1.000 ~. ]
B «=0175 N
= c,,=1.862 £0.735
: 1 E‘::I' =I'1 ?71 iIOIBBSI I 1 1 1 1 I 1 1 1 ! 1 1 1 :
= % ' -
______SJQQPO:L__OLEC-.: ____________________________ —
= o 3
== o —
3 3{ \ E
- {ﬂ——# ———————————————————————————— 3
3 ] 3
= ll+ \% 3
-_ L rLL L L L _-
.0 0.5 1.0 1.5 2.0 g.5
-t [GeV]

do/dt [mb/GeV?]

(do/dt-fit)/error

(doldt-fit)ffit

—
=]
]

—
(=]
(]

]
o

107"
1072
10

1074

0.4
0.2
0.0
-0.2
-0.4

o

odderon
significance: >100

;

{s=7 TeV
pp datfl OTEM]

reBB p=(q.d) pp extr.

= Range: 0.377 < -t < 1.205 [GeV?] 3
= Y ¥2INDF = 2811.46/56 = 50.20 -
E g |CL = 0.000e+00 %| —
n 3 6, =94.54 [mb] ;
‘% tot y
= o,, = 70.20 [mb] =
= SN o, = 24.34 [mb] 3
- W p,=0.169 -
A =0.500 B =
R, = 0.437 [fm] S0, 3
R, = 0.919 [fm] e .
R, = 0.336 [fm] "o, =
A,, = 1.000 e =
o =0.208 ™, -
= c,, = 2.256 +0.138 ~ =
E < ,=-0.649 £ 0.952 =
~ ~4]
L L L L ! L L L I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
= Qm:%:c o9 o 3
:_ & “&5’6&‘“&.\:‘\ O") _:
= o - -] -
= § w =
=== B S S S S Ss eSS s s sssssssss===-- —
R -
= o o =
: CI l? I¢ T T :
N + E
— & @ =
= . =
o o e e e e -]
- B 20 E
- ] —
: ¥ W E
.0 0.5 1.0 1.5 2.0 2.5
-t [GeVY]

17



do/dt [mb/GeV?]
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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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Confirmation @ 8.0 TeV

‘_;I 10‘3 LN L B R L B O Y N I B L B B v'g:& TeV
] y Range: 0.383 < -t < 0.899 [GeV]] -
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II|,|,[|,| IIII|,|,[[| IIIIII,III IIIIII[II

/

s E E
§ o E
= S o o 3
I OETTeEE 5
T SF ®Q =
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data: TOTEM&DO Collab. (LHC) Phys. Rev. Lett. 127 (2021)



Confirmation @ 8.0 TeV (with 3% C-type error)

tg' 10 E LN R A N B B B B L I I B B B "_ 8 TeV
= (s=8 Te
Q : <<
2 Range: 0.383 < -t < 0.899 [GeV?] 5 dataproreny pp_pp ag reement
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- =186 0733 | P=12383 10641
S g ' ' ' ' E
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;:? §- A C&j{-@. ------------------------- .
= e E
T S —
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0.4 —
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= 0.2 = 3
< 0.0F- fr == ==mmmmmemmmemememe———-- -
R4 - ]
-04F . . —
0.0 1.5 2.0 2.5 20
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data: TOTEM&DO Collab. (LHC) Phys. Rev. Lett. 127 (2021)



Summary

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

-> satisfactory description in the energy range of 0.546 < +/s < 7(8) 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 dao/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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Predictions for pp and pp do/dt and their ratios
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do/dt [mbGeV?]

ReBB prediction for pp do/dt @ 0.51 TeV
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* pp data measured by the STAR Collab. is expected at 0.51 TeV
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do/dt [mb/GeV?]

(do/dt-fit)/error
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Various significance combinations
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