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Preliminaries: ReBB model analysis of pp and pp data

 the Real extended Bialas-Bzdak (ReBB) T. Csorgé, |. Szanyi, Eur. Phys. J. C 81, 611 (2021)

model describes elastic pp and pp do/dt

|. Szanyi, T. Csorg0, Eur. Phys. J. C 82, 827 (2022)

data in a statistically acceptable way
(CL=0.1%) in the kinematic region:

Vs=8 TeV

¢ data pp

546 GeV < +/s < 8TeV
0.38 GeV? < —t < 1.2 GeV?

—— ReBB p=(q,d) pp

do/dt [mb/GeV?]

e significant model dependent odderon
signal is observed
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statistically
acceptable
description

* main goal: to improve the ReBB model to
have a statistically acceptable (CL=0.1%)
description to elastic pp and pp datain a
wider kinematic range
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ReBB model description to the 8 TeV pp data
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Unitarity and the elastic scattering amplitude

the unitarity of the S-matrix expresses the conservation of probability
SST =1

the unitarity relation in impact parameter (b) representation at high energies is

Gin(s,D) = 2 Im to(s,b) — |tei(s, b)) | (V5 is the CM energy)

0 < 6i,(s,b) <1 | €= unitarity constraint

the elastic scattering amplitude t.;(s, b) can be written as a solution of the unitarity
equation in terms of 4;,(s,b) (inelastic cross section / probability of inelastic
scattering)

Gin, (s, b) can be calculated by using probability calculus and R. J. Glauber’s multiple
diffractive scattering theory



The Bialas-Bzdak (BB) p=(qg,d) model

A. Bialas, A. Bzdak, Acta Phys.Polon. B 38, 159-168 (2007)

o

in the Bialas-Bzdak (BB) p=(q,d) model the proton is a bound
state of a constituent quark and constituent a diquark l
the inelastic scattering probability of two protons at a fixed

impact parameter vector (1_5) and at fixed constituent transverse

position vectors (s, Sy, S, 5;) is given by a Glauber expansion: Proton-proton collision in the
qguark-diquark model

oGosaspsub)=1- [ [ |] [1-oaw®+3-35)]
a€f{qd} be{qd}

2
o o, (X) =— 7 is the inelastic differential cross section (inelastic scattering

probability) for the collision of two constituents at a fixed relative transverse
position x of the constituents

 the Glauber expansion sums the probabilities of all possible single and multiple
binary inelastic collisions of the constituents (back scattering is prohibited)

* the collision of two protons is inelastic if at least one constituent-constituent
collision is inelastic



. A. Bialas, A. Bzdak, Acta Phys.Polon.
The Bialas-Bzdak (BB) p=(q,d) model 6 35, 150.168 (2007)

the probability of inelastic scattering of protons at a fixed impact parameter vector (E) is
given by averaging over the constituent positions inside the protons:

oo Foo
6n(B) = f f 425, d2s! d2s,d?sy D(3,,34) D(3,3,) 0(3a 3us 35,505 D)
— 0 — 0

D(§q, §d) is the (transverse) distribution of constituents inside a proton

the scattering amplitude in the original BB model is considered to be completely
imaginary by neglecting its relatively small real part

(0]

(s, D) = i (1=1—6in(s,0)) | |T(s,0) =2m J £.,(s,b) Jo(qb)bdbb

0]
b = |b| q=+—t

the s-dependence of the amplitude happens through the s-dependencies of the model
parameters




. A. Bialas, A. Bzdak, Acta Phys.Polon.
The Bialas-Bzdak (BB) p=(g,d) model s 1e0es (2007

in the original BB model the distribution of constituents inside a proton is given in terms
of products of Gaussians

2 2 - — -

- = R 2 = —
D(s,,s;) = e qde qd6 Sq+ As S S
(Sq8a 2,m (Sa a) mg Sq = —Asg

the constituent-constituent inelastic differential cross sections have also Gaussian shapes

32.’2

“RZ+RZ a, b€ {qgd}

Oab (3_5)) — Aabe

the constituent-constituent inelastic integrated cross sections are

cll%t — ff Uab(x) dzx — 7TAab(RZ + Rb)

assuming that the diquark contains twice as many partons than the quark and the

int. -int, _int __

colliding constituents do not shadow each other, g5 : 0.5 :055 =1:2:4 and the

number of free parameters reduces to five: 4,,, A, R, Rz, and R4



Real extended Bialas-Bzdak (ReBB) model

* in the original BB model the differential cross section is zero around the position of
the diffractive minimum

e as a solution, the elastic scattering amplitude was extended in a unitary manner
leading to the Real extended Bialas-Bzdak (ReBB) model

F. Nemes, T. Csorgb, M. Csandd, Int. J. Mod. Phys. A Vol. 30, 1550076 (2015)

Eei(s,b) = i[1 — e D]
ReQ(s,b) = —1/2In[1 — 6;,(s, b)]

— \ 4 -
ImQO(s,b) =0 | =————— ImQ(s,b) = —ocRﬁl-n(s, b)

tey(5,0) = i (1= 1= G(5, D)) | = | Furs,b) = i (1 — et “r TnGD TG, (5, b))

| new free parameter |

* the ReBB model gives a statistically acceptable description (CL=0.1%) to elastic pp
and pp scattering in the kinematic region:
0.546 TeV <+/s < 8TeV &0.38GeV? < —t < 1.2 GeV*

T. Csorgé, |. Szanyi, Eur. Phys. J. C 81, 611 (2021) |. Szanyi, T. Csorg6, Eur. Phys. J. C 82, 827 (2022)




Motivation for Levy a-stable generalization  universe 2024, 1013), 127

= the main goal is to have a statistically acceptable description in a wider kinematic range

= the TOTEM measurement at LHC at /s = 8 TeV excluded a purely exponential pp differential
cross-section in the range of four-momentum transfer squared 0.027 GeV? < —t < 0.2 GeV?
with a significance greater than 7o TOTEM Collab., Nucl. Phys. B, 899, 527 (2015)

= a simple model with Gaussian impact parameter amplitude yields a purely exponential
t-distribution while a simple model with Levy a-stable impact parameter amplitude and a; < 2
yields a non-exponential t-distribution

~ i+ py(s) 1 _1_b? ~ i+ py(s) R ap,(5)/2
Ter(s,b) = ZO Gtot(s)zn_B—(S)e 2Bo(s) | == | Tgy(s,b) = 20 Otot (S ) jdzqe iGb o=714*BL(5)]
0
b do 1+ p5(s
Tei(s, ) = f d?be!® Tei(s,D)| | —=(s,0) = —|Te1<s D12 |a(s) = 12;( ) 62,0()

dGel
dt

dG ar (s
(s, —t) = a(s)eFo(s) | mummp- dtel (s, —t) = a(s)e~1tBLEILO/2




Lévy a-stable distributions in HEP

. . P . . . 10°
the application of Lévy a-stable distributions o b pp: TOTEM. 13 7oV - 0722 + 0,008 fm
° ° ° ° ° preliminary data - 9 + 5.2 mbGeV>
is not new in the field of high-energy physics 1oE\  — Lewexpansion (osden o - U0 08 HOCSY

a,=.0.318 + 0.004

< b, - 0.0706 + 0.001
the Cauchy-lorentz or  Breit-Wigner & ' 5 oaiso 000
distribution (a; = 1 case) is used to model *-E' 12 bg['g%zo:%z
unstable particles 8 o b, - -0.00216 + 0.0002

St =115 +0.8 mb
Ol =31.4 + 0.05mb
p =0.087 + 0.0004

v2INDF = 330 /279, CL=2%
| | ] ] ] |

10°°

the Lévy expansion technique was applied to

0 0.5 1 1.5 2 2.5 3 3.5

-t (GeV?)

describe elastic pp scattering also at 13 TeV /

T. Csorg6, R. Pasechnik, A. Ster, Eur. Phys. J. C 79, 62 (2019) Description to pp elastic differential cross

section data at 13 TeV using the Lévy
the application of stable distributions is expansion technique

widespread in heavy ion physics
M. Csanad, D. Kincses, Universe 10 (2024) 2, 54
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Gaussian vs Lévy a-stable distribution

the bivariate Gaussian distribution centered at 6 is

fz

T op2
2R;

G(FIRg) = e

2R

the bivariate symmetric Levy a-stable distribution
centered at O is

N 1 -y —>2 2 aL/z
L(X|a;,R;) = oy fdz ge~id¥ g=|a*RE|

O<C¥LS2

for a; = 2 the the Lévy a-stable distribution is the
Gaussian distribution

L(X|a, = 2,R, = Rg/V2) = G(XIRg)

L(X|ag,Ry)

01F

1074+

10—7_

-10 L
10 _ a =19

S - a;=1.95

13 -

10 S arp =2
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The bivariate symmetric Levy a-stable
distribution for R; = 1 as a function of x = |x|

Lévy a-stable distributions with a; < 2
have tails behaving asymptotically as a
power law (infinite variance)
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Inelastic constituent-constituent collisons Universe 2023, 9(8), 361

 the inelastic differential cross section for the collision of
two constituents can be written in terms of a

convolution of their parton distributions

* in the original BB model the parton distributions of the

constituents are Gaussian distributions

= AgpmSZ,G(X|Sap/V?2)

Uab(f) = AabT[Sc%b fdzraG(FalRa/ﬁ)G(f o Fale/\/E)

¥=b+35,—3,| S& =R2+R?

a, b € {qgd}

The picture of the protonin
the quark-diquark model

12



The quark-diquark distribution

Universe 2023, 9(8), 361

in the original BB model D(§q, §d), the distribution of

constituents inside a proton is given in terms of
products of Gaussians

considering the relative distance between the quark
and diquark (S, — ;) one can write D(S,, S4) in terms
of a single Gaussian distribution:

D(5,,5,) = (A +N2G(E, — 34|Rga/V2)82(5, + A5y)

A=mg/my

the Dirac 6 fixes the center of the mass of the proton
making the calculations easier

D(S,,S4) is normalized as [ d?s,d?s;D(5,,54) = 1

The picture of the protonin
the quark-diquark model

13



Lévy a-stable generalized Bialas-Bzdak (LBB) model

Universe 2023, 9(8), 361
e the parton distributions of the constituent quark and diquark are now Levy a-

stable distributions and the inelastic differential cross section for the collision of
two constituents is:

Oab (f) = AabT[Sczlb jdzraL(FalaLr Ra/Z)L(f _ 7_ZalaL: Rb/z) = Aabnsc%bL(flaLrSab/z)

Sat = Re+ Ry"

* the distribution of the constituents inside the proton is now given in terms of a
Levy a-stabil distribution:

D(54,54) = (1 + D2L(5, — Salay, Rga/2)87 (34 + A3q) fdzsquSdD(gq'gd) =1

a; is a new free parameter of the model and if a; = 2
the BB model with Gaussian distributions is recovered

14



Difficulties with LBB model

Gin(D) can be written as sum of 11 different terms that are integrals of products of
Lévy a-stable distributions

5in(5) = 589(5) +2694(5) + 584(5) — [26799%(5) + 63494 (5) + 5994 (B) + 258444 1)
_|_[ CquddCI(b)+2~qqqddd(b)+ ~ddqddCI(b)] ~qqqddqdd(b)

difficulties with the calculation of integrals of products of Lévy a-stable distributions

the calculation is easy only if the integral can be written in a convolution form as in
case of the leading order terms in 6in(s, b)

15



Leading order terms in 45, in the LBB model

Universe 2023, 9(8), 361
§99(b) =mA,,(2R™)" ™ x

X J 4254025 o L(341ty, Raq/2)L (34 1Rga./2)L (B + 57 — 3,1(2R) % /2)

= 1A qq (2RZ) "L (Blay, (2R%L, + 2RZH) ™ /2),

§1%4(b) = 2mA, (23‘”)2’ L
x [ d?sqd®s'4L(Sq|Rqa-/2)L(S|Rqa-/2)L (b Asq = Sqlaw, (Ry" + G2 )

2/ay,

1/ay,
= 2mA g (2R%) L, (b|a'L, ((1+29)RZE, + REE + R /2),

649(B) = 4mag, (2R™)" ™ x
x [ d25,d25" o L(Sq|Rga-/2)L (54 |Rqa-/2)L (b + A(3, — q’)|aL,(2R§L)”“L/2)
= 4Agq (2RS)* ™1 (blay, (2A7RZE, + 2RSH) ™ /2).

16



Difficulties with LBB model fits to the data

since multivariate Lévy a-stable distributions can be given only in terms of
special functions, it is hard to perform a numerical fitting procedure

a relatively high computing capacity and improved analytic insight is needed to
proceed with the full model

quick solution: approximations that are valid at the low —t domain

at low —t values, the original ReBB model had difficulties to describe the strongly
non-exponential features of the experimental data on do/dt

a simple model which is valid at the low =t domain easily illustrates the power of
the Lévy a-stable generalization

17



Simple Lévy a-stable model for low-|t| pp do/dt

low-|t| scattering corresponds to high-b scattering and at high b values 6;,, (s, b) is small
leading order term in the Taylor expansion of the amplitude in 6;,(s, b) dominates at

low —t values if ap is small too

Universe 2023, 9(8), 361

Eey(s,b) = i (1 - el RO TG [T =5, (5,D))

motivated by the fact that the leading order terms in 5l-n(s, B) have Lévy a-stable

=P | £,(s,b) = (“R(S) + %) Gin(s, b)

N

shapes in the LBB model, 5in(s, 1_5) is approximated with a single Lévy a-stable shape

6in(s, 1_5) = ¢(s)L (E|aL(S),r(s))

a simple Lévy a-stable model model for low-|t| pp do/dt arises

15, 1) = j 42 beliBE, (s, ), |4 = V=t

do 1
E(s, t) = yp |to; (s, £)|? = a(s)e

—|tb(s)|“L(5)/2

the model has three adjustable parameters, «a;, a, and b, to be determined at a given

energy

18



Simple Lévy a-stable model and the data

do/dt [mb/GeV?]

(do/dt-fit)/lerror

fit)/fit

(do/dt

)

o

|
)

0.005

0.000

0.005

Vs =8TeV, pp
B Q data TOTEM

It

— do/dt = ae

MINOS: successful

ERROR MATRIX ACCURATE
Range: 0.029 < -t < 0.200 [GeV]
+2INDF = 25.38/27 = 0.94

CL =5.533e+01 %

o =1.953 + 0.004
| a=5467:16
b =20.12 £ 0.06 [GeV?]

PRI AT N
]
.50 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.:20

-t [GeV?]

(do/dt-ref)/ref

0.04

0.02

0.00

L L L I L L L
09250 0.02 0.

Universe 2023, 9(8), 361

{s=8TeV, pp

() data TOTEM

— get™”

Ll 1 Ll 1 L1 1 Ll 1 L1 1 Ll 1 IIIIIII
04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20

4 [GeV’]

* the non-exponential Lévy a-stable model with
a; = 1.953 + 0.004 represents the LHC TOTEM
Vs =8 TeV low-|t| differential cross section
data with a confidence level of 55% (publieshed)

* similarly good description is obtained to all the

LHC data on low-|t| pp (and pp) da/dt

19



Fits with simple Lévy a-stable model

Universe 2024, 10(3), 127

in the kinematic range:
1.93+0.09  209+15 158+0.9 18.1

546 GeV < +/s < 13 TeV 1800 20%15 270+24  162+02 771
2760 1.600+0.3  637+252  28+11 205
0.02 GeV? < —t < 0.15 GeV? 7000 (T) 1.95 + 0.01 535+30 20.5+0.2 8.8

. 7000 (A) 1.97+0.01 463 + 13 19.8+0.2 96.0
= the CL values of the fits range between

8000 (T1) 1.955 + 0.005 566 + 31 20.09 £+ 0.08 43.86
8.8% and 96%.

8000 (T2) 1.90 £ 0.03 582 + 33 209+0.4 19.6

.. . . . 8000 (A) 1.97+£0.01 480+ 11 19.9+0.1 55.8
= statistical, systematic and normalization

errors are taken into account using the y*
definition developed by PHENIX Collab.

(eDDLEREDE 1.959 + 0.006 677+36 20.99+0.08 76.5
(eDDEgPAR 1,958 +0.003 648+10 21.06+0.05 89.1

DRSS 1.968 £ 0.006 569+17 20.84+0.07 29.7

Values of the fitted parameters of the simple
A. Adare et al. (PHENIX Collab.) Phys. Rev. C 77, 064907 Lévy-a stable model at different energies

20



a; = 2versus a; < 2results @ 13 TeV
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Energy dependence of the a; parameter

" the value of the a; parameter does not =
depend on energy

= jts value is 1.959 4+ 0.002, i.e., slightly but
in a statistical sense significantly different
from 2

— strong non-exponential behavior at
low —t in the differential cross section,

power law tail at high—B in 5in(s, B)

3.5

3.0

2.5

2.0

1.5

1.0

0.5

127

Energy dependence of the a; parameter of
the simple Lévy-a stable model

Universe 2024, 10(3),
d; PP + pp TOTEM ]
® PPATLAS  —fitto all data —
= T =3 ——
— p, = 1.959 + 0.002 —
- ¥2INDF =13.749 /10 u
- CL=18.48% =
: | | | | | :
10° 10*
Vs [GeV]
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Energy dependence of the optical point parameter

Universe 2024, 10(3), 127

= the energy dependence of the a € 7 & — 3
Q ]
. . . . . 800| ¢ PpTOTEM —
parameter is quadratically logarithmic: g b opATLAS E
E, 700 --- fittopp & pp ATLAS —
S S © —— fitto pp & pp TOTEM =

a(s) =py+p In——+p, N> —— 600 )

() = po+ pringms + P2 I 120 oo

= ATLAS and TOTEM data result slightly 4%
different energy dependencies 300

-
-

_____ - t:) pP & pp TOTEM pP & pp ATLAS
p,= 1212.999 + 604.358 [mb/GeV?] P,= 1133.250 + 523.129 [mb/GeV’]

200

m reason: ATLAS and TOTEM use different 100
methods to obtain the absolute L . i
i ) 10° 10*
normalization of the measurements 5 [GeV]

p, = -180.104 + 78.708 [mb/GeV’] p, =-160.523 + 68.953 [mblGeV’]
p, =7.9482 + 24821 [mb/GeV’] p,=6.9110 +2.2163 [mb/GeV’]
#2INDF = 5.742 | 5 %2/NDF =0.390 / 2

CL=33.22% CL=82.30%

Energy dependence of the a parameter of the
simple Lévy-a stable model

ATLAS Collab., Eur. Phys. J. C 83 (2023) 441

23



Energy dependence of the slope parameter

the energy dependence of the b
parameter for TOTEM and ATLAS data
together, and for pp data alone are
linearly logarithmic:

S
b(s) =po + D1 InTwvz
the LHC pp and the lower energy pp data

do not lie on the same curve

reason: the slope parameter data have a
jump in the energy dependence around
3-4 GeV

TOTEM Collab., Eur. Phys. J. C (2019) 79:103

b [GeV-2]

Universe 2024, 10(3), 127

40 5 PP T T T T T T
® pp TOTEM

® pp ATLAS

35| - - - - fitto pp TOTEM & pp ATLAS
——— - fitto pp

— fitto all

pp TOTEM & pp ATLAS P
P, =4.382 £1.275 [GeV?] P, =13.711 +5.578 [Gev7]
P, = 0.876 +0.068 [GeV?] p,=0.168 £0.374 [GeV2]

¥2INDF =21.091/7

CL=0.36%

30

pP & pp TOTEM & pp ATLAS ®
P, = -15.504 + 6.853 [GeV ]
P, = 2962 +0.796 [GeV"]
25 p, = -0.0541 £0.0230 [GeV™]
72INDF = 36.460 / 8

CL = 1.446e-03 %

20

-
-—
—
— -
-
-
-
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Energey dependence of the b parameter of
the simple Lévy-a stable model
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Simple Lévy a-stable & LBB model parameters

 parameters of the simple Levy a-stable model and the measurable quantities at t = 0 can be
approximately expressed in terms of the parameters of the LBB model

* onlyleading order terms in 5in(s, b) are considered;

and

Universe 2023, 9(8), 361
are fixed

do _0) = B
E(s’t_ )_ a(S)_

16

81 (2R (s))4/aL (1 + 4ag(s))

3

2/ap(s)
1
b(s) = - (—) ((2 +20)RIE (5) + 30 (2RFI (s) + RGHY (s)))

2/ar(s)

(obtained after a Taylor expansion in t%L/2)

)Z/OCL(S)

Oroc(s) = 9m (2R (s)

po(s) =

Rete (s,t =0)
Imt, (s,t =0)

UR

oei(s) =

a(s) .

b(s)

(2 + a;(s)

a(s)

)

 according to the analysis of elastic pp and pp data in the energy region 0.5 TeV <+/s < 8 TeV
only ay is different for pp and pp scattering (T. Csérgé, I. Szanyi, Eur. Phys. J. C 81, 611 (2021))

* in the low-|t| approximation, difference between pp and pp scattering could be seen in the
data on do/dt, py, a (optical point), and a,;, no difference in the data on o4,; and b
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Summary

the formal Lévy a-stable generalization of the Bialas-Bzdak model is done, the
a; = 2 limit corresponds to the original model

solution of difficult and complex technical (mathamatical and computational)
problems is needed to fit the experimental data with the generalized model

based on approximations a highly simplified Levy a-stable model of the pp (and
pp) differential cross section is deduced and successfully fitted to the data in the
low-|t| region

the energy dependences of the parameters of the simple model are determined;
the parameters of the simple model are related to the parameters of the
Lévy a-stable generalized Real extended Bialas-Bzdak (LBB) model

final conclusion: the successful fit results indicate promising prospect for the
future utility of the LBB model in describing experimental data
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Po & ap: connection betweent = 0 and t # 0O data
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there is a connection between the p, parameter and the ap parameter of the ReBB model
regulating the real part of the scattering amplitude and the minimum-maximum structure of

the do/dt

ap is determined by the da/dt data at the minimum-maximum region but at the same time
specifies the value of the py in the ReBB model
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Most general term in 6y,

~qq,qd,dq,dd (7 =
e Y fdz Sqd*s’ 4L (sq

n

Rea:/2) L (3

qu*/Z) X Oqq (§q,§q’; I;)aqd(é’q, —ASy; l_;)adq (§q’, —ASg; I;)add(—/'lsq —ASy; b)

0qq(Sq 54 b) = ”Aqq(ZRcof)Z/a x L (B +35q = Sqla (ZRg)l/a/ﬁ)

2/«

04a(30,345:B) = 2mAgq(2RE)”" x L (B + 34 - 3, |, (RE + R) " /N2)

04a(34,35:5) = 4mAgy (2R x L(b + 5} — 3ala, (2RD)/2)

Z/a

0aq(Sa, Sy b) = ZnAqq(ZR“) (b +8; — 54 |a | , (Rf,Z + Rf{)l/a/Z)




Energy dependences of the ReBB model parameters
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The energy dependences of the scale parameters, R, (s), Rz(s), and Ry, (s) are
linear logarithmic and the same for pp and pp processes!

The energy dependence of the a parameter, a(s) is linear logarithmic too, but not
the same for pp and pp processes!
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Energy dependences of the ReBB model parameters
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linear logarithmic and the same for pp and pp processes!

The energy dependence of the a parameter, a(s) is linear logarithmic too, but not
the same for pp and pp processes!
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Fit method

= |east squares fitting with the method developed by the PHENIX collaboration

= this method is equivalent to the diagonalization of the covariance matrix if the
experimental errors are separated into three different types:

* type A: point-to-point varying uncorrelated statistical and systematic errors
* type B: point-to-point varying 100% correlated systematic errors

* type C: point-independent, overall systematic uncertainties
A. Adare et al. (PHENIX Collab.)
Phys. Rev. C 77, 064907

= j.e least squares fitting with:

iy 5 2 d 2 rd —th \?
2 _ (dij + €pjBpij + €cjdijoc; — thyj) b2 pez |4 (oo T the,,, Y thp,
= 52 bj T €cj 5o 5
j=1 i—1 g tot pO

lJ

2 . [QijtEpiOpij +€cjd;joc;
Oij = Oqij d
ij

Frij = \/a,gl.j F(d6cti)? k€ {ab)

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

= the method takes into account (in M separately measured t ranges):

* the t-dependent statistical (type A) and systematic (type B) errors (both vertical
g, and horizontal §,t) = €, parameters;

* the t-independent o, normalization uncertainties (type C) = €, parameters;

* the measured total cross-section d

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

Otot

A. Adare et al. (PHENIX Collab.)

" j.eleast squares fitting with: Phys. Rev. C 77, 064907
M [ nj N 2 2 2
. 2 2 (dij + €0;0pij + €cjdijoc; — thij) w22 | o (oo = o) (oo ~ tho,
- - 51'2]' v * 00¢ot Yo
Jj=1 \1=1

lJ

2 . [QijtEpiOpij +€cjd;joc;
Oij = Oqij d
ij

Frij = \/a,gl.j F(d6cti)? k€ {ab)

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

= the method takes into account (in M separately measured t ranges):

e th
Oj

€;-s must be considered as both measurements and fit parameters rtical
not effecting the NDF (since they have known central value of zero and
* th known standard deviation of one)

* the measured total cross-section d and ratio dpo and their total uncertainties
00, and 0.

Otot

A. Adare et al. (PHENIX Collab.)

" j.eleast squares fitting with: Phys. Rev. C 77, 064907
M [ nj N 2 2 2
. 2 2 (dij + €0;0pij + €cjdijoc; — thij) w22 | o (oo = o) (oo ~ tho,
- - 51'2]' v * 00¢ot Yo
Jj=1 \1=1

Lj

2 . [QijtEpiOpij +€cjd;joc;
Oij = Oqij d
ij

Frij = \/a,gl.j F(d6cti)? k€ {ab)

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

1 The PHENIX method is validated by evaluating the x2 from a full covariance matrix fit

of the Vs = 13 TeV TOTEM differential cross-section data using the Lévy expansion
method from T. Csorgd, R. Pasechnik, & A. Ster, Eur. Phys. J. C79, 62 (2019).

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

* the measured total cross-section d
00, and 0.

oy, ANd ratio d, and their total uncertainties

A. Adare et al. (PHENIX Collab.)

" j.eleast squares fitting with: Phys. Rev. C 77, 064907
M [ nj N 2 2 2
2 _ (dij + €58pij + €cjdijocj — thij) w22 | o (oo = o) (oo ~ tho,
AT 67 bj T Cej 5o 5p
j=]- i—1 g tot 0
Cii .+ € O + € 'Ci' O
~ ~ j T bj9ij T Ccj%ij%; ~ |2
O'izj = Uaij( d.. O-Rij = \/O-kij + (dL{jSRtij)zl k € {Cl,b}
ij

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

The PHENIX method is validated by evaluating the x2 from a full covariance matrix fit
of the Vs = 13 TeV TOTEM differential cross-section data using the Lévy expansion
method from T. Csorgd, R. Pasechnik, & A. Ster, Eur. Phys. J. C79, 62 (2019).

The PHENIX method and the fit with the full covariance matrix result in the same

minimum within one standard deviation of the fit parameters.

Uutot Ul A UHU-

= j.e least squares fitting with:

A. Adare et al. (PHENIX Collab.)

Phys. Rev. C 77, 064907

N 2
+ Ebjo-bij ~+ Ecjdijo-cj — thij)

M [ 7
2 _ (d;)
X = 52
j=1 \i=1 t

d, —th, \° [d, —th
2 2 Otot Otot Po Po

;

~2 _
O-ij =

5aij<

dij + Ebja-bij + Ecjdijo-cj

)

Frij = \/a,gl.j (d]6ti))?,

k € {a,b}

= minimization with CERN Root MINUIT, parameter error estimation by MINOS.
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Proportionality between p,(s) and a(s)

te1(s,b) =i (1 — et “51'”(5"’)\/1 — 0in (S, b)) "Z
a&in K1
b2
Imt,;(s,b) = A(s)exp (— m)

\

3 1
Po(s) = a(s) (2 —5A(s) +34° (S))

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

—> by rescaling one can get additional «
parameter values at energies where p, is
measured (and vice versa)
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The dependence of pg/aon A = Im t,;(s,b = 0) in the TeV
energy range. The data points are generated numerically by

experimentally measured p-parameter values.

using the trends of the ReBB model scale parameters and the
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Measurable quantities

» differential cross section:

do

(5,6) = — |7 (s, 0)|2
dt > 41 >

= total, elastic and inelastic cross sections:

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

" ratio p,:

0

01 (s) = j

— 00

do(s,t)

dt

0in(S) = Otor (8) — 0¢1 (5)

* slope of do/dt:

po(s) = }:i_rgp(s, t) =

ReT(s,t - 0)

ImT(s,t - 0)

B(s,t) = % (lni—: (s, t))

By(s) = ltin& B(s, 1)
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