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@ notably, new approaches for missing interaction mechanisms

o also fine-tuning of model parameters

Here few selected topics will be discussed

@ treatment of higher twist corrections to hard parton scattering
@ Good-Walker approach for diffraction and 'color fluctuations’

@ pion exchange process in pp scattering and LHCf data
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Qualitative picture for hadronic MC event generators

@ QCD-inspired: interaction mediated by parton cascades

@ multiple scattering
(many cascades in parallel) Bricie

@ real cascades = particle production

@ virtual cascades = elastic
rescattering (momentum transfer) ‘
At very high energies, significant nonlinear effects expected

When parton density becomes high
(high energy and/or small b):

Low Energy

@ parton cascades strongly overlap
and interact with each other

@ = shadowing effects
(slower rise of parton density)

@ saturation: parton production
compensated by fusion of partons
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Parton saturation: a word of caution
Usually a picture of a crowded bus in mind (for sufficiently low Q?)

@ one often speaks about 'unitarity:
impossible to squeeze too many
partons in a small volume

@ partons are not observable

Observable are (hard) interactions of partons

@ here same argument applies: not too
many boxing pairs at the same ring

@ but: one may have arbitrary many
virtual boxers (= partons) at the ring,
if they don’t fight
(no problem with observations/unitarity)
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QGSJET(-11): Reggeon Field Theory (RFT) approach

@ multiple scattering =
multi-Pomeron exchanges
(multiple parton cascades)

@ allows to calculate: cross sections &
partial probabilities of final states

Nonlinear effects: Pomeron-Pomeron interactions (scattering of

intermediate partons off the proj./target hadrons & off each other)

@ (b) © (d) © 0] ©@

thick lines = Pomerons = 'elementary’ parton cascades
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Any model should respect collinear factorization of pQCD

- do??(xt xS, p?)
o(s,py = / dp? / dxtdx~ —1 ’
pp(S Prcut) 2o loman ™ a2

fl/p(x+7 MI%) fJ/p(X77MI%)

X

o = di Q)0 &, 03
o = dNen/dn|,_o [5 5 explodes at high energies for small Q3

o in QGSJET-II-04, a rather large value (3 GeV?) is used
@ but: pQCD should work down to Qg ~ 1 GeV?!




QGSJET-III: treatment of higher twist (HT) effects

Any model should respect collinear factorization of pQCD

f 2—2 (vt vy— 2
ospe) = Y / dp? / o o 990 20 xS p)
Pt>Pt,cut

2
1,956,849 dps

X i p(X", MB) f3/p(x",M3)
° = op(sP) UL > 1, Aot ~ 0.3
o = chh/dr]|r]:0 e > explodes at high energies for small Q3
o in QGSJET-II-04, a rather large value (3 GeV?) is used

o but: pQCD should work down to Qp ~ 1 GeV?!

PDFs fi (X, Q?): already constrained by HERA data
= no freedom for stronger parton saturation

Q*=3.5 GeVf | Q°=4.5 GeV} Q°=6.5 GeV} Q°=8.5 GeV}
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QGSJET-III: treatment of higher twist (HT) effects

@ what can prevent partons from
interacting with each other?!

Collinear factorization: valid at leading twist (up to 1/Q" terms)

@ corrections due to parton
rescattering on 'soft’ (x ~ 0) gluons : g g :
[Qiu & Vitev, 2004, 2006]
H

o hard scattering involves any
number of additional gluon pairs

@ corrections suppressed as 1/(pt2)n

QGSJET-III: phenomenological implementation of the mechanism

@ with HT effects: dependence on Qp-cutoff strongly reduced
(currently: Q3 =2 GeV?)
I




HT effects: impact on cross sections & particle production

Impact on /S-dependence of o},‘;}/e'

Q

150 QGSJET-NII-03 .

o
e
o

cross section (mb)

100

@ significant corrections for 50
total/elastic cross sections

@ start to be important
already at /S~ 1 TeV 10°

ol vl

0 10 10
c.m. energy (GeV)
v




HT effects: impact on cross sections & particle production

Impact on charged hadron multiplicity

- 4
S [ ptp- C(ATLAY)
z , [Ny, >0 (7> 05 Gevin| <25
QGSJET 03
2 0.9Tevem. | 3
i — a
o L1 L I [ I L !
-2 0 2 2 0 2 2 0 2
n n n
@ reduction of Nep: stronger at higher energies (as expected)




HT effects: impact on cross sections & particle production

Impact on charged hadron pi-spectra

< F i F
8 10 PP C(ATLAS) e s ENY
o E QGSJET III-0% E
= i
o 1 = E N
£ g g g
5 aF 0.9 TeV c.nf: 13 TeV c.m|.
10 = E =
oF C
© |F 3 3
af C
10 & E E
ENg;>1 (R>0.1GeV) E E
aflni<2s E | : |
lo L I I ' L L Ll L1l - I L L L
10" 107 1 107 1
p, (GeV/c) p, (GeVic) p, (GeVic)
@ stronger effect at higher energies
@ mostly for moderately small py:
the effect fades away with increasing p; (O 1/p)
o



HT effects: impact on cross sections & particle production

Impact on charged hadron pi-spectra

< F i F
8 10 PP C(ATLAS) Ltz NS
© g QGSJET III-0% o
= i
) 1 & e E N
5 8 g E
5 aF 0.9 TeV c.nf: 13 TeV c.m|.
10 = E =
oF C
© |F 3 3
af C
10 & E E
ENg;>1 (R>0.1GeV) E E
LfInl<25 | g | E |
lo L I I ' L L Ll L1l - I L L L
10" 107 1 107 1
p, (GeV/c) p, (GeVic) p, (GeVic)
NB: qualitatively, the approach mimics an energy dependent
pt-cutoff for jet production
@ suppresses emission of jets of moderately small p;
@ has no impact on PDFs = not related to parton saturation
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P

@ in pp scattering, those states undergo different absorption:
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Good-Walker approach for diffraction & 'color fluctuations’

Good-Walker approach: proton is a superposition of a number of

elastic scattering eigenstates: |p) = 3iv/Ci|i)

‘@

P

@ in pp scattering, those states undergo different absorption:
Ip) = 5iVCili) — 2iv/Cili) = alp) +Blp*)

o = this generally produces excited proton states |p*)

@ the treatment involves interaction eikonals )(tp‘l’ot i (S b, Q3)

for different combinations of such states, e.g.

al(s b) = 366 [eo [1- e m0e)]

o for each state |i): its own size & parton density

-~



Good-Walker approach for diffraction & 'color fluctuations’

"Color fluctuations approach’ [Frankfurt et al., 2008]

@ Pomeron coupling to state |i) 0 R?
= same 'soft parton density’ for all the states:
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Good-Walker approach for diffraction & 'color fluctuations’

"Color fluctuations approach’ [Frankfurt et al., 2008]

@ Pomeron coupling to state |i) 0 R?
= same 'soft parton density’ for all the states:

P = + +

-
Momentum sum rule should be valid for each state |i)

Iod F~Jarge’
S 15 [ e QGSJET 11I-03
1o ;average
_ . 2\
21=qag deXf|/p(,)(x,Q )=1
5
@ = harder gluon PDFs for -
T REETY MR A RRTY MR A WETTY BRI o
smaller states 0% 4 3 2 =

10" 10 10~ 10 1
X



Good-Walker approach for diffraction & 'color fluctuations’

NB: inelastic diffraction vanishes in the 'black disk’ limit

@ i.e., when the probability for ND inelastic rescatterings
approaches unity (for given b)

P %}X p
: 3

@ the blue 'blob’ — rapidity gap suppression factor
(the probability not to have ND inelastic rescatterings)




Good-Walker approach for diffraction & 'color fluctuations’

Interaction profiles for different combinations of states
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Interaction profiles for different combinations of states
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Good-Walker approach for diffraction & 'color fluctuations’

Interaction profiles for different combinations of states

% C ptpat10 GeV (c.m.) % [ ptpat10TeV (c.m.)
R QGSJET 03 | (& ] Fomemagerssssne, QGSJET 111-03
0.75 0.75 |
05 05
0.25 0.25 |
0 @ E
3 0 1 3
b (fm) b (fm)

@ smaller states, apart from smaller sizes, have smaller opacity
® /s=10GeV: Gg}f"(b) <1 evenatb—0

¢ = wide kinematic range for diffraction
o \/s=10TeV: ojp'(b) ~ 1, at small b

s = diffraction only possible at large b




Good-Walker approach for diffraction & 'color fluctuations’

Interaction profiles for different combinations of states

g F p+pat10 GeV (c.m.) g E p+pat 10 TeV (c.m.)
& 1 [Sooocoooo, QGSJETII03 | & 4 QGSJET I1I-03
0.75 0.75 |-
05 05 [
0.25 0.25
0L o L
0 3 0 2 3
b (fm) b (fm)

@ smaller states, apart from smaller sizes, have smaller opacity
® /s=10GeV: 0'”e'(b) <1 evenatb—0

¢ = wide kinematic range for diffraction

o /s=10TeV: 0" (b) ~ 1, at small b

Of importance to reduce low mass diffraction at high energies

0 eg. opp(Mx < 3.4 GeV)=3.3 mb in QGSJET-III,
compared to 2.624+2.17 mb from TOTEM
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@ forward hadron production in p-air & Trair interactions:
high importance for EAS simulations

@ dominated by diffractive contributions
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Teexchange process in pp scattering & LHCf data

@ forward hadron production in p-air & Trair interactions:

high importance for EAS simulations
@ dominated by diffractive contributions

s but: important role of special non-diffractive (ND)

interactions: RRIP contributions

@ Teexchange process may be dominant (small pion mass

LHCf data on forward neutrons: pronounced Teexchange 'bump’?

o

) A)n>10.75 . B) 10.06 < n < 10.75 C) 9.65 < n < 10.06
£ T T T R T T T T T T T T T T
- i ] o8l i e 4

o
H o ]
.y, g t jo ]
- By 1 v " i =
5 - s F = =
Eoo I ERREaYa =
sl ok ! ‘ -

ﬁﬁﬁ_‘_‘——: i 5
ol | | | | 1 ok | | | | !

- =
g I
3 FL@% L.. ¢ o ?s%%.},w
- e ! Smscshw- |
N
E [GeV] E [GeV] E [GeV]

@ not described properly by all the models




Teexchange process in pp scattering & LHCf data

@ cross section for Tkexchange (e.g. Kaidalov et al., 2006):

d2o (pp — nX) —tGgﬁpn 2 tot /2 1-2a(t)
dedt  ~ 1eRE_mzz W omMo) (1)

an(t) = aly(t—mB), oy~ 1 GeV~2; F(t) ~ &Rt R2~ 0.3 GeV 2




Teexchange process in pp scattering & LHCf data

@ cross section for Tkexchange (e.g. Kaidalov et al., 2006):

d?o(pp — nX) —tGZ o,
dx, dt 16 (t—m2)2
n(t) = o (t—MB), ok~ 1 GeV—2; F(t) ~ efit, R2 ~ 0.3 GeV 2

F2(1) o%(Mi)(l—xnﬂ—Z‘*"m

One may approximate 00t by 1-Pomeron exchange

o = og(Mg) O (MO~ M =s(1—x)

d?a(pp — nX) . —tse(0)
oy dit (t—mf)2

@ Xp — 1 suppressed by the (1—X,) factor; X, — O: by 2Rt
(—t=p2 /X0 + (1 —%)?M /%) = pion 'bump’

(1 Xn)onp( —207(t— e2R2t
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@ cross section for Tkexchange (e.g. Kaidalov et al., 2006):

d?o(pp — nX) —tGZ o,
dx, dt 16 (t—m2)2
n(t) = o (t—MB), ok~ 1 GeV—2; F(t) ~ efit, R2 ~ 0.3 GeV 2

F2(1) o%(Mi)(l—xnﬂ—Z‘*"m

One may approximate 00t by 1-Pomeron exchange

o = og(Mg) O (MO~ M =s(1—x)

d?a(pp — nX) . —tse(0)
dx, dt (t—mg)?
@ Xp — 1 suppressed by the (1—X,) factor; X, — O: by 2Rt
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Teexchange process in pp scattering & LHCf data

@ cross section for Tkexchange (e.g. Kaidalov et al., 2006):

d?o(pp — nX) —tGZ o,
dx, dt 16 (t—m2)2
n(t) = o (t—MB), ok~ 1 GeV—2; F(t) ~ efit, R2 ~ 0.3 GeV 2

F2(1) o%(Mi)(l—xnﬂ—Z‘*"m

One may approximate 00t by 1-Pomeron exchange

o = og(Mg) O (MO~ M =s(1—x)

d?a(pp — nX) . —tse(0)
dx, dt (t—mg)?

@ Xp — 1 suppressed by the (1—X,) factor; X, — O: by 2Rt
(—t= pi/xn‘i‘ (1—Xn)2mﬁ/xn) = pion 'bump’
o NB: s® (A=ap(0)— 1> 0) energy rise would violate unitarity
@ = one has to account for absorptive effects

(1 Xn)onp( —200 (t— e2R2t
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@ NB: same energy-dependence (%) for Teexchange
as for single (cut) Pomeron (1P) exchange
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@ NB: same energy-dependence (s) for Teexchange
as for single (cut) Pomeron (1P) exchange

Moreover, same absorptive corrections in both cases
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@ eikonal rapidity gap suppression factor
(to exclude additional inelastic rescatterings)

@ enhanced diagrams (to exclude inelastic rescattering of
intermediate partons in the Pomeron)
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Teexchange process in pp scattering & LHCf data

@ NB: same energy-dependence (s) for Teexchange
as for single (cut) Pomeron (1P) exchange

Moreover, same absorptive corrections in both cases

p n_ p

-
— = we] —

|
p P p

@ eikonal rapidity gap suppression factor
(to exclude additional inelastic rescatterings)

@ enhanced diagrams (to exclude inelastic rescattering of
intermediate partons in the Pomeron)

@ = treat Tkexchange as a part (probability W) of 1P-exchange



Teexchange process in pp scattering & LHCf data

Comparison to LHCf data at \/s= 13 TeV (wy=0.3)
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@ forward neutron production: dominated by ND (no Teexch.)

@ Ttexchange: important in the highest n bins

o comﬁarable contribution from




Teexchange process in pp scattering & LHCf data

Comparison to LHCf data at \/s= 13 TeV (wy=0.3)

2

x 10"

= C n = 10.75[ 10.06<n < 10.75[ 9.65=n < 10.06
8 0.1 [ptpatizTev. n r r
= F - L
E F QGSJET I1-03 E
= C b C
Yy C C C
§o0.075 - -
0.05 |— ; ;
0.025 [ -~ R 'ﬂ | -y i, }
- o BPeid CIARAT ettt o
=x 1 ° [= == | \’t’ eyt | I»'

= C n 8.80=n <8.99 [ 8.65=n < 8.80
S o1 | - -
= F - L
£ E r B
= C C C
[ C C C
Bo.075 [ - -
o.os [ I — -

0.025
o POk Belairintndeke A1 T SI-N PO Y LT AT PP TP PR AT R ) i I
2000 2000 6000 2000 4000 6000 2000 4000 6000
E (GeV) E (GeV) E (GeV)

o forward neutron production: dominated by ND (no Teexch.)

@ Teexchange: important in the highest n bins

o comﬁarable contribution from




Teexchange process in pp scattering & LHCf data

Comparison to LHCf data at \/s= 13 TeV (wy=0.3)
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@ /S=7 TeV: smaller forward neutron yield than in the data
@ more forward neutrons at \/S=7 TeV than at /S= 13 TeV?



Teexchange process in pp scattering & LHCf data

Comparison to LHCf data at \/s= 13 TeV (wy=0.3)
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enhancement of forward p° production & suppression of T
@ = higher (by ~ 20%) muon yield in EAS

For ES, more importént i
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