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Pythia and Angantyr
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Heavy-ion collisions in Pythia: the Angantyr framework

Angantyr model

B e Introduced in 1806.10820; based on the
Fritiof model Nucl. Phys. B281 (1987) 289 and
on the concept of “wounded nucleons” Nucl.
Phys. B111(1976) 461

e Can be used as a baseline to understand
collectivity

Main idea

e Set the collision geometry using Glauber MC

¢ lIdentify individual sub-collisions

e Determine the impact parameter of each pair

e Run Pythia pp machinery for each sub-collision

[from arXiv:nucl-ex/0701025]

e Combine the events 2


https://arxiv.org/abs/nucl-ex/0701025v1
https://arxiv.org/abs/1806.10820
https://inspirehep.net/literature/227352
https://inspirehep.net/literature/108995
https://inspirehep.net/literature/108995

Angantyr vs. ALICE Pb-Pb data

(b) Centrality dependent # distribution PbPb, \/Syy = 2.76 TeV Com pa riso n With d ata
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[Angantyr vs. ALICE Pb-Pb data, from 1806.10820] central region.
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Angantyr vs. ALICE Pb-Pb data
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Angantyr vs. ATLAS pPb data

(a) Centrality-dependent 7 distribution, pPb, v/Syy = 5 TeV.

S Comparison with data

Zt L — ATLAS )

Z % L — ?ii‘;ﬁ;iiiﬂg:ﬂiii Eggezﬁiiffféﬁfﬁzg e Unlike in the Pb-Pb case, Angantyr gives a fair
2 F description of the ATLAS pPb data (note that

the ATLAS data are not unfolded).

e However, the charged-particle multiplicity
distribution is mostly populated by MB events
(SoftQCD mode in Pythia 8).

e Such events are abundant.

e Butwhat if we want to study rare events with a
large momentum transfer, e.g. the production
" of high-pr jets in pA collisions?

[Angantyr vs. ATLAS pPb data, from 1806.10820]
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SoftQCD vs. HardQCD in Angantyr: the pr spectra

Angantyr p+Pb, Syy = 5.02 TeV, 0-100%
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[Angantyr p+Pb, /sy = 5.02 TeV, 0-100%, original Angantyr weight]

Two samples, one cross section

o SoftQCD: MC for minimum-bias events. Weight
Wgeo-

o HardQCD: MC for rare events (jets): primary
sub-collisionisa2 — 2, pr > prin. Weight
Wp = Wgeopl-

Wegeo = exp(b?/2W?), W = 8.89 fm: undoes the
Gaussian sampling of b.

Py =1—(1—wy)Nabs,wy = 058" /onp: probability
that > 1 of the N,},5 absorptive sub-collisions is hard.

Mismatch: HardQCD / SoftQCD above pr"

. f)'}‘i" = 10 GeV: 2.50 + 0.01, flat in pr.



SoftQCD vs. HardQCD in Angantyr: the pr spectra

Angantyr p+Pb, Syy = 5.02 TeV, 0-100%

. __ HardQcCp, pF" =15 GeV
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[Angantyr p+Pb, /sy = 5.02 TeV, 0-100%, original Angantyr weight]

Two samples, one cross section

o SoftQCD: MC for minimum-bias events. Weight
Wgeo-

o HardQCD: MC for rare events (jets): primary
sub-collisionisa2 — 2, pr > prin. Weight
Wp = Wgeopl-

Wegeo = exp(b?/2W?), W = 8.89 fm: undoes the
Gaussian sampling of b.

Py =1—(1—wy)Nabs,wy = 058" /onp: probability
that > 1 of the N,},5 absorptive sub-collisions is hard.

Mismatch: HardQCD / SoftQCD above pr"

. f)'}‘i" = 10 GeV: 2.50 + 0.01, flat in pr.
. ﬁ?i“ = 15GeV:2.71 +0.02.



SoftQCD vs. HardQCD in Angantyr: the pr spectra
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Angantyr p+Pb, Syy = 5.02 TeV, 0-100%

_ HardQCp, p7'" =20 Gev
(Angantyr weight ws = WgeoP1) E|

4 SoftQCD (minimum bias)

DDDDDQ¢¢¢¢¢ } L 8 éﬁ + + + %‘

OhtaralOsore = 2.77 £ 0.03
(pr €120, 30] GeV)

5

10

15 20 25 30 35 40 45 50
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[Angantyr p+Pb, /sy = 5.02 TeV, 0-100%, original Angantyr weight]

Two samples, one cross section
o SoftQCD: MC for minimum-bias events. Weight
Wgeo~

o HardQCD: MC for rare events (jets): primary
sub-collisionisa2 — 2, pr > prin. Weight
Wp = Wgeopl-

Wegeo = exp(b?/2W?), W = 8.89 fm: undoes the
Gaussian sampling of b.

Py =1—(1—wy)Nabs,wy = 058" /onp: probability
that > 1 of the N,},5 absorptive sub-collisions is hard.

Mismatch: HardQCD / SoftQCD above pr"

e pPin = 10GeV:2.50 + 0.01, flat in pr.

. ﬁ?i“ = 15GeV:2.71 £ 0.02.

e pirin = 20GeV:2.77 +0.03.

e HardQCD too central: (N,ps) = 9.2-10.5vs. 6.3.



SoftQCD vs. HardQCD in Angantyr: mismatch of the pr spectra

T T T T T T T

° Angantyr p+Pb, syy =5.02 TeV, 0-100%
2L %y o ¢ SoftQcD ]
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- LIRS Smin _ . . o
3 e _:_ :::ZZEE Elmzii o e Primary absorptive sub-collision: SoftQCD — pp
g 10% e, N 3 non-diffractive; HardQCD — 2 — 2 with
E S, pr > f)?“”. All other sub-collisions: minimum bias.
S
S 10°F 1 e HardQCD weight: wa = WgeoP1,
Pr=1—(1—wq)Nave,wy = o5& Jonp (at
» o | least one of N}, sub-collisions is hard).

+ + + + + + +

. . . s Above the cut, HardQCD is 2.5-2.7 x SoftQCD,
“woeon,,a.t PO R G , 8 for every pn = 10, 15,20 GeV.

o HardQCD events are more central:

(Naps) ~ 9-10.5 vs. 6.3 in SoftQCD.

. . e Merging by event counts (jet-yield slides) removes

5 10 15 20 25 30 35 hei h lity bi
pr[GeV] (SoftQCD: primary sub-event) t € jump, not the centra Ity 1as.
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Collision geometry in Angantyr: the impact parameters

o (a)B: p+Pb impact parameter. Sampled
from a Gaussian of width W, compensated
by the weight wgeo = exp(B?/2W?2).

o (b) byn of every NN sub-collision: the
absorptive one with the smallest by is the
primary, the others are ,

min (1) (2) (3)
bRN < b < bR < b

Pb nucleus in the rse plane (fm scale);

beam axis = out of the page blue: projectile proton, at &

rod: primary sub-collision (most central absorptive)

oramge: secondary absorptive anb-collisions e bp = b /((b)nw fimp ): the primary byy in
Pythia units (b).

e (c) SoftQCD: the primary sub-event is
generated at byrpr = bp, so its MPI activity
follows the geometry.

e (d) HardQCD: a separate Pythia instance
chooses byip1 independently of bp.

(c) SoftQCD: primary sub-event (units of (b))  (d) HardQCD: signal sub-event (units of (5))

by (from the Glauber geometry)

baer = by the ND sub-event bypr: chosen independently of b,
is generated at the geometric b, (dashed: where the MPI model puts the partner)



MPI model of Pythia and its connection to Angantyr

Master formula for the 2 — 2 cross section of the n'" (c) SoftQCD: primary sub-event (wnits of (1))

interaction by = BRR/ (D) N fimmp)

d " doj i i to
= =3 / dxq dxa dEfy, (x1, Q) f, (6, Q) —2280a 5 (p2
dp = dt S
J1121314

bypr = by: the ND sub-event
is generated at the geometric b,

The number of interactions is proportional to the overlap
O(b)
(d) HardQCD: signal sub-event (units of (b))

b, (from the Glauber geometry)

. b b
O(b) = /d4X Pboosted (X - 5 YV, Z — Vt> Pboosted (X + 57 y,Z+ Vt)

AN . bProfile=1: O(b) o e’

,,,,, . 2 /p2 2 /p2
r p bProfile=2: O(b) o fae P /Ra 4 fze=b"/Rs i
T_) . —U <~ . P bupr: chosen independently of b,

- bProfile=3: O(b) xe (dashed: where the MPI model puts the partner)

Geometry of pp collisions.



SoftQCD vs. HardQCD in Angantyr: shape of dN, /dn
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Observable
Nih dg’;h,Nch = f\n\<5 dn dz;“ (lab frame), events
with primary pr > 20 GeV.

W = Wgeo (SOftQCD), w = Wgeo Py (HardQCD),

Wgeo = exp(b2/2W2), P1 =1- (1 — Wl)Na"S.

dNg1, /dn probes the MPI
Ncp and dN.y, /dn are sensitive to the MPI (Buckley et

al.,, 1101.2599): the wrong N, and MPI activity of
HardQCD show up directly in dN.y, /dn.

10
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SoftQCD vs. HardQCD in Angantyr: shape of dN, /dn
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Obs;ervable ;
1 dNcy _r Nen
Y Nep = jln\<5 dn a (lab frame), events

with primary pr > 20 GeV.
W = Wgeo (SOftQCD), w = Wgeo Py (HardQCD),
Wgeo = exp(b2/2W2), P1 =1- (1 — W1)Na"s.

Problem

o HardQCD tilted to Pb: +21% atn = —5, —13% at
n = +5.

e P, favourslarge N,y (10.5vs. 6.3): wrong
underlying event.

dNg1, /dn probes the MPI
Ncp and dN.y, /dn are sensitive to the MPI (Buckley et

al.,, 1101.2599): the wrong N, and MPI activity of
HardQCD show up directly in dN., /dn.

11
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Reweighting HardQCD to SoftQCD: shape of dN, /dn

(unit area in |n| <5)
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[Angantyr p+Pb, \ /5NN = 5.02TeV, 07100%.(9?"'” =

Angantyr p+Pb, ysyy = 5.02 TeV, pr> 20 GeV
—= HardQCD, Angantyr weight wgeoP1 4
—— HardQCD, reweighted

$  SoftQCD (minimum bias)

I
n (lab; proton towards +n)
20 GeV]

Weight of a HardQCD event

Ks(bupr, bp)
h(bnipr)

Weeo(b) = exp(b?/2W?), W = 8.89 fm,

Ks(bumprt, bp) = G(baipr — bp) + G(bavpr + bp),
o—x2 /25

W = Wgeo(b) P(Q > Qo | bp)

s=0.1.

)

G(x) =

* P(Q > Qq|bp): fraction of SoftQCD events with
primary pr > Qp, in bins of by. Replaces P;.

o h(bypr) = % db?\Tm : normalised distribution of
byipr in HardQCD, [ dbyipr h = 1 (unweighted,
since byyp; is independent of the geometry).

Result
Shape of dN.y, /dn: x% = 34/49 (vanilla 9437 /49).

Cost: Negg/N = 0.15 (vanilla 0.55). 12



MPI model of Pythia and its connection to Angantyr

Master formula for the 2 — 2 cross section of the n'" (c) SoftQCD: primary sub-event (wnits of (1))

interaction by = BRR/ (D) N fimmp)

d " doj i i to
= =3 / dxq dxa dEfy, (x1, Q) f, (6, Q) —2280a 5 (p2
dp = dt S
J1121314

bypr = by: the ND sub-event
is generated at the geometric b,

The number of interactions is proportional to the overlap
O(b)
(d) HardQCD: signal sub-event (units of (b))

b, (from the Glauber geometry)

. b b
O(b) = /d4X Pboosted (X - 5 YV, Z — Vt> Pboosted (X + 57 y,Z+ Vt)

bProfile=1: O(b) oc e

. 2 /p2 2 /p2
p bProfile=2: O(b) ox fae™?"/Ra 4 fze=b"/Rs ;
X _pp bupr: chosen independently of b,

bProfile=3: O(b) x e (dashed: where the MPI model puts the partner)

Geometry of pp collisions.
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MPI model of Pythia and its connection to Angantyr

Master formula for the 2 — 2 cross section of the n'" (c) SoftQCD: primary sub-event (wnits of (1))

interaction by = BRR/ (D) N fimmp)

d " doj i i to
= =3 / dxq dxa dEfy, (x1, Q) f, (6, Q) —2280a 5 (p2
dp = dt S
J1121314

bypr = by: the ND sub-event
is generated at the geometric b,

The number of interactions is proportional to the overlap
O(b)
(d) HardQCD: signal sub-event (units of (b))

. b b .
O(b) = /d4x Pboosted (X - 5 Y Yo Z — Vt> Pboosted (X + ¥+ Vt) by (from the Glauber geometry)

2
LA ol . bProfile=1: O(b) xx e®

- . 2 /p2 2 /p2
p bProfile=2: O(b) ox fae™?"/Ra 4 fze=b"/Rs
bupr = by: the signal sub-event

p—
L., N P , A
. bProfile=3: O(b) x e is generated at the geometric b,
Geometry of pp collisions.
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Modified Pythia (byp; = bp): the pr spectrum

Angantyr p+Pb, \syy = 5.02 TeV, 0-100%

10l ==+ vanilla HardQCD, WPy (no reweighting) | Weight of a HardQCD event (modified Pythia)
‘e ¢ modified SoftQCD (minimum bias)
S 10t b "._ N E W = Wgeo(b) P(Q > Qo | bp),
£ Weeo(b) = exp(b?/2W?), W = 8.89 fm.
g 100 tea,, Tl ~
s " ® e \\‘\‘~\
1071F ° . T~

e P(Q > Qq|bp): fraction of modified SoftQCD
events with primary pr > Qq, in bins of bp.

2L 4
1@4» . * ?'% ] Replaces P;.
= . .
8 5 %o aonoby @ ¢ 4 i } + + e NoKs/h: the signal is already generated at
<5 3f 5 ' 1
g | ZH‘arz/!/:(?o,r‘:;pTE[ZO, 30] GeV: ge | bMPI — bp.
a
g1
el
5
£, . . ; . . . . .

5 10 15 20 25 30 35 40 45 50

pr of the primary sub-event [GeV]
[Angantyr p+Pb, /5Ny = 5.02 TeV, 0-100%, pT"" = 20 GeV]
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Modified Pythia (byp; = bp): the pr spectrum

y Angantyr‘ p+Pb, Jm=5j02 TeV,‘O—lOU%‘
- illa HardQCD, WgeoPy ( ighting) H H i
10l s e, omsiontea P& Qe Weight of a HardQCD event (modified Pythia)
‘e ¢ modified SoftQCD (minimum bias)

S 10tk W:WgeO(b) P(Q> QO‘bP):
Qo
E Weeo(b) = exp(b?/2W?), W = 8.89 fm.
‘& 100
S
s}
°

107 e P(Q > Qq|bp): fraction of modified SoftQCD

events with primary pr > Qq, in bins of bp.
-2 L 4

1@4' . :‘w ] Replaces P;.

= . .

3 .l %o aonoby @ ¢ 4 i } + + e NoKs/h: the signal is already generated at

'é | ZHEY?/:fof;;ﬁTe[zo, 30] GeV: ge | byvpr = bp.

E 1.00+0.01

Q <

g 1 OV 00 4 o0 kel & S

5

To L L L L L L L L

5 10 15 20 25 30 35 40 45 50

pr of the primary sub-event [GeV]
[Angantyr p+Pb, /5Ny = 5.02 TeV, 0-100%, pT"" = 20 GeV]
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Modified Pythia (byp; = bp): shape of dN.,/dn

Angantyr p+Pb, /Sy =5.02 Te. fr> 20 Gev Weight of a HardQCD event (modified Pythia)
0.16 F — = vanilla HardQCD, wgeoP1 (no reweighting) 4
&
% 0.14F ¢ modified SoftQCD (minimum bias) 1 W= Wgco(b) P(Q > Qo ‘ bp),
Hi 1 Wgeo(b) = exp(b?/2W?), W = 8.89 fm.
& 0.10 <
‘c
3 o008 N : :
i e, e P(Q > Qg | bp): fraction of modified SoftQCD
5 0.06F ~% . . A . .
& N, events with primary pr > Qq, in bins of bp.
0.04F o e pside | Replaces P4.
8 13 + + + + + . X
2 ke | e NoKs/h: the signal is already generated at
@ | " bripr = bp.
. | MPI = bp
£ ®ega_
=10 9000
a Sogog
Sosr
o8 -4 -2 6 2 4

n (lab; proton towards +n)
[Angantyr p+Pb, \ /5NN = 5.02TeV, 07100%.(9?"'” = 20GeV]
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Modified Pythia (byp; = bp): shape of dN.,/dn

Aty o <502 TV, fr>20Gey Weight of a HardQCD event (modified Pythia)
0.16 F — = vanilla HardQCD, wgeoP1 (no reweighting) 4
a —— modified HardQCD, reweighted wgeoP(Q > Qo|by)
% 0.14F ¢ modified SoftQCD (minimum bias) 1 W= Wgco(b) P(Q > Qo ‘ bp),
3 Wgeo(b) = exp(b?/2W?), W = 8.89 fm.
575 e P(Q > Qg | bp): fraction of modified SoftQCD
-k events with primary pr > Qo, in bins of bp.
) Replaces P4.
8 13
2 ke | e NoKs/h: the signal is already generated at
A . | byipr = bp.
s “eang,
5t ummmmm% Result
g oo} Shape of dN., /dn: x? = 23/49 (vanilla HardQCD,
Zos—2; = 5 5 ; WeeoPy: 7482/49).
1 (1ab; proton towards +n) o(HardQCD) / o(SoftQCD) in [20, 30] GeV: 1.00.

[Angantyr p+Pb, sy = 3.02TeV,0-100% B = 20 GeV] Cost: Negg/N = 0.74 (vanilla Pythia with Ks /h: 0.15).
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Centrality selection in p+Pb: Y EF" in the forward calorimeter

N ATLAS

> 3
[ ] +2.1<y*<+28
Q N~
= 107 [P, 2013 p+Pb data, 27.8 nb™ 5 20 & ATLASOA0% []
%J._ \Spy = 5.02 Tev E ® ATLAS 60-90%
W -3
o 10 =
z E 15
5. ] g
B = -4
§ 10 E Lolled hj =
i ] l
10° - MR
E 05 [oTaf®]
107, g L . 3 +
0 100 200 %% 100 200 500 1000
SEP [Gev] pr(Gev]
[ATLAS data, Fig. 1 of ATLAS: 1412.4092] [ATLAS: 1412.4092]

o Centrality from ZE?b in the FCal on the Pb-going side, —4.9 < n < —3.2: percentiles of the minimum-bias
distribution. From right to left: 0-10%, 10-20%, 20-30%, 30-40%, 40-60%, 60-90%.
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Centrality selection in p+Pb: Y EF" in the forward calorimeter

T T T T T

> El =
o) — b
Q S ATLAS : 8 102l T Angantyr
= 102 ™o, 2013 p+Pb data, 27.8 nb* 3 = [ T .
%J._ Sy = 5.02 Tev E %.T min. bias p+Pb, Pythia 8
g 10° - § 107 /NN =5.02 TeV -
B 3 g —49<n<-32
3 ] s -4 -
z 10* E Ew 10
— 3 —
10° | 105 ]
10° 5 107k E
i Y E | E | | |
0 100 200 0 50 100 150 200 250
SEP [GeV] 3EP [GeV]
[ATLAS data, Fig. 1 of ATLAS: 1412.4092] [Angantyr minimum-bias p+Pb, \/syy = 5.02 TeV]

o Centrality from ZE?b in the FCal on the Pb-going side, —4.9 < n < —3.2: percentiles of the minimum-bias
distribution. From right to left: 0-10%, 10-20%, 20-30%, 30-40%, 40-60%, 60-90%.
e The same definition applied to Angantyr events (all final-state particles except neutrinos and muons): cuts at
51.9,39.9,32.4,26.4,17.1 and 4.2 GeV.
19
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Kinematic biases in centrality selection: R,x in 0-10%, 20-30%, 60-90% bins

+2.1<y*<+2.8
Y 1 (1/Nevt)d*Njet /dpr dy”|cont

20l ® ATLAs 0-00% i Rpa =

Angantyr x K = 2.34 <TpA> dzdfgt/dpr dy* ’
€2
y [ &b Toa(b)
. I o Cl
o global <Tp > T ’
mﬁl

rem dszine b
o fafefefele LTt el

A
pinel(b) =1- (1 _ O-i,\llxr\elzl TPA(b)) 7

A
0.5
Tia(b) = [ dzpa(b.2),
0.0 ) ) ‘ * 1 E + pz
40 100 200 500 1000 ——
pr[GeV] Y =2 log (E - pz) ’

[ATLAS: 1412.4092 vs. Angantyr]
E, p; inthe NN c.m. frame.

MC: Angantyr (vanilla Pythia) x K,K = 2.3440.02: one
K for all y* bins (0-90%). 20
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Kinematic biases in centrality selection: R,x in 0-10%, 20-30%, 60-90% bins

201

o

-10% R f—
® ATLAS 0-10% PpA <TpA> dZU_?gt / de dy* ’

® ATLAS 20-30%
<Tp > =

® ATLAS 60-90% .
global [

* s
i -
- % MBHJ ’ 1 Toa(b) )"

"ele Pinei(b) = 1 - (1—@“,,21 “ ) ,
+ Tia(b) = [ dzpa(b.2),

990 100 200 500 1000 y' = 1 log Etp:)
prGeV] 2 E—p,
[ATLAS: 1412.4092]

+2.1<y*<+42.8
s $ 1 (1/Nevt)d2Njet/dedy*|(‘,ent

[ dbT,a(b)

15¢ &

)

Rppb
*
‘ '.‘| -

E, p; inthe NN c.m. frame.
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Kinematic biases in centrality selection: R,x in 0-10%, 20-30%, 60-90% bins

2.0r

15¢

Rppb

1.0

+2.1<y*<+2.8

® ATLAS 0-10%

® ATLAS 20-30%

® ATLAS 60-90% .II

rrtIEe

global
norm.

051

Soaeil

100 200
pr [GeV]
[ATLAS: 1412.4092]

500

1000

Concept of centrality: the distribution of some
final-state observable (e.g. transverse energy) is
correlated with the collision impact parameter.

Different definitions of centrality exist.

Whereas centrality classification in
non-peripheral AA collisions seems to be robust,
the pA case is more problematic, see 1502.02986,
1304.3410 and 1412.8437.

As pointed out in 1502.02986: “The usefulness of
centrality selection relies, however, on how
robustly it can be defined. Specifically [...] whether
there is a correlation between the characteristics
of the events under consideration, say the
requirement of presence of jets, and the
centrality criterium”
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Kinematic biases: model of Armesto et al. 1502.02986

e Generate a pp event in Pythia without MPI.

i e Extract the momentum fraction x, of the hard
] parton.

- 2.1 <r]-r]CN'|<2.8
] - oo
ATLAS 0-10% o Generate an MB pA event in HIJING with

PYTHIA+HIJING 0-1 0%_: (1 — xp)Ep and Epy, beams, such that
X, matched ] VSnn = 2+/(1 = Xp)Ep Epo.

+++¢‘

1.5

I:{pr

e Boost both events to the laboratory frame.

o Reweight the HIJING event such that the
scaling with the number of collisions N.o1 is
preserved.

¢

— — e N L e Superimpose both events.

0.5

[from 1502.02986] e Thedecreasing trend is captured.
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Kinematic biases: model of Armesto et al. 1502.02986

e Generate a pp event in Pythia without MPI.

e Extract the momentum fraction x, of the hard
parton.

e Generate an MB pA event in HIJING with
(1 — xp)Ep and Epy, beams, such that
\/SNN = 2 (1 — Xp)Ep pr.

2.1 <r]-r]CN'|<2.8

1.5

I:{pr
| LI B B I LI I ) T
| @
= 2

e Boost both events to the laboratory frame.

o Reweight the HIJING event such that the
scaling with the number of collisions N.o1 is
preserved.

0.5

e Superimpose both events.

[from 1502.02986] e The constant trend is captured.
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Kinematic biases: model of Armesto et al. 1502.02986

e Generate a pp event in Pythia without MPI.

e Extract the momentum fraction x, of the hard
parton.

r 2.1 <r]-r]CN'|<2.8

preserved.

L ® ]
1.5F + - o Generate an MB pA event in HIJING with
L + + ] (1 — x)Ep and Epy, beams, such that
£ L + ] VS = 2+/(1 — x)Ep Epp.
CEQ- 1 3 g e Boost both events to the laboratory frame.
i ] o Reweight the HIJING event such that the
0.5 7 scaling with the number of collisions Ny is

el — ey e Superimpose both events.

[from 1502.02986] e Theincreasing trend is not captured.
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MPI model of Pythia and its connection to Angantyr

Master formula for the 2 — 2 cross section of the n'" (c) SoftQCD: primary sub-event (wnits of (1))

interaction by = BRR/ (D) N fimmp)

d " doj i i to
= =3 / dxq dxa dEfy, (x1, Q) f, (6, Q) —2280a 5 (p2
dp = dt S
J1121314

bypr = by: the ND sub-event
is generated at the geometric b,

The number of interactions is proportional to the overlap
O(b)
(d) HardQCD: signal sub-event (units of (b))

b, (from the Glauber geometry)

. b b
O(b) = /d4X Pboosted (X - 5 YV, Z — Vt> Pboosted (X + 57 y,Z+ Vt)

bProfile=1: O(b) oc e

. 2 /p2 2 /p2
p bProfile=2: O(b) ox fae™?"/Ra 4 fze=b"/Rs ;
X _pp bupr: chosen independently of b,

bProfile=3: O(b) x e (dashed: where the MPI model puts the partner)

Geometry of pp collisions.
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MPI model of Pythia and its connection to Angantyr

Master formula for the 2 — 2 cross section of the n'" (c) SoftQCD: primary sub-event (wnits of (1))

interaction by = BRR/ (D) N fimmp)

d " doj i i to
= =3 / dxq dxa dEfy, (x1, Q) f, (6, Q) —2280a 5 (p2
dp = dt S
J1121314

bypr = by: the ND sub-event
is generated at the geometric b,

The number of interactions is proportional to the overlap

O(b)
(d) HardQCD: signal sub-event (units of (b))

. b b .
O(b) = /d4x Pboosted (X - 5 Y Yo Z — Vt> Pboosted (X + 57 Y,Z+ Vt) by (from the Glauber geometry)

bProfile=1: O(b) oc e

. 2 /p2 2 /p2
p bProfile=2: O(b) ox fae™?"/Ra 4 fze=b"/Rs

X _pp bupr = by: the signal sub-event
bProfile=3: O(b) x e is generated at the geometric b,

Geometry of pp collisions.

26



Collision geometry in Angantyr: the impact parameters

Pb nucleus in the transverse plane (fm scale);

boam axis = out of the pago blue: projectile proton, at B

red: primary, minimal by
1
orange: secondary absorptive, bl -

(c) SoftQCD: primary sub-event (units of (5))  (d) HardQCD: signal sub-event (units of (b))

b, = b

bypr = by: the ND sub-event bapr = by: the signal sub-event
is generated at the geometric b,

is generated at the geometric by,

((B) v fimp) b, (from the Glauber geometry)

Which sub-collisionis primary absorptive?

e Originally (vanilla Angantyr): the
absorptive sub-collision with the minimal
bNN.

e New algorithm (modified Pythia):

1) for each absorptive sub-collision i,
convert by ; to by, ; and calculate O(by, ;);
2) build the discrete distribution

Pi = O(bp,i)/ >2; O(bp ), sample from it
and decide which sub-collision is now the
primary absorptive.

pnmary min. by (vanilla) ) j
0.3 ]
0.2 1
0.1 H ﬂ ﬂ
0.0 m

0.67 067 0.71 090 0.91 1.03
by, of the absorptive sub-collisions (event 96)

P;
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Collision geometry in Angantyr: the impact parameters

Pb nucleus in the transverse plane (fm scale);

boam axis = out of the pago blue: projectile proton, at B

red: primary, sampled with P, & O(b,,:)

a
orange: secondary absorptive, by -

(c) SoftQCD: primary sub-event (units of (5))  (d) HardQCD: signal sub-event (units of (b))

by = b/ () fimp)

bapr = by the ND sub-event
is generated at the geometric b,

b, (from the Glauber geometry)

bapr = by: the signal sub-event
is generated at the geometric b,

Which sub-collisionis primary absorptive?

e Originally (vanilla Angantyr): the
absorptive sub-collision with the minimal
bNN.

e New algorithm (modified Pythia):

1) for each absorptive sub-collision i,
convert by ; to by, ; and calculate O(by, ;);
2) build the discrete distribution

Pi = O(bp,i)/ >2; O(bp ), sample from it
and decide which sub-collision is now the
primary absorptive.

" min. byy (vanilla)

0.3f sampled primary

0.21
0.2 1
0.13 0.12
01r 0.08
0.0 X 1.

by, of the absorptive sub-collisions (event 96)

P;

e
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Kinematic biases in centrality selection: R,x in 0-10%, 20-30%, 60-90% bins

+2.1<y*<+2.8

2.0F ® ATLASO0-10% [ ]
® ATLAS 20-30%

o

® ATLAS 60-90%

15¢

i
7

global
norm

[l

1o E B g i [
* Z‘I‘I‘II:D
051

40 100 200
pr [GeV]
[ATLAS: 1412.4092]

500

1000

1 (1/N€Vt)d2N.iet/de d)’* |cent

Roa = ,
P (Ton) d20™, /dpr dy*

€

[ d*bToa(b)
<Tp > = : )

€2

f dszinel(b)
€1

A
Pinei(b) = 1 — (1 _ G—i,\j‘,\él Tpg(b)) 7

Toa(b) :/dZPA(b.,Z)7

y*fglo E+p;
2%\ \E-p, )

E, p; inthe NN c.m. frame.
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Kinematic biases in centrality selection: R,x in 0-10%, 20-30%, 60-90% bins

Angantyr x K
+2.1<y*<+2.8 ganty

® ATLAS 0-10% ' e Roa = 1 (1/New )dZNjet /dpr dy” |cent
201 o ATias 20-30% 1 P (Tpa) dzofept/dpr dy* ’
® ATLAS 60-90% o
sl ) ] fdzb Toa(b)
+ “4%4 modified, K = 2.59 <Tp > _ Ccq 7

global Co

L3
| norm. d2 b in . b
ol o e T4 ! J #opualt)
L]

[El» A
osf M A pmel(b):lf(LUmITw;\(b)) 7
+ mw:/wmm4

%% 100 200 500 1000 vt = 1 log (E+ pz) ,
E—p;

|

(P E P ]

pr[GeV] 2
[ATLAS: 1412.4092 vs. Angantyr: modified Pythia]
E, p; inthe NN c.m. frame.
MC: Angantyr x K, one K per Pythia version for all
classes and y* bins. 30
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Kinematic biases in centrality selection: R,x in 0-10%, 20-30%, 60-90% bins

o

Angantyr x K
+2.1<y*<+2.8
0-10% 1 (1/Novs)d*Njer /dpr dy*|.
2.0L @ ATLAS0-10% $ 20-30% | Roa = ( / evt) Jet/ pr dy”™|cent

® ATLAS 20-30% (Tpa) dzafept /dpr dy* ’
® ATLAS 60-90% & :
f d’b Toa(b)
15r 444 modified, K =2.59 | T o
8 global < P > I ’
& J d2b pyuer(b)
1.0 I cq
A
Pinei(b) = 1 — (1 — ol T"’;\(b)) :
0.5
Tia(b) = [ dzpa(b.2),
0.9 5 ) ) * 1 E + pz
40 100 200 500 1000 = =
pr[Gev] Y72 log (E - pz) '

[ATLAS: 1412.4092 vs. Angantyr: modified Pythia]
E, p; inthe NN c.m. frame.

MC: Angantyr x K, one K per Pythia version for all
classes and y* bins. 31
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Kinematic biases in centrality selection: R,x in 0-10%, 20-30%, 60-90% bins

' A'ngantyr x K
+2.1<y*<+2.8 o «
g;g(ﬁ/ _ 1 (1/Nevt)d2Njet/de dY |cent
20l @ ATLAS0-10% 6] Rpa = PP ,
® ATLAS 20-30% 60-90% (Tpa) d ol /dpr dy*
® ATLAS 60-90% 7 & ’
[ d?b Tya(b)
1510 4 444 modified, K= 2.59 | T a
R global < p > T o ’
< o J d2bpiner(b)
1.0 I cq
w Toa(b) )"
pinel(b) =1-(1- Oinel )
A
051
Tia(b) = [ dzpa(b.2),
%% 100 200 500 1000 vt = 1 log Etp:)
pr [GeV] 2 E—p;

[ATLAS: 1412.4092 vs. Angantyr: modified Pythia]
E, p; inthe NN c.m. frame.

MC: Angantyr x K, one K per Pythia version for all
classes and y* bins. 32


https://inspirehep.net/literature/1334140

Kinematic biases in centrality selection: R,x in 0-10%, 20-30%, 60-90% bins

Angantyr x K
*
+2.1<y*<+2.8 0-10%
20l @ ATLAS0-10% 20-30% |
® ATLAS 20-30% 60-90%
® ATLAS 60-90% >
[ Lo ——vanilla, K=2.21 ]
15 # .«,‘y"";" 444 modified, K = 2.59
g J
: -
1.0f- g I
'”7— v P A
°
0.5
0.0 L L L
40 100 200 500 1000

pr [GeV]
[ATLAS: 1412.4092 vs. Angantyr: modified and vanilla Pythia]

1 (1/Nevt)d2Njet/de dy*|cent

Roa = |
U d?oi, /dpr dy

2

[ d?b Tya(b)
T =2

fdszinel(b)

€1

A

Pinei(b) = 1 — (1 _ G—i,\j‘,\él Tpg(b)) 7

Toa(b) :/dZPA(b.,Z)7

y**llo E+pZ
2%\ \E-p, )

E, p; inthe NN c.m. frame.

MC: Angantyr x K, one K per Pythia version for all
classes and y* bins.
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Kinematic biases in centrality selection: R,x in 0-10%, 20-30%, 60-90% bins

Angantyr x K
+2.1<y*<+2.8 ganty

0-10%
2.0F ® ATLASO0-10% [ ] 20-30% |
® ATLAS 20-30% 60-90%

® ATLAS 60-90% A

o

——vanilla, K=2.21
“44 modified, K= 2.59

1.5 % "‘A‘ﬂf;ﬁ" ’:‘

global
norm.

10[—Ggge4t1e 'I me K

Rppb
-
-

0.5r
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pr [GeV]

[ATLAS: 1412.4092 vs. Angantyr: modified and vanilla Pythia]

1 (1/Nevt)d2Njet/de dy*|cent
(Tpa) a0y, /dpr dy* ’

Roa =

[ dbT,a(b)
€1

<Tp>:

[ ’

/‘ dszinel(b)
€1

A
Pinei(b) = 1 — (1 — oM TDA(b)) 7

A
Toa(b) :/dZPA(b.,Z)7

y**llo E+pZ
2%\ \E-p, )

E, p; inthe NN c.m. frame.

MC: Angantyr x K, one K per Pythia version for all
classes and y* bins.
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Kinematic biases in centrality selection: R,x in 0-10%, 20-30%, 60-90% bins

Angantyr x K
*
+2.1<y*<+2.8 0-10%
50l ® ATLAS0-10% 20-30% |
® ATLAS 20-30% 60-90%
® ATLAS 60-90% %
ze —— vanilla, k=221
151 bt 444 modified, K=2.59 |
T
o global
% norm.
[+ d
1.0p— |
0.5r
0.0 L L L
40 100 200 500 1000

pr [GeV]
[ATLAS: 1412.4092 vs. Angantyr: modified and vanilla Pythia]

1 (1/Nevt)d2Njet/de dy*|cent
(Tpa) a0y, /dpr dy* ’

Roa =

[ dbT,a(b)
€1

<Tp>:

[ ’

/‘ dszinel(b)
€1

A
Pinei(b) = 1 — (1 — oM TDA(b)) 7

A
Toa(b) :/dZPA(b.,Z)7

y**llo E+pZ
2%\ \E-p, )

E, p; inthe NN c.m. frame.

MC: Angantyr x K, one K per Pythia version for all
classes and y* bins.
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Conclusions

Thereis currently a discontinuity between the SoftQCD and HardQCD modes of Pythia
in p+A collisions.

There is also a mismatch between the impact parameters from the Glauber MC and
those of the Pythia MPI model.

Both issues can be addressed by reweighting the HardQCD events.
We fixed the impact-parameter mismatch (byipr = bp).

We modified the way Angantyr selects the primary absorptive sub-collision: it is now
chosen according to the matter overlap O(bp).

We qualitatively reproduce the trends of R,a, but further improvements are needed (e.g.
binary scaling is still broken).
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Setting the primary absorptive interaction by sampling from O(b)

iEvent = 96
pick_sub_coll index bp .70759e-01 calcOlap .82186e-02
pick_sub_coll index bp .74978e-01 calcOlap .75475e-02
pick_sub_coll index bp .06574e-01 calcOlap .26234e-02
pick_sub_coll index bp .97299e-01 calcOlap .72852e-02
pick_sub_coll index bp .11408e-01 calcOlap .57338e-02
pick_sub_coll index 6 bp 1.03088e+00 calcOlap .43807e-02
abs_pos 0 olapp .82186e-02
abs_pos 1 olapp .75475e-02 min- by (vanilia)
abs_pos 2 olapp .26234e-02

abs_pos 3 olapp .72852e-02

5
6

sampled primary

abs_pos olapp .57338e-02

abs_pos olapp 2.43807e-02

the primary absorptive is event # 2

0.67 0.71 0.90 0.91 1.03
acc ept ed event by, of the absorptive sub-collisions (event 96)




Per-event jet yields in 0-90% p+Pb: merging of the pr slices

Angantyr p+Pb, Angantyr weight (100k/slice), 0-90%, —0.3 <y" < +0.3: contributions of the pr slices

Merging of the pr slices
Slice O is SoftQCD (Angantyr minimum bias), slices
T i > 1are HardQCD, chained to it with the event counts
.‘i N¢, Ng of the analysed centrality class c:
3
§
=
3 N¢ h¢ Ng
% L,0 “(pr) R,j
, Y(pr) = >owr ;o wi=T1
S 107 [ — sorto030 - — v 0 son -. NE_ . Ay* I\ NS
= R0 50,421 Hrd Doa 07, 500 evt i>0 Li j<i L
T eritan, 56,01 Hard 554,762, 1003 §
1077 o e lensiee ot
~—— Hard [111, 153, 212] 4 merged

R e

i e N¢,,:all minimum-bias events of class cin the

08

%0 SoftQCD slice.

fo

2oa ° Nf i» N§ ;: events of class cin the lower / upper pr

502 half of sllce i (the upper half of slice i is the lower

‘IE 0.01 20 30 50 100 200 300 500 1000 1500 half Of Sllce 1 + )1 h,c' Jets from the |OW€F half’

jet pr [GeV]
[Angantyr p+Pb, /syy = 5.02 TeV, 10° events per pr slice] o ppreference: the same merging with ogen />w of

its SoftQCD slice, multiplied by Tpa.



Per-event jet yields in 0-90% p+Pb: Angantyr vs. ATLAS

(1/New) d*Njer/dpr dy* [GeV~]

100G Vv
v +28<y*<+3.6, x10" o -03<y*<+0.3, x10°
A +21<y*<+28, x10? ® —08<y*<-03, x10"
A +l2<y*<+21, x10° -12<y*<-08, x10°
106

1012}

10-15}

\w 8<y*<+12, x10*

+3.6<y* <+4.4, x10° m +0.3<y*<+08, x10° |

& -21<y*<-12,x10° |

p+PD, Sy = 5.02 TeV, ahti-k, f 4 0.4 ;
merged pr slices (line: 0.5 Ge}/ Hirfs, mbrkefs: ATLAS bins)

® O ATLAS (bars: stat., Hoxe:

20

200 560 1000
pr [GeV]
[ATLAS: 1412.4092 vs. Angantyr]

30 50 100

Merging of the pr slices

Slice O is SoftQCD (Angantyr minimum bias), slices

i > 1are HardQCD, chained to it with the event counts
N¢, Ng of the analysed centrality class c:

N¢ he(p
Yc(p'r) _ W L,0 ZVV,C ,( T)

N
* C ’
vt AY i>0 NL,i <i

c
_ R.,j
M - H NE
j Lj

e N¢,: all minimum-bias events of class cin the
SoftQCD slice.

° Ni, N,CQJ.: events of class cin the lower / upper pr

half of slice i (the upper half of slice i is the lower

half of slicei + 1); h,.C: jets from the lower half.

o ppreference: the same merging with ogen />w of
its SoftQCD slice, multiplied by Tpa.


https://inspirehep.net/literature/1334140

Per-event jet yields in 0-90% p+Pb: MC/Data

X Angantyr p+Pb, 0-90%  + Pythia pp X Tpa (Tpa=0.107 mb~?, ATLAS) ATLAS total uncertainty
T T T T T T T T T * ~n .
Lsb T .. Moy <t i Y03<y <%08 f Merging of the pr slices
. +
1.0'% T . e e e 2 = ** NC
X X + C
0.5F ; X;XX AN ; T ;xxx;xxx;xxxx; x 4 Yc(pr) L,0 ZVV,C h,’(pT)’
+28<y <436 -03<y*<+0.3 NE | Ay* N¢ .
1.5F + o, + + evt y i>0 L,i
10f —rr . ES ey et ¥ NE
X + x X R
© " ' +2.1‘<y*<1+2.8 ' ' ' —0.8‘<y*<‘—0.3 i | j<i L
w L5} ey, + E
91.0» —***_,_’_ k3 + gy FE— ] d2o
o X x x - x x it A Bhallid
Fosp | TN xxule L F L XX xoxoy P dpr dy~
+l2<y*<+2.1 * —12<y*<-038
1.5F + E Ni o og hi(pr)
> gen i\FT
I R — — i T SR TpAZ Ay E WiN-.
XX x x x X x WaYT >0 L
05fF , xXXXxxxx. + ) X X X X, x X x X Xx ] =
s T k08 <yt <412 T 2leyr<n12 )
10k s Phbaaage 4 ]
' X x + . o 4
X x .
05F U K ok o g Sk xwx kg xp ] e MCerrors: histogram statistics ¢
30 50 100 200 500 30 50 100 200 500 statistics of the slice weights W;.
pr[GeV] pr[GeV]

o Grey band: ATLAS total uncertainty.
[ATLAS: 1412.4092 vs. Angantyr]
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Kinematic biases in centrality selection: R,x in 0-10%, 20-30%, 60-90% bins

+2.1<y*<+2.8
2.0F ® ATLAS 0-10%
® ATLAS 20-30%
® ATLAS 60-90% III
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[ATLAS: 1412.4092]
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E, p; in the NN c.m. frame.



https://inspirehep.net/literature/1334140

Kinematic biases in centrality selection: R,x in 0-10%, 20-30%, 60-90% bins

+2.1<y*<+2.8
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E, p; in the NN c.m. frame.

MC: Angantyr (vanilla Pythia) x K,K = 2.21 + 0.02:
one K for all three classes and all y* bins.
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E, p; in the NN c.m. frame.

MC: Angantyr (vanilla Pythia) x K,K = 2.21 + 0.02:
one K for all three classes and all y* bins.
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E, p; in the NN c.m. frame.

MC: Angantyr (vanilla Pythia) x K,K = 2.21 + 0.02:
one K for all three classes and all y* bins.
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