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e they give access to the nPDFs, or allows for the study of meson
structure

e hadron structure analyses require precise perturbative computations
for a large variety of processes

® NLO pQCD codes (e.g. MadGraph5_aMC@NLO, POWHEG, MCFM,
HELAC-Onia, HERWIG, PYTHIA and SHERPA) have limited capabilities to
perform calculations for asymmetric reactions

® implementation of asymmetric collisions is often limited to private
modified codes, not publicly available

¢ we would like to provide the community a tool performing reliable and
precise automated perturbative computations at NLO in pQCD for any
asymmetric reaction (pA, AB, A, ep, €A ...)

we have done it extending MG5

Asymmetric collisions in MG5

2/18



Symmetric hadronic collisions in MG5 at NLO

CF, D. Kikota, A. Kusina, ).-P. Lansberg, 0. laer, A. Saft ,in p

doppx = Z/dxadxb fasn(Xa, pies LHAID_h) fi s (Xp, pir; LHAID_h)
a,b

X da’abHX (Xa,Xb,‘LlF, as(]lR; LHAID_h))
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X da’abHX (Xa,Xb,‘LlF, as(]lR; LHAID_h))

do_NLO — ZdU(NLO'a)/ N = {E, S, C, SC}
o
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doppx = Z/dxadxb fasn(Xa, pies LHAID_h) fi s (Xp, pir; LHAID_h)

X da’abHX (Xa,Xb,‘LlF, as(]lR; LHAID_h))

d NLO ZdU(NLO 0() I — {E,S, C,SC}

E: Event, fully resolved configuration
S, C, SC: soft, collinear, soft-collinear limits of E (Counterevents)

doNLOw) — £ (xg )rV:(r ). LHAID_ h)fb/h(Xb ’F‘l(r ). LHAID_ h)

x W@ (Xé )’Xl() ),Vf: ),ocs(yf? ); LHAID_h)) dx12 dxn1
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R R ) 2 @ 2
B + 0 log (Q) ) g <Q>
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(2) ? (2) ?
w® = g20+2(,; LHATD_h) | W) + W™ log <”8> + W log (”g)

+ g2 (u\®; LHATD_h) Wp 8,5

® Wy, Wg, Wg, Wg scale and PDF independent

e [l/g shares same kinematics of Soft Countervents

(a)

® up’ may be different for Events and Counterevents
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Symmetric hadronic collisions in MG5 at NLO

CF, D. Kikota, A. Kusina, ).-P. Lansberg, 0. laer, A. Saft ,in p

(2) ? (2) ?
w® = g20+2(,; LHATD_h) | W) + W™ log <”8> + W log (”g)

+ g2 (u\®; LHATD_h) Wp 8,5

Wo, Wg, Wg, Wg scale and PDF independent
e [l/g shares same kinematics of Soft Countervents
y,(:"‘> may be different for Events and Counterevents

e output of a fixed-order NLO computation = HwU files

Nrmaio ;
Nentr = 4 + (3 + Ny) + 2 (3 + Nmem)
S — - S~
2 bin edges 1 central value 1 central value
1 cross section 2 min/max values 2 min/max values
1MCerror N, scale combinations Nmem PDF members
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Asymmetric hadronic collisions in MG5 at NLO

CF, D. Kikota, A. Kusina, ).-P. Lansberg, 0. laer, A. Saft ,in p

dop,n, x = Z/dxadxb fa/hy (Xa, s LHAID_hy) fp s, (Xp, pip; LHAID_h;)
a,b

X dﬁab%X (Xa,Xb, HE, Oés(lle; LHAID_hz))
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CF, D. Kikota, A. Kusina, ).-P. Lansberg, 0. laer, A. Saft ,in p

dUh1h2~>X = Z/dxadxb fa/h1 (Xa, HF |_HA:[D_hl)fb/h2 (Xb, HF; LHAID_h2)
ab
X dﬁab%X (Xa,Xb, HE, Oés(lle; LHAID_hz))

® strong coupling constant from the LHAPDF set of hadron h;
e for pA collisions, full consistency if corresponding proton baseline for nPDF is used

® output in the HwU files:
1. symmetric cross sections for each LHAID

2. asymmetric cross section for hih, and h,hq; hq PDF taken as the first PDF set
in the list of LHAIDs, h, runs over the list of LHAIDs starting from the second

3. scale uncertainty computed for the (central) PDF for all the LHAIDs
4. Lab frame now default one (by default, hidden flag cms_frame = False)
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Validation - pA
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CF, D. Kikota, A. Kusina, ).-P. Lansberg, 0. laer, A. Saft , in prep
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Validation - 77A

CF, D. Kikota, A. Kusina, ).-P. Lansberg, 0. | A , in prep:

T+ W ptp, Vs =217 GV

+ V=022 + Vr=0243 Vr=0266 k|

k3 VT =0311

. 02 04 06 08
12 F +
} } } MG5, LO
1 MG5, NLO
08 F E JAM, NLO 03

0.6 MM P E615 data e

02 04 06 08 02 04 06 08 02 04 06 08
XF

® MG5 and JAM MC statistical uncertainties tend to grow in the most forward
region

® MG5 and JAM results essentially identical and compatible with experimental
data
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Selection of results (1)
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CF, D. Kikota, A. Kusina, ).-P. Lansberg, 0. | A. Safi in pi ion
40 T T T T T T 30 P T
ATLAS Data @~ CMS Data @~
NLO, MG5, CT14nlo+EPPS16, jig unc. NLO, MG5, CT14nlo+EPPS16, jig unc.
=5 NLO, MG5, CT14nlo+EPPS16, fif unc. 72 ] iy NLO, MG5, CT14nlo+EPPS16, jiy unc. 2 |
= NLO, MG5, CT14nlo+EPPS16, nPDF unc. &3 e NLO, MGS, CT14nlo+EPPS16, nPDF unc. £
30 | 9 =
* * ¥
= =yt ]
Lot bl L
< &
Tl J Tl 1
N N
T st ] 1 y
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+ n pF () > 20 Gev
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~ 14 ] ~ 11
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S 08k T e S 09p
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e nPDF uncertainty dominant at forward (pseudo)rapidity
® scale and NPDF uncertainties comparable in the backward region

® such predictions can be now obtained in a single run by indicating three LHAIDs in
the run_card




Selection of results (11)

CF, D. Kikota, A. Kusina, ).-P. Lansberg, 0. | A. Saft , in pi
pPb—ccX pPb—bbX p Pb - Hbb X
‘ ' nCTEQI5, jug unc. &3 L ‘ nCTEQIS, g unc. =1 T CTEQIS, g une. £33
14 nCTEQI5, iy unc. £ 14 nCTEQI5, iy unc. £ 14| nCTEQI5, iy unc. £
nCTEQI5, nPDF unc. 03 nCTEQIS5, nPDF unc. ©3 nCTEQIS5, nPDF unc. 3
12 Vs = 5.02 TeV 12 1 12

iR =[05,1,2] 2m,
pp=1[05,1,2] 2m,

Vsyn = 8.16 TeV
g =1[05,1,2] my

Vsnn = 8.16 TeV NN

8.
05,1,

0.6 0.6 0.6 1 = [05,1,2] myy
-4 -2 0 2 4 -4 -2 0 2 4 3 02 -1 1 2 3
Yems ]/Fab ems
® nuclear modification factor: Ropp = 4 2
p Apb d(Tpp

e approximation for uncertainty computation:

_ 1 J(dUAB)
S(Rag) = AxAg dUES""al

® R,pp automatically computed in a single run
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ep and eA collisions

L. Manna et al,, in p ion; L. Manna, A. Saft etal., PoS
EPS-HEP2023 (2024) 274; L. Manna, A. Safronov et al. PoS DIS2024 (2024)

We now focus on photoproduction:
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We now focus on photoproduction:
e direct contribution:

Teh(A)—C+X = Z/dedebfs(Xry, lenax)
b

h(A N
X fb( ) (Xp, 1f; LHAID_h) Oybscix(Xy, Xp, HE, HR)
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ep and eA collisions

L. Manna et al,, in p ion; L. Manna, A. Saft etal., PoS
EPS-HEP2023 (2024) 274; L. Manna, A. Safronov et al. PoS DIS2024 (2024)

We now focus on photoproduction:
e direct contribution:

‘Teh(A)—>C+X = Z/dX’Ydefs(X’Y' lenax)
b
h(A) ) .
X fyp ' (Xp, pps LHAID_D) 0p ¢ x (X, Xb, HE, HR)

® resolved contribution:
Teh(A)—sC+X = Z/dxwdxadxb 15 (X, Qhax)
a,b

h(A R
x fd (Xa, pri LHAID_“Y)fb< ) (Xp, 1; LHAID_h) dgp 1 x
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ep and eA collisions

L. Manna et al,, in p ion; L. Manna, A. etal., PoS
EPS-HEP2023 (2024) 274; L. Manna, A. Safronov et al. PoS DIS2024 (2024)

We now focus on photoproduction:
e direct contribution:

Ueh(A)—C+X = Z/dX’Ydefs(X'Y' lenax)
b
h(A) ) N
x fp " (Xp, ey LHAID_D) 0y x (X, Xb, JF, pR)
® resolved contribution:
Teh(A)—sC+X = Z/dxwdxadxb 15 (X, Qhax)
a,b

h(A R
x fd (Xa, pri LHAID_“Y)fb< ) (Xp, 1; LHAID_h) dgp 1 x

¢ fixed some bugs related to the WW distribution and modified the boost
routines
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EPS-HEP2023 (2024) 274; L. Manna, A. Safronov et al. PoS DIS2024 (2024)

We now focus on photoproduction:
e direct contribution:

Ueh(A)—C+X = Z/dX’Ydefs(X'Y' lenax)
b
h(A) ) N
x fp " (Xp, ey LHAID_D) 0y x (X, Xb, JF, pR)
® resolved contribution:
Teh(A)—sC+X = Z/dxwdxadxb 15 (X, Qhax)
a,b

h(A R
x fd (Xa, pri LHAID_“Y)fb< ) (Xp, 1; LHAID_h) dgp 1 x

¢ fixed some bugs related to the WW distribution and modified the boost
routines

® lab frame now default
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Inclusive photoproduction - validation at LO

L. Manna et al,, in preparation; L. Manna, A. Safronov et al., PoS
EPS-HEP2023 (2024) 274; L. Manna, A. Safronov et al. PoS DIS2024 (2024)

S0 e - -e- MG5LO = o 5 x—* MG5LO
] . eP2eEX L MNRLO g /“ <P MR LO
= =, # HELAC-Onia LO = .‘\. # HELAC-Onia LO
a2 ) Na = # -
o N, = / V5, = 319 CeV .\.
= “ = 10! é Je -
% \'\ % Qs GeV? ‘*1\'
= N < 16 GeV < W, < 207 GeV -
=10 e = Iy <2 o]
< 10 Gev ~ S CTEQSM

f57 = 319 GeV . =
T Q2 =1 GeV? .. T BE
104 CTEQ6M Oed 2 jo=4/(PR) +m}
5 uE= pip = ig = 3 GV <
< <

1.1
510 * ¥ T
~ 0.9) *  MG5/HELAC-Onia A *  MG5/HELAC-Onia
0.8 e MGH/FMNR »  MG5/FMNR
Pl ! G B 0 12 14 ) T G B 0 12 14

e validation for ct (left) and bb photoproduction (HERA kinematics) at LO
® agreement O(1%) with HELAC-Onia and ~ 4% with FMNR

Pr(c) [GeV]

Pr(b) [Gev]




Inclusive photoproduction - validation at NLO

L. Manna et al,, in preparation; L. Manna, A. Safronov et al., PoS
EPS-HEP2023 (2024) 274; L. Manna, A. Safronov et al. PoS DIS2024 (2024)

EZZ MG5NLO

) ep—=bbX ZZZ MG5NLO
ep—ceX  mmm FMNRNLO

[ FMNR NLO

G

Qg
16 GeV < W, < 207 GeV

Imsl <2
V5, =819 GeV CTEQSM
109 Q%m. —1GeV? HE = HR = Ho

0549 < prp < 249

po=3/(P) +m},

100k 45 GeV <my, < 5.0 GeV

CTEQ6M
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e validation for ct (left) and bb photoproduction (HERA kinematics) at NLO
e very satisfactory agreement (O(1%)) with FMNR




Inclusive bb photoproduction - predictions

L. Manna et al,, in preparation
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® NLO predictions

for future ep colliders

e [imited Py range at ElcC

® Ppr spectrum extend to Pr ~ 60 GeV at LHeC and FCC-eh




Resolved contribution - validation at NLO

L. Manna et al. in pi ion; L. Manna, A. etal, PoS
EPS-HEP2023 (2024) 274; L. Manna, A. Safronov et al. PoS DIS2024 (2024)

--e-—- MG5H
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pp = pr=5/(PR) +mf = o
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54 6 8 10 1z 14
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® ratio MG5 to FMNR with combined Monte Carlo uncertainties
® ~ O(2%) agreement with FMNR
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bb photoproduction at the EIC

L. Manna et al. in preparation; L. Manna, A. Safronov et al., PoS
EPS-HEP2023 (2024) 274; L. Manna, A. Safronov et al. PoS DIS2024 (2024)

Direct
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* predictions for the EIC at /5, = 45 GeV (left) and ,/5_ = 140 GeV (right)
e resolved contribution comparable with direct one around Py ~ 9 — 10 GeV at

\/Sep = 45 GeV
® direct contribution dominant but resolved one not negligible at , /5, = 140

GeV

Asymmetric collisions in MG5

15 /18



ReAu @ EIC - A /Sep — 45 Gev

EIC Onium review, arXiv:2409.03691 [hep-ph]
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ep

EIC Onium review, arXiv:2409.03691 [hep-ph]
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Conclusions and outlook

® MG5 now available online in its full NLO version on NLOAccess

¢ validated and developed MG5 for asymmetric collisions
® photoproduction in ¢h collisions
® nuclear modification factors in pA, 77A and AB collisions
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® DIS implementation at (N)LO+PS
® automation of onium production computations at (N)LO in MG5
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® automation of spin and transverse momentum effects for
quarkonium production
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MG5 HwU output for asymmetric collisions

reweight_scale | reweight_PDF No. of entries (symmetric): N

sym ‘

No. of entries (asymmetric): N237™ ‘
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Selection of results

CF, D. Kikota, A. Kusina, ).-P. Lansberg, 0. Mattelaer, A. Safronov, in preparation
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® nPDF uncertainty dominant at forward (pseudo)rapidity
® scale and NPDF uncertainties comparable in the backward region

® such predictions can be now obtained in a single run by indicating three LHAIDs in
the run_card
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Selection of results
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Selection of results

L. Manna et al,, in preparation
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SN EIC 45 N PDF uncertainty
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® NLO predictions for future ep colliders
e [imited Py range at ElcC
® Pr spectrum extend to Pr ~ 60 GeV at LHeC and FCC-eh
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