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DPS in y — p interactions

Double Parton Scattering @EIC

Matteo Rinaldi
INFN sezione di Perugia

M. R. and F. A. Ceccopieri, PRD 105 (2022) L011501

Multidimensional picture of hadrons

- —[z —{F Uemroehnr The 4-jets DPS cross-section

M. R. and F. A. Ceccopieri, PRD 105 (2022) L011501

Proton Models
GTM
GPD in s o , T
impact parameter < o/ do®. . — Z dy dQ? “;" y Q ) m‘E“"“"“"'“*"*~~-.-__.
i \ DPS | Q2 ) 35 E—------—--——.—--.——--o-- \ )
space ab cd | eff : R \
2-b0dy 1'.||:T___‘___.___‘___*___*~ .‘— d I
- P . X dx dX, o /o (Xo. )/ (Xay )AB 2 (X s X z i NP mode
FUﬂCtIOﬂ! ‘/QPL ﬁb \b\ dr‘ Pa /b a,.P( Pa.) /YN .b) ab( Pa> .b) E BE \\: of the photon
L FTof F £ 2] < wf :
2 dxpc dX4 fC..-"'P (xpc )fd..’"’\," (X4 )dgcd (ch, X4 ) e x
° v 1',:— _:
PDF f_"‘**'\—\.\\___) QED
KINEMATICS: : :
s el el soned suied aiad vued i 4iued
jet L\ Wt W0t Wt Wt w0t 107t 1wt ot
, | ET > 6 Ge Q® [GeV?|
Sum Rules | |7]jet| <24

G : : : :
auntetal, JHEP (2010) 03, 0o5 Q? < 1 GeV? The ZEUS collaboration quoted an integrated total 4-jet cross section of 136 pb

S. Checkanov et al. (ZEUS), Nucl. Phys B792, 1 (2008)

02<y<0.85
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D i J / !F p h Oto - p rO d u Cti O n @ E I C F. A. Ceccopieri, H. S. Shao, J. P. Lansberg, M. R. and R. Sangem in prep.

*Slide from R. Sangem

J/,J
nggféb A2 X Z /dxp a/p(xpa,'u)oxyan/w+J/zp+a unresolved/direct

a=g,q
J/p,J
aglgg ) Z / dz.,, dzp ST Gb=T[V+I /% resolved
a,b=g,q

Proton PDF
‘ Photon PDF

J/,J |
E)I/;g o / dz, d‘”p |
eff a,b,c,d

Partonic x-sections
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*Slide from R. Sangem

J/,J % 3
Gglgfse LA Z /dxp fa/p(wpa,,u) ggT10— /et I /v+a unresolved/direct

a=g,q

J/,J | " )
o 3 [ o, dapffaps(nen 1671 resolved
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Di J/y photo-production@EIC ...........commmmimmon

| DPS |

l

‘ Resolved ‘

*Slide from R. Sangem

R S A i A

T
y+a-Jiv+Jlv+q i+j_’~’/"’+]"",

Unresolved

lg+g— Jly+gl?

\'

GRYV photon PDF is usec
* HELAC-Onia latest versior

B | wee ‘Dect

al., PRD 103, 014013 (2021)

3, 238 (2016)
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Di J/y photo-production@EIC ........ Numerical Results e

F. A. Ceccopieri, H. S. Shao, J. P. Lansberg, M. R. and R. Sangem in prep.

*Slide from R. Sangem
Invariant mass of the J/y pair

(J/w,J/¢) — Y Wa_)J/¢+J/¢+
o X E dx €T do
\/ 144 \/ 144

a=g,q
102 p—— a) at low invariant mass: 10— —
Vsyp, =100 GeV EIC  cpetre 11 o mmeman Sep = 140 Ge SPS Unresolved CS ©:23253
G(J/¢,J/¢) - dz.. di (z 15ab—J/+JT /Y S - DPS smaller then SPS, but not B SPS Resolved C5 ===
SPS Ya Pb b/p Pb> l‘l’ 101 ﬁ_ 8oy < I DPS Resolved CS ==
= FRRS 5 negllglble o e ST ;
> DY e Q o > oo NN
009,990,090, w = @)
5 100 P : DPS negligible g
SN\ 2 | 4
= 1 BN\ 52y
2 107" g DO KRS ",‘ ..“ - %
KRR X / WX . .
2 XK Q&S :f’sfio,"o'e%’ p) at low invariant 5
L e et o %% K 3
X 10 2L RASANNENXK 5 %f’:’)@ P, s . I"S » S b. : JL‘L? ar X
L AR CPOSIK - DPS bigger then %
- DPS similar t
108 F
10-4 1 1
6 8 10

y+a-=Jlv+Jly+q Ig+4— J/w+ gl

* GRV photon PDF is
* HELAC-Onia latest

I., PRD 103, 014013 (2021)




Di J/y photo-production@EIC ...

*Slide from R. Sangem

J/,J a a
(SP/g*b () Z /dxpa[?a/p ch aN)P(ﬂ MRS unresolved/c

Numerical Results [P

F. A. Ceccopieri, H. S. Shao, J. P. Lansberg, M. R. and R. Sangem in prep.

Invariant mass of the J/y pair

= /5 =100 GeV /5, = 140 GeV
10— —— ——— a)atlow invariant mass: 10— ———————————
G/ JI/) ab—>J/v,b+J/zp| P e TR SPS Unresolved C3 Sy - DPS smaller then SPS, but not Tl ﬂiﬁg”ﬁ olved CS
SPS 101 F DPS Resolved CS 1= ligibl 100 | DPS Resolved CS
~ 15 negligible s ')
Di J/y photo-production@EIC ... .. PP G
el & P st DPS in yA collisions with light nuclei? ...
*Slide from R. Sangem SPS ‘
I In p-Pb collisions there are some difficulties (personal view):
‘L ¢ 1) both cross-sections (DPS1 and DPS2) depends on proton DPD (still almost unknown) therefore both
‘ Unresolved Resolved ‘ mechanisms are very important C:$ could be difficult to extract some information on the proton DPD
. 2)for heavy nuclei is difficult to perform calculation with wave-function obtained from realistic potentials ,
m<">m z@ POSSIBLE SOLUTION?

)
p
y | -+ y [/w + | /w
’
<

* GRV photon PDF is used rrD 46, 1973 (1992) , while CT18NLO PDF for proton T1.. Hol /
+  HELAC-Onia latest version is used for generating matrix elements s shao, cec 184, - A AR

: CO LDMEs are taken from m. Butenschoen and B. A. Kniehl, PRD 84, 051501 (2011)
* We expect at least 600 four-muon events with 100 fb* luminosity j
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Small £ resummation for parton distribution
functions

Federico Silvetti

Institute for Particle Physics Phenomenology, Durham University

Deep-inelastic scattering (DIS) data from HERA extend down to z ~ 3 x 10~°

Tension between HERA data with theory at low Q° and low z

deterioration of the x? when including low-Q? data

Fr, = O(as) and gluon

dominated

—sensitivity to small-z resummation

5
-

B 2 2 B 2 2 B 2 2
i Q =2.7GeV" | Q" =35GeV" | Q" =45 GeV
—.5. — —
L o = -
Q.'.'.

I '.""'. I I
— i..‘ I I
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le-4 1e-3 0.01 0.1 x le-4 1e-3 0.01 0.1 x 1e-4 1e-3 0.01 0.1 x
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Small £ resummation for parton distribution

Deep-inelastic scattering (DIS) data from HERA extend down to z ~ 3 x 10~°
Tension between HERA data with theory at low Q° and low z

. B 2 2
functions J Q*=27Gev
—.;.
- %
Federico Silvetti %o,
N ..'t‘,.'.
i [
Institute for Particle Physics Phenomenology, Durham University — .
I IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIII I IIII"'HI

Q*=3.5GeV*

I IIIIIIII I IIIIIIII | IIIIIIII | IIIIIIII | 111

Q° =45 GeV*

| IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIII | 1]

X

le-4 le-3 0.01 0.1

Small-z resummation

Collinear factorisation:

le-4 1e-3 0.01 0.1 x

deterioration of the x? when including low-Q? data

dominated

—sensitivity to small-z resummation

le-4 Ile-3 0.01 0.1

2 ! d 2
O'(IE, ) = / ?zCz (Zy Oés(Q ))fz(£> Qz) Fr = (’)(as) and gluon
DGLAP evolution:
df’& 9 2 ! d
’ C(Ifl,zﬂ ) — ~/:1: 7ZP’&J (z7 aS(ru’z))fJ(galJ’z)

k.-factorisation:

1
o(z,Q?) :/ %/dkfcg(g,as,Qz,kf)Fg(z,Qz,kf)+...
singlet sector, t = log(1/x):

(00) = [ Gk (e )16

for further reading: [Altarelli, Forte hep-ph/9703417], [Bonvini 1212.0480]

[Catani, Hautmann hep-ph/9405388]

BFKL equation

q2

PR

d

dt

X
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Small £ resummation for parton distribution
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Institute for Particle Physics Phenomenology, Durham University

Small-z resummation

Collinear factorisation:

DGLAP evolution:

k.-factorisation: [Catani, Hautmann hep-ph/9405388]

1
o@@) = [ F [ ke, (Z,00@0 k) Fy (5 @ k) + ..

BFKL equation singlet sector, t = log(1/x):

d 0o dk2 q2
E (taqz) :[) ﬁK(k—Q,as)f(t, kz)

for further reading: [Altarelli, Forte hep-ph/9703417], [Bonvini 1212.0480]

Deep-inelastic scattering (DIS) data from HERA extend down to z ~ 3 x 10~°
Tension between HERA data with theory at low Q° and low z

B 2 2 | 2 2 [ 2 2
ol Q =2.7GeV" | Q" =35GeV" | Q =45 GeV
—;' — —
= % = =
‘o,

— '."‘.'. I I
— i.l — —

1 |||||||| | |||1|||| | |||||||| | 1||||||| | III‘:I'M | |||||||| | 1||||||| 1 ||||||1| | |||||||| L | |||||||’ | |||1|||| | |||||||| | 1||1|||| L 1]

1e-4 Te-3 0.01 0.1 X 1e-4 1e-3 0.01 0.1 . Te-4 1e-3 0.01 0.1 X
B /

deterioration of the x? when including low-Q? data %

Fr, = O(as) and gluon dominated t

—sensitivity to small-z resummation

Successful description of this region when including small-x resummation!
@ NNPDF3.1 framework [Ball,Bertone,Bonvini,Marzani,Rojo,Rottoli 1710.05935]
o xFitter framework [xFitterCollaboration,Bonvini 1802.00064]

HERA NC /s = 920 GeV, Q? = 3.5 GeV?
11— ——

FEe===a NNLO
1.0 , ki NNLO+NLLx ]
[ ¢ HERA data

Turnover reproduced —

0.9 -

0.8 -

r.NC

© 07 F
0.6 |

0.5

0.4
¢
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Resummation of LHC observables

Differential cross section in collinear factorization
do [t dz . T . o\ dCi; )
dQ2dY__/m 7/dy°%'3(;7yaQ)dy “(z,Y—y,...,as)
Zii(2,9,Q%) = fi(Vze', Q%) f;(Vze™, Q%) 8(e™ " — 2)

Cij(zyas) ﬁ (x2 02 )

x2p2 p2
parton J proton
2 ] .
QT =<z note: typically \/Eeiy ~ /T

Processes considered so far in HELL:

® gg — H (inclusive cross section) —(pending fully differential)
[Bonvini,Marzani 1802.07758] [Bonvini 1805.08785]

@ cc, bb pair production (fully differential) [Bonvini,FS 2211.10142]
@ Drell-Yan (fully differential)  (in progress)




FDR"@@ S"w ii ii II gg — H inclusive cross section [Bonvini,Marzani 1802.07758] [Bonvini 1805.08785]

ggH production cross section --- effect of small-x resummation

' N3Lb, f.o. P'Dll=s I 'm = 125 Gev' 0:2:
111 _ N°LO,resPDFs = = ”H= e =m /2 KRK A
N3LO+LLx, res PDFs FOPR™TH KR
|
R | f LHC ob bl 1.08 | SRR
esummation o ODSErvabnl€es f.o. PDFs: NNPDF31sx_nnlo_as_0118 KR PIRLS
9 % res PDFs: NNPDF31sx_nnlonlix_as_0118 XS
1.06 [ (IR ]
- . - - et t 9 band: PDF uncertainty SRR
Differential cross section in collinear factorization o RIS
b > BT -
1 9. 9.9,¢ 009,
do dz di 2 (% & 0 dCi; V& 2 BREES:
5 = yZij| =4, Q (2,Y —9,...,0as) 1.02 | 2 RIEGERKEL -
g SRR K GIIRKK
& .2 7 A2 —§ 2 —2|9| T e ottt
ij («’anyQ ) = fi(vVze’, Q%) fi(Vze™, Q%) V(e — ) 1 R R
RS
"00
0.98 ]
N~ 0 o o< N~ o
Cy(Z as) - - (Y S
. ﬁ(x2, Qz) p T — ‘\/S [TeV] s
X1P1 X2P2 2
parton | parton j proton
2 ~
. +
L —z<z note: typically /ze™Y ~ /x

S
Processes considered so far in HELL:

® gg — H (inclusive cross section) —(pending fully differential)
[Bonvini,Marzani 1802.07758] [Bonvini 1805.08785]

@ cc, bb pair production (fully differential) [Bonvini,FS 2211.10142]
@ Drell-Yan (fully differential)  (in progress)
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Differential cross section in collinear factorization

do [t dz . r . -2\ dC;; .
/m 7/(13/%9(;7%62 )W(Z,Y—y,...,as)

dQ2dy ...
Zii(2,9,Q%) = f:(Vze®, Q%) fi(Vze ™, Q%) 9(e” ¥ — )

Cij(Z ’ as)

.ﬁ(x2’ Qz)

XiP: XzP: L
parton i partonj proton
2 ) X
L <z note: typically v/zeT? ~ /z

S
Processes considered so far in HELL:

® gg — H (inclusive cross section) —(pending fully differential)
[Bonvini,Marzani 1802.07758] [Bonvini 1805.08785]

@ cc, bb pair production (fully differential) [Bonvini,FS 2211.10142]

@ Drell-Yan (fully differential)  (in progress)

gg — H inclusive cross section

[Bonvini,Marzani 1802.07758] [Bonvini 1805.08785]

ggH production cross section --- effect of small-x resummation

I o 1 || 1 || N v v N
<A
N3LO, f.0. PDFs my = 125 GeV K
117 NLO; res PDFs = = g = iy = My /2 KR
N°LO+LLx, res PDFs R4
(LGS
SIS
XK K
1.08 [ RS SN
f.o. PDFs: NNPDF31sx_nnlo_as_0118 o X o2 %%
res PDFs: NNPDF31sx_nnlonlix_as_0118 o
i 0000% o %e% -
1.06 LB
9 band: PDF uncertainty SRIGHTRK
? ORGSR
_______ < QRN
A Iqr O 1.04 4»4’%“"‘2i!i§’4’ 7
= LRGBS
= SRR
@ (5 XRXSSIREKS
= SERCHEL KR
02020 0%6% 0202
ERRR AR
RRRXAIITKKKS
1 RRZ22K5
#TSRRAIRRS
RRHKS
55
0.98 ]
1 1 1 1 1
Vs [TeV] -
—

Fully differential heavy-quark pair production

szf{; 3o, — Pair kinematics
dydgpt » single kinematics

Small-z resummation crucial for
charm and bottom production

Key process at forward physics

experiment e.g. FPF
[Feng et al 2203.05090]

T

Q* do/dY/dQ%/dg? [pb]

Q* do/dY/dQ%/dq? [pb]

[Bonvini,FS 2211.10142]

Heavy quark pair production, Q = 20 GeV, q; = 50 GeV, at LHC 13 TeV, using NNPDF31sx

30000

- == NLO

— LO+LL with FO PDFs

25000 F — NLO+LL with FO PDFs o .
---- NLO+LL with FO PDFs (multiplicative matching)

20000
15000
10000

5000 -

FO PDFs ¢ 1 Resummed PDFs

Heavy quark pair production, Q = 20 GeV, q; = 50 GeV, at LHC 13 TeV, using NNPDF31sx

30000

- == NLO

— LO+LL with Res PDFs

25000 F — NLO+LL with Res PDFs o )
NLO+LL with Res PDFs (multiplicative matching)

20000
15000
10000

5000
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gg — H inclusive cross section

[Bonvini,Marzani 1802.07758] [Bonvini 1805.08785]

ggH production cross section --- effect of small-x resummation

" N3LO, f.0. PDFs " my=125GeV 5

11T 3 N3LO, res PDFs = = uH=u =m,/2 00‘::2%

N°LO+LLx, res PDFs FmFPR™H .’.::23:"26,

oY%
' 1.08 00’3"%‘3":”
Resummation of LHC observables 1 t.0. PDFs: NNPDF31sx_nnlo_as_0118 K3
9 res PDFs: NNPDF31sx_nnlonlix_as_0118 XS
% 1.06 [ SRRXSILXK 7
- - . - . ot t Q band: PDF uncertainty o202t 0%
! ' 030567 920
Differential cross section in collinear factorization & IS
——————— = (RLHTXK
| s o '
1 o SIARKS
. L CRSLIELS
b0 [ a5.2,(%9,0°) 2% oy — g, ) : SRS
dQ2dY - w\ dy ) ooy s M 1.02 | XXRLSIREKS? -
T @ T g S RRRRLLSIETKNR
~ )2 7 N2 -9 2 —29| e e
Zij(2,9,Q7) = fi(vVze”, Q") fi(Vwe™, Q%) V(e — ) 1 RESRESRZZ
RS
o

0.98 4
N ¢ o] o o< N~ o
(jii(]z’txs;) — —r Al EE
ﬁ(x2’ Qz) P2 vs [TeV] ——

X1P1 Xz2P=
barton 7 barton r e ton Fully differential heavy-quark pair production [Bonvini,FS 2211.10142]
Heavy quark pair production, Q = 20 GeV, q; = 50 GeV, at LHC 13 TeV, using NNPDF31sx
30000 T T
— mrors
2 i ~ 25000 " NUOLLL with FO PDFs (multiplicative matching)
L —zr<z2 note: typically v/zeT? ~ /z

n
]
o
o

S
Processes considered so far in HELL:

® gg — H (inclusive cross section) —(pending fully differential)
[Bonvini,Marzani 1802.07758] [Bonvini 1805.08785]

[Bonvini,FS 2211.10142]

10000

Q* do/dY/dQ%/dg? [pb]

5000 -

@ c¢, bb pair production (fully differential)

do . . . . - . | . b ]
@ Drell-Yan (fully differential)  (in progress) aQ7 dvag, — Pair kinematics B
— 32 — single kinematics FO PDFst | Resummed PDFs
Small-z resummation crucial for rnggg ey Qua pair roduction, Q.= 20 GV, gy = 50 GoV, af LHO 13 TV, using NNPDFS 151
charm and bottom production =

NLO+LL with Res PDFs (multiplicative matching)

Key messages:

? £ 20000 |

@ Resummation is needed at small-z, especially z < 107° Key process at forward physics 3
L _ _ _ o experiment e.g. FPF i
@ Significant impact expected at LHC at low invariant mass and large rapidity [Feng et al 2203.05090] % oo
@ Future colliders will be sensitive to this effect — e om0 |
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Hadron production at the LHC: predictions for
long-lived particles at forward facilities = Forward hadron production

[ucaiet ol Reliable estimates of the relevant particle fluxes needed, notably precise predictions for forward hadron

. . fluxes and associated uncertainties
Universityof  [Z1 N3

Zurich™ Swiss NATIONAL SCIENCE FOUNDATION

* Light hadron production: simulated using event generators (often originally developed for cosmic ray physics)

Based on 2309.12793 in collaborati th Luca B , Felix Kli d Somink l
asea on 2309.12753 in cobavorasion wity Suca uorigg i O LS L i—, * Heavy hadron production can be described by pQCD methods, achieving a reliable estimate of uncertainties
w .

Current predictions in FASER kinematics often entail approximate descriptions of either the hard scattering or
the hadronisation that may affect their reliability

B e e
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Hadron production at the LHC: predictions for
long-lived particles at forward facilities = Forward hadron production

[ucaiet ol Reliable estimates of the relevant particle fluxes needed, notably precise predictions for forward hadron

) : fluxes and associated uncertainties
Universityof  [Z1 N3

Zurich™ Swiss NATIONAL SCIENCE FOUNDATION

* Light hadron production: simulated using event generators (often originally developed for cosmic ray physics)

Based on 2309.12793 in collaboration with Luca Buonocore, Felix Kling and Jonas Sominka

et * Heavy hadron production can be described by pQCD methods, achieving a reliable estimate of uncertainties
&

Gluon PDF at small x characterised by

relatively large uncertainties Current predictions in FASER kinematics often entail approximate descriptions of either the hard scattering or

the hadronisation that may affect their reliability

Different PDF sets may predict quite — —

different low-x gluon PDFs (albeit within
typically large uncertainties)

Charm and beauty production data have
been used to provide additional
information on the small-x gluon,

constraining the gluon PDF at small-x
[PROSA coll. ’15][Gauld, Rojo, LR, Talbert "15][Gauld, Rojo, Bertone 18]
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Hadron production at the LHC: predictions for
long-lived particles at forward facilities = Forward hadron production

Lucaifotion Reliable estimates of the relevant particle fluxes needed, notably precise predictions for forward hadron

) ) fluxes and associated uncertainties
Universityof  [Z1 N3

Zurich™ Swiss NATIONAL SCIENCE FOUNDATION

* Light hadron production: simulated using event generators (often originally developed for cosmic ray physics)

Based on 2309.12793 in collaborati th Luca B , Felix Kli d Somink
asea on 2309.12753 in cobavoraion wity i Dumigg il N LEE S * Heavy hadron production can be described by pQCD methods, achieving a reliable estimate of uncertainties

\
Gluon PDF at small x characterised b
relativelv Iarse tncerta s Y Current predictions in FASER kinematics often entail approximate descriptions of either the hard scattering or
y1arg the hadronisation that may affect their reliability
Different PDF sets may predict quite
different low-x gluon PDFs (albeit within
typically large uncertainties) In the small x region, high energy resummation

may be relevant for phenomenology
Charm and beauty production data have

been used to provide additional Appearance of single logs due to high-energy
information on the small-x gluon, gluon emission
constraining the gluon PDF at small-x
[PROSA coll. ’15][Gauld, Rojo, LR, Talbert "15][Gauld, Rojo, Bertone 18] 1 k
—In*x
X

Hints towards the importance of small-x
resummation comes from a poorer description of
HERA data when data points at smaller values of x
are included and fixed-order theory is used

T — I
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Hadron production at the LHC: predictions for
long-lived particles at forward facilities = Forward hadron production

Luca Rottoli

Universityof  [Z1 N3

Zurich™ Swiss NATIONAL SCIENCE FOUNDATION

Based on 2309.12793 in collaboration with Luca Buonocore, Felix Kling and Jonas Sominka

Reliable estimates of the relevant particle fluxes needed, notably precise predictions for forward hadron
fluxes and associated uncertainties

* Light hadron production: simulated using event generators (often originally developed for cosmic ray physics)

Gluon PDF at small x characterised by
relatively large uncertainties

Different PDF sets may predict quite
different low-x gluon PDFs (albeit within
typically large uncertainties)

Charm and beauty production data have
been used to provide additional
information on the small-x gluon,

constraining the gluon PDF at small-x
[PROSA coll. ’15][Gauld, Rojo, LR, Talbert "15][Gauld, Rojo, Bertone 18]

.. * Heavy hadron production can be described by pQCD methods, achieving a reliable estimate of uncertainties
&

Current predictions in FASI
the hadronisation thatmay  NNPDF31sx: PDFs with small-x resummation

r
NNPDF31sx DIS only, Q = 100 GeV
1.3 S
. ° . YN
In the small x region, high energy resummation //7 -
may be relevant for phenomenology 12 / stabilisation of the S
= gluon with respect to K
L . % %!
: . > the perturbative order & 21
Appearance of single logs due to high-energy S PN
luon emission R ~ f | BN
g S 1.0 NN e S RN NN N O S i o o
~ \ 27777 RSN
~ ' ,/” N AN
—In* x - 00 B XKL
X s -9 0915
7 - N NLO XEx
: : - | s NNLO S
Hints towards the importance of small-x , , NNLONLLx %
resummation comes from a poorer description Of 0.7 - L ol - L vl . L1 anl ; L 1l > L 1l - ® .
: - - - - - 10~ 1
HERA data when data points at smaller values of x 10 10 10 10 10 0 0
are included and fixed-order theory is used *
T — E—

[Ball, Bertone, Bonvini, Marzani, Rojo, LR "17]
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Application 1: Neutrino fluxes at FASERv

Neutrino flux component from charm decay 103, FASERv 13.6 TeV: ve+ve

' I ibuti Light Hadrons
provides the leading contribution for electron L Hadrons 1A (scale + tuning)

POWHEG+PYTHIA (scale only)
POWHEG+PYTHIA (tuning only)

neutrinos with energies above roughly 1 TeV

pQCD predictions error dominated by scale
uncertainties of about a factor of two across
the whole neutrino energy range

=
o
N

2
7

SIBYLL and DPMJET yield considerably
smaller and larger predictions, respectively,
which are not covered by the large

=
o
=

I

Interacting Neutrinos [1/bin]

uncertainties of the NLO+NLL, result o

pQCD prediction relatively stable upon o - _{ - - .

e use of a different parton shower (PYTHIA vs t0s e o 10
eutrino Energy [GeV]

HERWIQ)
e Variation of the PYTHIA tune

Including recent forward tune [Fieg, Kling, Schulz, Sjostrand '23]

MPI@LHC 2023, Manchester, 21 Nov 2023
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Application 1: Neutrino fluxes at FASERv

Neutrino flux component from charm decay 103, FASERv 13.6 TeV: ve+ve

' I ibuti Light Hadrons
provides the leading contribution for electron L Hadrons 1A (scale + tuning)

POWHEG+PYTHIA (scale only)
POWHEG+PYTHIA (tuning only)

neutrinos with energies above roughly 1 TeV

]

Application 2: Electrobhilic ALPs at FASER and FASER2

Other main objective of FASER is the search for light long-lived particles predicted by BSM models, notably ALPs

pQCD predictions error dominated by scale
uncertainties of about a factor of two across
the whole neutrino energy range

=
o
N

SIBYLL and DPMJET yield considerably

i , We consider an ALP with a dominant coupling to electrons (electrophilic ALP) with Lagrangian [Altmannshofer, Dror, Gori "22]
smaller and larger predictions, respectively,

=
o
=

Interacting Neutrinos [1/bin]

which are not covered by the large _ 8ee =
uncertainties of the NLO+NLL, result L 2m, a'“aey /5¢
pQCD prediction relatively stable upon i | For sufficient!y sr'nall couplings g,., the ALP becomes long-lived, allowing it to travel a macroscopic distance
e use of a different parton shower (PYTHIA vs t0s saielE el ) 191
HERWIG) The ALP acquires couplings to the weak gauge bosons 1012 ;
e Variation of the PYTHIA tune through the chiral anomaly which implies that it can | 6<1mrad T DMesons — Pone
Including recent forward tune [Fieg, Kling, Schulz, Sjostrand '23] be pI‘Od uced in flavor-changing hadron decays ;5_ '
MPI@LHC 2023, Manchester, 21 No ~E1o] )
In the forward region of the LHC, the dominant ‘___________E___- >
production channel of such are rare B-meson © |
decays as well as kaon decays* g 1010'
* light hadron production uncertainty obtained by g
computing the envelope of several MC generators
originally developed for cosmic ray physics: EPOS- 109l | |
LHC (central), SYBILL, QGSJET 107 T

MPI@LHC 2023, Manchester, 21 Nov 2023
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Neutrinos
B — — — — — — = — =\% | FASER

N 3
SaTLAS | S Charged particles VY\G “‘““e 5 R e C e n t re s u Its fro m t h e

FASER experiment

LHC magnets

100 m rock

' 280 m |

Neutrino production at the
ATLAS IP probes forward ATLAS FASER
hadron production

neutrino DIS at

hadron the TeV scale {’

fragmentation

p } v
98 Q‘Y >
BFKL dynamics,
non-linear QCD, CGC

probing intrinsic charm

forward D-meson 74W
roduction
D q.8 P
/ constraints on proton &
nuclear PDFs from neutrino
ultra small x proton structure structure functions

Neutrino interaction with
the target (Deep Inelastic
Figure adapted from: J. Phys. G 50 (2023) 3. 030501 Scattering) probes the

proton/nuclear PDF




HIGH-ENERGY LOGARITHMIC CORRECTIONS
with the HE] framework
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HIGH-ENERGY LOGARITHMS LOGARITHMIC CORRECTIONS

At each order in perturbative QCD, large logarithms arise when the centre of mass energy is much greater than
the transverse momenta of the produced partons. 'I'he H EJ fra mewo rk

8

Consider the partonic cross section for inclusive dijet production: . ’
t = (pz + p3)’
), ), LL -
—— 0'(0)/0'(0) = 1
NLL
s = (p1 +p2) 0-(1) 0-(0) = o Lc(l) + o C(l)
/ >0 . NNLL
D = c?) /g0 = angc((,z) +  alL C§2) + a%cgz)
= > 3 3
L =log (—_t) > 1 3 /g0 = a§L3c((, ) 4 a§L2c§3) + achg )+
a; K1
a;L~1

We need to sum the whole tower of logarithms in order to restore stability to perturbative predictions.




HIGH-ENERGY LOGARITHMS LOGARITHMIC CORRECTIONS

At each order in perturbative QCD, large logarithms arise when the centre of mass energy is much greater than
the transverse momenta of the produced partons. 'I'he H EJ fra mewo rk

Consider the partonic cross section for inclusive dijet produc*~-- '

t = (py + p3)? COMPARISON OF BFKL AND HE]
PG LN (0)/ ) One way to derive the BFKL equation is to combine the Regge-factorised amplitudes with s-channel unitarity [5] —
o) o) =
B RS "
DlSCS [Mf1f2—>f{f§(37t = O)] = 5 Z Z /d‘I’n_z Mf1f2—>f3~-fn (Mf{fé_)fS“‘fn) y 5%2:;%@
s = (p1 +p2) 0—(1)/0-(0) = | n=4fiai
A Mellin transform allows the longitudinal integrals to be performed analytically over MRK phase space. E %
o — 0-(2)/0(0) = ¢ The central physics is captured by the gluon Green’s function, G, , which obeys a recursive integral
1 . equation. For the case of forward scattering and vacuum quantum numbers, this is the BFKL equation [4], |
< : . . . :
L = log (__t) > 1 0_(3)/0_(0) _B which can be solved analytlcally. The partonic cross section can be written mlgm
G1if2(s) = /MOO L[ ap-2q, 4P, 4, (S>wxéf2 )G (@ Gns )x 24 )
a;, K1 o s—ico 2T " s a oA Tins) G
a,L~1 On the other hand, the starting point of HEJ [6] is to only use a 5 _ /d<I> |Mf1f2—>X|2 o
Regge-factorised approximation to amplitudes to compute the Juf2 * 238
We need to sum the whole tower of logarithms in order to re partonic cross section directly:

There are many benefits to performing the phase space numerically, not _ 1 o  psi|
- T = piLle : e
least the fact that the momentum fractions can be reconstructed exactly. VShad \ {5 LL \/Shad

Other benefits: LO matching, exclusive observables, cuts, interfacing with standard HE tools such as Rivet.

[5] hep-ph/9807528: Fadin, [6] 0910.5113: Andersen, Smillie
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LO NUMERICAL COMPARISON

Comparing the two factorised approximations to amplitudes, we see the HEJ amplitudes capture much of the LO
physics:

0.12

N
o

x107"?
Rk | T I I o [ QA B g S L LS
- - =l e —— _ A
S T S . L e - Ys
© \ — - o — =
;I> 01— — 0? 2‘_ .
cbo . = - % B - yi y 0} Afb
| - _ = amd g pr—
— 0.08— - 9, - )
N‘O — - Nco 1‘5— s yb
Lok B 7] © : :
08\1 0.05_— . ‘c:}t: - :
< [ - S - 4 vs
~ 0.04— - ~ L :
5 : > > > : |§ : : : yg
- . — 0.5 — Yi —> Agp
0.02|— - i :
- ‘ ‘ ‘ _ B . B yg
- I 1 L L 1 I 1 1 L 1 I L 1 1 L I 1 1 1 L I 1 L 1 1 ] [~ l I | 1 | I | | 1 I 1 [ ] [ ] l 1 1 1 l 1 1 1 I 1 N yb
% 1 2 3 4 5 6 % 2 4 6 8 10 12 14

Agp/2 Agp/2

We see that the HEJ approximation to the LO matrix element is reasonable, even within LHC phase space.
Integrating the strict approximation would lead to a massive overestimate of the cross section.

Of course, HEJ matrix elements are matched point-by-point to LO matrix elements where they are available.




EMMET BYRINIE

LO NUMERICAL COMPARISON

Comparing the two factorised approximations to amplitudes, we see the HEJ amplitudes capture much of the LO

physics:
x107"2 -18
0.12__7_ T I ] | ] | ] 2.52112 T T T ] T T T 1T
o ' E __________________________ : — :
04 = 7 -
> : B B > 2—
cb” T . D =
— 0.08[ - O
N - - N, 1.5
& 0.08] i
S : N f
> B i 9]< 1
|_ 0.04_— ] N "
§ B > > > | |§ :
0.02 — — 08
- l L 1 L l 1 1 1 1 I 1 1 1 1 l 1 1 1 1 l 1 L 1 1 i B 1 l I l L
% 1 2 3 4 5 6 %

We see that the HEJ approximation to the LO matrix element is reasonable, ¢
Integrating the strict approximation would lead to a massive overestimate of

Of course, HEJ matrix elements are matched point-by-point to LO matrix elel

REAL NLL CORRECTIONS IN HE]

In order to move to NLL accuracy, we need both real and virtual corrections to the building blocks. We have
recently completed the calculation of the real corrections with the minimal-approximation approach of HEJ:

i N =

[9] 1706.01002 [via sWard] [10] 2012.10310 [In preparation]

Regulating the IR divergences of these improved vertices requires almost all of the machinery of a NLO
calculation. We are using a minimally modified FKS subtraction to perform this regularisation.

In the meantime, we can use these factorised expressions to improve the accuracy of HEJ by imposing jet
clustering requirements to regulate IR divergences.
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i Mty Htqa Aty At K
1 Mtz @ty Atg _ E : aty atg a a t1 M3
LO NUMERICAL Vg*ggg* (_ptljpgl?pg2’pt3) — tr (T lT 3T alT 02) Vg*g*gg (_ptl,pt3,pgo.1 ,pg‘72)
Comparing the two fa« 7€
L at, a a at Htq F't3
physics: +tr (T T1 T%2T%s ) V.20 (—Pt1 \Pgo. +Pgo pts)
0 L a a a a Kty Mty (
0.12’_‘—1791 I T X tr (T lT 02T 3T al)Vg*gg*g ( pt17pga-27pt3)pga2) y )
® o,1:— ___________ T
> L > 2 In order to move to NLL accuracy, we need both real and virtual corrections to the building blocks. We have
CRE: d X g
o oo NUMERICAL TEST OF g*ggg” VERTEX: CROSS SECTION proximation approach of HE.:
o 0.06 How well do the factorised expressions describe LO cross sections, within LHC phase space? “
< [
Iﬂg 0.04— 5 5 SO T 7Y [FTF [PEI] BT G
0.02/— g § § 1°6§ E
i I Eg 5 § 107 4 2
Ay /2 103 E - 103 :
o/ 3 : : 3 3 [In preparation]
10?2 E EE 1; 10 Eg ?E
We see that the HEJ approximat = w:f- . 3 =| E
Integrating the strict approximat _ .s T T T TR 4 L o Ij >f the machinery of a NLO
s ME R 3 1 is regularisation.
Of course, HEJ matrix elements : M , ER- I F £ E ?
0.8 £ = ~ LE o —:
—— 4 T T TR TP SO ST T = 1 N 1 = — il £
5 5 P 4 6 8 O 5, uracy of HEJ by imposing jet

P —

qu—>qggq Cq—>qt V V CQ—>Q Cq—ﬂu Vggt CQ—>Q Cq—>qgt CQ—>9Q
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X ﬂ'tl u't3 a’tl at3 a a Ao aos p’tl l'l't3
LO NUMERICAL phiitig (—Ptas Pgrs Pgas Pra) = 3 1 (T T T T2 ) VIS (—py py g D)
Comparing the two fa« 7€ o b
. a (o Qs a t1 t3
physics: +tr (T T1 T%2T%s ) V.20 (—Pt1 \Pgo. +Pgo pts)
-12 a Qs a aqs l"‘tl F't3
io_12>_<_1TgH,I””I” * —-tI‘(T tlT 2T t3T 1)Vg*gg*g (_ptlapga-27pt3)pga2). j
T S .
> M I> 2 In order to move to NLL accuracy, we need both real and virtual corrections to the building blocks. We have
CRE: d y 9
oot NUMERICAL TEST OF g*ggg* VERTEX: CROSS SECTION proximation approach of HEJ:
:C‘: 0.0/~ How well do the factorised expressions describe LO cross sections, within LHC phase space? “
< [
Iﬂgo,m_— 5 5 FwE_ T T T T
B 0.02:— 2 § §’° 100 <
i g - L 3 E
00_ s = 104;5 E *
Afb/2 103i§ 103 ;E - .
: : [In preparation]
102 - 10? EE =
Wesee.thattheH.EJapprox.imat m;;FHHlHHlHH|HH|HH|HH|HH - “ | | S _;IE
Integrating the strict approximat _ .= " "1 0T T --F | | o TR b LA
s b ONGOING PROJECTS IN HEJ
Of course, HEJ matrix elements ¢ *j==— e
2 o8l As of the latest release, HEJ supports the following processes: Process LL Extremalg Central qq
T ———————) OB L v b b b ba g
0 0.5 1 1.5 2 2.5 3 ;: > 2 jetS \/ \/ \/ ¥
12210.10671] H + > jet v’ n/a n/a
H+ > 2 jets v v F
W+ > 2jet J v
Lly += 2 jet VAR
2107.06818] WEW=£+> 2jet

Current ongoing projects include:

M gg—qg9q ¢, * Merging with Pythia

————4 * FU” NLL aCCUFacy
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Mueller Tang jets
In next-to-leading BFKL
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Mueller-Tang jets

Mueller Tang jets

An important process for studying PT (1

N next-to-leading BFKL high-energy QCD and the Pomeron at .
hadron colliders [Mueller, Tang '87] .
Final state: .
e two jets with similar pr :
D. Colferail?, F. Deganutti3, T. Raben3, C. Royon3 o large rapidity distance Y =~ log(s/p7); n

e absence of any additional emission in central rapidity region (gap)

*

@ Gap = mostly colour-singlet
exchanges contribute to cross section

@ Y > 1 —=— enhanced PT series
(asY)" resummed into singlet BFKL
GGF

@ In LLA factorization formula holds

|
I
|
-
=5
o |
|
|
|
|
|
|
|
|
|

—
—
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Mueller-Tang jets

Mueller Tang jets | |
An important process for studying PT ()

in neXt—tO—leading BFKL high-energy QCD and the Pomeron at
hadron colliders [Mueller, Tang '87] .

Final state:
e two jets with similar pt
arge rapidity distance Y ~ log(s/p7);

Mueller-Tang jets at LO and LL

absence of any additional emission in central rapidity region (gap)

@ Gap = mostly colour-singlet

@ LO amplitude: box + crossed diagrams a 2 % B e >_B exchanges contribute to cross section
rojected onto colour-singlet E E : Le%éé : i
|E|al;l,a’b' _ 5ab5a’b’/(N2 E 1) - ! — ! @ Y > 1 — enhanced PT series
‘ = f bg 5w f Yf 5 (asY)" resummed into singlet BFKL

@ Elastic amplitude at higher orders: GGF

affected by large log"” s due to @ In LLA factorization formula holds
gluon-ladder diagrams

(UV and IR finite)

@ AIll LL resummed in (colour-singlet)
gluon Green function (GGF)

@ LL partonic cross section:
2 GGF * 2 (trivial) impact factors

@ Two outgoing partons to be
identified with the (back-to-back)
jets




Mueller-Tang jets

Mueller Tang jets | |
An important process for studying PT ()

in neXt-tO-Ieading BFKL high-energy QCD and the Pomeron at .
hadron colliders [Mueller, Tang '87]

NL impact factors

Mue”er-Ta ng jets at LO and I_I_ @ Compelling to include all NLL corrections into the game

Virtual corr. Real corr. (quark — quark) Real corr. (quark — gluon)

@ LO amplitude: box + crossed diagrams a 2 0 B = -

projected onto colour-singlet E E .

ab,a’ b’ — fsab a’ b’ 2 I = — : I
M 67767 % /(Ng — 1) _ & bg = 4 @ lIdea: generalize MT factorization formula at NLL
a ’ |

@ Elastic amplitude at hlgher orders: Q BFKL GGF at NLL known since |ong [Fadln,

affected by large log” s due to Fiore et al ] Q\

gluon-ladder diagrams @ NL impact factors determined by NLO

(UV and IR finite) kg a-k calculation, F
@ All LL resummed in (colour-singlet) = + with IR (soft and collinear) divergencies

gluon Green function (GGF) Vllrt“al | Real |

: : ! Not a trivial statement:
: E E E E E E E E””: @ all log(s) terms must reproduce LL
@ LL partonic cross section: - : : : kernel (GGF at 1st order)
C | =1 t . "

2 GGF = 2 (trivial) impact factors e o \ - @ all IR singularities (taken away
@ Two outgoing partons to be ¥ l V(équ <« T TN finite\V collinear ones proportional to

identified with the (back-to-back) GGE PDE fimp. Fact. splitting functions) must cancel

jets S
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Violation of BFKL factorization

s
P P,
@ What happens for MT jets? The theoretical argument: %%
“colour-singlet momentum transfer —> no logs B 2
IS wrong
@ Here colour-singlet either below or above E :

—> log s unavoidable without constraints

@ MT event selection constrains particles not to be emitted within the gap
provided they are above some energy threshold E;; (cal resolution)

@ Only particles below threshold can be emitted at any rapidity

@ This prescription is IR safe because inclusive for E; < Eip

- E;
But gluons below threshold can have any rapidity = o > C,?\ELJ;‘ log Eif

With such “minimal” experimental prescription, BFKL factorization is violated
(impact factors depend on s). However violation is expected to be small.
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Violation of BFKL factorization

Factorization violation and dependence on gap width

@ What happens for MT jets? The theoretical argument:
“colour-singlet momentum transfer =—> no logs h_

| Contribution of the term CZ log %
is wrong J

that violates factorization:

@ Here colour-singlet either below or above . 100

| @ Violation of factorization is n
. . . ’ 0 . l'—'_"—i_—_’t_'L._-_t‘_____‘ —FULL
— log s unavoidable without constraints small, ~ 10% (with Ygap, = 2) = ~log
. — - Y =0
@ MT event selection constrains particles not to be emitted v @ Resummation of such 00 = ) y§a§:1
provided they are above some energy threshold E;;, (cal res logarithms not necessary =0 I:'—*—er;;_. e Yy =2
@ Only particles below threshold can be emitted at any rapid for phenomenology | BN
@ This prescription is IR safe because inclusive for E; < Eip @ Cross section slightly : ==
But gluons below threshold can have any rapidity = o > increases while decreaSI.ng s
Aygap and saturates with no - 03 e eLIIIIIIIIIIINI
With such “minimal” experimental prescription, BFKL factorizat gap 50003 u*:****:**r—“f—f— | |
(impact factors depend on s). However violation is expected to | . _ 3 4 5oy 6 7 8 9
@ Emission from singlet e
. |

exchange in central region is
dynamically suppressed
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Violation of BFKL factorization

Factorization violation and dependence on gap width

@ What happens for MT jets? The theoretical argument:
“colour-singlet momentum transfer =—> no logs h_

| Contribution of the term CZ log %
is wrong J

that violates factorization:

@ Here colour-singlet either below or above

lllll

_ , S — gation offacion _FULL
el ARUESISELS Final theoretical prediction g
- - Your =0
@ MT event selection cor . _ 5 aan L . y:;ﬂ
provided they are abov R':Jn-n.lngl COIUpgng )\O‘z_(Q )E at - Lh Ml =2
: ISICAl SCal€ = R
@ Only particles below th : PRy ( at J2) — e oaten s,
@ Central value with PMS - . | —ii.
@ This prescription is IR renorm scale fixing _ o T g i
But gluons below thres — ML A
g @ Total error from all sources th.uncert.
— 10 - r._-_-_-T..'_'._'.'_T_'.:.'_'._'.'_.'_'.ZJ
With such “minimal” experil KR, MF, So, MC 3 L S e eaama
(impact factors depend on s combined in quadrature é? | Lo sy 6T 89
1 @ At NL level the theoretical 1|
uncertainty is much
reduced e \ i —
- L0 |t :
@ Results are compatible with 4l .
T8 9

those of the LL approx.
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