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Outline

@ Threshold resummation
Particle production close to threshold
Ingredients for soft-gluon resummation

@ NNLL-fast v2.0
Effects of energy upgrade and PDF update
Uncertainties and K-factors
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Threshold resummation

Particle production close to threshold

Heavy SUSY particles = produced in the threshold limit Vs = 2M:

4M? Va: partonic c.m. energy,
B:i=4|1-—— — 0
S

M: avg. mass of final state particles

= Just enough energy to produce the two (s)particles
= Higher orders in a_: real radiation processes are soft

T
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Threshold resummation

Particle production close to threshold

Heavy SUSY particles = produced in the threshold limit Vs = 2M:

4M2 V3: partonic c.m. energy,
B:= — .
S M: avg. mass of final state particles

= Just enough energy to produce the two (s)particles
= Higher orders in a_: real radiation processes are soft

Remainder after cancellation of IR divergencies (soft & collinear gluons):
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Threshold resummation

Particle production close to threshold

Heavy SUSY particles = produced in the threshold limit Vs = 2M:

2 V&: partonic c.m. energy,
B:=4/1- 4"1‘ — 0 &
S

M: avg. mass of final state particles

= Just enough energy to produce the two (s)particles
= Higher orders in a_: real radiation processes are soft

Heavy and slowly moving final-state particles (Coulomb gluons):
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Threshold resummation

Particle production close to threshold

Heavy SUSY particles = produced in the threshold limit Vs = 2M:

4M? Ve partonic c.m. energy,
B:i=4|1-—— — 0
S

M: avg. mass of final state particles

= Just enough energy to produce the two (s)particles
= Higher orders in a_: real radiation processes are soft

Enhanced partonic cross sections close to threshold:

> Soft & collinear gluons: af In™ B2 ~ 1 & Coulomb gluons: af/B" ~1

Endangering the perturbative series in a_!
Systematic treatment of these terms required
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Threshold resummation

Soft-gluon resummation

Threshold region NEESpY increasingly relevant

» Enhanced [n B? stemming from soft-gluon emission
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Threshold resummation

Soft-gluon resummation

Threshold region NEESpY increasingly relevant 1
n — finy = f dx X% £(x)
» Enhanced [n B? stemming from soft-gluon emission 0

» Factorisation of cross section in Mellin space (InB? - InN for N - ):

~(resum) (N)  (N) (N) i, j: partons
Ojjskl = Z Hu—>m: BB x Sy P .
R, l: squark, gluino

colours |
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Threshold resummation

Soft-gluon resummation

Threshold region NEESpY increasingly relevant 1
_ — finy = [ dxx 50
» Enhanced [n B? stemming from soft-gluon emission 0

» Factorisation of cross section in Mellin space (InB? - InN for N - ):

~(resum) (N) - (N) (N)
Oijkl = Z HI/—)klI B AT % Siisk i,j: partons

J .
colours | R, l: squark, gluino

with

=" HE,-NL,?,,,: matching coefficient (non-vanishing hard & Coulomb-gluon contributions)

> AEN), SEJN_),,?,,,: resummed logs from soft-collinear and soft wide-angle radiation

(N) ~(N) Coul,(N (1)
Hij ki = OBorn % Q,Hku 1+— G:j—»kl,l + o
[Beenakker et al. "13][Broggio et al. '13][Beenakker et al. '16]
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Threshold resummation

Soft-gluon resummation

Threshold region NEESpY increasingly relevant 1
_ — finy = [ dxx 50
» Enhanced [n B? stemming from soft-gluon emission 0

» Factorisation of cross section in Mellin space (InB? - InN for N - ):

~(resum) (N) o (N) i, j: partons
Ojjskl = Z HI/—)klI BB x Sy P .
. colours | R, l: squark, gluino
with

> HE;\Z,?,’,: matching coefficient (non-vanishing hard & Coulomb-gluon contributions)

=" AEN), SEJN_),,?,,,: resummed logs from soft-collinear and soft wide-angle radiation

Factorisation leads to exponentiation and thus all-order resummation of threshold logs
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Threshold resummation

Soft-gluon resummation

Threshold region NEESpY increasingly relevant 1
. finy = [ dxx 50
» Enhanced [n B? stemming from soft-gluon emission 0

» Factorisation of cross section in Mellin space (InB? - InN for N - ):

~(resum) (N) () (N) i, j: partons

Ojjskl = Z Hu—>m: BB x Sy P .

. colours | R, l: squark, gluino
with

> Hgfllk,,: matching coefficient (non-vanishing hard & Coulomb-gluon contributions)

(N) <(N)

1> A, SijSry: resummed logs from soft-collinear and soft wide-angle radiation

(N)  (N) ~(N)
Bj L USSRy = €Xp [Lg1(aSL) +g,(a.L) +a.g (a.l) + ]

[Kodaira, Trentadue '82][Sterman ’87][Catani, D’Emilio, Trentadue '88][Catani, Trentadue '89][Kidonakis, Sterman "96]
[Kidonakis, Oderda, Sterman '98][Contopanagos, Laenen, Sterman '96][Catani, de Florian, Grazzini '01]
[Moch, Vermaseren, Vogt '04][Beneke, Falgari, Schwinn O9][Czakon Mitov, Sterman 09][Ferroglla, Neubert, Pecjak, Yang '09] ...
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Threshold resummation

Soft-gluon resummation

Threshold region NEESpY increasingly relevant 1
. finy = [ dxx 50
» Enhanced [n B? stemming from soft-gluon emission 0

» Factorisation of cross section in Mellin space (InB? - InN for N - ):

~(resum) (N) - (N) (N) i part
U—>kl = Z HI]—)kll Ai Aj X S,’j—>kl,l »J: partons )
. colours | R, l: squark, gluino
with
> Hgfllk,,: matching coefficient (non-vanishing hard & Coulomb-gluon contributions)

(N) <(N)

> A S,}_,k,, resummed logs from soft-collinear and soft wide-angle radiation

(N)  (N) ~(N)
DA US Sk = exp[Lg,(agl) + g (all) + a.g (o) + ... |

LL

[Kodaira, Trentadue '82][Sterman '87][Catani, D’E, lllotadue 88][Catanl Trentadue '89][Kidonakis, Sterman '96]
[Kidonakis, Oderda, Sterman '98][Contopanagos, Laenen, Sfe 96][Catani, de Florian, Grazzini '01]

[Moch, Vermaseren, Vogt '04][Beneke, Falgari, Schwinn 09] , Mitov, Sterman 09][Ferroglla, Neubert, Pecjak, Yang '09] ...

[N J
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Threshold resummation

Soft-gluon resummation

Threshold region NEESpY increasingly relevant 1
_ — finy = [ dxx 50
» Enhanced [n B? stemming from soft-gluon emission 0

» Factorisation of cross section in Mellin space (InB? - InN for N - ):

~(resum) (N) - (N) (N) i part
U—>kl - Z HI]—)kll Ai Aj X S,’j—>kl,l »J: partons )
. colours | R, l: squark, gluino
with
> H?,le,’,: matching coefficient (non-vanishing hard & Coulomb-gluon contributions)
> AEN), SEJN_),,?,,,: resummed logs from soft-collinear and soft wide-angle radiation

Inverse Mellin transform, matching to NNLO to avoid double counting:

[Catani, Mangano, Nason, Trentadue '96]

NNLO, o *NNLL  NNLO

Approx
Ojjkl = Ojj skl dn(...)
cr

(resum) - (resum)
ol}—>kl = Ojj ki

NNLO]
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NNLL-fast v2.0

NNLL-fast v2.0 for the LHC Run lll @ \/§ =13.6 TeV

. . . . » Total cross sections for gluino-pair,
NNLL st (PD) | squark-antisquark, squark-gluino,

LHC, VS = 13.6 TeV squark-pair,
PDF4LHC21 Hessian

102
10!
10°
1071+
10—2 L
10—3 L
1074+
10—5 L
10—6 L

10—7 1 1 1 1
500 1000 1500 2000 2500

myi, = my (GeV)
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0 .
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NNLL-fast v2.0

NNLL-fast v2.0 for the LHC Run lll @ \/§ =13.6 TeV

102 . . . » Total cross sections for gluino-pair,
0! Nt (D) squark-antisquark, squark-gluino,
~fas - .

Lo LHC, VS = 13.6 TeV squark-pair,

» PDFALHC2L Hessian |, At NNLO, . +NNLL including soft-gluon &
10 L pprox K

L Coulomb resummation and bound-state
10 corrections; NLO from Prospino 2
10—3 - [Beenakker, Hopker, Krdr.ner, Iflehn, .Spira, Zerwas "96ff]
o — » Scale and PDF+a, uncertainties included

[

-5 L 3
10_6 = g
107" r i} I
1077 1 1 1 1

500 1000 1500 2000 2500

myi, = my (GeV)

Christoph Borschensky - NNLL-fast v2.0 @ V/S = 13.6 TeV - 17/07/23 6 &(II



NNLL-fast v2.0

NNLL-fast v2.0 for the LHC Run lll @ \/§ =13.6 TeV

102 . . . » Total cross sections for gluino-pair,
0! Nt (D) | squark-antisquark, squark-gluino,
Lo LHC, V/S = 13.6 TeV squark-pair,
o1 PDFALAC2L Hessian |5 At NNLO, o, *NNLL including soft-gluon &
L Coulomb resummation and bound-state
10 corrections; NLO from Prospino 2
=31 [Beenakker, Hépker, Krdmer, Plehn, Spira, Zerwas '96ff]
10 e . L
o — » Scale and PDF+a, uncertainties included
10-51 B ag Y » At+/S = 13.6 TeV with latest PDF4LHC21 sets
» 0 qq
107" 4L T
1077 1 1 1 1
500 1000 1500 2000 2500

myi, = my (GeV)
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NNLL-fast v2.0

NNLL-fast v2.0 for the LHC Run lll @ \/§ =13.6 TeV

102 . . . » Total cross sections for gluino-pair,

0! Nt (D) | squark-antisquark, squark-gluino,

Lo LHC, V/S = 13.6 TeV squark-pair,
o1 PDFALAC2L Hessian |5 At NNLO, o, *NNLL including soft-gluon &

L Coulomb resummation and bound-state
1077 corrections; NLO from Prospino 2
10—3 - [Beenakker, Hopker, Krdn:ner, Ii’lehn, .Spira, Zerwas "96ff]
o — » Scale and PDF+a, uncertainties included
10-51 B ag Y » At+/S = 13.6 TeV with latest PDF4LHC21 sets

T

1070 by 1 » Numerical grids in mg) and m; & fast
107;00 10.00 15.00 2()'00 25I00 interpOlation code available from:

Mgi, = Mg (GeV) https://www.uni-muenster.de/Physik.TP/~akule_01/nnllfast

(*) assuming 10-fold squark degeneracy (7, d, ¢, §, b; L and R) ﬂ(IT
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NNLL-fast v2.0

Combined effect 13.6 TeV and PDF update

5 T T — 35
[pp =4 +X @ NNLOAPP,.OX+I\NLLJ

[[pp > " + X © NNLOppron+NNLL

[pp —gj+Xa NNLOA,,WWNLLJ

3.0
| o(v/S =13.6 TeV, PDF4LHC21)

o(v/5 = 13.6 TeV, PDFALHC21) 4k
(VS = 13 TeV, PDF4LHC15)

o(VS = 13TeV, PDF4LHC15)

3t i 25 ~
2l — my=10TeV 20F 4
mg = 1.5TeV
L — my=2.0TeV
1| — my=25TeV | 15F ]
my = 3.0TeV ) NNLL-fast v2.0 (2022)
T T T 1000 1500 2000 2500 3000
1.6H[pp = @@+ X @ NNLOpprox+NNLL m; = my (GeV)
L5} 1 » Overall impact of change of c.m. energy
Ll and PDF set strongly dependent on

process, between 10-400% increase

: 1 13f
Lal ] g » Strong dependence on final-state mass,
) 1.2f j .

NNLL-fast v2.0 (2022) bigger effects for larger masses

7000 1500 2000 2500 3000 1000 1500 2000 2500 3000
my (GeV) mg (GeV)

Christoph Borschensky - NNLL-fast v2.0 @ V/S = 13.6 TeV - 17/07/23 7 ‘ﬂm(“




NNLL-fast v2.0

13.6 TeV updates: uncertainties (gluino-pair production)

1.75F ' ' 1.75F ' '
. 33+ X | PDFALHCI5 PDF4LHC21
bp 99 VS =13 TeV bp = 99 VS =13.6 TeV
1.50 -AO' = T Ol e 1.50 -AO' _ 0+ — Ocentral
Ocentral ~__wemieen™" Ocentral L.t
1.25¢ T et Lost s
100 [ e |_> L 00 it
. ......................... 075l I
050 =3 FoE e Ny 0.50F =3 PDE oo NLO
: [ Scale ~—— NNLOapprox+NNLL : [ Scale  —— NNLOapprox+NNLL .,
0.95 LNNLL-fast v1.1 (2016) | 0.95 L NNLL-fast v2.0 (2022) ]
1000 1500 2000 2500 3000 1000 1500 2000 2500 3000
mg = mg (GeV) mg = mg (GeV)
» NLO with NLO (NNLO) PDFs for 13 TeV (13.6 TeV); NNLOApme+NNLL with NNLO PDFs
» Reduction of scale uncertainty from NLO to NNLO,,ox*NNLL

» Similar size of uncertainties for 13 TeV vs. 13.6 TeV
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NNLL-fast v2.0

13.6 TeV updates: uncertainties (squark-pair production)

1.2F

1.1

1.0

0.9

0.8

1000

66+ x| PDF4LHCI5
bp o VS =13 TeV
Ao 0+ — Ocentral

1 Scale = NNLOapprox+NNLL 1

NNLL-fast v1.1 (2016)

1500 2000 2500

mg = mg (GeV)

» NLO with NLO (NNLO) PDFs for 13 TeV (13.6 TeV); NNLO
» Reduction of scale uncertainty from NLO to NNLO
» Increase of PDF uncertainty from PDF4LHC15 to PDF4LHC21

3000

1.2¢

1.1

|:> 1.0

0.9

0.8

1000
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. GG + X | PDFALHC21
b 44 V'S = 13.6 TeV

O+ — Ocentral
Ao = ———

Ocentral

r 1 Scale

R L D

NLO
—— NNLOapprox+NNLL

NNLL-fast v2.0 (2022)

1 PDF

1500 2000 25100 3000

mg = mg (GeV)

approx "NNLL with NNLO PDFs

+NNLL

Approx

: AT



NNLL-fast v2.0

13.6 TeV updates: K-factor

3.0t (pp = §9. 47", 39, 44, i + X ] 2.0H pp — g3, 47", 39, G4, i + X ]
_ o(NNLL-fast) PDFALHC15 L sh i = ZINNLL-fast) - pDF4LHC21 |
2.50 o(NLO) VS =13 TeV 1 : o(NLO) VS =13.6 TeV
1.6
1.4
15
1.2
1.0f NNLL-fast v1.1 (2016) 1ok NNLL-fast v2.0 (2022) |
1000 1500 2000 2500 3000 1000 1500 2000 2500 3000
mg = mg = m; (GeV) mg = mg = m; (GeV)

» From PDF4LHC14 (with MC method) to PDF4LHC21 (with Hessian method, positive definite!)
» No NLO PDF set for PDF4LHC21, therefore smaller K-factors than for PDF4LHC15
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Summary

Summary and outlook

NNLL-fast v2.0

10? : : : .
https://www.uni-muenster.de/Physik.TP/~akule_01/nnllfast 101 ONNLL-fast (pb) |
» Precision predictions for squark and 100 LHC, VS = 13.6 TeV |

gluino production at the LHC PDFALHC21 Hessian

107
> At /S = 13.6 TeV with PDF4LHC21 PDFs 1077 ¢
107 o
» Other+/S and mass ranges on request Y e
-5 .y 3
Outlook 1076 =i g
Soft-gluon resummation for squark and = 10 [ = 4if ]
gluino production in the MRSSM 107550 1000 1500 2000 2500
[CB, F. Frisenna, W. Kotlarski, A. Kulesza, D. Stéckinger; in mgr, = my (GeV)

preparation]
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Summary

Summary and outlook

NNLL-fast v2.0

https://www.uni-muenster.de/Physik.TP/~akule_01/nnllfast

ONNLL-fast (PD) .

LHC, VS = 13.6 TeV
PDF4LHC21 Hessian

» Precision predictions for squark and 109
gluino production at the LHC

107
> At \/g = 13.6 TeV with PDF4LHC21 PDFs 107%F
107 g
» Other+/S and mass ranges on request Y e
]
5[ - .
Outlook 1076 = g -
Soft-gluon resummation for squark and @ 0 [ 0 & ]
gluino production in the MRSSM 107;,0() 1000 1500 2000 9500
[CB, F. Frisenna, W. Kotlarski, A. Kulesza, D. Stéckinger; in mgr, = my (GeV)

preparation] THANK YOU FOR YOUR ATTENTION! ©
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Backup

Backup
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Backup

Effect of increase in c.m. energy (13 TeV — 13.6 TeV)

1.8 T

[pp S+ X @ NNL(),\pmeJrNNLL] [pp S+ X @ NNL()Apl)rox+NNLL] [Pl’ —i'+XQ NNLOAppm»*NNLL]
L A 16t i L6}
17 (V5 = 13.6 TeV, PDFALIC21) (V5 = 13.6 TeV, PDFALHC21)
” (V5 = 13TeV, PDFALIC21) . . a(v/S = 13 TeV, PDFALHC21)
- Rilg / O 1
L5y 14f . 1 14 1
— = 10TV A~ — ;= 10TV
147 — my=15TeV | 5= 15TV
— my = 20TV 137 2.0TeV 7 1.3r 1
1.3F — mg=25TeV { 2.5TeV NNLLE 2.0 (2022
g = 3.0TeV my = 3.0TeV \ NLL-fast v2.0 (2022)
. . . 12 . . . 1000 1500 2000 2500 3000
1.7H{pp = 49 + X @ NNLOapprox tNNLL) { 1,6{pp = @4 + X @ NNLOappron + NNLL m; =mg (GeV)
L5} 1 » Impact of \/S = 13 TeV — 13.6 TeV similar
Ll for all processes, between 10-80%
Increase
1.3 i
/* » Mainly depending on the mass of the
L2t E H
NNLLfast v2.0 (202) final-state particles

1000 1500 2000 2500 3000 1000 1500 2000 2500 3000
mg (GeV) mg (GeV)

Christoph Borschensky — NNLL-fast v2.0 @ /S = 13.6 TeV - 17/07/23 12 ‘ﬂ( e




Ba

ckup

Effect of change of PDF set (PDF4LHC15 — PDF4LHC21)

1.00 F

T

T

[[Pp = @9+ X @ NNLOAppmox+NNLL] 1

'[pp = 4G+ X @ NNLOpprox+NNLL |

1.02

1.01

1.00

0.99

0.98

40971 NNLL-fast v2.0 (2022)7
1000 1500 2000 2500 3000 1000 1500 2000 2500
mg (GeV) mg (GeV)

Christoph Borschensky — NNLL-fast v2.0 @ +/S = 13.6 TeV - 17/07/23

3000

Hpp = 39 + X @ NNLOAppo+NNLL) /4 30 '[pp — G§" + X @ NNLO g pprox+NNLL ] Y '[pp i +XxXa NNLoApp,.mNNLL]
(/S = 13.6 TeV, PDFALHC21) 25k | (/S = 13.6 TeV, PDF4LHC21)
[ o(V/S = 13.6 TeV, PDF4LHC15) 16l 7(V5 = 13.6TeV, PDFALHC15) i
20t ~
14t E
Lor — = 10TeV |
, — my = 15TeV
10— —_ m; =2.0TeV L2r 1
— my=25TeV
kA mg = 30TV Lok NNLL-fast v2.0 (2022) |
i i i 1.03 i ; ; 71000 1500 2000 2500

m; =mg (GeV)

3000

» Impact of change of PDF sets strongly
dependent on process: strongest for
squark-antisquark, weakest for

squark-pair

» Increasing effects for larger masses
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Backup

13.6 TeV updates: uncertainties (squark-antisquark production)

2.0 : . : - 2.0 . .
s §o* + X | PDF4LHC15 PDF4LHC21 .
V5 = 13 ToV P28+ 5136 Ty
_ 0% — Ocentral - o _ 0+ — Ocentral ""‘
L5 -AU B Ocentral ‘.“"‘ i 1.5 -AU Ocentral
— )
0.5 =3 por  -on NLO 0.5F =] PDF  --ent
[ Scale  —— NNLOapprox+NNLL "=, [ Scale  —— NNLOAapprox+NNT
NNLL-fast v1.1 (2016) ., NNLL-fast v2.0 (2022) h
1000 1500 2000 2500 3000 1000 1500 2000 2500 3000
mg = mg (GeV) mg = mg (GeV)
» NLO with NLO (NNLO) PDFs for 13 TeV (13.6 TeV); NNLOAppr0X+NNLL with NNLO PDFs
» Reduction of scale uncertainty from NLO to NNLO, o tNNLL
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Backup

13.6 TeV updates: uncertainties (squark-gluino production)

1.3 - PDF4LHC15 13 _ PDFALIC21
pp — 49 VS =13 TeV pp — 49 V3 = 13.6 TeV

1.2 A — 0% = Ocentral e . 1.2 A — O+ — Ocentral

Ocentral ettt ettt Ocentral Lo ettt
L ™™ ] Lo et RS
e |—> L0 fmmmmm e mmm o]
X ] 09 oo 0
0.8 =3 PDF -+ ~ . 08fE3 PDF - NLO T ~
[ Scale [ Scale = NNLOapprox+NNLL “*-. )

0.7 FNNLL-fast v1.1 (2016) 0.7 FNNLL-fast v2.0 (2022)
1000 1500 2000 2500 3000 1000 1500 2000 2500 3000
mg = mg (GeV) mg = mg (GeV)

» NLO with NLO (NNLO) PDFs for 13 TeV (13.6 TeV); NNLO,,ox*NNLL with NNLO PDFs

» Reduction of scale uncertainty from NLO to NNLO, o *NNLL
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Backup

13.6 TeV updates: uncertainties (stop-antistop production)
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» NLO with NLO (NNLO) PDFs for 13 TeV (13.6 TeV); NNLOApprOX+NNLL with NNLO PDFs
» Reduction of scale uncertainty from NLO to NNLO, o tNNLL
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