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SUSY particle production at the LHC

Main sparticle production processes:
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Motivation

SUSY particle production at the LHC

Main sparticle production processes:
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[z) Cross sections needed at high precision for experimental searchesj
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vation Threshold resummation Current status: NLL Ingredients for NNLL Numerical analy

Particle production close to threshold

Heavy SUSY particles = production in the threshold limit s — 4m?:

4 2
B=4/1- 2 50
S

(with \ﬁ: partonic centre-of-mass energy, m: average mass of final state particles)
= Just enough energy to produce the two sparticles
= Real radiation processes are soft

Remainder after cancellation of IR divergencies:

Soft & collinear gluons —_— e et
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Heavy SUSY particles = production in the threshold limit s — 4m?:

2
B=Af1-3"
S

(with \ﬁ: partonic centre-of-mass energy, m: average mass of final state particles)

= Just enough energy to produce the two sparticles
= Real radiation processes are soft

Additionally:
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vation Threshold resummation Current status: NLL

Particle production close to threshold

Heavy SUSY particles = production in the threshold limit s — 4m?:

2
B=Af1-3"
S

(with \ﬁ: partonic centre-of-mass energy, m: average mass of final state particles)

= Just enough energy to produce the two sparticles
= Real radiation processes are soft

Enhanced partonic cross sections close to threshold:

* Soft & collinear gluons:

* Coulomb gluons: | a'/f" ~ 1

= Endangering the perturbative series

= Systematic treatment of these terms required
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Treating large logarithms

= 1
For factorisation of g: Mellin-moment space: f(N) = j;) dz N1 f(x)

1li
[lnﬁz T mN= L] (threshold limit f — 0 2 N — co)

Reordering of the perturbative series in a and L (schematically):
5~ 50 [1
+a(L2+L+1)

+a2(LA+ P+ L2+ L+1)+ ..
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ivation Threshold resummation Current status: NLL dients for NNLL Numerical analy

Treating large logarithms

z 1
For factorisation of g: Mellin-moment space: f(N) = fo dz zN-1f(z)

1li
[lnﬁz T mN= L] (threshold limit § — 0 2 N — o)

Reordering of the perturbative series in a and L (schematically):
g~ 60 [1

+a(L2+L+1)

2
+a(IA+ P+ L2+ L+1)+ ..

Summation of all these terms — exponential function (g, g5, g3 known):

[5 ~ 60 x C(ay) exp [Lg1 (agL) + go(a L) + agg5(ag L) + ﬂ

[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, Fallgari, Schwinn’09][Czakon,
Mitov, Sterman’09][Ferroglia, Neubert, Pecjak, Yang’09]
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Numerical analy
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Motivation Threshold resummation Current status: NLL Ingredients for NNLL Numerical analysis @ NNLL

Numerical package: NLL-fast

Code package to compute NLO+NLL cross sections

> G4, 4", 43, 44, L1 and

decoupling limit - oxtosxis [pb], LHC, V3 = 14 TeV |
- Including a, PDF, and scale variation e
. . 1E+01
= At different LHC energies:
E+00
VS =7TeV, 8TeV, 13 TeV, 14 TeV, o
33 TeV, 100 TeV, or upon request S —
. —
= Used for current experimental 103 L g
analysis by ATLAS and CMS B2,
_ bty
[Krémer, Kulesza, van der Leeuw, Mangano, Padhi, 105 500 1000 1500 2000 3500 3000 3500

mg = my [GeV|

Plehn, Portell’12]

NLL-fast

http://pauli.uni-muenster.de/~akule_01/nllwiki
[Kulesza, Motyka’08-'09][Beenakker, Brensing, Kulesza, Laenen, Niessen’09-"10]
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Motivation Threshold resummation Current status: NLL ents for NNLL  Numerical analysis @ NNLL

Predictions for future LHC and pp collider runs (1)

Cross section predictions for future LHC runs at 13, 14 TeV:

o, [pbl: pp = SUSY

tot!

o, [pbl: pp = SUSY

tot!

NS =14 TeV
NLO+NLL

NS =13 TeV
NLO+NLL

E ] SE
I I AR B ol b Y
10
500 1000 1500 2000 2500 3000 3500 500 1000 1500 2000 2500 3000 3500
m [GeV] m [GeV]

Reference paper for squark and gluino production at future LHC and pp
collider energies: [CB, Krdmer, Kulesza, Mangano, Padhi, Plehn, Portell; arXiv: 1407.5066]
See also: https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections
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Motivation Threshold resummation Current status: NLL ents for NNLL  Numerical analysis @ NNLL

Predictions for future LHC and pp collider runs (1)

Cross section predictions for future pp colliders operating at 33, 100 TeV:

0’ 7z 10—
5
O, [pb]: pp — SUSY 10 E 6,,[pbl: pp — SUSY
VS =33 TeV 10* S =100 TeV
NLO+NLL 103 NLO+NLL
102
10
1
-1
10
2
10
3
10
0™ a
-
A T T = IR R PN b P s ~ N,
1000 2000 3000 4000 5000 6000 7000 2000 4000 6000 8000 10000 12000 14000 16000 18000
m [GeV] m [GeV]

Reference paper for squark and gluino production at future LHC and pp
collider energies: [cB, krimer, Kulesza, Mangano, Padhi, Plehn, Portell; arXiv: 1407.5066]
See also: https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections
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Predictions for future LHC and pp collider runs (2)

Detailed analysis of a5, PDF, and scale uncertainties for G and ¢g* in the
decoupling limit and 7] using CTEQ6.6M and MSTW2008 PDF sets:

z 10 T T T T T T I~ T T T T T
) Tho! foctaTov L Crake sevton s ot st T [ e ter Crokesocton s et ot
, ol CTEGNLOLL cross secton o CTEQNLOMNL cros soton
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H imit ofarge squark masses GTEQ sale & POF uncert ] i o largo glino masses CTEQ sale © POF uncort.
E {decouping mi) Ei1 [ @aconping 1mi)

. CTEQ scale ©POF © o uncer CTE scsle ©POF & unce
1o WSTW NLOWLL cros sction

- MSTW scale uncert. .
10?
I MSTW scale © PDF uncort.

MSTW NLOANLL cross section
MSTW scale uncert.

I MSTW scale @ PDF uncert.
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Predictions for future LHC and pp collider runs (2)

C. Borschensky

Detailed analysis of a5, PDF, and scale uncertainties for G and ¢g* in the
decoupling limit and 7] using CTEQ6.6M and MSTW2008 PDF sets:
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shold resummation Current status: NLL Ingredients for NNLL

Matching coefficients

Reminder:
[6 ~ 60 x C(a,) exp [Lg1 (asL) + go(a L) + aggs(ag L) + U

Higher order terms of different origin; split-up close to threshold [seneke,
Falgari, Schwinn’10].

[C((XS) — @Hard(as) X @Coul(N, as)]

+ CHard(y ): hard matching coefficients (independent of )

— Calculated from NLO contributions [Beenakker, Janssen, Lepoeter, Krimer, Kulesza,

Laenen, Niessen, Thewes, Van Daal’13]

o CCoul(N, a,): Coulomb terms (final state gluon exchange):
— 1st and 2nd order Coulomb effects included
— Can also be resummed [Kulesza, Motyka’09][Beneke, Falgari, Schwinn’10][Falgari,
Schwinn, Wever’12]
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Motivation Threshold resummation Current status: NLL Ingredients for NNLL Numerical analysis @ NNLL

Inverse Mellin transform

Resummed results added to fixed order cross section at NNLO 0y

(NNLOapprox ) (NLO) | A (NNLOqpprox.)
Ohadr. = Ohadr. hadr.

(NNLO, 5o coONsists of dominant terms in f for  — O for arbitrary colour representations [Beneke, Czakon,

Falgari, Mitov, Schwinn’09])

Total resummed cross section

5 (NLOzpprox +NNLL) 4m? (NNLO, ;1 r0x)
hadr i (p = S )_ hadr i (P )

+ Z fCTdN P NF(N + DN +1)

res. (res.)
- [ Grana() = TS )lNNLO]
NNLO matching needed to avoid double counting 2 ‘_
of terms up to NNLO. _ = s
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Motivation Threshold resummation Current status: NLL Ingredients for NNLL Numerical analysis @ NNLL

Inverse Mellin transform

Resummed results added to fixed order cross section at NNLO

(NNLOapprox ) (NLO) (NNLOqpprox.)
Ohadr. = Ohadr. hadr.

approx.

+ Ao

(NNLO, 5o coONsists of dominant terms in f for  — O for arbitrary colour representations [Beneke, Czakon,

Falgari, Mitov, Schwinn’09])

Total resummed cross section:

PDFs in Mellin space

5 (NLOzpprox +NNLL) 4m? 5 (NNLOzprcx)

Ohadr. (p = T) = Ohadr. ()

+ 2} ﬁ JopdN p"{fi(N + (N + 1)]

~(res.)
|omhon o] |

NNLO matching needed to avoid double counting :

—— m— \ESTFALISCHE

of terms up to NNLO. Winews-

MUNSTER

C. Borschensky — Squark and gluino production at NNLL 10/18




Results: ¢ production

[Beenakker, CB, Krdmer, Kulesza, Laenen, Theeuwes, Thewes; arXiv: 1404.3134]
K factor: K, = 0,,/oN10

PDFs used: MSTW2008NNLO

1.80 . . . 0.0055 . . .
K, ii+ X N 7@+ X) [pb
Lol «(pp — 47+ X) - 0.0050 |, o(pp — 43+ X) [pb]
VS=8TeV, r=12=10 N VS =8 TeV
160 7 0.0045 | E
60 NNLL matched b N po =mg =mg = 1200 GeV
150 NLO+NLL 0.0040 + N k
Bl I NNLOApprox R "
e I 00035

0.0030

0.0025

- LO

. 0.0020 NLO
__________ 4 0.0015 | == NLO+NLL Tl . i
....................................... HF = JiR = Mg ——— NNLL matched Tl
1.00 L L L 0.0010 L L L
500 1000 1500 2000 2500 0.2 0.5 1 2 5
mg|GeV] 1/ ko
Update for [Beenakker, Brensing, Kulesza, Laenen, Niessen’11]:
NNLO matching and NNLO Coulomb contributions = .
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Results: GG production

[Beenakker, CB, Kramer, Kulesza, Laenen, Theeuwes, Thewes; arXiv: 1404.3134]
K factor: K, = 0,,/oN10

PDFs used: MSTW2008NNLO

1.20 : : : 0.0350 : : :
1.18 _KE(PP‘)‘j‘j+X) i a(pp — qq+X) [Pb]
116 | VS=8Tev, r= % =1.0 4 0.0300 b VS =8 TeV R

NNLL matched \ po =mg =mg = 1200 GeV
NLO+NLL 0.0250 |\ 1
NNLOApprox ’

e 0.0200
108 | g
o6 |2 | 00150
“ . - LO <
104+ 1  o0.0100 | NLO el ]
102 L | R NLO+NLL RN
__________ WF = fig = mg ——— NNLL matched h
1.00 . - . 0.0050 L L L
500 1000 1500 2000 2500 0.2 0.5 1 2 5
mg|GeV] 1/ ko
Coulomb contributions for the two colour channels 3 and 6 have different signs;
differences between NLO and NNLO PDFs =
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Results: G production

[Beenakker, CB, Krdmer, Kulesza, Laenen, Theeuwes, Thewes; arXiv: 1404.3134]
K factor: K, = 0,,/oN10

PDFs used: MSTW2008NNLO

1.80 . . . 0.0300 . . .
70 Ky(pp — 49 + X) . o(pp — 49+ X) [pb]
TVE=sTe, r=2i-10 0.0250 |-, VS =8Tev 1
1.60 | NNLL matched ] \‘\ po = mg = mg = 1200 GeV
_ NLO+NLL 0.0200 N E
150 NNLO A pprox 1
0.0150
0.0100
----LO RN
0.0050 |- o RRES
.......... NLO-+NLL
JLF = IR = May ——— NNLL matched
1.00 L L 0.0000 L L L
500 1000 1500 2000 2500 0.2 0.5 1 2 5
May|GeV] 1/ 1o
with m,,, = % (mq + mg)
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Results: GG production

[Beenakker, CB, Krdmer, Kulesza, Laenen, Theeuwes, Thewes; arXiv: 1404.3134]
K factor: K, = 0,,/oN10

PDFs used: MSTW2008NNLO

3.00 T T T 0.0035 T T T
2.80 _KE(PP‘)§§7+X) a(pp — g9+ X) [Pb]
; 5 0.0030 B 4
2.60 | VS =8 TeV, 7‘:2—;:1.0 VS =8 TeV
240 L NNLL matched i 0.0025 _‘\\ Ho = mg =mg = 1200 GeV.
NLO+NLL
2.20 NNLO A pprox B 0.0020
2.00 -
1.80 0.0015
1.60 0.0010
1.40
190 0.0005 F ... NLO-NLL RSO
1E = R = Mg ——— NNLL matched

1.00 L L 0.0000 L L L

500 1000 1500 2000 2500 0.2 0.5 1 2 5

mg|GeV] 1/ 1o

Increased scale dependence due to scale dependent terms in the exponentials

and one-loop Coulomb contributions -
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Numerical analysis @ NNLL

Results: total cross sections for §§* and g

[Beenakker, CB, Krdmer, Kulesza, Laenen, Theeuwes, Thewes; arXiv: 1404.3134]
VS =8TeV

PDFs used: MSTW2008NNLO

10! 10!

109 oNNLL matched [} L0 oNNLL matched [,
10-1 VS=8TeV, r=152=10] VE=8TeV, r=22=10]

! 107! E ! ]
1072 .
10-3 | 1 102 p
1074 4 103 ]
1075 L - . 104 b E
10-6 Lpp = @+ X ] [pp—=ag+ X
10-7 L JF = JIR = Mg 1072 Fup = pr = mg
— NELL mached Ngél‘f\}'ﬁ‘iched

ST — NLL scale error NLL scale error

9 NNLL matched scale error 10_7 NNLL matched scale error
128 : ((7 + AH)N'\”"‘ mMrhml/UN.\lLL nm(rlu‘x‘l %%g L ((7 + A(T)N'\”‘ matched ' NLL mmrhmll
1.00 ot 1.0
0.70 _ 0:90
0.40 L 0.80 -

500 1000 1500 2000 2500 500 1000 1500 2000 2500

mg|GeV| mg|GeV]

Significant reduction of the scale and total uncertainty for dominant process G§

—— m— \ESTFALISCHE

WILHELMS-| AT

— M UNSTER

C. Borschensky — Squark and gluino production at NNLL 15/18



Results: total cross sections for §g and §g

[Beenakker, CB, Krdmer, Kulesza, Laenen, Theeuwes, Thewes; arXiv: 1404.3134]
v 8 TeV

PDFs used: MSTW2008NNLO

10? 10!
101 O.NNLL matched [pb] ]

VS=8TeV, r=52=10
q

o NNLL matched [pb]

my
10 10-1 VS=8TeV, r= =10 |
10! | ] w0k ]
-3 | 4

o2 b 1 10 !
107 ol | ]
3 1 w07t 1

107 Epp — GG+ X
10~ LHF = HR = May
— NN[ L matched

E 10-6 |Lpp — g9+ X
HE = HR = Mg
i NNLL matched

NLO NLL
NLL scale error

---------- NLL scale error
NNLL matched scale error

10_7 NNLL matched scale error
%%8 [(o* AH)N.\ILL nwrh-»(l/”N.\lLL matched . %Eg [ (o AH)N.\ILI. nmulm«!/aN.\lLl. matche
1.00 1.09
060 . . . 698 . . :
500 1000 1500 2000 2500 500 1000 1500 2000 2500

May[GeV) mg|GeV)

Change in PDF sets from MSTW2008NLO to MSTW2008NNLO from NLO+NLL to NNLL matched;
minor contribution from §§ for high masses compared to the other processes =

— \NESTFALISCHE
WILHELMS-| AT
MUNSTER

C. Borschensky — Squark and gluino production at NNLL 16/18




Numerical analysis @ NNLL

Results: inclusive coloured sparticle production

[Beenakker, CB, Krdmer, Kulesza, Laenen, Theeuwes, Thewes; arXiv: 1404.3134]

VS =8 Tev

PDFs used: MSTW2008NNLO

10?
10
100 |
107t E
102 L
10—3 [

NNLL matched lpb]
VS =8 TeV, r:mZ—IO

1074 Fpup = pr = may
NNLL matched
NLL

L scale error
NNLL matched scale error

1000 1500 2000 00

Mgy [GeV|

Reduction of the total uncertainty with regard to the NLL-level;

dominant contribution for high masses: §§
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Motivation Threshold resummation Current status: NLL Ingredients for NNLL Numerical analysis @ NNLL

Summary

Conclusions:
v/ Predictions for future LHC and pp collider runs available @ NLO+NLL
= NLL-fast for 13, 14, 33,100 TeV
qq and g most important processes at the LHC for large m; and my

coefficients, NNLO, .. mMatching = improved precision

v
v Ingredients for NNLL: exponentials, hard matching and Coulomb
v

Enhancement of the K factor and reduction of the theoretical
uncertainty due to reduced scale dependence (except for G§)
Outlook:
45 Effect of Coulomb resummation
#£5 Comparison with SCET resummation method
45 predictions for higher energies (14, 33, ..TeV) @ NNLO,5pr0x +NNLL

£ public code for NNLL results
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A closer look at the §j scale dependence

[Beenakker, CB, Kramer, Kulesza, Laenen, Theeuwes, Thewes; arXiv: 1404.3134]

VS =8 Tev
PDFs used: MSTW2008NNLO

0.0035 . . . 0.0035 . . .
a(pp — 39+ X) [pbl o(pp — 4§+ X) [pbl

0.0030 VS = 8 TeV E 0.0030 VB = 8 TeV B

0.0025 F pio = mg = mg = 1200 GeV | 0.0025 F po = mg = mg = 1200 G_C_V__

0.0020 0.0020

0.0015 0.0015

0.0010 - . NLO+NLL with ¢(1) b 0.0010 | ____ \niw ]

77777 NLO+NLL with ¢(1) & ¢Coul.(1) “weseees NNLL exp.
0.0005 + ____ NNLO A pprox. + NNLL(w /o ¢Coul.(1.2)) | 0.0005 + ____ NNLOApprox 4
NNLL matched ——— NNLL matched
0.0000 L L L 0.0000 L L L
0.2 0.5 1 2 5 0.2 0.5 1 2 5
1/ po 1/ 1o

g scale dependence for intermediate levels of accuracy, and NNLL matched split up into

resummed and expanded parts =
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