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SUSY particle production at the LHC

Main sparticle production processes:

pp — 38 , 49 , 43 ,
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SUSY particle production at the LHC
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Motivation

SUSY particle production at the LHC

Main sparticle production processes:

(- ., @ . ® ., @ . T

MSUGRAICMSSM: tan(g) = 30, A, = 2y, > 0 Status: ICHEP 2014
< 1000 [T e T T
8 E AN e s f CMS SUSY Results in SMS f « ICHEP 2014
Ly (sp ATLAS prefminary | -- ummary o esults in SMS framewort
£ o0 Juazmiprnt G-atev
800 O [pblipp > SUSY =
Ns=8TeV
0 AN [ meesE NN NN T
NLO+NLL

sl L Ly 60 F
1000 2000 30050
7

10

Ty
Mass scals [Gev]

0

[=> Cross sections needed at high precision for experimental searches]
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Motivation

Wait... SUSY?
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Motivation Threshold resummation Current status: NLL Ingredients for NNLL Numerical results

Wait... SUSY?

Supersymmetry (SUSY) connects bosons to fermions and vice versa
— New particles that “only” differ in their spin quantum number
— Resolves the hierarchy problem (= large radiative corrections to

masses of scalar particles)
— Extends the Standard Model beyond its limits
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Motivation Threshold resummation Current status: NLL Ingredients for NNLL  Numerical results

Wait... SUSY?

Supersymmetry (SUSY) connects bosons to fermions and vice versa
— New particles that “only” differ in their spin quantum number

— Resolves the hierarchy problem (= large radiative corrections to
masses of scalar particles)

— Extends the Standard Model beyond its limits

[A new symmetry? Let's break it!]
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Motivation Threshold resummation Current status: NLL Ingredients for NNLL  Numerical results

Wait... SUSY?

Supersymmetry (SUSY) connects bosons to fermions and vice versa
— New particles that “only” differ in their spin quantum number

— Resolves the hierarchy problem (= large radiative corrections to
masses of scalar particles)

— Extends the Standard Model beyond its limits

[A new symmetry? Let's break it!]

... just break it softly, i.e. keep it renormalisable
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Motivation

Wait... SUSY?

Supersymmetry (SUSY) connects bosons to fermions and vice versa
— New particles that “only” differ in their spin quantum number

Standard Model particles Supersymmetric partners
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(“Reality”: broken symmetry, heavy SUSY particles, R-parity, ...)

— m— \ESTFALISCHE
WILHELMS-|
MUNSTER

C. Borschensky - Threshold Resummation for Squarks, Gluinos, and Stops at the LHC 4/26



Motivation

Wait... SUSY?

Supersymmetry (SUSY) connects bosons to fermions and vice versa
— New particles that “only” differ in their spin quantum number

Standard Model particles Supersymmetric partners

WEOOE
()
(v
(&

OQuarks @ Leptons @ Gauge @ Higgs (O Squarks O Sleptons O Gluino O Neutralinos
bosons & charginos

@@=
00
@@ ()
&S
Q@@
e

(“Reality”: broken symmetry, heavy SUSY particles, R-parity, ...)
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Outline

@ Threshold resummation
Particle production at the LHC
Soft-gluon resummation
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Threshold resummation Current status: NLL  Ingredie NNLL  Numeric
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Particle production at the LHC
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Motivation Threshold resummation Current status: NLL Ingredients for NNLL  Numerical results

Particle production at the LHC
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Threshold resummation

Particle production at the LHC, factorisation

Total hadronic cross section:

1 1
Uhadr.(sfm/#R/#F)=2 fdxl fi(xlzﬂp)fdxzfj(xzfﬂF)
0

ij 0

X 6j k(8 = x1x25,m, g, up)0(8 - 4m?)

with
* fi(x, up): parton distribution function
« m: average mass of the produced particles
« V/S: centre-of-mass energy of the collider
* U, pp: renormalisation and factorisation scales

* X1, X,: parton momentum fraction of the total
proton momentum
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Threshold resummation

Particle production at the LHC, factorisation

Total hadronic cross section:

1 1
Ohaae (S, i, i) = Y [ i filey i) [ s fe )
0

ij 0
X 6ij—>kl(§ = xleS/ m, Ug, [uF)G(g - 47712)

with
* fi(x, up): parton distribution function

- m: average mass of the produced particles 7@ q Q.
« V/S: centre-of-mass energy of the collider >m%m“

* U, pp: renormalisation and factorisation scales :@ 1 >
] ~_

* X1, X,: parton momentum fraction of the total
proton momentum .
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Threshold resummation

Particle production at the LHC, factorisation

Total hadronic cross section:

1 1
Uhadr.(sfm/#R/#F)=2 fdxl fi(xlzﬂp)fdxzfj(xzfﬂp)
0

ij 0

X 68 = x1X8,m, g, up)6(5 — 4m?)

with
* fi(x, up): parton distribution function i}%
- m: average mass of the produced particles q q.
~
« V/S: centre-of-mass energy of the collider >m%m“
/ x
* U, pp: renormalisation and factorisation scales ! !
* X1, X,: parton momentum fraction of the total

proton momentum .
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Motivation Threshold resummation Current status: NLL Ingredients for NNLL  Numerical results

Particle production close to threshold

Heavy SUSY particles = production in the threshold limit V& — 2m:

m2

B=T=p= 1_4 50

with V5: 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
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Motivation Threshold resummation Current status: NLL Ingredients for NNLL  Numerical results

Soft-collinear gluon emission

Real gluon emission from massless quarks:

1 1 1

Tp-k2 2pk 2EE(1-cosSy)

+ E, - 0(and E, > 0): soft divergence
* 94 — 0: collinear divergence
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Motivation Threshold resummation Current status: NLL Ingredients for NNLL  Numerical results

Soft-collinear gluon emission

Real gluon emission from massless quarks:

1 1 1

T(-Kk2  2p-k 2EE,(1-cosd)

+ E, - 0(and E, > 0): soft divergence
* 94 — 0: collinear divergence

D = 4 — 2¢-dimensional phase space integration leads to:
sin” 9 1
deg I, f ~ Ofs[g +In® B2 + ]
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Motivation Threshold resummation Current status: NLL Ingredients for NNLL  Numerical results

Soft-collinear gluon emission

Real gluon emission from massless quarks:
A

1 1 1

Tp-kZ 2k 2EE,(1-cosdy)

+ E, - 0(and E, > 0): soft divergence
* 94 — 0: collinear divergence

D = 4 — 2¢-dimensional phase space integration leads to:

sin” 9 2.0
degE f — B 5+ 1In° B +]

[Virtual contributions cancel the divergences!]
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Motivation Threshold resummation Current status: NLL Ingredients for NNLL  Numerical results

Soft-collinear gluon emission

Real gluon emission from massless quarks:
A

1 1 1

Tp-kZ 2k 2EE,(1-cosdy)

[~ a'In™ B2, m < ZnJ

+ E, - 0(and E, > 0): soft divergence
* 94 — 0: collinear divergence

D = 4 — 2¢-dimensional phase space integration leads to:

sin” 9 2.0
degE f — B 5+ 1In° B +]

[Virtual contributions cancel the divergences!]
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Motivation Threshold resummation Current status: NLL  Ingredients for NNLL  Numerical results

Particle production close to threshold

Heavy SUSY particles = production in the threshold limit V& — 2m:

m2

B=T=p= 1_4 50

with V5: 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:

%@ ;g;>mm@ W, m<o)

Soft & collinear gluons R ——
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Motivation Threshold resummation Current status: NLL Ingredients for NNLL  Numerical results

Particle production close to threshold

Heavy SUSY particles = production in the threshold limit V& — 2m:

m2

B=T=p= 1_4 50

with V5: 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:
}/
4
O] -
R
\

[Coulomb gluons} R ——
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Motivation Threshold resummation Current status: NLL  Ingredients for NNLL  Numerical results

Particle production close to threshold

Heavy SUSY particles = production in the threshold limit V& — 2m:

m2

N R LY

with V5: 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:

= Endangering the perturbative series

= Systematic treatment of these terms required -
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Motivation Threshold resummation Current status:

From factorisation to resummation

Basis for resummation of soft-collinear gluons: factorisation between hard
and soft parts

— Factorisation of matrix elements and phase space
— Matrix element: factorises automatically in soft-collinear limit v/

— Phase space: momentum-conservation causes entanglement X
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Motivation Threshold resummation Current status: gredients for NNLL Numerical results

From factorisation to resummation

Basis for resummation of soft-collinear gluons: factorisation between hard
and soft parts

— Factorisation of matrix elements and phase space
— Matrix element: factorises automatically in soft-collinear limit v/

— Phase space: momentum-conservation causes entanglement X

[Conditions for resummation at cross section level are not fulfiled]
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Motivation Threshold resummation Current status: NLL  Ingredients for NNLL  Numerical results

From-factorisation-to-resummation Summary

Basis for resummation of soft-collinear gluons: factorisation between hard
and soft parts

— Factorisation of matrix elements and phase space
— Matrix element: factorises automatically in soft-collinear limit v/

— Phase space: momentum-conservation causes entanglement X

[Conditions for resummation at cross section level are not fulfiledj

Well, end of talk.

(Conclusion: resummation does not work.]

Thank you for your attention.
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Motivation Threshold resummation Current status: NLL  Ingredients for NNLL  Numerical results

From-factorisation-to-resummation Summary

Basis for resummation of soft-collinear gluons: factorisation between hard
and soft parts

— Factorisation of matrix elements and phase space
— Matrix element: factorises automatically in soft-collinear limit v/

— Phase space: momentum-conservation causes entanglement X

[Conditions for resummation at cross section level are not fulfiledj

Well, end of talk.

(Conclusion: resummation does not work.]

Thank you for your attention.

Wait...
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Motivation Threshold resummation Current status:

Mellin transform

Basis for resummation of soft-collinear gluons: factorisation between hard
and soft parts

— Factorisation of matrix elements and phase space
In Mellin-moment space, the entanglement vanishes (momentum-conserving

delta function turns into an exponential function)

Mellin transform: | f(N) := [ dxxN=1£(x) | with the Mellin moment N
0

Let’s apply this to our cross section!
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Motivation Threshold resummation Current status: NLL Ingredients for NNLL  Numerical results

Mellin transform

Basis for resummation of soft-collinear gluons: factorisation between hard
and soft parts
— Factorisation of matrix elements and phase space

5hadr.(N) = f dP pN_lohadr.(p) (With p= 4m2/sl ﬁ = P/xlxz)
0

1 1 00
= [ dxifin) [ dv fi) [ dppN o5 u(p)0G - 4m?)
0 0

ij 0
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Motivation Threshold resummation Current status: NLL Ingredients for NNLL  Numerical results

Mellin transform

Basis for resummation of soft-collinear gluons: factorisation between hard
and soft parts

— Factorisation of matrix elements and phase space
5hadr.(N) = f dP pN_lohadr.(p) (With p= 47112/5, ﬁ = P/xlxz)

= f dx, f(x) f dx; fi(x,) f dp PN 15 1a(p)0G - 4m?)

ij 0
1 1
Z[ [ et || f asysf i) | [ 00500 |
ij =0 0

= fiN+1) — Fi(N+) = Gy (N)
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Motivation Threshold resummation Current status: NLL Ingredients for NNLL  Numerical results

Mellin transform

Basis for resummation of soft-collinear gluons: factorisation between hard
and soft parts

— Factorisation of matrix elements and phase space
5hadr.(N) = f dP pN_lohadr.(p) (With p= 47112/5, ﬁ = P/xlxz)
0

Efl(N"'l) X f](N+1) X ¢ ~71/%/\ )

ij

[In 0 u(N), hard and soft parts now fully factorised]

— Additionally, convolution with PDFs turns into a simple product
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vation Threshold resummation Current status: NLL Ingredients for NNLL Numerical results

Treating large logarithms

Threshold logarithms in Mellin-moment space (threshold limit: § - 0 £ N — oo):

[ln [32 Nﬂm InN = L] (neglect subleading terms @ (1/N))

Reordering of the perturbative series in a, and L (schematically):
g~ 60 [1
+ag(L2+L+1)

+a2(LA+ P+ 12+ L+1)+..
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Motivation Threshold resummation Current status: gredients for NNLL Numerical results

Treating large logarithms

Threshold logarithms in Mellin-moment space (threshold limit: § - 0 £ N — oo):

[ln ﬁz Nﬂm InN = L] (neglect subleading terms @ (1/N))

Reordering of the perturbative series in a, and L (schematically):
g~ 60 [1
+ay (L2 +L+1)

L0~a§ +a§(L4+L3+L2+L+1)+...]

Summation of all these terms — exponential function (g7, g». g3 known):

[6 ~ 60 x C(ag) exp [Lgl(aSL) + go(aL) + aggs(a L) + ]]

[Kodaira, Trentadue ‘82][Sterman '87][Catani, D'Emilio, fue ‘88][Catani, fue '89][Kidonakis, Sterman '96][Kidonakis, Oderda, Sterman '98]
[Contopanagos, Laenen, Sterman '96][Catani, de Florian, Grazzini ‘01][Moch, Vermaseren, Vogt ‘04][Beneke, Falgari, Schwinn ‘09][Czakon, Mitov,
Sterman '09][Ferroglia, Neubert, Pecjak, Yang ‘09] ...
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Motivation Threshold resummation Current status: gredients for NNLL Numerical results

Treating large logarithms

Threshold logarithms in Mellin-moment space (threshold limit: § - 0 £ N — oo):

[ln ﬁz Nﬂm InN = L] (neglect subleading terms @ (1/N))

Reordering of the perturbative series in a, and L (schematically):
g~ 60 [1
+a, (L2 +L+1)

L0~a§ +a§(L4+L3+L2+L+1)+...]

Summation of all these terms — exponential function (g7, g». g3 known):

[6 ~ 60 x C(ag) exp [Lgl((xSL) + gL + aggs(a L) + ]]

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

(Precision level: LL —l—
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Motivation Threshold resummation Current status: gredients for NNLL Numerical results

Treating large logarithms

Threshold logarithms in Mellin-moment space (threshold limit: § - 0 £ N — oo):

[ln ﬁz Nﬂm InN = L] (neglect subleading terms @ (1/N))

Reordering of the perturbative series in a, and L (schematically):
g~ 60 [1
+a, (L2 +L+1)

L0~a§ +a§(L4+L3+L2+L+1)+...]

Summation of all these terms — exponential function (g7, g». g3 known):

[6 ~ 60 x C(ag) exp [Lgl((xSL) + go(asL) + aggs(aL) + ]]

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

(Precision level: LL + NLL —_— e estriuscie
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Motivation Threshold resummation Current status:

Treating large logarithms

Threshold logarithms in Mellin-moment space (threshold limit: § - 0 £ N — oo):

[ln ﬁz Nﬂm InN = L] (neglect subleading terms @ (1/N))

Reordering of the perturbative series in a, and L (schematically):
g~ 60 [1
+a, (L2 +L+1)

L0~a§ +a§(L4+L3+L2+L+1)+...]

Summation of all these terms — exponential function (g7, g». g3 known):

[6 ~ 60 x C(a,) exp [Lgl((xSL) + go(aL) + g5 (e L) + ]]

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

(Precision level: LL + NLL + NNLL) —— T —— wesmriusane
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Motivation Threshold resummation Current status: NLL  Ingredients for NNLL  Numerical results

Treating large logarithms

Threshold logarithms in Mellin-moment space (threshold limit: 8 - 0 £ N — co):

[ ﬁz Mellm InN = L] (neglect subleading terms @' (1/N))

Reordering of the perturbative series in a, and L (schematically):

~ NLO

~NNLO

+
L0~a (L4+L3+L2+L+1

Summation of all these terms — exponential function (g7, g». g3 known):

5 ~ 0(0)

[6 ~ 60 x C(a,) exp [Lgl(aSL) + go(aL) + g5 (e 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 ‘09][Czakon, Mitov,
Sterman '09][Ferroglia, Neubert, Pecjak, Yang ‘09] ...

(Precision level: LL + NLL + NNLL) —— T —— wesmriusane
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Motivation Threshold resummation Current status: NLL Ingredients for NNLL  Numerical results

Factorised resummation formula

Gijn(N) = E Hjj g1 (N, 1) X AN, 1)A(N, 1)S;i a1 (N, 1)

colours [

with
* process dependent hard part H;;_;; (N, 1)

* process independent soft-collinear radiation factors A;(N, 1)

+ soft wide-angle radiation factor S;_,;; (N, 1)
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Motivation Threshold resummation Current status: NLL  Ingredients for NNLL  Numerical results

Factorised resumnmation formula

Giiu(N) = E Hjj g1 (N, 1) X AN, 1)A(N, 1)S;i a1 (N, 1)

colours [

with
* process dependent hard part H;;_;; (N, 1)

* process independent soft-collinear radiation factors A;;(N, 1)
+ soft wide-angle radiation factor S;;_; ;(N, 1)

Obtain exponentiated forms of A;;(N, p) and S;;_ /(N i) from

renormalisation group equations:
— Assume that the (physical) cross section is independent of the
(unphysical) factorisation scale

— Scale dependence cancels out between the constitutents
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Motivation Threshold resummation Current status: NLL  Ingredients for NNLL  Numerical results

Factorised resumnmation formula

colours [

{5ij—>kz(N) = E Hij (N, 1) X AN, i) AN, 1S (N, 1)

with
* process dependent hard part H;;_;; (N, 1)

* process independent soft-collinear radiation factors A;;(N, 1)
+ soft wide-angle radiation factor S;;_; ;(N, 1)

Obtain exponentiated forms of A;;(N, p) and S;;_ /(N i) from
renormalisation group equations:

4 oo dInH | dina, dInd dins J

dlnpu dlny dlnpu - dlnu +dlny -

., dInS
with m = —7/5(‘[1) etc. —_—— WESTFALISCHE

MUNSTER

C. Borschensky - Threshold Resummation for Squarks, Gluinos, and Stops at the LHC 13/26



Motivation Threshold resummation Current status: NLL  Ingredients for NNLL  Numerical results
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Outline

© Current status: NLL
Numerical package: NLL-fast
Predictions for future LHC and pp collider runs
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Motivation Threshold resummation Current status: NLL Ingredients for NNLL  Numerical results

Numerical package: NLL-fast

Code package to compute NLO+NLL cross sections

> 83,7793, 77, 1T and
decoupling limit
" ncluding a,, PDF, and scale variation
= At different LHC energies:
VS =7TeV,8TeV, 13 TeV, 14 TeV,
33 TeV, 100 TeV, or upon request

= Used for current experimental
analysis by ATLAS and CMS
[Krdmer, Kulesza, van der Leeuw, Mangano, Padhi,
Plehn, Portell '12]

1E+04

oxto4xiL [pb, LHC, VS = 14 TeV |

1E+03

1E+02

1E+01 F

1E+00 F

1E-01 |

1E-02

1E-03

1E-04

1E-05

500 1000 1500 2000 2500 3000 3500

my =my |GeV|

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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summation Current status: NLL  Ingredients for N

Predlctlons for future LHC and pp colllder runs (1)

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

10?

104

L e . e
o, [pbl: pp — SUSY

ol
NS =14 Tev
NLO+NLL

o, [pbl: pp — SUSY

ot
NS =13 Tev
NLO+NLL

vl b i T AR EETENE EVAVA b, i

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, Krcimer, Kulesza, Mangano, Padhi, Plehn, Portell; EP| C74 (2014) 12, 3174]
See also: https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections
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esummation Current status: NLL  Ingrediel NNLL Numerica

Predictions for future LHC and pp colllder runs (1)

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

10° g ey 0 e e e g
104 G, Ipbl:pp > SUSY o 10°F G, [pbl: pp — SUSY
\ Vs=3Tev 10k VS =100TeV
NLO+NLL 3 103 NLO+NLL 4
U] -
R E
- -1 3
ERU) -
4 2 3
ERRU)
] -3
310
L E .
E E S
LT PR N A e s TS S
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, Krcimer, Kulesza, Mangano, Padhi, Plehn, Portell; EP] C74 (2014) 12, 3174]
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 &, PDF, and scale uncertainties for §g and
decoupling limit and £, using CTEQ6.6M and MSTW2008 PDF sets:

3

Swommu [PE]

T 7 T T T T
LHC, Vs=14TeV -

Cross section and total uncert.

. —— CTEQNLOWNLL cross section
99 production ====== CTEQ scale uncert.

Limit of large squark masses CTEG st 5 POF uncert
(decaupling imi) -

CTEQ scale © PDF & g uncert
———  MISTW NLOSNLL cross section

- MSTW scale uncert.
I MSTW scate © PDF uncert.

1200 1400 1600 1800 2000

22002400
my [GeV/c?]

Sncouu [PP]

T 7 T T T T
LHC, /s=33 TeV

“—— Cross section and total uncert.
- ——  CTEQ NLO#NLL cross section
g production

Limit of large squark masses
(decoupling limit)

- CTEQ scale uncert.
CTEQ scale © PDF uncert.
CTEQ scale @ PDF & u uncert
———  MISTW NLO4NLL cross section
MSTW scale uncert.

I MSTW scale © PDF uncert

C. Borschensky

1200 1400 1600 1800 2000

2200 2400
my [GeVic?]

Threshold Resummation for Squarks, Gluinos

~~x

§g* in the

Siwowmu [PE]

T T T
S Cross section and total uncert.

—— CTEQNLONLL cross section

- CTEQ scale uncert.

CTEQ scale © PDF uncert.
CTEQ scale & PDF © g uncert
——— MSTW NLOANLL cross section
“-=- MSTW scale uncert.

I MSTW scale @ PDF uncert.

1800 2000 2200 2400
ma[c.ev/c’]

ommu [PE]

I MSTW scale @ PDF uncert.

1800 2000 2200 2400

S-UNIVERSITAT
m, [GeVic?]
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Motivation Th

Numerical results

Predictions for future LHC and pp collider runs (2)

~~x

Detailed analysis of o, PDF, and scale uncertainties for §g and 45" in the
decoupling limit and £f; using CTEQ6.6M and MSTW2008 PDF sets:

T 10 T T T T T T = T T
z LHC, Tot4 Tev T Croka secton and ttal uncert. B LHC, Yomt4 Tev
F - ——  CTEQNLOANLL cross section PRI
H ggproducton Pl H G4 production
§ 1L Lt oftargo stk masses s § L Limtofiargoguino masses
5 (decoupling limit) - 10" | (decoupling imit)
B CTEQ scale @ POF & ayuncer
10! ——— MSTWNLOJNLL cross section
rrrrrr MSTW scale uncert. 0
S I MSTW scale © POF uncer
102 W
S 10°
10°

1000 1200 1400 1600

1800 2000 2200 2400

my [GeV/c?] < /\

1400

1600 1800

2000 2200 2400

ma[c.ewc’]
F10° T 7 T T T T T T T T

= LHC, Vs=33 TeV ~——— Cross section and total 2 LHC, Vs=33 TeV Cross section and total uncert.
3 o —— CcTEQNLOMLL e 210 s —— CTEQNLOSNLL cross section

P o[ Gprodwton creascale FUE Gpodicon CTEQ sl ncer.

] Limit of large squark masses El Limit of arge gluino masses

& 10 Py, (decouping imit 5

CTEQ scale © PDF uncert.
(decoupling fmi)
CTEQ scale © PDF ©  uncert

——— MSTW NLOANLL cross section.

I MSTW scale @ PDF uncert.

1800

SCHE
2000 2200 2400 1000 1200 1400 1600 1800 2000 2200 2400 S-UNIVERSITAT
m, [GeVic?] m, [GeV/c?]
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Current status: NLL
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Outline

O Ingredients for NNLL
Matching coefficients
Coulomb resummation
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Motivation Threshold resummation Current status: NLL  Ingredients for NNLL Numerical results

Matching coefficients

Higher order terms of different origin; split-up close to threshold jsenete,
Falgari, Schwinn '09-10]:

(Cla) = CN, ay) = 2H(a) x #OHN, o) |

- #Hard(q): hard matching coefficients (independent of N)

— Calculated from NLO contributions [Beenakker, Janssen, Lepoeter, Kriimer, Kulesza,
Laenen, Niessen, Thewes, Van Daal 13][Broggio, Ferroglia, Neubert, Vernazza, Yang "13]

« #CU(N, a,): Coulomb term:s (final state gluon exchange):

— Can also be resummed [Kulesza, Motyka '09][Beneke, Falgari, Schwinn "10][Falgari,
Schwinn, Wever 12], using non-relativistic methods [Fadin, khoze 87][Peskin,
Strassler '91][Hagiwara, Yokoya ‘'09][Kauth, Kiihn, Marquard, Steinhauser ‘09-11][Kauth, Kress,
Kiihn 1]
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Motivation Threshold resummation Current status: NLL  Ingredients for NNLL Numerical results

Matching coefficients

Higher order terms of different origin; split-up close to threshold jsenete,
Falgari, Schwinn '09-10]:

[C(as) — C(N, &) = ZHard () x %COHI(N,aS)]

- #'Hard(q)): hard matching coefficients (independent of N)

— Calculated from NLO contributions [Beenakker, Janssen, Lepoeter, Kriimer, Kulesza,
Laenen, Niessen, Thewes, Van Daal 13][Broggio, Ferroglia, Neubert, Vernazza, Yang "13]

« #CU(N, a,): Coulomb term:s (final state gluon exchange):

— Can also be resummed [Kulesza, Motyka '09][Beneke, Falgari, Schwinn "10][Falgari,
Schwinn, Wever 12], using non-relativistic methods [Fadin, khoze 87][Peskin,
Strassler '91][Hagiwara, Yokoya ‘'09][Kauth, Kiihn, Marquard, Steinhauser ‘09-11][Kauth, Kress,
Kiihn 1]
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Motivation Threshold resummation Current status: NLL  Ingredients for NNLL  Nur

Matching coefficients

Higher order terms of different origin; split-up close to threshold jsenete,
Falgari, Schwinn '09-10]:

[C(as) — C(N, o) = ZHard () x %CO“I(N,aS)]

- #Hard(q): hard matching coefficients (independent of N)

— Calculated from NLO contributions [Beenakker, Janssen, Lepoeter, Kriimer, Kulesza,
Laenen, Niessen, Thewes, Van Daal 13][Broggio, Ferroglia, Neubert, Vernazza, Yang "13]

« ZCU(N, a,): Coulomb terms (final state gluon exchange):
— Can also be resummed [Kulesza, Motyka '09][Beneke, Falgari, Schwinn "10][Falgari,
Schwinn, Wever 12], using non-relativistic methods [Fadin, khoze 87][Peskin,
Strassler '91][Hagiwara, Yokoya ‘'09][Kauth, Kiihn, Marquard, Steinhauser ‘09-11][Kauth, Kress,
Kiihn 1]
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Motivation Threshold resummation Current status: NLL  Ingredients for NNLL Numerical results

Coulomb Green’s function

/,/ 2 1’, AN
Ve 1 \
‘ X ~ Im o e = Im G

< \S o
R S A7

Calculation of ladder diagrams leads to non-relativistic Schrédinger
equation:
(=iV)°*

+Ve@| - (E+iT)§ GF E +iT) = 69F)
2mred

with E = V3 - 2m: energy and I': average decay width of the final state particles, 171,.4: reduced mass,

and the Coulomb potential:

Ve® = Dy, = +£(@)

with Dy : colour factor related to Casimir invariants —_— Westriuscre
ILHELMS-
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Motivation Threshold resummation Current status: NLL  Ingredients for NNLL Numerical results

Coulomb Green’s function

4
’ I ~
2 £ITTy

Ve 1 \
‘W\ ~ Im o e = Im G
X \ /

N « <

N\ -

The solution at origin is [Beneke, Signer, Smirnov '99][Pineda, Signer ‘06]:

m

2 2
a.m
re‘jlv+DR S red
a

GO,E+il) =i -

a
[gLO + 4—;8NL0 + ]

with g1 0 (gn10) contributions from LO (NLO) Coulomb potential (g1 o ~ Sommerfeld factor)

Incorporate into resummation framework (here: T' = 0; §, g stable):

Im G(0, E)
Im Gfree(0, E)

[E+i  [m =
with the velocity v = e B m— T WestriLISCHE
2Meq 2Myeq WILHELMS-

MUNSTER
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Motivation Threshold resummation Current status: NLL  Ingredients for NNLL Numerical results

Coulomb Green’s function: boundstates

/// 2 » \v\

Ve 1 \
‘W\ ~ Im o o =Im G
X \ /

N « <

\ Sa S

The solution at origin is [Beneke, Signer. Smimov '99][Pineda, Signer ‘06]:

5 m? a,m? a
E+iT)=i—4y+D s—red[ + -5 +]
G(O,E+il) =i - V+tDr,—— (810 + 1810

with g1 0 (gn10) contributions from LO (NLO) Coulomb potential (g1 o ~ Sommerfeld factor)

G(O,E + i) develops poles below threshold — boundstates for attractive
Coulomb potential:

2
G(O,E+1T) = Z E, I‘I’((]g))Jlr )

with the wave function for the boundstate system at origin ¢(0) —T —— westrLIsCHE
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Motivation Threshold resummation Current status: NLL  Ingredients for NNLL Numerical results

Coulomb Green’s function: boundstates

4
’ I ~
2 £ITTy

Ve 1 \
‘ X ~ Im o o =Im G
X \S /

N
N 2 A7

The solution at origin is [Beneke, Signer. Smimov '99][Pineda, Signer ‘06]:

2
Smred [

2
m 44 24
red s
v+ D + — + ..
(- 8Lo 4ngNLO ]

GO,E+il) =i -

with g1 0 (gn10) contributions from LO (NLO) Coulomb potential (g1 o ~ Sommerfeld factor)

tates for attractive
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Matching to fixed order

Resummed results added to fixed order cross section at NNLO, o0y :

[ NNLOapprox NLO + A NNLOapprox.

Ohadr. = Ohadr. hadr.

(ANNLO 505, consists of dominant terms in § for g — 0 for arbitrary colour representations [Beneke,

Czakon, Falgari, Mitov, Schwinn '09])

Total resummed cross section:

NNLL matched( ) = o I
h hadr.

1 ) _
+ E — fCTdN p NN + (N +1)

flavours i,

approx. ( o )

~(res.) ~(res.)
[ z]fkl(N )= G qfkl(N )|

NNLO ]

— NNLO matching needed to avoid double counting .
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ion Threshold resummation Current status: NLL  Ingredients for NNLL Numerical results

Matching to fixed order

C. Borschensky - Threshold Resummation for Squarks, Gluinos, and Stops at the LHC

Resummed results added to fixed order cross section at NNLO, o0y :

NNLO.
hadr.

approx. __ approx.

+ Ao

NNLO.
Ohadr.

(ANNLO o, consists of dominant terms in § for §
Czakon, Falgari, Mitov, Schwinn '09])

— 0 for arbitrary colour representations [Beneke,

PROSPINO

Total resummed cross section:
PDFs in Mellin space
NNLO

NNLL matched approx. ( )
Ohadr. [

mj ﬂav.zurs ’ i f dN p~ l\(fz(N + 1)f](N + 13

[ (res)(N) _ ~(res)(N)|

q—)kl 1]—>kl NNLO]

— NNLO matching needed to avoid double counting
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ion Threshold resummation Current status: NLL  Ingredients for NNLL Numerical results

Matching to fixed order

C. Borschensky - Threshold Resummation for Squarks, Gluinos, and Stops at the LHC

Resummed results added to fixed order cross section at NNLO, o0y :

NNLO.
hadr.

approx. __ approx.

+ Ao

NNLO.
Ohadr.

(ANNLO o, consists of dominant terms in § for §
Czakon, Falgari, Mitov, Schwinn '09])

— 0 for arbitrary colour representations [Beneke,

PROSPINO 2

Total resummed cross section:
PDFs in Mellin space
NNLO

NNLL matched approx. ( )
Ohadr. [

mj ﬂav.zurs ’ i f dN p~ l\(fz(N + 1)f](N + 13

[ (res)(N) _ ~(res)(N)|

q—)kl 1]—>kl NNLO]

— NNLO matching needed to avoid double counting
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ion Threshold resummation Current status: NLL  Ingredients for NNLL Numerical results

Matching to fixed order

C. Borschensky - Threshold Resummation for Squarks, Gluinos, and Stops at the LHC

Resummed results added to fixed order cross section at NNLO, o0y :

NNLO.
hadr.

approx. __ approx.

+ Ao

NNLO.
Ohadr.

(ANNLO o, consists of dominant terms in § for X
Czakon, Falgari, Mitov, Schwinn '09])

— 0 for arbitrary colour representations [Beneke,

PROSPINO (2)

Total resummed cross section:
PDFs in Mellin space
NNLO

NNLL matched approx. ( )
Ohadr. [

mj ﬂav.zurs ’ i f dN p~ l\(fz(N + 1)f](N + 13

[ (res)(N) _ ~(res)(N)|

q—)kl 1]—>kl NNLO]

— NNLO matching needed to avoid double counting
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Motivation Threshold resummation Current status: NLL  Ingredients for NNLL Numerical results
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Outline

© Numerical results
Light-flavoured squark and gluino production
Stop production
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old resummation Current s d or NNLL  Numerical results

Theoretical status - fixed order

+ QCD and SUSY-QCD effects:
7 ( 2
- LO~ @(a?)
[Kane, Leveille '82][Harrison, Llewellyn Smith ‘83][Reya, Roy ‘85][Dawson, Eichten, Quigg '85][Baer, Tata '85]
3
- NLO ~ @(2?)
[Beenakker, Hopker, Spira, Zerwas "96][Beenakker, Kramer, Plehn, Spira, Zerwas '97]
i A 35 TR 7 (4
- Approximated NNLO for 47", g3, t* ~ @ (%)

[Langenfeld, Moch ‘09][Langenfeld, Moch, Pfoh "12][Langenfeld '11][Broggio, Ferroglia, Neubert, Vernazza, Yang 13]

[Corrections of the order of a few tens of percents]

- Electroweak effects: LO ~ @' (aa), @ (a?), and NLO corrections
2
~ O (aag)
[Bozzi, Fuks, Klasen ‘05][Alan, Cankocak, Demir ‘'O7][Bornhauser et al. ‘'O7][Hollik, Kollar, Trenkel ‘07][Hollik, Mirabella ‘'08][Hollik, Mirabella,

Trenkel '08][Germer, Hollik, Mirabella, Trenkel '10][Germer, Hollik, Mirabella '11][Mirabella ‘09]

—— m— \ESTFALISCHE
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Motivation Threshold resummation Current status: gredients for NNLL  Numerical results

Theoretical status - resummation

C. Borschensky - Thr d Resummation for Squarks, Gluinos, and Stops at the LHC 21/26

NLO+NLL for all processes, NLO+NNLL for 7*

[Kulesza, Motyka '08-'09][Beenakker, Brensing, Kulesza, Laenen, Niessen ‘09-"10][Beenakker, Brensing, Kulesza, Laenen, Niessen 11]
NNLO ,prox *NNLL for 33

[Pfoh '13]

NLO+NNLL for *

[Broggio, Ferroglia, Neubert, Vernazza, Yang 13]

Resummed LO Coulomb corrections for 7* and 33

[Kulesza, Motyka '09]

Bound state effects for §% and 43

[Hagiwara, Yokoya '09][Kauth, Kiihn, Marquard, Steinhauser 10-11][Kauth, Kress, Kiihn '11]

SCET, combined Coulomb and soft-gluon resummation up to
NNLO,pprox *NNLL for 33, 477, 3. 44

[Beneke, Schwinn, Falgari ‘09-'10][Falgari, Schwinn, Wever 12][Beneke, Falgari, Piclum, Schwinn, Wever '13-14]

[Corrections of the order of ~1-100 percents (wrt. NLO)]_
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Motivation Threshold resummation Current status: NLL Ingredients for NNLL Numerical results

Theoretical status - resusnmation

NLO+NLL for all processes, NLO+NNLL for 7*
[Kulesza, Motyka '08-'09][Beenakker, Brensing, Kulesza, Laenen, Niessen ‘09-"10][Beenakker, Brensing, Kulesza, Laenen, Niessen 11]
» NNLO, 0 *NNLL for 33

[Pfoh 13]

Now:
NLO/NNLO, o *NNLL for 33, 37", 43, 43, T | -
with Mellin-space resummation

¢ BOuUNa stat€ €1recis 1or g&dna gjg

[Hagiwara, Yokoya ‘09][Kauth, Kiihn, Marquard, Steinhauser 10-11][Kauth, Kress, Kiihn '11]
+ SCET, combined Coulomb and soft-gluon resummation up to
NNLO,pprox *NNLL for g3, 47", 43, 47

[Beneke, Schwinn, Falgari ‘09-'10][Falgari, Schwinn, Wever 12][Beneke, Falgari, Piclum, Schwinn, Wever '13-14]

[Corrections of the order of ~1-100 percents (wrt. NLO)]_
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Results: 33, 44", 43, 4 with soft + Coulomb resum.

[Beenakker, CB, Krdmer, Kuleszla,s&aenen, Theeuwes, Thewes; JHEP 1412 (2014) 023]
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K, = 0"/o™L9; NNLO, ., *NNLL with hard-matching coeffs. and 2-loop Coulomb
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Results: 33, 44°, 43, G4 with soft + Coulomb resum.
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Motivation Threshold resummation Current status: NLL Ingredients for NNLL Numerical results

Results: 33, 44", 43, 4 with soft + Coulomb resum.
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Results: 33, 44", 43, 4 with soft + Coulomb resum.

[Beenakker, CB, Krdmer, Kuleszla,s&aenen, Theeuwes, Thewes; JHEP 1412 (2014) 023]
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Results: 33, 44°, 43, G4 with soft + Coulomb resum.
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Results: 33, 44°, 43, G4 with soft + Coulomb resum.
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Using MSTW 2008 PDFs (NLO & NNLO); squark and gluino masses set to 1200 GeV
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Motivation Threshold resummation Current status: NLL Ingredients for NNLL Numerical results

Intermezzo: why are stops different?

Stops in the weak interaction basis do not correspond to physical states

— From the MSSM Lagrangian, mass terms for the stops can be
extracted:

2 ~ ~
M Mpr || B

_ 2 7
Apre Mirp)\ R

Pmssm = (EZ f}g)

(in the basis of “left-" and “right-handed” stop fields, non-physical basis)

Eigenvalues correspond to the physical masses m%i of the stops (i = 1,2)

- A 12 - i
- [A}-’LR =N x> 0]. m; contain a mixture of LandR
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Motivation Threshold resummation Current status: NLL Ingredients for NNLL Numerical results

Intermezzo: why are stops different?

Stops in the weak interaction basis do not correspond to physical states

= Rotate into physical basis:

f) [ cosO; sin&;)(

[ —-sin0; cos 0;)| Ix

(light-flavoured squark mixing is negligible due to small quark masses)
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Motivation Threshold resummation Current status: NLL Ingredients for NNLL Numerical results

Intermezzo: why are stops different?

Stops in the weak interaction basis do not correspond to physical states

= Rotate into physical basis:

f) [ cosO; sin&;)(

[ —-sin0; cos 0;)| Ix

(light-flavoured squark mixing is negligible due to small quark masses)

Additional parameters in Feynman rules: 6;, Mg, Mg, My,
— From benchmark point 40.2.5 [abdusSalam, Allanach, Dreiner, Ellis et al.; arXiv:
1109.3859]
— NLO dependence on these parameters is small
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Motivation Threshold resummation Current status: NLL Ingredients for NNLL  Numerical results

Intermezzo: why are stops different?

Stops in the weak interaction basis do not correspond to physical states

= Rotate into physical basis:

f) [ cosO; sin&;)(

[ —-sin0; cos 0;)| Ix

(light-flavoured squark mixing is negligible due to small quark masses)

Additional parameters in Feynman rules: 0y, my, mg, m;,
— From benchmark point 40.2.5 [abdusSalam, Allanach, Dreiner, Ellis et al.; arXiv:
1109.3859]
— NLO dependence on these parameters is small

[In many SUSY scenarios, f; is among the lightest sparticles = easy detection?]

Otherwise similar to §5* production with certain production channels

suppressed by very small PDFs e —
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Results: #;#; production
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with: ¢ S: soft-gluon logarithms
¢ C: Coulomb terms
* H: hard-matching coefficient [Broggio et al. 13]
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Results: #;#; production

0.030 T T . :
NLO scaling functions for gg — #£* S
sEre
0.025 |- fou Prospino Sonitn

£ threshold limie

s
Toaen

0.020

0.015

0.010

0.005

m =mg = 1085 GeV

Other parameters according to

0.000 |- benchmark point 40.2.5 [1109.3859)
: h

10~ 1073 102 107! 100 10!
s
Ul

T dm?

C. Borschensky - Threshold Resummation for Squarks, Gluinos, Stops at the LHC



Results: #;#; production
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Results: #;#; production
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Results: #;#; production
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Motivation Threshold resummation Current status: NLL  Ingredients for NNLL Numerical results

Summary

SUSY at the LHC: &

- SUSY-QCD processes dominantly produced at hadron colliders
- Stops interesting in particular due to light mass

Soft-gluon resummation:
- Higher-order terms produce large logs at threshold %

- Factorisation of contributions in Mellin-moment space
- Threshold region contributing significantly to total cross section

Coulomb contributions:
- Coulomb exchange important for slowly moving heavy particles
- Possibility to resum these terms with non-relativistic methods

- Possibility of boundstate creation FEEER
70001 rooo™ L
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Motivation Threshold resummation Current status: NLL  Ingredients for NNLL Numerical results

Conclusions and outlook

Conclusions:

v/ Corrections from soft-gluon and Coulomb effects can be sizeable
— Coulomb contributions mainly covered by two-loop terms

47 and 73 largest processes at the LHC for high m; and m;

v

v/ Enhancement of the K factor and improvement of the theoretical
uncertainty

v

f,f; dependence on additional SUSY parameters increased at
NLO+NNLL with respect to NLO due to hard-matching coefficients

Outlook:

#5 Boundstate corrections

#5 Comparison with SCET resummation method
#5 Public code: NNLL-fast
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Motivation Threshold resummation Current status: NLL Ingredients for NNLL  Numerical results
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Comparison to SCET: NLL with Coulomb resum.
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K, = 0¥/oN9; NLL,, gs & NLLy,;, from [Falgari, Schwinn, Wever: arXiv: 1202.2260]
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