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PARTONIC SUBPROCESSES

[Kane, Leveille'82][Harrison, Llewellyn Smith'84][Dawson, Eichten, Quigg'85]

Leading Order = O(a.?)
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LO vs NLO

NLO SUSY QCD K-factors, LHC @ 7 TeV [Beenakker, Hopker, Spira, Zerwas’97]

K_xx_NLO=c N© /o 'O

XX

Large NLO K-factors,
in particular for
gluino-pair and

squark-gluino
production /

SUSY-QCD: only mg,,,.., and ]
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M quark M quark gluino

plot courtesy of S. Brensing

Currently used for determining exclusion limits : NLO SUSY-QCD predictions



NLO AT THRESHOLD

Large masses of SUSY particles = production close to threshold 5 ~ 4m?

General structure of the NLO correction in the threshold limit B —0, B> =1-4m’/s

| | 1 |
AG; MO~ a UAz‘LO{A(z) log?(8%) + B log(8%) + C(z)B + D(”}

\

Soft/collinear gluon emission Coulomb gluons

< P



NLO AT THRESHOLD

Large masses of SUSY particles = production close to threshold 5 ~ 4m?

General structure of the NLO correction in the threshold limit B —0, B> =1-4m’/s
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Soft/collinear gluon emission Coulomb gluons
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[Large corrections in the limit of threshold production [ —0 J




HIGHER ORDERS AT THRESHOLD

G
—

Soft/collinear gluon emission Coulomb gluons

. . <1 .
AN~ oy @LO{A“) log®(8°) + B log(8%) + CV = + D@}

At higher orders:
~a;log™ (B) ~a)lp"

[ Both types of corrections can be resummed to all orders J
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[ Both types of corrections can be resummed to all orders J

Here: N(N)LL resummation

of soft gluon corrections



HIGHER ORDERS AT THRESHOLD

. . <1 .
AN~ oy @LO{A“) log®(8°) + B log(8%) + CV = + D@}

g
—_
Soft/collinear gluon emission Coulomb gluons
At higher orders:
~a;log™ (B) ~a)lp"
[ Both types of corrections can be resummed to all orders J

—> LO Coulomb corrections (o/B)"resummed for qf]
' _ and gg [Kulesza, Motyka’09]
Here: N(N)LL resummation — Subleading Coulomb corrections and bound state

of soft gluon corrections : ~~ ~~

g effects analysed in NRQCD @NLO for gg and qg
[Hagiwara, Yokoya’09] [Kauth, Kiihn, Marquard, Steinhauser’10-11]
[Kauth, Kress, Kiihn’11]

Resummation of soft and Coulomb corrections together [Beneke, Schwinn, Falgari’09], applied to Zﬁ
at NLL [Beneke, Schwinn, Falgari’10]



RESUMMATION FOR SQUARK AND GLUINO

Resummation performed in the space of Mellin moments taken wrt. 4m?/S
log(B?)¢=>log(N)=L

[ 6N ~ C(ay) exp [Lg1 (s L) + g2(cs L) + asgs(csL) + . .. ] J

™

sums up LL: o' log ™! (N) NLL: a/"log"(N)




RESUMMATION FOR SQUARK AND GLUINO

Resummation performed in the space of Mellin moments taken wrt. 4m?/S
log(B?)¢=>log(N)=L

[ 6N ~ C(ay) exp [Lg1 (s L) + g2(cs L) + asgs(csL) + . .. ] J

™

sums up LL: o' log ™! (N) NLL: a/"log"(N)

Squark and gluino production: 2=2 processes with non-trivial color structures:

g 33 = 148

Ggqg 3®3 = 306

gg 3®8 = 346315

Gg 8®8 = 1H8H8BH104103% 27

72  soft wide-angle emission can change the colour structure of the underlying hard
scattering; enters at NLL accuracy



NLL RESUMMATION FOR 2—2 PROCESSES

WITH COLOUR AND NV

[Kidonakis, Sterman'96-97][Bonciani, Catani, Mangano, Nason'98]
In appropriately chosen colour basis

~(res,N) ~(0,N) (N) A (N) A (soft,N) \
/ Oij—kl — Z O Lkl T A, A Azg—>kl I
I
/ Soft, wide-angle emission,

N-moments of LO  soft-collinear radiation from process dependent
incoming partons, universal,
known

QIN g4
soft, NV q as( ) 1 1
A’Eg—fkl} €xXp [/ q 7 DEJLMI] Dz(g)—>k:lI _}3”% Q—QRG (Trr)
a V

K Soft anomalous dimension matriy

At NLL, need 1-loop anomalous dimensions matrices for all colour structures ¢
[AK, Motyka’09] [Beenakker, Brensing, Kriimer, AK, Laenen, Niessen’09]

Resummed expression matched with to the full NLO result = NLL+NLO



13

NLL+NLO RESULTS FOR 7 TEV

(for 14 TeV, see e.g. W. Beenakker, S. Brensing, M. Kramer, AK, E. Laenen,
L.Motyka and I. Niessen, IJMP A26 (2011) 2637)

A. Kulesza, Improving predictions for squark and gluino production at the LHC with the help of soft gluon resummation



TOTAL NLL+NLO PRODUCTION RATES

103 - I - T
ONLO+NLL [pb], LHC, \/g =T7TeV K \
0T mg=mg ] :
Width of the
10! VISTW 2008 | bands: theory
error due to scale
10° . variation
0.5<u/m<2,
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Most precise predictions for squark and gluino production rates currently available




NLL CORRECTIONS

[W. Beenakker, S. Brensing, M. Krimer, AK, E. Laenen, L.Motyka and I. Niessen’11]

1.30 . . , , Uresummed,NLL
MSTW 2008 Knin =

KL oNLO

125  pp— g9+ X —— .
pp—qg+ X - .
G Soft-gluon resummation

1.20 enhances the cross sections

1.15 Highest corrections for the

gluino-pair production: 20%
correction to the NLO results for
m,=1TeV

1.10

1.05
For the squark-gluino channel,

NLL correction reaches 10% at
200 400 600 800 1000 1200 Mg,=My= 1 TeV




SCALE VARIATION

[W. Beenakker, S. Brensing, M. Krdmer, AK, E. Laenen, L.Motyka and I. Niessen’11]

Squark-gluino production Gluino-pair production

0.014 B 0.0014

o(pp— 43+ X ) [pb] o(pp— g3+ X)) [pb]
0.012 | VS =T7TeV - 0.0012F VS = 7TeV

o =m = 1.2TeV —m = 1.
0.010 | 0.0010}F Ho =m = 12TeV

MSTW 2008
mq = mg

MSTW 2008

0.008 | 0.0008 mg = mg

0.006 0.0006

0.004 0.0004

——— NLL + NLO ——— NLL+NLO
0.002F ___ \1o 0.0002f ___ N[O
— 10 — LO
0.000 : : : - 0.0000 : - - -
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1/ ko 14/ Bo

Significant reduction of the scale dependence for NLL+NLO compared to NLO,
especially for gluino-pair production




THEORY ERROR

[W. Beenakker, S. Brensing, M. Krdmer, AK, E. Laenen, L.Motyka and I. Niessen’11]

Squark-gluino production Gluino-pair production
140 T T T T 150 N ,,I,_ ' ' !
p—Gg+ X MSTW2008 Lo | P +X MSTW2008
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. 1.10
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NLL+NLO analysis also performed for production of squarks and gluinos at the
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IMPACT ON LHC SEARCHES

[ATLAS, PLB 701 (2011) 186]
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Auxiliary information publicly available,
including signal acceptance times efficiency



IMPACT ON LHC SEARCHES

[ATLAS, PLB 701 (2011) 186]
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IMPACT ON LHC SEARCHES

[ATLAS, PLB 701 (2011) 186]
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IMPACT ON LHC SEARCHES

[ATLAS, PLB 701 (2011) 186]
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PuBLIC CODE: NLL-FAST

All four processes of squark and gluino production at NLL+NLO

Available at

http://web.physik.rwth-aachen.de/service/wiki/bin/view/Main/
BSMCrossSectionWorkingGroup

— LPCC BSM Working group official recommendation
For a given squark mass and a gluino mass the code returns:
v LO and NLO central values (from PROSPINO)
NLL+NLO central value
upper and lower scale variation error on NLL+NLO
upper and lower pdf uncertainty
upper and lower o, uncertainty

AN N NN

To speed up calculation, interpolation of the provided grids for squark and gluino masses
in the range of 500-2000 GeV



NNLL+NLO SQUARK-ANTISQUARK
PRODUCTION AT 7 TEV

A. Kulesza, Improving predictions for squark and gluino production at the LHC with the help of soft gluon resummation
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NNLL: How?

/ Matcf;ing/coefﬁcients \

~(res,N) NNLL Z ~(0,N) C(N) A(N) A(N) A(soft N)

Oij—kl = zg—>k:l 1Yij—klT ij—kl, T
I
Soft wide-angle

N-moments of LO  gqf_collinear radiation from emission

\ incoming partons /

Exponentials at NNLL accuracy

A(N)A(N)Agjitlzl ; = €xp [Lgl(ozsL) + go(asl) + asgs(asL) + .. ]

Three-loop cusp anomalous dimension [Moch,Vermaseren,Vogt’04]

Two-loop soft anomalous dimensions [Contopanagos, Laenen,Sterman’96][Catani, de Florian,
Grazzini’01][Beneke, Falgari, Schwinn’09][Czakon, Mitov, Sterman’09] [Ferroglia, Neubert, Pecjak,
Yang’09]

Matching coefficients



MATCHING COEFFICIENTS

Soft-Coulomb factorization [Bonciani, Catani, Mangano, Nason’98][Beneke, Falgari,
Schwinn’09-10]

N NNLL Coul,(1 1
Oz(j—)>kl I~ ( Czj—>kl( I)( ) {m2}7 ,[L2)> ( C’L(j)—>k'l I({m2}7 /“LQ))

Form of the NLO Coulomb corrections known:

O_Coul (1) as s K IO_( )
19,1 T 26 17, 13,1
4 1 4 1 1
Kqg,1 = 3 Kqg,8 = 6 KRgg,1 = Y Kgg,8a = G Kgg,8s = 6

Hard-matching coefficients CV. : Analytical results ¢/

i, 1"
obtained from NLO corrections considered in the threshold limit



SQUARK-ANTISQUARK PRODUCTION AT

[W. Beenakker, S. Brensing, M. Krimer, AK, E. Laenen, L.Motyka and I. Niessen’11]
1.50 T
145 | Kalpp — 43+ X)
\/§:7TeV, r:z—Z:LO

1.40
o L35 | — NLO+NLL
K =—= A I NLO + NNLL w/o Coulomb -~
GNLO 1.30 F 77 NLO + NNLL /-"/
1.25 t
1.20 | e
115 | ’

1.10 F

L = pR = mg

1.00

600 800 1000 1200 1400 1600 1800 2000
mg[GeV]

NNLL +NLO: - up to 30% increase of the total cross section wrt NLO for

squarks with mass of 1.5 TeV




SQUARK-ANTISQUARK PRODUCTION AT

A A

[W. Beenakker, S. Brensing, M. Krimer, AK, E. Laenen, L.Motyka and I. Niessen’11]

1-50 T T T T T T T 0.0020 T T T
1.45 KApp—)ch_j—i—X) E 0.0018E. o (pp — qq+ X) [pb] i
VS =T7TeV, r=22=10 VS =T7TeV
140 1 ’ ma . 0.0016F .
o L35 | ——— NLO + NLL ‘/,»' | \\\ Ho = Mg = Mg = 1200 GeV
K =—= B [— NLO + NNLL w/o Coulomb ,-* 0.0014F " 1
Onio 130 F NLO + NNLL ol N
: 0.0012k,
125 1 0.0010
1.20 | P
0.0008
1.15 | L
el 0.0006F 2 Tl T
110 T e T e NLO e T
0.0004f —— NLO+NLL e -
105 E ] e NLO + NNLL w/o Coulomb
HE = kR = Mg 0.0002f ----~ NLO + NNLL ]
1.00 L L L L L L 1 I 1 |
600 800 1000 1200 1400 1600 1800 2000 0.2 0.5 1 2 5
mg[GeV] 14/ 1o

NNLL +NLO: - up to 30% increase of the total cross section wrt NLO for

squarks with mass of 1.5 TeV
- significant reduction of the scale dependence




SUMMARY

Results for the threshold-resummed total cross section at NLL+NLO available for all four processes of
squark and gluino pair-production, as well as stop-pair production

. Significant reduction of the theory error due to scale variation

NNLL+NLO: squark-antisquark production

NLL+NLO results are the most accurate predictions currently available for all channels of squark and
gluino production, should be used for determination of mass limits at the LHC
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SCALE VARIATION CTND.

[W. Beenakker, S. Brensing, M. Krédmer, AK, E. Laenen, L.Motyka and I. Niessen, IIMP A26 (2011) 2637]

Squark-gluino production Gluino-pair production
1.25 W ' ' ' 1.25 . . . .
oy 0 o ~~ .
1.20 [oluo) (PP = 9+ X) - 190 |2 (pp =G5+ X) e ]
1.15 VS =T7TeV. T 1.15 N 7TeV ........................ _
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THEORETICAL STATUS: FIXED ORDER

7 NLO SUSY-QCD corrections = O (i O(S3 ) [Beenakker, Hopker, Spira, Zerwas'96] [Beenakker;
Krémer, Plehn, Spira, Zerwas’97]

Trenkel'08] [Beccaria et al.'08] [Mirabella'09] [Germer, Hollik, Mirabella, Trenkel’10] | [Germer, Hollik,
Mirabella’11]

\ - ; /?

7 For squark-antisquark and stop-
" P antistop production:approximate
e y‘“ﬂi NNLO contributions - O (x.*)
-8 S . [Langenfeld, Moch'09] [Langenfeld’10]

A EW corrections > O (.2 &) [Hollik, Kollar, Trenkel'07][Hollik, Mirabella'08] [Hollik, Mirabella,

SN

/




.
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THEORETICAL STATUS: FIXED ORDER

SN

7 For squark-antisquark and stop-
" P antistop production:approximate
e y‘mﬁ NNLO contributions - O (x.*)
-8 S . [Langenfeld, Moch'09] [Langenfeld’10]

EW corrections > O (.2 &) [Hollik, Kollar, Trenkel'07][Hollik, Mirabella'08] [Hollik, Mirabella,
Trenkel'08] [Beccaria et al.'08] [Mirabella'09] [Germer, Hollik, Mirabella, Trenkel’10] | [Germer, Hollik,
Mirabella’11]

NLO SUSY-QCD corrections = O (i O(S3 ) [Beenakker, Hopker, Spira, Zerwas'96] [Beenakker;
Krémer, Plehn, Spira, Zerwas’97]

e.g. ; ’,og"

QCD-EW interference and photon-induced contributions, tree-level EW [Bornhauser
et al.'07][Alan, Cankocak, Demir'07] [Hollik, Kollar, Trenkel'07][Hollik, Mirabella'08] [Hollik, Mirabella,
Trenkel'08] [Bozzi, Fuks, Klasen'05] [Germer, Hollik, Mirabella, Trenkel’10] [Germer, Hollik, Mirabella’11]

e Ry Siah
fc! .
...... ETTTLTLY S etc. /
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THEORETICAL STATUS: FIXED ORDER

er,

Typically
2 For squark-antisquark and stop- order of a
" o antistop production:approximate
o y"«: NNLO contributions - O (x.*) few tens of
-8 . . [Langenfeld, Moch'09] [Langenfeld’ 10] perce nts

.

ollar, Trenkel'07][Hollik, Mirabella'08] [Hollik, Mirabella,

Trenkel'08] [Beccaria et al. '08] [Mirabella'09] [Germer, Hollik, Mirabella, Trenkel’10] ] [Germer, Hollik,
Mirabella’11]

e.g. ; ’,og"

7 QCD-EW interference and photon-induced contributions, tree-level EW [Bornhauser
et al.'07][Alan, Cankocak, Demir'07] [Hollik, Kollar, Trenkel'07][Hollik, Mirabella'08] [Hollik, Mirabella,
Trenkel'08] [Bozzi, Fuks, Klasen'05] [Germer, Hollik, Mirabella, Trenkel’10] [Germer, Hollik, Mirabella’11]

e "fw\.-\?_..----
i! ¢
------ aonaaasho. etc.

J
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THEORETICAL STATUS: FIXED ORDER

r-QCD corrections = 0(0(53 ) [Beenakker, Hopker, Spira, Zerwas 98] TBeemeakier,

rdmer, Plehn, Spira, Zerwas’97] Typically
2 For squark-antisquark and stop- order of a
- P antistop production:approximate
o y"«: NNLO contributions - O (x.*) few tens of
-8 S . oo [Langenfeld, Moch'09] [Langenfeld’ 10] perce nts
P , Kollar, Trenkel'07][Hollik, Mirabella'08] [Hollik, Mirabellt
Trenkel'08] [Beccaria et al. '08] [Mirabella'09] [Germer, Hollik, Mirabella, Trenkel’10] ] [Germer, Hollik,
Mirabella’11]
e.g.
Typically
order of a few
percents
QCD-EW interference and photon-induced contributions, tree-level EW [Bornhauser (for the total

et al.'07][Alan, Cankocak, Demir'07] [Hollik, Kollar, Trenkel'07][Hollik, Mirabella'08] [Hollik, Mirabella,

Trenkel'08] [Bozzi, Fuks, Klasen'05] [Germer, Hollik, Mirabella, Trenkel’10] [Germer, Hollik, Mirabella’11 Cross sectlon)




RESUMMATION-IMPROVED NLL+NLO TOTAL

NLL resummed expression has to be matched with the full NLO result

K Cnmp+ioco AN \

match _ N+1 N4+1

o ) = Y Y ) £ ()
i,j=q,q,g * CMP 10

~ (res,N ~ (res,N
X [O-qgjﬁkl>({m2}7:u2) - ‘77;(j_>k;z)({m2}aﬂ2)

NLO]

\ + Uilleh(gakl@a {m2}7 N2)7 j

Inverse Mellin transform evaluated using a contour in the complex N space according
to 'Minimal Prescription’ [Catani, Mangano, Nason Trentadue'96]

NLO cross sections evaluated with publicly available code PROSPINO [Beenakker,
Hoepker, Krémer, Plehn, Spira, Zerwas] [http://people.web.psi.ch/spira/prospino/]
[http://www.thphys.uni-heildelberg.de/plehn/prospino/]



NNLL: WHY?

NNLL contributions important for ¢ production [Bonciani, Catani, Mangano, Nason’98]

L4 14—
\\\ | L \ 4
NLO NLO i \ .
i \\\} o (1) /0" (M) ] hout - oM (w) /oM (my,,) . with
W res _ NLO withou ro il
PN onin (w.Cy=0)/0™ (my,,) ] N oNs (1.A=0)/0™0(m )
SN L ol (y=0,Coul=0) /0™ () L2 NN

1.0 — 10 |-
Upper lines: ,u,:mtop/Z _ Upper lines: ,u:mLOP/Z
0.8 Central lines: p=m,,, 0.8 — PP Central lines: u=my,, |
mtop:175 GeV Lower lines: p=2my,, | | : I‘ntop:175 GeV Lower lines: u=2my,,
I I I L I L
0.5 1.0 2.0 5.0 10. 14. 0.5 1.0 2.0 5.0 10. 14.
VS (TeV) VS (TeV)

Approximate NNLO cross sections: reduced scale-dependence

Squark-antisquark [Langenfeld and Moch’09]

LO
NLO
approx. NNLO




GLUINO-PAIR PRODUCTION AT THE LHC

Currently used for determining exclusion limits : NLO SUSY-QCD predictions

pp—> g8+ X LHC @ 7 TeV
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o = m = 12TeV scale variation will

1.80 0.0012F

1.70

0.0010F i .
1.60 | \_ be bigger!
S 0.0008F -
MZ 1.50
HO - 0000 ] More than 20 %
130 L wp—gi+X | | -
VS = 7TeV 0.0004} . scale variation
H S | error
110 f . | 0wz —— 1o \
nw=m
1.00 L L L L 0.0000 L ;
200 400 600 800 1000 1200 0.1 0.2 0.5 1 2 5

m[GeV] 11/ 110



GLUINO-PAIR PRODUCTION AT THE LHC

Currently used for determining exclusion limits : NLO SUSY-QCD predictions

pp—> 828+ X LHC @ 7 TeV

Z.UU T T T T T T T T
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GLUINO-PAIR PRODUCTION AT THE LHC

Currently used for determining exclusion limits : NLO SUSY-QCD predictions

pp—> 828+ X LHC @ 7 TeV

2.00

Loo b 0.0014
‘ o(pp— gg+ X )[pb]

VS =T7TeV I
o =m = 1.2TeV

1.80 | 0.0012F

1.70
0.0010F
1.60

0.0008
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Knro

1.40 0.0006

More than 20 %

I
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p=m
1.00 ' ' ' ' 0.0000 -
200 400 600 800 1000 1200 0.1 0.2 0.5 1 2 5

m[GeV] 1/ ko



REMINDER: TEVATRON SEARCHES

A,=0, tanf=5, u<0
T ‘ T 177 LI ‘ L.
— observed limit 95% C.L.
===+ expected limit -
== FNAL Run I
wo LEPTT

[CDF, Phys. Rev. Lett. 102, 121801 (2009)]

-+-+ NLO Prospino

syst. uncert. (PDF @ Ren.)
---- expected limit 95% C.L.
observed limit 95% C.L.

102 - Theoretical uncertainties not included
in the calculation of the limit

TR R LI

T

.

]

—

=
T
T

Ty
Ty

N

77,50
SIS LSS
IS IIIIIIIIID,

N Ay=0, tanf =5, u<0
‘ L=20fb" 1o

NN N\
Y
N \ N
NANNNNNNNNNN

\3UA1§

1
3
(@)
Q
(@]
<
(iu
T
nZ
I
(9]
~J]
()
Q
(@]
S .
o, f
GeV/c?)
NAANNN

SN,

no mSUGRA
solution

10

\

(

(8]
)
=)

[y

NN
SO\

N

\\\\ \k\\\\
\QS

\ NN

[/ /7

(/LS

NN,
NN

N\

NN
DN
NS
R
\\\\\\\\\\\\\@E\\
..
SN \V\\§§\§§§§§§§
NNNRRANNNNNNNNNNNNNN

10!

~

M, =460 GeV/c*

300 400 500 200 300 400 _ 500
M, [GeV/c? M, [GeV/c?]

=<
I
=<

/LSS LSS
/77
/LSS LSS
077
(/LSS LSS
/LSS
/7777
(/LSS LSS A
/////////////////;/
T/

p—
<
[\S}
T
o
=1
T

0 100 200 300 409 500 600
Mg (GeV/c))

Essential to know total production cross sections for squarks and gluinos well




