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LHC SEARCHES
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7 Total production cross sections for pair-production

of squarks and gluinos are one of the important
theory ingredients entering limits determination

Theoretical predictions currently used by ATLAS and

CMS: resummed predictions at NLL+NLO accuracy

This talk: status of the tool for these predictions
(NLL-FAST) and one log higher: NNLL



SQUARKS AND GLUINOS AT THE LHC

MSSM: pair-production of coloured sparticles dominates at the LHC

pp — Ekgka 657 Cjij qg? gg

NLO+NLL SUSY-QCD for strong processes
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THEORETICAL STATUS: FIXED ORDER

NLO SUSY-QCD corrections

Krdmer, Plehn, Spira, Zerwas’97]

]
€.g. j:».,‘

EW corrections > O ( 0(52 (04 ) [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]

\ eg. }M

N

> 0O ( 0(53 ) [Beenakker, Hopker, Spira, Zerwas'96] [Beenakker, -
? For squark-antisquark and gluino-
- gluino production: approximate
}t‘“‘( NNLO contributions > O (o * )
st [Langenfeld, Moch'09] [Langenfeld.
Moch,Pfoh’12]
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THEORETICAL STATUS: FIXED ORDER

N

7 NLO SUSY-QCD corrections = O ( 0(53 ) [Beenakker, Hépker, Spira, Zerwas'96] [Beenakker, -
Krdmer, Plehn, Spira, Zerwas’97]
? For squark-antisquark and gluino-
" - gluino production: approximate
e 4 }:‘"“Z NNLO contributions > O (o * )
-B- S st [Langenfeld, Moch'09] [Langenfeld.
Moch,Pfoh’12]

| EW corrections > O ( 0(52 (04 ) [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]

__ PROSPINO
MadGolem

e.g. ; ',—g"

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]
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THEORETICAL STATUS: FIXED ORDER
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THEORETICAL STATUS: FIXED ORDER

Typically

? For squark-antisquark and gluino- order of a
" - gluino production: approximate
e.g I { }tﬂui\ NNLO contributions > O (o * ) few tens of
‘o S " [Langenfeld, Moch'09] [Langenfeld.
Moch,Pfoh’12] percents
| . Kollar, Trenkel'07][Hollik, Mirabella'08] [Hollik, Mirabells
4 Trenkel'08] [Beccaria et al. ’08] [Mirabella'09] [Germer, Hollik, Mirabella, Trenkel’10] | [Germer, Hollik,
Mirabella’11]
e.g.
Typically
order of a few
pe rcents
QCD-EW interference and photon-induced contributions, tree-level EW [Bornhauser et (for the total
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 section)
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HIGHER ORDERS AT THRESHOLD

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

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

. . ~ 1 .
AGNYO ~ a, @LO{A@ log?(3?) + B 1og(5?) + C® 5+ D@)}
/ \

Soft/collinear gluon emission Coulomb gluons

At higher orders:
~ o log™ () ~a)/p"
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SOFT GLUON RESUMMATION

Systematic reorganization of perturbative series

o ~ cpo +

—|—ozs( cizlog”® (82) | 4 ci1log (B%) |+ cio ) & NLO
+a§( coslogh (B2)| T caslog® (B2)| T canlog? (82) 4+ ) & NNLO
0 0
alog (B2  a,"log (B2
Factorization: space of Melin moments N ,taken wrt. 4m2/S log(B2)¢>log(N) =L

[6(N) ~ C(ag)exp[Lgi(asL) 4+ go(asL) + asgs(asL) + .. ]J

N

sums up LL: o log ™1 (N)  NLL: a,"log"(N)




SQUARK AND GLUINO PRODUCTION AT

After matching consistently with the NLO predictions (PROSPINO)
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PuBLIC CODE: NLL-FAST

NLL-fast = public tool producing NLL+NLO results for:
72  squark and gluino pair-production

72  stop-antistop (sbottom-antisbottom) production
72  gluino pair-production in the decoupling limit of large squark masses and vice versa
http://web.physik.rwth-aachen.de/service/wiki/bin/view/Main/BSMCrossSectionWorkingGroup
and http://http://pauli.uni-muenster.de/~akule_01/nllwiki/index.php/NLL-fast

CMS, \s=7TeV, L,=498 fo!

1000,
~ 1000

GGM: bino-like neutralino, tanp = 2, cty_sp < 0.1 mm
T T T T T

MSUGRA/CMSSM: tanf; = 10, Aﬂ= 0,10 T T N T T
T :ptons with btag selection
1o GNLOWNLL 4 4 5
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wsof iy
B
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NLL-FAST FOR NEXT LHC RUN(S)

Available versions of NLL-fast deliver predictions for all processes of squark and gluino
production, including stop and decoupling limits at Vs =7, 8 and 13 TeV

http://http://pauli.uni-muenster.de/~akule_01/nllwiki/index.php/NLL-fast

1E-+04

1E+03 oxvo+niL |[pb], LHC, VS =14 TeV |
1E4+02 |
1E401 -
1E+00 |
1E-01 -
1E-02 -
1E-03 |-
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1E-0b W v o . e e
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mg = my [GeV]

A full version of NLL-fast for Vs = 14 TeV in preparation



NLL-FAST FOR 14 AND 33 TEV

A “light” version of NLL-fast for Vs = 14 and 33 TeV is also available, covering stop-
antistop as well as gluino and squark production in the decoupling limits

Example: gluino production in the decoupling limit of large squarks masses

—10°8 L e DL A L L B B S B L -1k 7+
‘é 10° LHC, Vs=14 TeV ——— Cross section and total uncert. -.é s LHC,I V5233 TeV ‘ Cr<‘>ss section and‘ rotal uncert
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= m r rkm imi
bz1 o ( ‘; " :: ocL;J pl?nge” ;ci;tl;a asses . CTEQ scale ® PDF uncert. bil . Lcljmn of Ilgrgel' sqtuark masses CTEQ scale ® PDF uncert.
CTEQ scale ® PDF @ ag uncert. 10 {decoupiing limit) CTEQ scale ® PDF ® a,g uncert.
102 MSTW NLO+NLL cross section 102 MSTW NLOSNLL cross sectio
10 @ ~N 92 T MSTW scale uncert. we N0 MSTW scale uncert.
] WININ- MSTW scale & PDF uncert. I MSTW scale ® PDF uncert.
1
1 -1
0 10"
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http://http://pauli.uni-muenster.de/~akule_01/nllwiki/index.php/NLL-fast

— a write-up in preparation



SQUARK AND GLUINO PRODUCTION:

7 @NLL+NLO for ALL processes [AK, Motyka ‘08-’09][Beenakker, Brensing, AK, Laenen,Niessen’09-"10]
- NLL-FAST

\_

J
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SQUARK AND GLUINO PRODUCTION:

and 7 f [Broggio et al’13]

( This talk: remaining processes @NNLL+NNLO

approx

A @NLL+NLO for ALL processes [AK, Motyka ‘08-'09][Beenakker, Brensing, AK, Laenen, Niessen’09-°10]
- NLL-FAST

2 O@NNLL+NLO for éf] [Beenakker, Brensing, AK, Laenen, Niessen’11], g8 @NNLL+NNLO [Pfoh’13]

approx

IIlIl'lllilllillllllllllllll’ll
O, [pb]: pp — SUSY T

Vs=8TevV X
NLO+NLL -!
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1
1
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7

7
7

2  This talk: remaining processes @NNLL+NNLO,,, ., /
_ A

SQUARK AND GLUINO PRODUCTION:

@NLL+NLO for ALL processes [AK, Motyka ‘08-’09][Beenakker, Brensing, AK, Laenen,Niessen’09-"10]
-> NLL-fast

@NNLL+NLO for éf] [Beenakker, Brensing, AK, Laenen,Niessen’11] gg @NNLL+NNLOapprox [Pfoh’13]
and 7 f [Broggio et al’13]

LO Coulomb corrections (a/B)" resummed for Gq and 88 [Kulesza, Motyka'09]

Subleading Coulomb corrections and bound state effects analysed in NRQCD @NLO for gg
and ég [Hagiwara, Yokoya’09] [Kauth, Kiihn, Marquard, Steinhauser’10-11] [Kauth, Kress, Kiihn’11]

J

A. Kulesza, Improving theoretical predictions for pair-production of coloured sparticles: an update SUSY 2013, 29.08.13



SQUARK AND GLUINO PRODUCTION:

A @NLL+NLO for ALL processes [AK, Motyka ‘08-'09][Beenakker, Brensing, AK, Laenen, Niessen’09-°10]
-> NLL-fast

72 @NNLL+NLO for éf] [Beenakker, Brensing, AK, Laenen,Niessen’11] gg @NNLL+NNLOapprox [Pfoh’13]
and 7 f [Broggio et al’13]

?  This talk: remaining processes @NNLL+NNLO, ., /
_ A

# LO Coulomb corrections (o /B)"resummed for Gq and 88 [Kulesza, Motyka'09]

?  Subleading Coulomb corrections and bound state effects analysed in NRQCD @NLO for gg
and ég [Hagiwara, Yokoya’09] [Kauth, Kiihn, Marquard, Steinhauser’10-11] [Kauth, Kress, Kiihn’11]

\. /

l Resummation of soft and Coulomb corrections together J

. in momentum space, using SCET and NRQCD, for ALL processess @NLL +NLO [Beneke, Schwinn,
Falgari “09-"10] [Falgari, Schwinn, Wever’12]. Finite width effects studied in [Falgari, Schwinn, Wever’13].




RESUMMED CROSS SECTIONS

Partonic cross section in orthogonal basis in colour space for which I, is diagonal in the
threshold limit (s-channel basis [AK, Motyka’ 09], [Beneke, Falgari, Schwinn’09])

&(res,N) _ Z ~(0,N) C(N) A(N) A(N) A(soft N)

19—kl z]—>kl I ~iy—kl, 1 1) —kl, I
I | . N
sum over colour Soft, wide-angle emission,
channels Hard function Soft-collinear radiation from process dependent

incoming partons, universal,
known

l AN AZT = exp [Lgl(asL)+gz(asL)+asg3(asL)+---]
LL NLL NNLL

NLL: currently used in experimental analysis

NNLL recently finished for all processes -> this talk



TOWARDS NNLL

4 )
~ (res,N) NNLL ~(0,N) (N) (N) A (N) A (soft,N)
Oij—kl = Z 0 —kl, Ing—>kl JEAY A Azg—ﬁcl I
I
N N) A (soft),N
. AMAM G = exp [Lor(0aL) + ga(0a) + angs(a L) )

Shopping list for NNLL:

Exponentials at NNLL accuracy (need the NNLL function g;) - available ¢/

[Moch,Vermaseren,Vogt’04][Contopanagos, Laenen,Sterman’96][Catani, de Florian, Grazzini’O1][Beneke, Fallgari,
Schwinn’09][Czakon, Mitov, Sterman’09] [Ferroglia, Neubert, Pecjak, Yang’09]

Matching coefficients

N NNLL Qs ,Coul, Qg 1 Qg ,Coul, 2)
O Pu0a ™2 (142 S %) (1 a0 ) )+ SSCEE OV, ) )

2  Soft-Coulomb factorization [Bonciani, Catani, Mangano, Nason’98][Beneke, Falgari, Schwinn’09-10]
15t and 2" order Coulomb effects also known ¢

Remaining hard matching coefficients - need to be calculated
[Beenakker, Janssen, Lepoeter, Kriimer, AK, Laenen, Niessen,Thewes, Van Dal’13]



RESUMMATION-IMPROVED CROSS SECTIONS

Resummed expression is matched with the perturbative result to avoid double

counting
Cmp—+ioo
((matcm 2y 2y _ AN N (N+1)
Uhlhgﬁkl(Pa{m hut) = Z / , o fi/hl (
CMP—ZOO Qe

&

1,7=4,9,9

~ (res,N ~ (res,N
X [Ugjejkl)({mQ}aMQ) - O-z(jik:l)

f-o.
_'_ O-hth—)le(p? {mQ}?IU“Q) 9

({m?*}, pu*)

N
2) £

o |

)

J

NNLL matched to NNLO

7

NNLO, approx _ __NLO
Ohlhz —kl - Ohlhz —kl
approx

+ Ao

NNLO, approx
hh,—kl

2" order correction constructed out of dominant terms in B as B—>0 for arbitrary colour

representation [Beneke et al’09]



NNLL+NNLO.,..... FOR SQUARK-SQUARK

[Beenakker, Borschensky, Kréiimer, AK, Laenen, Theeuwes, Thewes, in preparation]

1.20 0.0350 . . T

1.18 _Kx(pp—>(ﬁ+X) O'(pp—>(j(]—|—X) [pb]

_ _mg _ 0.0300 P\ _ .
B o, 116 _\/§ 8 TeV, r Wf 1.0 S VS =8 TeV
. |14 NNLL matched ' po = mg = mg = 1200 GeV
NLO : [ NLO-+NLL _ 0.0250 '\
N MSTW2008NNLO
]. . 12 r—— NNLOApprox l."' n ' N
io0b ‘___ _____ | 0.0200 :,......--.....,,_.\\\ PRELIMINARY .

1.08
0.0150

1.06 _
1.04 £ i
0.0100
1.02 PRELIMINARY | =0 NLO-NLL Tl
. [ } — — ~ l NNLL matched o
1.00 L~ ' s 0.0050 ' . .
500 1000 1500 2000 2500 0.2 0.5 1 2 5
mg|GeV] 1/ po

1-loop Coulomb coefficients 4,1 for I=3 and 6 have opposite signs - dampens the growth
of the corrections with mass, as compared to NLL+NLO. Additional dampening due to
differences between NNLO and NLO quark pdfs



NNLL+NNLO,..... FOR SQUARK-

[Beenakker, Borschensky, Kréiimer, AK, Laenen, Theeuwes, Thewes, in preparation]

1.80 , , , 0.0055 , , ,
Ka(pp — 47 + X) 0.0050 L o(pp — qq + X) [pb]
170 - me . R
VS =8 TeV, r=n2=10 00045 | V'S =8 TeV
K - o, 1.60 | NNLL matched - . \\\ pio = mg = mg = 1200 GeV
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140 | /] PRELIMINARY
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1.30 S 0.0025
1.20 ‘ 7 0.0020
110 b e - 0.0015 L~ NLO-+NLL .o |
________________________________ — = mgs NNLL matched Tl |
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Update on [Beenakker, Brensing, AK, Laenen,Niessen’11]



NNLL+NNLO.,.... FOR SQUARK-GLUINO

[Beenakker, Borschensky, Kréiimer, AK, Laenen, Theeuwes, Thewes, in preparation]

1.80 , , , 0.0300 . . ,
L0 K.(pp — qg + X) . o(pp — Gg + X) [pb]
K < 9 | VS=8Tev, r=22=10 0.0250 -, VS =8 Tev -
Onio 1.60 - NNLL matched 7 \‘\ po = mg = mg = 1200 GeV
o NLO+NLL 0.0200 - . MSTW2008NNLO .
’ = NNLOApprox T
1.40 0.0150 £~
1.30 0.0100
1.20
0.0050
110 b—m "4 e NLO+NLL
_____________ — — NNLL matched
1.00 ' , HFTIRT e 0.0000 . . .
500 1000 1500 2000 2500 0.2 0.5 1 2 5
mav[GeV] ,UJ/,UO

PRELIMINARY



SUMMARY

Total cross sections for ALL pair-production processes of squark and gluino,

including stop and sbottom, are known at NLO+NLL (soft and soft+Coulomb);
tools are available

— NLL-FAST for 7, 8, 13, 14 and 33 TeV

New results, increasing accuracy of resummation: NNLL resummation for all
processes of squark and gluino, matched to approximated NNLO result

For the processed discussed here we observe the new results lead to very
significant increase of the K-factor wrt. NLO

Reduction of the theory error due to decreased scale dependence



