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Introduction

Motivation

=  SUSY searches important at LHC
= In MSSM SUSY particles are pair produced
= Main production: squark and gluino pairs

= Strong exclusion bounds on masses

Partonic processes: 9id;
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Primarily proceed through strong interactions —> focus on QCD interactions

* Analytic LO calculations [Kane, Leveille '82; Harisson, Smith ’83; Dawson, Eichten, Quigg '85]
* Numeric NLO calculations [Beenakker et al. ’95-'97; Plehn, Prospino 2.1]

e Heavy pairs s 2 2M :=m; +my —> close to threshold



" Threshold

!
/ ief = partons
» Partonic processes: pp — 8§ X . }?,’p . .
5,8 = squarks,gluinos
2M)2 '
. (2M) <1, M:= bl J; e , &= Ts = partonic cm energy
Relevant modes at threshold:
Collinear: k_ ~M,ky ~MB2 Kk, ~M§S
. Hard: k~M
8 =
n ™m
Soft gluons: ko ~ |k| ~ MB? —> O In™ 3
n
Potential (gluons): ko ~ MB?, k| ~ M ———> (QS/B)

[Catani et al. 96; Becher, Neubert [Fadin, Khoze ’87-'89; Fadin et
’06; Kulesza, Motyka '08; ...] al. ’90; Kulesza, Motyka ’09; ...]




““  Threshold

!/
/ =iy = partons
» Partonic processes: pp — 8§ X . }?,’p . .
5,8 = squarks,gluinos
2M)2 3 5
o (2M) <1, M:= merTmS’ 5 = 7 = partonic cm energy
Relevant modes at threshold:
Collinear: k_~ Mk, ~MB%k, ~MB
. Hard: k~M
8 -
n ™m
Soft gluons: ko~ k|~ M7 —> agIn™ f
n
Potential (gluons): ko ~ M, [k| ~ M3 ———> (QS/B)

[Catani et al. 96; Becher, Neubert [Fadin, Khoze ’87-'89; Fadin et
’06; Kulesza, Motyka '08; ...] al. ’90; Kulesza, Motyka ’09; ...]

» Partonic cs enhanced near threshold by soft and coulomb corrections ——> need to resum

* Threshold enhanced terms also approximate well away from threshold

~ P as\k
Gpp (8) ~ ag(J?J), (F) exp[}nﬁgo(as 1n61+g1(a3 lnB)J—i—\asgg(as In ﬁl+...]

o, In 3, (%) ~1 —> k=0 (LL) (NLL) (NI:"LL)
x {1(LL,NLL); ey, B(NNLL); 2, a5 3, 82(NNNLL); ...}

* NLL results for squark and gluino pair production: [Kulesza et al.’09-’| |, Falgari et al.’12]



EFT

=== Factorization using EFT

[Beneke, Falgari, Schwinn ’10]

e Hierarchy in scales: M>MB>MB?> ——> useEFT
» Effective lagrangian: Lrrr = Lscpr + EPNRQCD
| ) | )
I I
Collinear-soft Potential-soft

» Field redefinitions: soft gluons decouple from collinear and potential modes at LO inf§ —>




EFT

resummation

m, Factorization using EFT

[Beneke, Falgari, Schwinn ’10]

e Hierarchy in scales: M>MB>MB?> ——> useEFT
» Effective lagrangian: Lrrr = Lscpr + £PNRQCD
| ) | )
| I
Collinear-soft Potential-soft

» Field redefinitions: soft gluons decouple from collinear and potential modes at LO in§ —>
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Coulomb contributions Soft contributions
(potential gluons exchange) (soft gluons exchange)

Partonic cross section Hard contributions

*  Coulomb contributions also contain bound-state effects below threshold
» Factorization valid up to NNLL for S-wave processes and for P-wave processes [Falgari et al.’12]

* HandW satisfy evolution equations —> choose scales to minimize higher order corrections
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resummation

Resummation using RG flow

H(M, pn) Hin = Zhn M *  RG flow resums logs In(%L), In(4L)

Folgg) folpe) HOM g T W e (w0, ) py=pup=kiM, pc=kcMax{2a,(uc)m,|Dr,|,2v/2m, M3}

1'r|l.r-::”|-“-"-f".=.:' Hs = kSMa’X{Mj823 MﬁZ kfy kha kCa ks ~1

cut

»  One-loop SUSY hard matching coefficients: squark-antisquark [Kulesza et al.’| 1], gluino-gluino
roduction [Kauth et al.’| |, Langenfeld ’12] and rest [Kulesza et al.’ | 3]

—> NNLL ingredients known (squark-antisquark results in Mellin space [Kulesza et al.’| I])




EFT

resummation

Resummation using RG flow

fff.”.ﬂ,l,] Hp = ZkhM

* RG flow resums logs ln(ﬁ—i), 1n(f»_£)

Fulieg) g VHE (M, jag) TPV Ba s, i) pg=pr="kiM, pc=kcMax{2a,(uc)my|Dg,|,2v/2m, Mp3}

”:{i"h;_;:_,:- Hs = kSMaX{MﬁQ,MﬁZ kf,kh,kc,k‘g ~ 1

cut

»  One-loop SUSY hard matching coefficients: squark-antisquark [Kulesza et al.’| 1], gluino-gluino
roduction [Kauth et al.’| |, Langenfeld ’12] and rest [Kulesza et al.’ | 3]

—> NNLL ingredients known (squark-antisquark results in Mellin space [Kulesza et al.’| I])

* Use MSTW2008NLO PDF’s and match the cs to an approximation of the NNLO result:

NNLL™#tched — INNLL — NNLL(a%!2)] + NNLOapp

NNLOapp - NLOProspino + NNLL(ag)soft—{—Coulomb terms

e Theoretical errors:

- T <kg kn, ke, ks <2 9 Parameterization errors: FE =3 —2M, J
| cale variations: ) . ]
! 0.8 < B < 1.289  3) NNLO approximation uncertainty

Next we present our results resumming both soft and Coulomb terms at NNLL




Results

KNNLL =
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Large NNLL corrections: 10-200% of NLO
Corrections on top of NLL: 0-40%
Corrections beyond NNLO: 0-150%



Results

Contributions: soft and Coulomb
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e Soft corrections: 10-130%
* NNLL: combined soft and Coulomb resummation

* NNLLCI: soft and first Coulomb correction
* NNLL: only soft resummation ¢ NNLLCI for squark-antisquark agrees roughly
with Mellin resummation [Kulesza et al.’| 1]

First Coulomb correction terms: -=20%




Results

Uncertainties

PP-37 (Vs = 8 TeV, mz=0.75m;)
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Scale and parameterization errors of:
* Blue: NNLL resummation
. :NLL resummation
* Black: NLO fixed order calculation to a3
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NLL corrections reduce NLO errors to £10-20%

NNLL corrections reduce further to +4-14%

Public code in progress to reproduce NNLL results



Width

F i n ite Wi dth [Falgari, Schwinn, W ’12]

g&N s = 8000,m;=950,m_=1000 [ GeV]

e Squarks and gluinos decay dor/ dMyg
0.00020
T — =20
_: ..... — r::_:l
* Finite width taken into account by: 0.00015F — L=ls
0.00010 F
E— FE +1l';5 : |
0.00005 { ;Lt‘
P59 = (I's+Ty)/2 bt flpe———
1960 1970 1980 1990 2000 2010 2020 Hit
Vs = 8000, M =1500 [GeV]

Bound state peaks smeared out C, . M (%)

Soft logs:  a”In™ B — o In™(B* + (I/M)?*)"/*4 15} i

Coulomb:  (a./B)" = (as/(B* + (T/M)*)/4) [ - dd
Jﬂr ..... - g g

¢« SQCD widths are most often dominant

* Q:How much does the width effect our previous results for NLL?




T T susy

Width O.mat Ched [F] ( V's = 8000,M; =1500 [GeV]

Knip|l] = =
g NLO [F] DR -
oaf ,f
0zr - ‘\\“»f/ ~..
* Experimentally relevant total SUSY production: =l ey,

~

PP>Gg+Gg+4 ¢ +E €, \/ = 8000, M =1500 [GeV ]

{ K [T], Ky 1013

¢ Green band: total error for zero width

* Negligible difference ——> BS contributions correctly included by delta peaks

*  Width can be neglected for the total SUSY process



Summary
and
Outlook

Summary

* NNLL corrections for the SUSY processes can be as large as 10-200%
* From NLL to NNLL: errors reduced from =£10-20% to +=4-14%

* Coulomb corrections can be as large as soft corrections —— need
to resum them

» Finite width effects on Coulomb and soft corrections of total SUSY
process are negligible

Corrections need to be taken into account for setting more accurate
squark-gluino mass (bounds) [Kulesza et al.’| I]

Public squark and g|uino NLL grids; http://omnibus.uni-freiburg.de/~cs 1010/susy.html

QOutlook

» Compare with Mellin results
» Extend results to non-degenerate squark masses

» Non-Coulomb resummation: as(as/83)™ (aslog 3)"
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Backup

Need for resummation

b1 or
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» Sizeable contribution from small 5 region ——> need to resum at threshold

* Threshold enhanced terms also approximate well away from threshold

¢ Soft logarithms resummation [Catani et al.’96; Becher, Neubert '06; Kulesza, Motyka ’08;
Langenfeld, Moch ’09; Beenakker et al.’09]

* Coulomb resummation [Fadin, Khoze '87-’89; Fadin, Khoze, Sjostrand "90; Kulesza, Motyka ’09]
e Simultaneous soft and Coulomb resummation for squark-antisquark at NLL [Beneke, Falgari,
Schwinn ’10] and top-quark pairs at NNLL [Beneke et al.’| I]




Backup

Effective lagrangian

» Effective lagrangian: Lprr = Lscer + LPNRQCD
Colli f c 3 ( Dtify,——iD )ﬂg ltr(F“"FC )
- . = c 7. 7 c_—z cl|l =Qec — = c W
ollinear-sort: SCET L inD. N 5 > -
32 Ty F2 s
ﬁPNRQCD==¢TiL£-+ L —© ¢—%¢” iDY + + == )y
Potential-soft: ( 2ms 2 ) ( 2my 2 )

+ [Py (2w T 0

LscET




Backup

Potential function

« The potential function sums the Coulomb terms:  (as/3)"

The potential function equals twice the imaginary part of the LO Coulomb Green’s function:

(2m,)? E 1 8m, E
i _D o= In(—
A { 2m, +(=Dr.)e {2 2 1?2

AR (REve- )l

Ggu(()) (Oa 09 E) S

)

2 r 2 D 3 my -1
Jr, (E) = (2m, ) wDr, o (e”DRaO‘s E —1) E>0

2m
2m,a2D% )) 9my(—Dg. o\
4n? 2n

» Potential function J:
E <0

Jeewmd () =2 i S(E — (
n=1

It depends on the Casimir coefficients: Dgr, = %(CRQ — Cp — Cp)



Backup

NLL resummation formula

* NLL partonic cross section is a sum over the total color representations of final state:

—2vEN o0 J (MBQ - 2) 27 [Beneke,

ANLL (5 _ (0),Ra g Ro 2 LY .
(o, (8, ,u,f) = H: (,Lbh) Ui(M, U ,us,,uf) ] dw ( ) Falgari,

. Rza - L'(2n) Jo w 2M Schwinn’10]

2m.
Hard function H is determined by Born cross section at threshold: 4,7 (5) =~ | ( 2;) T A
. he function Ui follows from the evolution equations of H and W:
AM2 —2ar (ph,ts) 112 n
Uz'(MnUJhuufaﬂ's) a ( Hz ) (}U'_g) X exp [4(8(”hnﬂf)_s(ﬂsa.uf))
h s

—2aY (un, pis) + 20%P (s, 115) + 20% (s, uf)]

C,+Cp [ 4rm 1 B1 =y 2
Slpi, ps) = P P [ (1———1117")—0—(2K——) l—r+Inr)+ r
()u’ ,LLJ) 25[2] as()ufi) r BO ( ) 2180
Cp + Cp v OV AP
sti) = ——1 L (s prj) = 1 B (T 1) = 1
ar (K, p1) By BTy 4 (1is p15) oy BT a®P (i, pj) 2hg BT

v’s are the one-loop anomalous-dimension coefficients, 5’s the beta coefficients and C’s are
the Casimir invariants, while other constants are:

67 7r2) 10

n=2ar(ps,py), 1= os(py)/as(p), K:(E_F CA_? g




Backup

Determination of 3_.

B... is determined by minimizing the width of the envelope created by:

6-85’ (A<7 B>7 6Cut) Y A< Q(BCut B) + 0'B> 9(6 ,6(3111;) [Beneke et al.’11]

Eight different implementations:
A. € {NLL;,NLL>}, Bs € {NLL3, NLO,pp, NNLO4, NNLOg}

. efault implementation is NLL,

Error from envelope when varying S, by 20% around its default value
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Total SUSY cross section

PP—#5+85+55+28 (Vs = 8 TeV)

PPo&5+3d+55+88 (Vs = 8 TeV)
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e The corrections are about 15-30%
o Errors reduced to =10%



Stops

PP-EE (Vs = 8 TeV) PP—#1F (\s = 8 TeV)

AL (Tythoy)oy
1.25? 1.15:—-..._____
120 T B
1.15F 1.05E

’ - e W[ Ge V]
1LI0E . =~ MNLL 200 400 @

- ~ MLLy.gs 095k an ana 1aoo 1200
tosk e MLL, 5 Jonl

e a0 & e M[GEV] 085 e S L DT T T T

300 400 600 800 1000 1200 = S

/ _ PP T =8 TeV
PPHE (Vs = 7 Tev) i (Vs =8 Tev)

EWLL
EwrL
1.25¢ L4}
i MLL f
1.20¢ . MLLpgam, 1.3}

115} ;
: 1.2
1.10f :
5 1L
1.05f i
500 200 00 200 T i 200 400 600 800 100D 12nn[ ]

*  Q-gbar fusion P-wave suppressed compared to gluon fusion

» Relatively larger soft corrections from gluon fusion than squark-antisquark




NLL Mellin space comparison

PP—dd (Vs = 7 TeV) PP—dd (Vs = 7 TeV)
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- Mellin transf.: f(z) — f(N) = J"OOO da f(z)zN ! ¢ Only soft resummation: NLL

o Compare with NLLy,, [Kulesza et al.
’09, NLLFast]

Agreement is within error bars

N ~ # — Threshold: N > 1

* Resum and transform back to momentum space




