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Outline

@ Introduction: Collider processes, factorization
and resummation in SCET

@ Slepton pair production: invariant mass and
total cross section

@ Squark (stop) pair production: outline in SCET

® Conclusion
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Basics of resummation
In SCET
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Processes at hadron colliders

@ Collider processes characterized by many
scales: s, s, piz, AQCD,

@ As a consequence, large Sudakov logarithms
arise, which need to be resummed.

@ Effective field theories provide a modern
approach based on scale separation
(factorization theorems) and RG evolution
(resummation).
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Processes at hadron colliders

(Courtesy of A. Broggio)
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Basics of resummation

@ do has large double logs from real emission in the soft limit A — 0

o Defining L=logA~1/¢, , do has perturbative expansion

approx. NNLO

(A% B\

NLO
do~1+o (I’ +L+1+0A)+a’(L'+ L+ L +L+1+0(A))+0(a)
~exp(L’or. + Loe, + Lo +...)+ O(A)

<
NLL
. /

Lo
NNLL

® Resummation exponentiates large logs

@ One can consider different soft limits:

Observable Soft limit
Production Threshold O B=1-4m>/5 >0
Single-particle-inclusive do /de Shis (p4 an k)2 s m2 — 0
Pair-invariant-mass do | dM et SIS A e

Tuesday, February 14, 12



Soft-collinear factorization

Sen 1983; Kidonakis, Oderda, Sterman 1998

@ Physics occurring at different scales
factorizes into different objects:

do ~H({s;.u)] [ 1:(p . @ SHAG. 13)

@ Define components in
term of field theory
objects in SCET

@ Resum large logs in
momentum space using
RG equations
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Soft-collinear effective field theory
(SCET)

@ Two step matching procedure:

@ Integrate out hard modes, describe
collinear and soft modes by fields in
SCET;

@ Integrate out collinear modes and
match into a theory of Wilson lines.

@& The anomalous dimension for
the hard function is known:

1L 5 i
T@pipti)— N ywsp<ocs>1n—s+2y (a,)
(i.)) T
T. &F § L4 8 m
i 2 12 ; ’}/cusp(ﬂIJ ’as)_i_Zyl(as)Z 12 X ycusp(as)ln _;‘u
(1.J) I (1.j) Ij
73 z ifabCTIaTIbTICE(ﬂlj’ﬂjK’ﬁKI)
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Literature

@ Soft gluon resummation has been applied to
various processes in the Standard model:

@ Drell-Yan and deep inelastic scatfering,

Becher, Neubert, Pecjak, 2007
and Becher, Neubert, Xu, 2007

@ Higgs production, Ahrens, Becher, Neubert, Yang, 2008

@ Top pair production

Ahrens, Ferroglia, Neubert, Pecjak, Yang, 2009,2010,2011
Beneke, Falgari, Klein, Schwinn, 2010, 2011

@ We are interested fo apply it to the
production of supersymmetric particles.
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Drell-Yan type processes in
supersymmetry: slepton pair
production

Standard particles SUSY particles

Tuesday, February 14, 12



Slepton pair production

@ Drell-Yan type processes are the simplest example where
to apply resummation: only two partons are involved.

@ Slepton pair production has a small cross section, but a
simple signature: a couple of energetic leptons plus
missing energy.

@ Slepton are expected to be among the ligthest
supersimmeftric particles.

@ Threshold soft gluon resummation has been performed at
NLO+NLL. (Bozzi, Fuks, Klasen 2007). We improve it in
SCET obtaining the invariant mass spectrum at NLO
+NNNLL.
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Kinematics and factorization at threshold

o In the limit M?/§=z—1 the invariant mass spectrum reads
(Becher, Neubert, Xu 2007) (t=M"/5s)

() + (g8 ) gy

thhresh 5 71.0(2 : 2 ez_eq(gz+gg)gi,Z+l
dM” " 3N M ss5¢ Pdas I M 0 (1_m§/M2)2
le
X | —=Cz,.M m_ m H)f(T/Z,1,),
o

' d
o where ff(y.u,)= | f[qu] CNTRY S CYENTREACREIDY

defines the parton luminosity function
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Kinematics and factorization at threshold

o C(z,M.,m,,m,,u,) contains large Sudakov logs due fo real emission, in the
limit in Wthh it becomes soft, M /5=7z—1

C(ZaMamé 9mg nuf) lSM: 5(1)

2 W,
Yt +0(0?)

“hard scale” pf ~ u, M(-2)~u, “soft scale”

@ In the soft limit, the contribution propotional to 1/(1-z) gives the
dominant contribution to the cross section (“leading singular terms”)
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Kinematics and factorization at threshold

@ C(z,M.,m,,m,,u,) factorizes into two terms, which can be computed by
means oF soF’r collinear effective field theory:

Cle. M ol SHGE q,mg,upS(f (1-2), uf>

hard function ———— soft Func’rion
RG evolution

@ The soft scale arise dinamically upon integration over z, when z— 1
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Hard function

o C,(-M*,m_,m,.u,) is calculated in perturbation theory, it reads
C,(—-M?’,m.,m,, U ):1+&[c(1)(—M2 )+ CY ke (=M 2 ,m mz)]
1% LR LR g Tl M, V SUSY SLbER Tl 5
2
o
+ (_S) [C\(/Z)(_Mz’uh)+ C\(/z,;Usy(_]w2 ,mq%amg%nuh)]

4r

@ The supersimmetric part follows from calculating

® and reads - s
2 2 )

0 m 2(m§ —mq) m: 2m§ m§

VSUSY_C {E_m —m M2 5 : > T M2 lnmz

_(mg —mé) ! 3

Y i
2(m; — mz) m: (m;—m;

_|:1+ }gw fB(M ’ q) 2 Mg2 +( gM4 q) fC(Mzamg,mg)}'

@ The RG evolution of CV(—Mz,mé,mg,uh)_is Known:

2

d Vs
iy CV(—Mz,mgl,mg,,uh) = {Fcusp(as)(?— mj+ j/v(as)}CV(—Mz,mq,mg,,uh)
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Soft function

@ After integrating out the hard modes, the theory is described by
collinear and soft field in SCET.

@ At leading power, only the 1, - A component of the soft-gluon field
interacts with the collinear fields. These “iconal” interactions can be
described by means of Wilson lines, along the light-cone directions
n. i

l

S (x)= Pexp(igj_ow dsn-A (x+ sn))

@ The soft function in case of Drell-Yan-type processes reads

S(\/§(1 i Z),uf) — \/gjdiei\@(l—z)xO/z NL
« (0| TrT[S1 (x*,% = 0)S, (x°.% = 0) ] T[ S1 (0)S, (0)]| 0)
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e RRENMANC STUDIES: LEADING SINGULARSBERMSFSINIE

OSERC B @l

100 F

0.1F

PARTON LUMIN

- How Is the partonic threshold region
parametrically enhanced?

* When the invariant mass of the slepton
pair reach the hadronic center of mass
region,

2M*/s=1—>1,

0.20 0.50

* Dynamically, if the parton luminosity
function multiplying the hard scattering
kernes is steeply falling with 1 — z.

« One find that this is indeed the case, and
the leading singular terms indeed account
for around 95% of the total invariant
mass.

1.8

full NNLO
full NLO
[ ———— NNLO,leading sing. term

NLO, leading sing. term
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SISTEMATIC STUDIES: SCALE DEPENDENCE
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SISTEMATIC STU

DIES: FIXED ORDERVS

RESUMMED K FACTOR

Fixed order

Resummed

10}
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10[
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SISAE=RAHC STUDIES: SUSY CONRRIESARIEIN
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d*c/dM dY [fb/GeV]
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SUSY CONTRIBUTION:
RAPIDITY

B NNLO .
W NLO Vis=14TeV |
LO .
: M=1600 GeV -
p fixed order resummed
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fixed order

resummed

“pure’” NLO supersymmetric correction very small
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SLEPTON PAIR PRODUCTION: INVARIANT MASS
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verw  SLEPTON PAIR PRO
TOTAL CROSS SECTION

20083

DUCTION:

Susy point £ : m; =180 GeV, m, =600 GeV, m, = 750 GeV;
Susy point P, : m; =360 GeV, m,=1200 GeV, m, =500 GeV.

Tevatron (SUSY point P) LHC (7TeV, SUSY point P;)
010 1.31%514 X006 8.01036 T34
ONLL 9.59% 64 T0:37
ONLO 10.56%0:55 *0.43
ONNLL+NLO | + /% 10.63%575 Tos7
ON3LL+NLO Lo 10.81%005 “0'37
LHC (14 Te LHC (14 TeV, SUSY point P)
oLO 28.14%0 54 064 188005 o.08
ONLL 33.36 527 “101 2.24%074 “o'08
ONLO 36.65 035 110 2.457005 010
ONNLL+NLO 37.16704> T10s 2.4775.03 To.08
ONSLL4NLO 37.801010 1105 2.5170.01 Zo.08

N"LL+NLO __ jy _N"LL ( NLO | 7 _N'LL )
do =do |ﬂhaﬂs,ﬂf Hdo |,Uf do |;uh::us:.uf |0(05s) 3
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ERESEONFPAIR PRODUCTION: TOTAL CROSSISEGHRIEHS
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Soft gluon resummation
for slepton pair production

@ Using methods of soft-collinear effective field theory we
achieve soft gluon resummation at the NNNLL.

® We obtain results for the invariant mass distribution and the
total cross section at the NLO+NNNLL.

@ “Pure” supersymmetric correction at NLO small.

@ NNNLL resummation useful to reduce significantly the scale
uncertainty by a factor 2 from the NLO to the NLO+NNNLL

result.

@ After resummation, the largest source of uncertainty comes
from the PDF.

@ The increase in the invariant mass distribution and total cross
section is less significative, up to 7% at the Tevatron and up to
3% at the LHC
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4 partons processes: squark
(stop) pair production

Standard particles USY.E articles




Squark pair production

o If supersymmetry exsists, colored particles such as squark
and gluinos are expected to be produced copiously in hadronic
collision.

@ They offer the highest sensitivity for supersymmetry searches
at the Tevatron and LHC. (Experiments indicate
already m, . 21 TeV)

@ Accurate theoretical prediction are crucial fo derive exclusion
limits for squark and gluino masses.

@ In case of discovery, they are useful for a precise
determination of the sparticle masses and properties.

@ Stop pair production is particularly interesting: one of the two
mass eigenstates is expected to be the lightest squark.

@ In case of a split scenario with heavy first two families, it
could be the only squark in reach of LHC (with the gluino?)
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Soft gluon resummation for squark/
gluino production in the f— 0 limit

@ In Mellin space:

@ Kulesza, Motyka, 2009;

@ Beenakker, Brensing, Kramer, Kulesza, Laenen, Niessen, 2009,
2010, 2011;

@ Beenakker, Brensing, Kramer, Kulesza, Laenen, Motyka, Niessen,
2009, 2010, 2011;

@ Beenakker, Brensing, D'Onofrio, Kramer, Kulesza, Laenen,
Martinez, Niessen, 2011

@ In momentum space:

@ Beneke, Falgari, Schwinn, 2009, 2010;

o Falgari, Schwinn, Wever, 2012;
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Soft gluon resummation for squark/
gluino production in the f— 0 limit

@ The 3 — 0 limit resums a different type of
soft contribution, around the “true” threshold
region, while the z—1— 0 limit resums soft
radiation for the whole invariant mass
spectrum:
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MSSM MASS SPECTRUM
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Stop pair production

@ The differential cross section in the threshold region

reads
dZGthresh le
dM d cos6 4 -L?[ng(Z’M’COSH’mfmc}’mg’Uf)ﬁgg(f/Z,Uf)

I qu(z,M,COSH,Wum~ mg,,uf)ﬁqu(’[/z,uf)+ qu(z,M,Cos(9,m~m~ mg,uf)ﬁ‘qq(f/z,uf)]

10 Gk TR

@ The hqrd §cah‘ermg kernels C,(z,M ,cos0,m.m_,m,,[L,)
factorise into

C.(z,M ,cos H,m;mé,mg,,uf) = Tr[Hl.j(M,cos H,m;mé,mg,,uf)
><Slj(x/§(1—z),cos@,m;,uf)]+0(1—z)

® Where now Hlj(M,COSQ,m;mé,mg,yf) and Sl.].(\/?(l—z),cosé?,m;,uf)
are matrices in color space.

@ In this approach we resum logarithms of the form
{lnm(l—z)}
; m=0.T 2 =1

1=z
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Stop pair production: soft function

arens, @ The soft function and the anomalous dimension of
'Lexggtji' the hard function are known, they are the same
peciok, <{mm as for fop pair production. The Laplace transform
o, 2011 L rE el

i e
S(L,M,M;,COSQ,,U) — ﬁ-“o d&)@Xp(—

),

i jS(a),M,m;,cosH,,u),

@ and expanding in power of

2
~ ~0) Ol [ O ) ~2)
S=8 ¢+ e SRt

4 4

@ one finds e.qg. at leading order

N O 0
N
~(0) e oY ~(0) 0 — 0
Sqg = 0 & . Sipha— 2
2 B &
0 N —4
2N
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Stop pair production: hard function

® The hard function has to be calculated from
scratch. Defining

M,.) = 40| | M2+ 2| 0 +...|
@ and expanding as

H:afi(H“}wﬂH“w...)
3d, 4r

® one has
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Stop pair production: hard function

® At tree level one finds

Dominant at

: o the Tevatron
0 O | tu
HY = 4 2 |
B A el A Dominant at
the LHC
. o
B N
HY = Lt~ s S e i m; _2M2 - ali? +4+2—t12 L
g N M’ Mm* M2 | e ¥ Yt tu,
X a3 N
N M’ y
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Stop pair production

o H(I(J)) sufficient for a NLL resummation;

@ Computation of H%) in progress; necessary for a
resummation at the NNLL level.

@ Aim: computation of the totfal cross section and the
invariant mass distribution at the NLO+NNLL level.

@ Beenakker, Brensing, Kramer, Kulesza, Laenen, Motyka,
Niessen, 2009, 2010, 2011 obtain a sizeable increase in the

total cross section (up to +20% from NLO to NLO+NLL),
and a significative reduction of the scale uncertainty.

@ Our calculation is useful to confirm this result, with a
different resummation procedure, and to further increase
the precision of the result.
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Conclusion

@ Methods of soft-collinear effective field theory allows to
perform soft gluon resummation directly in momentum space.

@ This has been applied successfully to Standard Model
processes. We consider here production of supersymmetric
particles.

@ Resummation at the NLO+(N)NLL is required to reach a
sufficient precision, in order to set lower limits on sparticle
masses.

@ We applied soft gluon resummation to slepton pair production.
The error uncertainty is reduced by a factor 2 from the NLO
to the NLO+NNNLL level. The total cross section increases by
7% at the Tevatron, and up to 3% at the LHC.

@ Soft gluon resummation for stop pair production at the NNLL
In progress.
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