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o SCET and PNRQCD factorization; soft and Coulomb gluon resummation
Current results

o Squark anti-squark production
Top anti-top production
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Pair production and resummation

ii (44,98, 88,¢"e”) — HH + X

o= Z/ ds Lij(8/s, pr) 65(3, mu, my; )

B=1/1—4m%/s

“Non-perturbative” despite small couplings:

o Soft gluon (photon) resummation, Sudakov logarithms: g2 In? 8 ~ 1.
e Strong Coulomb force: g2 /B ~1

o Sizeable decay widths of H, H': Ty /my ~ g*
Physical final states, “Dyson resummation”, non-resonant backgrounds

(Perturbative) Resummations in the frameworks of (P)NRQCD, SCET, unstable particle EFT.
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Total partonic cross sections and invariant mass distributions

Partonic cross sections [here: & and invariant mass distribution dé /dMyp1 94, qg, 8¢ — HH' +
X contain .
[ozslnz(l —z)] , =M%, /5

which should be resummed, if the total hadronic cross section is dominated by the partonic thres-
hold. (DY: Sterman, 1997; Catani, Trentadue, 1989; Two particles/jets: Kidonakis, Sterman, 1997; Bonciani et al, 1998)

e Invariant mass distribution with My, > few X (my + my), such that H, H' are
relativistic when z — 1.

Colour exchange and s, t-dependent anomalous dimensions.
Coulomb gluons not relevant

NNLL resummation recently done (Ahrens, Ferroglia, Neubert, Pecjak, Li, 2010/2009)

e Total cross section with Myys = my + my:, such that the threshold 3 — 0 is
dominated by non-relativistic H, H' (1 — z = 3%).
Colour exchange and anomalous dimensions simple.

Constant terms in invariant mass distribution develop Coulomb singularities (cvs /3)" X logs
in addition to soft-gluon threshold logs (cvs In> B)".

Requires factorization analysis and resummation formalism for soft and Coulomb
terms (MB, Falgari, Schwinn, 2009/2010) (sth like DY resum X ete™ — 7 near threshold)
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Other recent work

Other recent work on improving heavy particle pair production cross sections beyond NLO by
resummation or approximate higher-order terms:

e 17, total cross section

Moch, Uwer, 2008; Cacciari, Frixione, Mangano, Nason, Ridolfi, 2008; Kidonakis, Vogt, 2008; Langenfeld, Moch,
Uwer, 2009; Ahrens, Ferroglia, Neubert, Pecjak, Li, 2010

e sparticle pairs, total cross section

Kulesza, Motyka, 2008/2009; Langenfeld, Moch, 2009; Beenakker, Brensing, Laenen, Krimer, Kulesza, Niessen, 2009

e Invariant mass distributions
©® Hagiwara, Sumino, Yokoya, 2008; Kiyo, Kiihn, Moch, Steinhauser, Uwer, 2008 (¢7 threshold)
©® Hagiwara, Yokoya, 2009 (sparticle pair threshold)

©®  Ahrens, Ferroglia, Neubert, Pecjak, Li, 2010 (17, resummation for large z — 1)

Present talk: towards joint NNLL resummation of soft and Coulomb gluons.




Systematics of soft-gluon and Coulomb resummation

Expansion of the partonic cross section

k
&(B) = 6—(0) Z (0%) exp[lnﬁgo(oqlnﬁ)#»g](ocA In B) + osga (o 1nﬁ)+...:|
=0 B —— —— N—
(LL) (NLL) (NNLL)

x {1 (LLNLL); oy, 8 (NNLL); &2, a3, 3° (NNNLL); . . }
Counting: /03, asIn B ~ 1
[Note: Non-relativistic logs can also be cast into the above form.]

In fixed order [Note: NNLL can be ay/B[Coulomb] X B[sub-leading soft] X o In? 3 — beyond the standard soft gluon

approximation!]

Lo, o1 w4 ).
LL aS{E,ln ﬁ},as{ﬁ,T,ln ,8},..‘,
NLL a;lnﬁ;af{M,lnS,B};...,
B
1
NNLL AL xm gl 3{7,112’16,[3><ln4’3ﬂ};...,
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Why threshold expansion?

o Strictly valid for high masses 2y — spaq (heavy sparticles).

e Certainly not for tops at LHC7. Invariant mass distribution peaks at 380 GeV, corresponding to
3 = 0.4, but the average (3 is larger. No large logs.

o Assume that threshold expansion provides a good approximation for the integral over all 3.
Works reasonable well for gg at LO and NLO, less well for gg, and probably better at NNLO,
because the average is dominated by smaller 3 as the order increases.

[Note: Mutliplying the expanded relative NLO correction by the exact tree improves the approximation.]

Tevatron LHC7 LHC14

400+ oo LHCI4 (Blgenro 041 049 053
300 LO 5.25 1019 5633
200 NLOSi;“g\\ NLO 6.49 1499 8427
100 NLOging 6.76 1388 7512
O R : NLOgpprox 745 1590  867.6

Cross section in pb, MSTW2008nnlo PDFs.
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Joint soft-gluon and Coulomb resummation

Factorization of soft and Coulomb gluons is non-trivial, since soft gluons attach to and between
Coulomb ladders and the energy of Coulomb gluons is also soft.
Also Coulomb exchange carries colour structure TQ ® Tl/g,.

V"/

1

L"" Still factorizes!
|

gy
G il
1

Factorization formula [sum over a includes sub-leading powers in 3.]

w
(8, 1) ZZH" (M, 1) /dw Z Jg, (E— E)WZ;RQ (w, p).
R

a i

At NNLL there is factorization dependence on p also in the Coulomb function.
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Soft-gluon decoupling

From the initial state:

_ 1 it 1
_ - . . r. ' U e
L. =& (m D+iB, . - DCZEJ_(> 5 & > r (FE F“V)

by the SCET field redefinitions (Bauer, Pirol, Stewart, 200 &(x) = SU(x_) €7 (x), A%, (x) =
Sﬁ,g)(x,)Af;(to) (x), such thatn-D — n - De.

From the final state:

& r 5 ir
EPNRQCDZWT (iD?-;— +i>¢+¢/T (iDg+7+ Hl)’l)l

2mpy 2 2myr 2
i [ ol ®u]e) (22 [o 11 | o
by the PNRQCD field redefinition ¢4 (x) = S (x)5, () (x), such that DY — 8°.

[S, drops out from the Coulomb interaction, since SS,R”T(R)“S\(,R) = [Sud]”h T®? i any rep R; S,q is real and independent of
7]
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Soft-gluon decoupling (IT)

Proves decoupling of soft gluon and Coulomb resummation, since soft gluons disappear from
the leading-order Lagrangians for the other fields. Sub-leading interactions can be treated as
perturbations in (3.

Soft gluons are collected in a soft function (vacuum correlator) of eight Wilson lines:

Wfﬁ,f} (2 1) = (OITISy gy Su.b3k, S)

PRI (6 PRSI N (OTUR

v,k3a3“v,kgay

Everything can be made colour-diagonal by going to a colour basis constructed from the Clebsh-
Gordan coefficients of the irreducible representations R, of the HH' pair (MB, Falgari, Schwinn, 2009),
which behaves like a single particle in rep a.

Anomalous dimensions satisfy Casimir scaling (up to two loops required for NNLL).

At this point can use a combination of known methods

o Diagrammtic threshold expansion (MB, Smrinov, 1997)

o SCET soft-gluon resummation formalism like for Drell-Yan production (Becher, Neubert, Xu,
2007)

o Non-relativistic resummation like for ee™ — 77 (MB, Signer, Smirnov, 1999)

Loops & Legs 2010.



Leading term, hard matching coefficients

(8, 1) = ZHI'(M,[J,) /dw Z Jr,, (E — g) WI.R“ (w, ).
i Ro,

e Prodcution described by local operators
4
Of[a);a} (v) = [¢c;a1 P, "Z)ZS (/J] (1)
of collinear (initial state) and non-relativistic (final state) fields.
e H; = C;C} — colour-unaveraged partonic (hard) cross section directly at threshold.
C; = matching coeffficient of production operator, contains hard quantum corrections to
production.

[No spin-separation needed at NNLL, for top quarks.]

e NLL needs H; at tree level
NNLL needs H; at O(c). Known for top anti-top production from (Czakon, Mitov, 2008).
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Leading term, Coulomb function

(8, 1) = ZHI'(M,[J,) /dw Z Jr,, (E — g) WI.R“ (w, ).
i Ro,

e Jg, —sums Coulomb-exchange to all orders for HH' in irrep Re.
Related to a correlation function of non-relativistic fields in PNRQCD.

e AtLL and NLL

s oin [~ (-0 s otcona [ () o (- s )

o At NNLL need resummation of insertion of one-loop correction to Coulomb potential.
Known analytically from (MB, Signer, Smirnov, 1999).
Plus log-enhanced higher-order terms (see below).
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Leading term, soft function

(8, 1) = ZHI'(M,[J,) /dw Z Jr,, (E — g) WR“ (w, ).
i Ro,

e Soft function for the production of a single particle in irrep R

Wio, bay @ m) = OITIsES, 8T ST 1T, i55,0y50 %5 1(0)10)

e NLL requires WI.R“ at tree level, NNLL at O(ay).
Fourier transform (L = 2 In(izue} /2))

~ (DR 2 2 2 w2 1
Wit (L, p) = (Cr + C) ST LAl ) 2k, (- HLF2).

(MB, Falgari, Schwinn, 2009;

for octet see also Idilbi, Kim, Mehen, 2009) > ﬁm”% < yﬁ <

(£6)
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Resummation

e NNLL (NLL) soft-gluon resummation needs the 3-loop (2-loop) cusp anomalous dimension
and 2-loop (1-loop) soft anomalous dimension in

&R, ! R &R,
Wite (L) = ((rgusp + rgusp)L - Z'Yw%) Whe (1),
dlnp

e Two-loop soft anomalous dimension at threshold (MB, Falgari, Schwinn, 2009)

R R - !
T = TR+

is a sum over single particle terms that satisfy Casimir scaling (at least up to two loops)
’YS?’Y = Crgy vH,s With

m e (% 272 cag) + 0
= —_ - — — Trny,
VH.s Al 3 3 5 Fny

o In Mellin space resummation formalism (see also Czakon, Mitov, Sterman, 2009):

(DRay _ (DRay _
Dpwr™ = 25 880Cr,, = —CR,, Ca 5 3

( 460 4x?

176
— — — +8G | + TCRQ Tpny.




Resummation (II)

Resummation of soft gluon threshold logs via renormalization group equations.
Since the soft functions are diagonal (to all orders) in the chosen colour basis, can use the formalism
developed for Drell-Yan (and Higgs) production by (Becher, Neubert, Xu. 2007)

0) /o
N G (8, pr) M —2n
ﬁg&wﬁ=ﬂ;4*§:HMuwUQWHMMMH( )
B iRe Hs
e 2VEM oo Jr —Y) fw\2n
X 5% (O, pis) / oF= 3 (—) )
M

2\ —2ar(kpstes)
Ree \4 b, b, AM
U™ = exp[dS(pn; prs) — 2a; (pns prs) + 207" (s, pp) + 200 (ps, pp)] "l

h

R e —sw =R
&”mM:A dwe™ TR (w, 1)

[a(w1, p2) denote integrated anomalous dimensions]

Non-relativistic log summation must be added separately — relevant from NNLL.
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NNLL at O(a?)

2-loop anomalous dimension not enough for NNLL resummation.
Consider a? In ﬁ terms: (MB, Czakon, Falgari, Mitov, Schwinn)

o 60 x a? In B from singular heavy-quark potentials (1/7? etc.)
Can be obtained from e*e™ — X calculation [MB, Signer, Smirnov,
1999] (+ colour, spin adjustment)

Diagonal in the singlet-octet basis.

o it o 5 x a2 In>! B from sub-leading (non-eikonal) G-suppressed soft
interactions in SCET and NRQCD. Implies new soft functions with
operator insertions between Wilson lines.

Off-diagonal in the singlet-octet basis. Corresponds to three-particle
correlations.

Vanish for the total cross section to all orders in «
(Lorentz-invariance + scaling), but not for the amplitude.

Above + diagonal leading soft function consistent with (Ferroglia et al.,
2009). No extra terms for 77 total cross section, though.

M. Beneke (



S qu ark_ antisqu ark prOdU.CtiOH (MB, Falgari, Schwinn)

Results at NLL for pp — squark+antisquark + X at /s = 14 TeV

NLL = Tree C and W, 1-loop anomalous dim. + LO Coulomb Green function + matching to NLO
fixed order ((Beenakker et al, 1997; Prospino code), fitting functions from (Langenfeld, Moch, 2009))

Size of corrections beyond NLO
A0 jrol%)

Resummation correction significantly larger than
in other implementations (Kulesza, Motyka; Be-
enakker et al.), because:

e Coulomb scale is lower

e Interference of soft and Coulomb
correction included (to black)

e Bound state contributions included (to
purple)

L L L Lom,
500 1000 1500 2000

(V5 = 14TeVimg /my = 1.25)

Resummation is a few to 10% effect at the natural scale.




Squark-antisquark production (II)

Results at NLL for pp — squark+antisquark + X at /s = 14 TeV
Scale dependence at LO, NLO, NLL

opt]
07 -

06F
EFTnrrass

osf

04f

“r

0l 02 0s L0 2.0 5UZ

(/s = 14TeV; mg,/mq = 1.25; my = 1 TeV; Green band: variation of the soft and hard scale.)

Scale dependence reduced (but only slightly).
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Top anti-top cross section results

Total hadronic 77 cross section with NLL resummation and singular terms at NNLO.
Differences to previous results:
e NLL resummation with SCET (rather than Mellin N-space) formalism

e Correct singular terms in 8 at O(a?2) (MB, Czakon Falgari, Mitov, Schwinn)

Numerically, the differences are at the few percent level.
Complete NNLL in progress.

Example: gg — [17]sX
L@ o 27 oxt A2 - LRIV 6 se2 127
SO =0 () [+ 5 (2wt o+ (5 -2 mos T2 = S0 -

4 65152 3 2 5 204944 2
+4608log” 3 + (276481In2 — - log’ B + (59904 1n° 2 — 96576 In2 — 30887 + — log® 8

+ (55296 In® 2 — 1379521n° 2 — 926477 In2 +2023521n2 + 33120¢(3) +

6590872 1244776
log B]




Top anti-top cross section results (IT)

All results preliminary.

Tevatron LHC7 LHC10 LHC14
NLO MSTWO08 6.50 T 0-32+0.33 150189 g0t 842+ 97+ 30
ABKMO09 6.43 0B 0-13 1227137 323 36+ 738 T8+ 2
NLL+NLO MSTWO08 ~ 6.54+0-9840.33 g5 #2448 g +S0HIT g5+ 13130
AW oasTHRTRE  mtid mtgry wtgy
NNLOypp MsTWos 713+ 0-00+40-36 g+ 30 30 gos T2
ABKMO09 7.00 7596018 132+2+8 345816 78528
NNLOgpp + NLL ~ MSTW08 ~ 7.13T0-98+0-36 45y +2+ 2 308 895+ 23+ 31
ABKMO09 7.00 0 3018 1327 1F8 3450116 784 T2
NNLL work in progress

Cross section in pb.
Error includes scale variation 1; /2 . . . 2 for all p; (first number) and PDF error (second error).
(MB, Falgari, Klein, Schwinn, in progress)




Conclusion

1) Joint resummation possible due to factorization of soft and Coulomb gluon
effects (in SCET x NRQCD)
Leading soft function diagonal to all orders in a simple colour basis. 2-loop
anomalous dimension at threshold determined.

2) Top pair cross section at threshold known at (’)(af) at threshold up to the
constant term.
For any coloured heavy particles, given the one-loop hard matching
coefficients.

3) Soft gluon resummation at NNLL for total cross section possible.
For complete NNLL combine with non-relativstic log resummation.
Phenomenological analysis forth-coming.
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