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Outline

Production of heavy coloured pairs at hadron colliders:
motivation and state of the art

Effective-theory description of pair production near threshold

Soft and Coulomb-gluon resummation in momentum space

@ Resummation for squarks and top quarks cross sections

@ Summary and Outlook
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Motivation

IN THIS TALK: pair production of coloured heavy particles at Tevatron/LHC

NN, — H(p\)H (p2) + X

H, H = top, squarks, gluinos...

accurate theoretical predictions for the cross section phenomenologically important
(sensitivity to mass parameters, exclusion bounds, model discrimination...)
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+ theoretically interesting due to non-trivial colour exchange
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The standard approach: fixed-order pQCD

UHH’(S mH>mH’ / dz Z ﬁy ; Mf) UUHHH’X(S mpy, myr, ,Ufz

1,j=4,9,8

non-pert. pert. QCD

T = (my + mu)? /s §=zs

@ Non-perturbative physics factorized into parton density functions (PDFs)
= extracted from experimental data

1
d
Lij(z; pr) = / yyfi/m s )iy, (2/ 35 1ar)

@ Partonic cross section & describes short-distance hard scattering of elementary DOFs
= computed in standard perturbation theory (pQCD)

P Falgari (ITF Utrecht) Edinburgh, 06/04/11 4727



Soft-gluon and Coulomb corrections

NLO partonic cross sections enhanced near threshold, 5 = \/ 1 — (my +my)?/s — 0

@ Threshold logarithms: ~ o} In" 3
& soft-gluon exchange between
initial-initial, initial-final (v, In*' 3) and
final-final state particles (« In 3)

n

@ Coulomb corrections: ~ («;/3)
< static interaction of slowly-moving
heavy particles (mediated by potential
gluons...)
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Soft-gluon and Coulomb corrections

NLO partonic cross sections enhanced near threshold, 5 = \/ 1 — (my +my)?/s — 0

@ Threshold logarithms: ~ o} In" 3
& soft-gluon exchange between
initial-initial, initial-final (v, In*' 3) and
final-final state particles (« In 3)

n

@ Coulomb corrections: ~ («;/3)
< static interaction of slowly-moving
heavy particles (mediated by potential
gluons...)

enhanced terms can spoil convergence of perturbative series == RESUMMATION

= normalisation of the cross section
= reduction of dependence on the factorisation-scale

= can be used to construct higher-order approximations at fixed order in o
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Bmax = V1 — 7 = typically [ is not really small (unless 7 ~ 1...)
Example: m; = 171.3GeV, /s = 7TeV — 7 = 0.0025, Bmnax = 0.999.

Why should the threshold region be relevant at all for 7 < 1?
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Is resummation really important?

Bmax = V1 — 7 = typically (3 is not really small (unless 7 ~ 1...)
Example: m; = 171.3GeV, /s = 7TeV — 7 = 0.0025, Bmax = 0.999.

Why should the threshold region be relevant at all for 7 < 1?

Partonic threshold region can be
dynamically enhanced by fast
drop-off of the parton luminosi-
ties al large z

generally requires a case-by-case study of the behaviour of £(3)5(03)...
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e 1t production

NLO QCD: Nason et al. "88; Beenakker et al. *89

NLO EW: Beenakker et al. *94; Bernreuther et al. *95; Kuhn et al. *96;...
NNLO: in progress Bonciani et al. "10; Czakon "11

NLL (+NLO): Kidonakis et al. *96; Bonciani et al. *98; Cacciari et al. ’08; Moch
et al. ’08; Kidonakis et al. *08;...

NNLL, approx. NNLO: Beneke, PF, Klein, Schwinn *09/°10; Ahrens et al. *10;
Kidonakis *10; HATHOR Aliev et al. 10

e Squarks, gluinos

o NLO SUSY-QCD: Beenakker et al. "96; PROSPINO, Plehn et al.

o NLO EW: Bornhauser et al. *07; Hollik et al. *07-"10; Gerner et al 10

o NLL/approx. NNLO: Kulesza/Motyka *09; Beenakker et al. "09/°10;
Langenfeld/Moch *09/°10, Beneke, PF, Schwinn *10;

+ many works on Coulomb resummation (<> quarkonia physics, e " e — ,...)
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ay/B ~ asln 8 ~ 1 = modified counting scheme

>(%)

Oppt X

A

(LL)

exp [lnﬁgo(as Inf3) + g1 (o In ) + asg2(as In B) + . . . ]
(NLL)

(NNLL)
x {1 (LL,NLL); a5, 8 (NNLL); o2, v, 3, 32 (NNNLL); }
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Combined soft and Coulomb resummation

as/B ~ asIn 8 ~ 1 = modified counting scheme

3
Gt X 5O Z (%) exp [lnb’go(as In3) + g1 (s In B) + g2 (s In B) + .. ]
(LL) (NLL) (NNLL)

X {1 (LL,NLL); a;, 3 (NNLL); &2, s 3, 32 (NNNLL); . . }

@ non-relativistic H, H' and Coulomb gluons:
E ~myf8, |p| ~ muf

@ soft gluons: g, ~ mH[i’z

RIS 1

potential and soft modes have the same energy
and can ‘“communicate’ with each other

= structure of soft-Coulomb emission can be in principle highly non-trivial!
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Factorisation of pair production near threshold

Effective-theory description of pair production near threshold § ~ (my + my )2
[Beneke, PF, Schwinn, "09/°10] = factorization of hard, soft and Coulomb contributions

O 5o10) = 32 1) [ o S0 (B = ) W ()

i Ra

@ hard function H; depends on the specific physics model and process

@ potential function Jg, encodes Coulomb effects (~ ay/3")

@ process-independent soft function WiR o (~ o In™ f3)
= depends only on total colour charge R, of the pair!

factorization valid up to NNLL and for S-wave production

P Falgari (ITF Utrecht) Edinburgh, 06/04/11 9/27



@ potential : kg ~ MB2, |k| ~ M3

Near threshold (6 < 1) partonic cross section receives contributions from four different
momentum regions (M = (my + mys) /2):
@ hard: k2 ~ M?

@ soft: kg ~ |k| ~ MB3?

@ collinear: k_ ~ M, ky ~ MB%* k, ~Mp3

«O» «F»r « > > A
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EFT description of pair-production near threshold

Near threshold (3 < 1) partonic cross section receives contributions from four different
momentum regions (M = (mg + my) /2):

@ hard: K> ~ M? @ soft: ko ~ [k ~ M32

@ potential : ko ~ M32, \E\ ~ Mg @ collinear: k— ~ M, ky ~ MB* k, ~ M@

full theory matched on an effective Lagrangian from which hard modes are integrated out.

Ly — Lerr = Locer + £PNRQCD

@ Lscrr: describes interactions of collinear (&, A.) and soft (A,) modes

ae) Fe oG +

_ 1
Lscer = & (i" DAihLe—
@ Lpnrocep: contains interactions of potential (1), zp/) and soft (Ay) modes

5 ir 5 i
v 0 H "0 !
PNRQCD = U)T (‘DA + Py + 7) P+ 1/1” (’Ds + m + #) 111/

+/d [wfT®ay] (x+r)( ) [w’TT“*')“a/)’](x) Fo
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Structure of EFT amplitudes

A(pp’ — HH'X) = (1) (HH'XIO(C oy () P e

@ effective operators O {a oy (Br) < [Desay o ¢g;a2,a2wLa3¢:Ja ,] contain collinear and
non-relativistic fields < long-distance effects.
Operators with more fields or derivatives suppressed by extra powers of 3 (not
required at NNLL...)

@ matrix element evaluated using the EFT Lagrangian = soft gluons interacting with
everything and potential interactions between the two non-relativistic heavy particles

@ hard matching coefficient ct {a o} (ur) encodes short-distance structure of
pair-production process at the scale M

= extracted from fixed-order calculations of on-shell amplitudes
= decomposed on a suitable basis of colour-state operators:

) EYIING
Clatay () = Cray (r)e

P Falgari (ITF Utrecht) Edinburgh, 06/04/11
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At leading order in (3 soft gluons can be decoupled from the effective Lagrangian via field

redefinitions involving soft Wilson lines (path-order exponentials of soft gluon fields):
e(x) = S (x-) 8 (x)

-

7

P(x) — s® (XO)¢(0) (%) s® (x) =Pexp [igs / ’ din - Aj(x+ nt)T(R)c]
5 (1) DY) (x) = 0° [0 T O] (e +

) = Shaw) [P T O (x4 7)
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Soft-gluon decoupling

At leading order in (3 soft gluons can be decoupled from the effective Lagrangian via field
redefinitions involving soft Wilson lines (path-order exponentials of soft gluon fields)

de(x) — S (x2) o (x)
0
P — SO ®@)  SO () = Pexp [igs /

—o0

din - Aj(x+ nt)T(R>‘]
SO DIs O w) =8 [T (4 ) = Sas) [$ TGO (x4 F)

upon field redefinition:

r+r
N w Ro
8 (B 1g) = /d<I>|A|2 SO E M) /dw Sk (E=5) Wi )
ii’ S=|s— s| —,_/ -
hard potential soft

© 15 (M. 1) ox CL) (M, )L (M ).
® /i (q) o [d'ze( on Oy @) () [ @ty O1)(0)]0)
O W (w, i) = PRey el ) [ deoe™ /> (O[T[S]S18,5.] (2) T(SS,S]S11(0)[0)
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Colour structure of the factorisation formula

The factorisation formula has a priori a non-trivial colour structure

(OIXGE
{a}€{p}

@ potential function Jy;; is projected over irreducible representations of the HH' system:
R, . r
Ty = Sox, PiiyJres With RO R =37 Ra

@ soft function given by a set of colour matrices W,.[ff‘

@ hard function is a matrix in colour-state space: Hyr = Ha)c

P Falgari (ITF Utrecht) Edinburgh, 06/04/11 13727



Colour structure of the factorisation formula

The factorisation formula has a priori a non-trivial colour structure

@ hard function is a matrix in colour-state space: Hyy = H{ab}C({B}C({Z,i*

@ potential function Jy;; is projected over irreducible representations of the HH' system:
R, . r
Ty = Sox, PiiyJres With RO R =37 Ra

@ soft function given by a set of colour matrices W,.[ff‘

Colour basis c({lj } can be chosen such that Wl.’f,“ are diagonal to all orders in oy
[Beneke, PF, Schwinn, Nucl.Phys. B828 (2010)]

= decompose initial-state and final-state product representations into irreducible representations:
— Clebsch-Gordan coefficients

r®r':2ra—>Cf;§,la2 R®R':ZR5—>C§§MZ
o B

= identify pairs of equivalent initial- and final-state representations P; = (ra, Rg)

= construct colour basis by contracting the Clebsches into colour-invariant combinations

; 1 « .
C?ﬁ} = 702‘;1@6’5‘33544 P’{*;;} = (Ra* (Ra

dim(rq) aajay Caazay
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Subleading soft interactions and factorization

At NNLL subleading soft vertices in SCET and PNRQCD potentially important

% E™(x0,0)1) 3 (xini chFffVW:) ﬂ%f
Subleading soft interactions not removed by field redefinitions

= related to off-diagonal three-parton colour correlations in IR singularities of QCD
amplitudes (Ferroglia, Neubert, Pecjak, Yang *09)

gayﬁ nB~callng

=3
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Subleading soft interactions and factorization

At NNLL subleading soft vertices in SCET and PNRQCD potentially important

B B (0, )0 € (shnt weernwi) e

"
Subleading soft interactions not removed by field redefinitions

= related to off-diagonal three-parton colour correlations in IR singularities of QCD
amplitudes (Ferroglia, Neubert, Pecjak, Yang *09)

= %asﬁlnﬁ ~allng

8

Contributions of subleading soft-collinear and soft-
potential vertices vanish for the total cross section!

@ Soft-collinear: k, can always be chosen to be 0

@ Soft-potential: vanish because of rotational
invariance

P Falgari (ITF Utrecht) Edinburgh, 06/04/11 14727



whe
dlnuf i (whu’f)

IR structure of QCD amplitudes and scale-invariance of the hadronic cross section lead

to RG evolution equations for the soft function W,* and the hard function H\'*
(generalisation of DY result [Becher, Neubert, Xu *07 ] to arbitrary R.)
d

-2 [(Cr +Cr) Ty In (%) + 295 + 2 + 2%',] Wi (w, r)
—2(C 4 C) Ty / dw

0
and similar for hard function H;(M, p)

(Wi (W ) — W (w, pyy)

w—w
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Soft/hard resummation in momentum space

IR structure of QCD amplitudes and scale-invariance of the hadronic cross section lead
to RG evolution equations for the soft function W** and the hard function H~*
(generalisation of DY result [Becher, Neubert, Xu "07 ] to arbitrary R, )

d R w R . o R

W( « = 72 Cr Cr’ Fcus 1 - 2’7 a\- 2’1\ 2 /s Wi « 9

dlnpg ' (w, 1) {( +Cv) p N (M/‘) + 29y + 295 + 2y (w, pr)
w R ’ N .R”‘
~2(C, + ) Dy / dor W) = W (0 py)
0 w—w

and similar for hard function H;(M, )
Resummation strategy I (M, uh) u,

@ Solve evolution equation in
momentum space

@ Evolve the function H; from the Fu(g) folpug) H (M, pug) JEW B (w, ) Hf
hard scale yu, to py

@ Evolve soft function WX from
a low scale i to fuy. VVZ-?/Q(OJ, is) s

P Falgari (ITF Utrecht) Edinburgh, 06/04/11 15727



Resummed soft function and hard matching coefficient

Solutions to the RG evolutions equations
[Neubert, Becher, Xu ’07; Beneke, PF, Schwinn *10]

v 2\ —2ar (pnspp)
B M) = expin ) — 20! (s ) (-2 ) Hi(M. )
h

R ,res R ~R 1 w 2 e—z’YEﬂ
Wi w, ) = exp[—4S(us, ur) + 2y (s, wr)]57 (O, pis) — (I) 0(w) r(2n)

a.y(#) (C + C/)F ) (CY ) [y do/

S(Va /’L) = _/ dax . / e : / :

ag(v) zﬂ(aY) ag(v) B(Ofs)

as(m) (Cr 4 Co )T eusp ()
- _ d ) r r cusp (s
ar (v, 1) /ax(u) a 25(a)

o (1) N-X(a )

X /i s
ai(Vylu‘):_/ dog

as(v) B(as)

. . . - R,
@ Resummation controlled by cusp and soft anomalous dimensions: Iy, ~ A Y&
@ Hard and soft scales chosen to minimise higher-order terms in fixed-order expansions

of Hi(M, i) and 55 (L, us Whe (w, us)

Laplace tr.
) —
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= Coulomb corrections must be resummed to all orders as well

Exchange of Coulomb gluons between the pair H, H': Ac“""() /5" ~ o, /3 ~ 1

«4O0)>» «F»r «E>» « E>» Q>



Resummation of Coulomb corrections

Exchange of Coulomb gluons between the pair H, H': Ag®"() /5" ~ o /3 ~ 1
= Coulomb corrections must be resummed to all orders as well

Resummation of Coulomb effects well understood from PNRQCD and quarkonia physics.
For HH' system in irreducible representation R, (and at LO in PNRQCD):

(2mrea)? E 1 8 MyedE
E) = X - s(=Dg, )| =In | —
Jro (E) o Imyy g — +as(=Dr,) | 5 In P

1+7E+w<las<-m)}} E= Vi M

2 2+/—E/(2myeq)

Includes also bound-state contributions below threshold!
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HO Coulomb and non-Coulomb corrections in PNRQCD required at NNLL/NNLO
@ Coulomb potential

2
“(1) /= = Drg,, o
Vé)(Paq): 7l2 <a1_
|4
@ Non-Coulomb potentials

contribution to NNLO total cross section

2
Vspin = O(Singlet), - = (tnplet)
AghHO —

o ain 3 [~2Dk, (1 + vipn) + De, C4]
«40r «F» « =) 4 > Q>
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Squark-antisquark production at the LHC

PP — gg+X

NLL soft resummation and Coulomb resummation to total cross section

NLL
S,U,f

ZH fin)

—27577 00 Jo (E— ¥ 2
o [ a felEZ3) (@)
I'(2n) Jo w 2M

Ui(M, pun, s, ir)

resummed cross section is matched onto the full NLO result

[Zerwas et al.

match (

S, py) =

P Falgari (ITF Utrecht)

[ NLL(

, ’96; Langenfeld, Moch *09]

N

8, pip) — (8, 11r)InLo] + U 7O (8, 11y)

Edinburgh, 06/04/11

19727



What is a good choice for i, 11, and pc?
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What is a good choice for i, 11, and pc?
@ Hard scale: 11, = 2m;
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What is a good choice for i, 11, and pc?
@ Hard scale: 11, = 2m;
minimised [Becher, Neubert, Xu *07]

@ Choose soft scale such that one-loop soft corrections to the hadronic cross section are

% / dxidof (x1, [is)f (x2, /i) A6> D (3, 115) = 0

This choice guarantees well-behaved perturbative expansion at the low scale [i,

«40r «F» « =) 4 > Q>



Scale choice for p, 1 and e

What is a good choice for (i, 11, and pc?

@ Hard scale: 1, = 2my;

@ Choose soft scale such that one-loop soft corrections to the hadronic cross section are
minimised [Becher, Neubert, Xu *07]

9
s

/ dardaf (x1, fi)f (ea, 1)) A5 (5, i) = 0

This choice guarantees well-behaved perturbative expansion at the low scale [i,

@ Coulomb scale: set by typical virtuality of a Coulomb gluons /|g?| ~ mz3 ~ mza,

= pc = max{2my[3, Crmgo(fuc) }

— twice inverse Bohr radius of first bound state

Necessary to correctly resums NLL effects from running of Coulomb potential!

P Falgari (ITF Utrecht) Edinburgh, 06/04/11 20/27



Squark-antisquark resummed cross section at LHC (14 TeV)

below threshold)

Beneke, PF, Schwinn ’10

NLL: full soft and Coulomb resummation (including bound-state contributions from

- NLL,gs: soft and Coulomb resummation (but no bound-state contribution)

-N LLs+h + C: soft resummation + Coulomb resummation (no interference terms)

- NLLg,p: soft resummation only

RNLL =
ONLO

Setup:
@ MSTW2008 PDFs
@ equal squark masses
@ no stops

@ m; = 1.25m,§

P Falgari (ITF Utrecht)
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Ac/onio (%)

20+

NLLgp
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Edinburgh, 06/04/11 21/27



Resummation usually leads to significant reduction of scale dependence of NLO result:

NLL g' 7[Pb]
_____ NLL,., r
Tx(/ox(uo) "o 0.6

0.5

0.4

0.3

0.2

0.1F
=i
0,05 ‘ ‘ ‘ ‘

0.8

LHC@14TeV my = 1TeV

All scales varied by a factor 2 around the default values, and uncertainties summed in
quadrature
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Resummation of threshold logs can be also performed in Mellin-moment space
[Sterman *87; Catani, Trentadue ’89]

oun (N) /T oun (1) = ZL,](N—l— 16— (N)

ij

log 8 < logN
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Comparison to Mellin-space resummation

Resummation of threshold logs can be also performed in Mellin-moment space
[Sterman ’87; Catani, Trentadue ’89]

OHH' (N)

)

/ o (1) = Z Lif(N + 1)Gy—pm (N)

log 8 < logN

Compare NLL squark resummation in momentum space to [Beenakker et al. JHEP 0912:041,
2009] (Mellin-space formalism, only soft resummation, no Coulomb effects)

o(pp — 4g)(pb), /s = 14 TeV
mz(GeV] NLO NLLyeliin NLL, NLL
200 1.3 x 10° 1.31 x 10° (1%) 1.31 x 10° (1%) 1.34 x 10° (3.4%)
500 1.6 x 10 1.61 x 10T (1.2%) | 1.62 x 10! (1.3%) 1.67 x 101 (4.2%)
1000 289 x 1071 [ 2.93 x 107 1(1.7%) | 2.94 x 10~ (1.7%) | 3.06 x 10~1(5.8%)
2000 LITx 1073 | .14 x 1073(3.4%) | 1.14 x 1073 (3.1%) | 1.24 x 1073 (11%)
3000 7.3 x 10~% | 7.59 x 10~°(6.4)% | 7.54 x 107°(5.8%) | 8.61 x 10~°(21%)

@ Good agreement of momentum-space and Mellin-moment resummation

@ Full soft-Coulomb resummation generally larger than pure soft resummation!
P Falgari (ITF Utrecht)
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1t production at NNLL/NNLO

All ingredients for NNLL resummation of #f cross section known

@ 1-loop colour-separated hard functions Hl.(l) [Czakon, Mitov "09]

@ 2-loop soft anomalous dimension [Beneke, PF, Schwinn ’09; Czakon, Mitov, Sterman *09]

@ NLO Coulomb and non-Coulomb potentials [Beneke, Signer, Smirnov 99]

Can be used to construct approx. NNLO containing all terms singular in 3
[Beneke, PF, Czakon, Mitov, Schwinn *09; HATHOR Aliev et al. *10]

et iy
i Re
5 G N
~NLO kip | 1 s :
Oapprox.  —

= + = [knvo,11n 8 + knro,o] + kncln 3 P h
‘15’2 16} %
+cn* B+ ¢’ B+ ¢’ B+ ¢n B N
S,4 S,3 / 5,2 s110/ .
+10 [ef3m? 5+ ¢{n 5] >Q§
k * )
+;70 [cgfz)lnz 6+ cgl)ln 8+ cg'& 4 ] >}/,? o
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Contribution of threshold-enhanced terms

AtLHC /s > 2m, = How good is the threshold approximation?
can study the approximation at the NLO level...
@ NLO: exact NLO result
Plot 88m? /(s(1 — 8*)%) Lee(8)64(3): @ NLO sing.: only singular terms in 3

@ NLO approx.: singular terms + O(1)
term (& )

80

400 - NLO Approx.
LHC@7TeV
gaLree NLO Approx. ggLHC@14TeV
o NLOSi
ng: 300 - NLO Sing. NLO
=TT -
,z;' N“s ,’,- ‘~\\
sl /4 AN NL f ~
4 N 200 /4 ~
4 N / .
4 N / .
\, N
20[ AN 100[- .
N .
. .
\\ ‘~
L L L L ~, B L L L L > 2 5
0.2 04 0.6 08 10 02 04 06 08 10

NLO sing. is good approximation only up to 3 ~ 0.3
However: expect NNLO approximation to be better (more singular terms at O(a/?2)...)

P Falgari (ITF Utrecht) Edinburgh, 06/04/11
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NNLL/NNLO total #f cross section

m; = 173.1 GeV, py = m;, MSTW2008NNLO
Beneke, PF, Klein, Schwinn, PRELIMINARY!

[ oulpb] | Tevawron | LHC@7 | LHC@10 | LHC@14 |
NLO 6.50070 "5y [ 15011575 [ 380157y | 842775
NLO+NLL 6.57 030 05s | 151757 | 3827571 | 848130
NLO+NNLL 6.774 03 05 | 1557515 | 390056718 | 858N
NNLOup (13) 710709708 | 1627575 [ 40775718 [ 89575 ]
NNLO,,,(3)+NNLL 7135055050 | 1627710 | 40537 | 892383

AT R i R0

@ Combined soft-Coulomb resummation for #7 total cross section

@ All scales (uy, fen, pts, poc) varied in interval 0.5/ < p; < 2

@ Fixed j, from minimising AcNe’: = u, = 85,146, 174,202 GeV for Tevatron,
LHC@7, LHC@10, LHC@14. No large scale hierarchy
& treatment of soft scale should probably different...

P Falgari (ITF Utrecht)
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Summary

@ Factorisation formula for pair-production near threshold in SCET+PNRQCD

=> Valid for arbitrary colour representations
= Proves decoupling of hard, soft and Coulomb modes
= Diagonal in colour-space to all orders in oy

@ Simultaneous resummation of threshold logarithms and Coulomb singularities

= Directly in momentum space via RG evolution equations
@ Application to squark-antisquark production at the LHC

= NLL corrections ~ 4 — 20% for m; ~ 200GeV — 3TeV
= Reduction of factorisation-scale dependence

@ NNLL resummation of 7 total cross section

= All O(a?) terms singular in 3 included
= NNLL corrections beyond NNLO very small
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Summary

@ Factorisation formula for pair-production near threshold in SCET+PNRQCD

=> Valid for arbitrary colour representations
= Proves decoupling of hard, soft and Coulomb modes
= Diagonal in colour-space to all orders in oy

@ Simultaneous resummation of threshold logarithms and Coulomb singularities

= Directly in momentum space via RG evolution equations
@ Application to squark-antisquark production at the LHC

= NLL corrections ~ 4 — 20% for m; ~ 200GeV — 3TeV
= Reduction of factorisation-scale dependence

@ NNLL resummation of 7 total cross section

= All O(a?) terms singular in 3 included
= NNLL corrections beyond NNLO very small

Things still to do
@ Could be applied to more processes, ex. gluino pair production (larger colour charges...)
@ More satisfactory treatment of scales (running soft scale...)
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Backup slides



- Irreducible representations:

EXAMPLE: 7 (squark-antisquark) production in gluon fusion (8 ® 8 — 3 ® 3)

33=1+8

8®8 =14 85+ 84 + 10+ 10+ 27
- Pairs of equivalent representations: P; = {(1, 1), (85, 8), (84,8)}
- Clebsch-Gordan coefficients:

5 1 1 8
3®3: C(gl(),z = _,]chsalaz ) Cga)laz = \/iTlgal
m _ 1 g _ |1 Gy _ 1
8®8 Calaz = _D—A6a1a2 5 Ca&glaz = 2_ /B—FDz?zal s Ca(ﬁaz - Z_/ITCF‘%‘H ’
- Colour basis:
m_ 1 @ _ 1 e _ [ 2
Sty = Jwep; ol oy = g Den Taa oy T\ Nop, o Taas
«40r 4F>r «=)» « =) = Q>




Colour structure of the soft function

(i)
@ The basis oy

gluinos at one-loop [Kidonakis, Sterman *97; Kulesza, Motyka "08])

diagonalises W,.’f,“ to all orders in «; (extends results for #7, squarks,

e Follows from completeness and orthonormality properties of the Clebsch-Gordan
coefficients (+ Bose symmetry of the soft function)

— o * B8 —
Z Caaluz ablbz - 5a1b16a2b2 Caal”z Bayay — (;QB(;RaRﬂ

o The diagonal element Wii“ is non-vanishing only if R, is equivalent to either
irreducible representations in the pair P; = (ro, Rg)

o W,.If,” can be rewritten as the soft function of a single scalar in the representation R
= soft radiation emitted off the total colour charge of the pair

Spefic to the threshold region:
Vi =1Vy =V

CRa S(R> S(R/) 7S(Ru>

aayaxy,a by v,arby v,af3 d ,b1by
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One-loop soft function and anomalous dimensions

One-loop massive soft anomalous dimension ﬂ/H extracted from one-loop soft function:

oo 0 _ .
Wie Ly Gos ) = 1+ (—igSTgRRO‘)() (;g;T(E;}") /0 ds[wdt(olT[v-Af,(Lv(zo + s)IT - a(m)]10) + ...

Equivalently, in terms of soft Feynman diagrams:

One-loop soft function for arbitrary initial and final-state particles:

2
1
whe O ) = (G +C) ( + L+L + % ) +2Ck, (Z +L—|—2>
o SVE
L=2In (LW )
2
= qf,“\ = —2Cp,, with Cg, Casimir invariant for the representation R,

Agrees with [Kulesza, Motyka "08]
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Determination of the two-loop anomalous dimension

Two-loop massive anomalous dimension recently extracted from existing results:
[Beneke, PF, Schwinn *09]

@ IR structure of UV regularised amplitudes in QCD [Becher, Neubert *09]

UL ) = 30T (_’“‘gﬁ>+zw’f+zw,§{s

(i)

T T m
- § £ “Yeusp 61] + g T; - Tj Yeusp In < J:f) + 3-parton corr.
i
a7

3-parton correlations (o< f""‘Tf’T_;’ %) vanish for 2 — 1 processes
[Mitov, Sterman, Sung *09; Becher, Neubert *09]

@ Two loop results for HQET form factors [Korchemsky et al. *92; Kidonakis *09]

) 98  2n? 40
Yoy = Cr, {—CA (j -5t 4C3> ) Tf”f]

Agrees with direct calculation by [Czakon, Mitov, Sterman "09]
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Alternative approaches

@ Pair invariant-mass distribution do (7 + X) /dM;
[Kidonakis, Sterman *97; Ahrens et al. *10]

[,

@ One-particle inclusive cross section do (1 + X) /dsa:
[Laenen, Oderda, Sterman *98; Kidonakis *10]

>

In" (s4/m;
[t .
54
| oilpb] |  Tevatron LHC@7 | LHC@10 | LHC@14
BEKS NLO 6.50 7 oy | 15071575 | 38075677 | 84275,

NLONNLL | 6775045050 | 1555355 | 390040510 | 8587
NNLO(3) 7101095055 | 1627310 | 40737 | 8951
Kidonakis *10 (1P) [ NNLO(3) [ 7.0870.07°7%, [ 1637170 [ 41577715 | 92073073
Ahrens et al. *10 NLO+NNLL | 6.4870 777032 T 1467775 [ 368735 12 | 813730 3
NNLO(B) | 6.55T5:5765 | 149504 | 377753055 | 83275075,
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