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® |HCas W, Z factory

$» measurement of the transverse
momentum (pr) distribution
= one of the early benchmarks to be
established

® p distribution measurement
important for
= determination of My,
= determination of parton
distribution functions

®» [HC as Higgs discovery machine

® important to fully exploit the physics
potential of the production processes
— search and analysis strategies

proton - (anti)proton cross sections
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® Generated by production in association with (at least) one particle
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® Generated by production in association with (at least) one particle
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® Most of the production at low transverse momentum (pt)
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1 de/dQy (pb/GeV)

66 < 0 < 116 GeV

Run l1a + Run 1b data set, CDF

LO: dotted NLO: dot-dashed
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Virtual corrections: doV Real corrections: do

q q

%z %z

q q
O'NLO:ULO+/dO'V+/dGR

® Both type of corrections are infrared (IR) divergent: exchange/emission of soft and
collinear gluons (photons)
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Virtual corrections: doV Real corrections: do

q q

%z %z

q q
O'NLO:ULO+/dO'V+/dGR

® Both type of corrections are infrared (IR) divergent: exchange/emission of soft and
collinear gluons (photons) e.g.

Propagator of the parent quark
(pg =0, pg = 0):

Dy 1 1

pq+p9 o
Pq (Pq +pg)? 2EqEg(1 —cosfqg)

Singular in the soft £, — 0 and collinear 6,5, — 0 limit
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Virtual corrections: doV Real corrections: do

q q

%z %z

q q
O'NLO:ULO+/dO'V+/dGR

® Both type of corrections are infrared (IR) divergent: exchange/emission of soft and
collinear gluons (photons) e.g.

Propagator of the parent quark
(pg =0, pg = 0):

Dy 1 1

pq+p9 o
Pq (Pq +pg)? 2EqEg(1 —cosfqg)

Singular in the soft £, — 0 and collinear 6,5, — 0 limit

® R behaviour of QCD (QED) matrix elements is universal — factorization of IR
singularities
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Example: pp— H + X via gluon fusion

dai; 90 (1) ( ) 9
= = G, G, :
dp2TdyH 3 [ o Y + 27 +

2
™ (07 R
70 = o1 (373) v? =1/(V2GF) 5= sway
T

calculated in the m; — oo limit

> G,Ejl), G(Q) known
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Example: pp— H + X via gluon fusion

dai; 90 (1) ( ) 9
= = G, G, :
dp2TdyH 3 [ o Y + 27 +

2
™ (07 R
70 = o1 (373) v? =1/(V2GF) 5= sway
T

calculated in the m; — oo limit

> G,Ejl), G(Q) known

® At LO contributions from gg—gH, gg—Hq, qg—gH
Pa Pa Pa
Sample ¢ ¢ ¢
diagrams
Pp ---=-PH Db ---=-PH Db ~ P
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Consider O(ag) correction to the pr distribution in the Drell-Yan type process
1 - Za

Sample
diagram

: . (2) _ ~(2) (2)
Schematically: G, Gw sing T G,L.j,mm_sing
2 5, a 1 y Za
G2 e = 037 (2a,p7)0(1 — 2a) + 0l * (2a, pr) D1 (20)
(O> Za pT z 1 p'QT
+ , (ZCL pT)DQ(Za> + a; , a(Zava) ) In B + (ZCL N Zb)?
12

—t —1U In*(1 — 2
Za = = Zp = Di(z) = ( 1(—2 )) QQT:p?r‘|‘Q2
_|_
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In the small p1 limit

d m? 1
doZduor 2; = as|qf | 5 n (—5{)) + g <—2>
pT YH pp<m I pT pT + pT +
1 m?
—|—oz25 cgg <—21n3 (—2H>) + ...
Pt Pt I
After integration over p2, and yy (z = m7,/35)
6(z,my) = as|ci; Di(2)+cfo Do+ ci56(1 — 2) + cf |

+a? [c33 Da(2) + ..
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In general, in the IR region

1,

Born level singular phase-space conditions
process independent

°

R V . . .
O35 ~ O inthe soft and collinear region

°

In other regions of phase space, real and virtual contributions can be highly
unbalanced

® Single-gluon emission probability (1 — z = fraction of energy carried out by the
gluon, x=exclusive phase-space boundary):

1
d 1 1 d
w(z) ~ Qg { In } = dz w(z) ~ aglog?(1 — )
dz 11—z 1—2]4 N dz

= if x — 1 then double logarithmic divergences (soft and collinear limit)
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The low end of the p spectrum

Factorization properties in the IR limit: double logarithmic structure carries to all orders

terms with a? log™ (M—;) 0<m<2n-—1
Pp

If s log? (i‘f—j) ~ 1: breakdown of the perturbation theory
T
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Recap

After cancellation of real and virtual singularities:

® Large logarithmic corrections near boundaries of phase space (z—1, pt—0):

® ‘“Invisible” In(1 — z) — large corrections to the cross section
(z measures distance from the partonic production threshold

Threshold corrections
® “Visible” In(p3 /m7,) — explicitly divergent cross sections

Recoil corrections
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Recap

After cancellation of real and virtual singularities:

® Large logarithmic corrections near boundaries of phase space (z—1, pt—0):

® ‘“Invisible” In(1 — z) — large corrections to the cross section
(z measures distance from the partonic production threshold

Threshold corrections
® “Visible” In(p3 /m7,) — explicitly divergent cross sections

Recoil corrections

® Origin: soft/collinear emission
— radiative tail of the emission strongly suppressed, large logarithms appear
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Recap

After cancellation of real and virtual singularities:

® Large logarithmic corrections near boundaries of phase space (z—1, pt—0):

® ‘“Invisible” In(1 — z) — large corrections to the cross section
(z measures distance from the partonic production threshold

Threshold corrections
® “Visible” In(p3 /m7,) — explicitly divergent cross sections
Recoil corrections
® Origin: soft/collinear emission
— radiative tail of the emission strongly suppressed, large logarithms appear

® Fixed-order perturbation theory bound to fail in particular kinematical
configurations
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Recap

After cancellation of real and virtual singularities:

® Large logarithmic corrections near boundaries of phase space (z—1, pt—0):

® ‘“Invisible” In(1 — z) — large corrections to the cross section
(z measures distance from the partonic production threshold

Threshold corrections
® “Visible” In(p3 /m7,) — explicitly divergent cross sections
Recoil corrections
® Origin: soft/collinear emission
— radiative tail of the emission strongly suppressed, large logarithms appear

® Fixed-order perturbation theory bound to fail in particular kinematical
configurations

® Solution: all-order treatment of the perturbative expressions — resummation
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Generic hard scattering process:

G(z) ~ 60 {1 + Zzo:1 fol dzy...dzy 2nlZ1les2n) @g;g(z,zl, ey zn)}

dzq...dzy

®» Dynamical factorization (universal, process independent)
QCD: gluon emission correlated (colour charge) but in the soft limit QED-like
factorization

dwn(21,--52n) _ 1 n dw(z;)

dz1...dzp n! i=1 dz;

® Phase-space factorization depends on the process: © pg contains kinematical
constraints defining physical cross section

OF (2,21, 20) = [[1, Ops(2,2)

1 ! dw(z;)
G(z) ~ 0G0} 1+ E y [/ dz; dz-z @ps(z,zi)]
n=1 . 0

n

7

1

d /

dz’ w(z )Gps(z,z’)
; dz’

~  0Qexp

~ 00 exp [ozSL2 + .. ]
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In the approximation of strongly ordered gluons momenta
py,, Lpp, L. L pp ~pp(V) € Q7

the dominant contribution is

1 dé 1 A Q’ 2 (A2 5 Q7
— s = —|las—In| 5 | —oa; In® | =
oo dp3, p3 27 p3 82 P

N (=D)NLAHN 2N -1 (Q_2> e

Q
®22N-1(N — 1)IgN p%

+... +

with AV = 20,

These terms can be summed giving Sudakov factor (DLLA approximation)
1 do  asA Q2 —asA 5 [ Q?
2 T oz M\ Lz | P In™\ %
oo dp7 27p7, P 4 P

Note: cross section supressed as pr — 0 : result of strong ordering, pr not conserved
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® In practice phase—space factorization often occurs in the space to the
space of kinematic variables

$» Resummed cross sections exist for both:
® recoil resummation (in Fourier conjugate to p, b space)

272

: 1 : _ i
s{pr—) Kr| =53 / e 2 In(Q*/p7) < In(Q
= resummation takes place in the Fourier conjugate to pr, b-space

1 d 1 |
- / d2be~1PPT 5 (b)

o) dp% 472

® threshold resummation (in Mellin N space)

271

0| 1—2— Zzi - / dNe_N(l_z_Zi #i) In(1—z) < In N
C

7

A. Kulesza, p~ resummation for colour-singlet hadronic production —p. 13/28



Resummed cross sections are of the form

&:50/ CeXp(S)

where
S = Lfi(as L)+ fo(as L) + asfs(as L) + ...
LL NLL NNLL
osz(n+1) agL™ agL(”_l)
L=1In (bQQQ) (orIn(N)) C contains finite contributions

All singular dependence on L exponentiates
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T=M?/s

ddoz'o% — % fdeO(pr) W(ba M) + Yﬁn.

d dza d
W(b7 M) - Z o) / dwadxb5 .CCaCUb - T / & / Zb g/a bO/b>fa/A(za7 bO/b)

bO/b)fb/B(Zba b0/b) exp [Sqq(b, M) |

g/b(

M2 2
Sgg(b7 M) — _/1;2 % lln (%) A (O‘S( )) +BQ(O‘S(M ))]

_0
b2

Functions F = A, B, C have perturbative expansion F = Z ( - ) Fn)

Known coefficients (NLL): A,El) = C} C; =Cpjafori=q/g
(2) _ 1. 2 10
A = 50K K=Cyu (E—W)—?TRNF
BV =-2cr B\ =-1l(11C4 — 4TgNy)

Also known NNLL coefficients Bz@), A,ES)
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® Drell-Yan lepton pairs at low Q

$ W and Z boson production

» SM Higgs boson production

® Di-photon production

® Z-pair production

® W-pair production
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SUSY Higgs production

Slepton-pair production

Z' production

Upsilon production

Polarized vector boson production (RHIC)

Transversely polarized Drell-Yan
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» Resummation involves integration of the running coupling over the Landau pole:
Integration over b from 0 to oo = as(1/b) large when b — 1/A
. hon-perturbative effects

® Ambiguity in definition of perturbative series: pdf's and the Sudakov factor

defined at

_ b

V1 (0/b1im)2

# introduce an additional function 'V (Q, b, x 4, x ) in the integrand to
the Sudakov factor

exp(8(b, Q) * FN(Q, b, w4, 25)
FNP(Q.b,xa,25) = e—9(Q.bxa,23)b?

by < blim

*

fits from Drell-Yan/Z data
® Matching prescription

do do do do

dp2.dQ2  dpZ.dQ? + dp2.dQ>  dpZ.dQ?

resummed fixed —order resummed expanded

resummed part oscillates about O due to Jo (bpr) for large pr
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® Methods proposing other ways to avoid the Landau pole

$ return to pr-space

(approximation: expansion of the exponent, inverse b space
transform done analytically)

® deforming b-integration into contour over the complex b-plane
® smooth extrapolation of the perturbative result to the large b region

& using Borel resummation

» Improved matching

5 b d NLO
L =1n (—Q + 1) = dpT ° — oNNLO
bo dpt

® Related approaches

® joint resummation . threshold logarithms
resummed together with recoil logarithms up to NLL

® resummation for double differential distributions in p and y
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ResBos . 'standard CSS’ implementation
depending on the process either NLL or (almost) NNLL accuracy, matching with NLO,
decays implemented for some processes

Tevatron Run 2, Z/v* — eTe™ data vs NNLL+NLO resummed predictions from ResBos

- P = _
) i D@, 0.98 fb* S [ D098 !
S 0.08 resBos £ 1f * ResBos +
e i > [ ©° ResBos+KF +H_
o - 8 = v +
B 506 DY data 205 NNLO -
3 " [ ° Rescaled NNLO Ty % }
X i J< T VU B b ddal %9 *H ..
b - a ot v RS A T ¢ ¥
= 0.04 ~ b #
0.5F
0.02 :
[ 1 (b)
B T T T T T T 1 raal 1 1 Lol >
0 5 10 15 20 25 30 1 10 10
ZIy* q, (GeVic) ZIy* qT(GeV/c)

FNP(b,Q, za, ) = exp | (—g1 — g210g (53-) — 9193 10g(100z4, 7)) b]
g1 = 0.21GeV?, go = 0.68GeV?, g3 = —0.6, Qo = 1.6GeV
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Joint resummation
® combined resummation of threshold and recoil logarithmic corrections up to NLL
® conservation of energy and transverse momentum implemented
® Dboth threshold and recoil resummation formulae recovered in the appropriate limits
Z production at the Tevatron, CDF data, Run la+b

10! E T T T AR
do/dq; (pb/GeV) T CoF l i do/dqy (pb/GeV)
| 66 < Q < 116 GeV

30 —

66 < Q < 116 GV 100?

20 30 50 70 100 200
ar (GeV) qr (GeV)

NLL (with NNLL coefficients in the Sudakov exponent) jointly-resummed result matched

to LO, FNP(b) = exp (—gb?) ; g =0.8 GeV?
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Recoil resummation predictions at NNLL + NLO

do/dgy (pb/GeV)

® Study of renormalization, factorization, resummation scale variation effects:
perturbative QCD uncertainty of the NNLL+NLO results uniformly of O(10%) over

1.50
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1 MRST2004 NNLO/
! 3—loop ag |

\ —
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S (fin.) o
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How big is the difference between NLL and NNLL?

do/dqy (pb/GeV)

do/dqy (pb/GeV)

1.50 1.50
MRST2004 NLO NLL+LO My=125 GeV
: 2-loop ag
126 - 1.25 -
— NLL+LO s
Loof | LO < 100 NLL+10
(fin g :
078 7
050 H | 8
l ‘
i N\ i 3
025 \.
M .
0.00 1 1 T 0.00 T e P
0 25 S50 75 100 125 150 0 25 5 5 100 125 150
qr (GeV) Gy (GeV)
1.50 [ 1.50
Y MRST2004 NNLO] [ NNLL+NLO My=125 GeV
I 4 L
r 3—loop ag H
125 1 1 125 -
B NNLL+NLO — —— NNLL+NLO
1oof ! ----- NLO 4 1.00[ -—-- :
! | (fin.) xio
0.75 |1 0.75 -
0.50 0,50:
0.25 0.25]
0.00 L ‘ 0.00L
0 25 50 75 100 125 150 0O
dr (GeV)

1 SR RAARE RN R T nanas ansgy
- - K ™ 7
,; ol 15 - .‘"“E 1
Cos Loy oo
C 05 3 1
- Loahid | ailidd ]

0.0
208 1 2 0 1020 BOIDD —
gt (GeV) .
b 4
2

04 NLL+LO

- N T s

o 100 125 150

gy (GeV)
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1.2

gg - H+ XatLHC, m, =125 GeV
Grazzini et al, MRST2002, 0 = 39.4 pb
ResBos, MRST2001, step, 0 = 36.2 pb
———————— ResBos, MRST2001, smooth, o =36.2 pb
—e—e— - Kulesza et al, CTEQ5M, o = 35.0 pb
Berger et al, CTEQ5M, o = 37.0 pb
MC@NLO, MRST2001,0 = 32.4 pb
--------------- PYTHIA 6.215, CTEQ5M,c = 17.8 pb
--------------- HERWIG 6.3, CTEQ5M,0 = 16.4 pb

= -
)
8 B
Q -
£ 1—
” B
(e - s
Q ‘
© B pya
© 0.8— K y
0.61— ]
.
0.4
0.2H~
0 -. 1 1 1
0
NNLL+NLO

“Sudakov” NNLL + LO
“Sudakov” NNLL + LO
“Sudakov” NNLL + (N)LO
MC@NLO

PYTHIA

HERWIG

20

b-space with constraint:

NLO
d do — O.NNLO
f PT —(7- dpT

b-space

joint

b-space

LO pr-distribution + parton shower
with hard matrix el. corrections

without hard matrix el. corrections
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® Starting point: the CSS formula in b space

® Expansion of the exponent makes it possible to take the inverse transform back to
pr Space analytically, i.e. (schematically)

©.@)

ds 6 C; 22
49 _ 90 bdb Jo(prb) exp | — 2 1og? @
dpy. 2 J, 2m ba

dé asC; ( ozSCZ-L) o ( 2asci)N—1 1
= ex — — —
dp? 2 P 2 N=1 0 (N —1)!

N-1 N —1

N—-1—m
X Zm:O - L (2TN+m + LTN—|—m—

with L = log(Q?/p%), Tm = [ dyJ1(y) log™ (y/bo)

= can be extended to deal with the full CSS formula

® if some subleading terms neglected, possible to sum up log(QQ/pgr) to all orders
into an exponential — 'extended DLLA formula’
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Z production at the Tevatron: theory vs data (CDF, Run l1a+b), no matching

d o/ dp;(pb/GeV)

25

20

15

__ b-space, F(b) = exp (=2.75 b%), b™=0.5 GeV™' m

i TN ____ pr—space, BV, Fe(pr) = 1 —exp (0.1 p), pi =4 GeV |
" U pr—space, KS, Fe(pr) = 1 — exp (=0.1 p/), p; =4 GeV |

0 2.5 5 75 10 125 15 17.5 20 225 25
pr (GeV)
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Higgs production via gluon fusion at the LHC

T T
b space, g=1.67 GeV? ——

pr Space, 2=0.06GeV > - ]

d o /d pt (pb/GeV)

0.1 ! ! ! ! !
0 20 40 60 80 100 120

pr (GeV)

(N)NLL resummed predictions matched to LO, M g=125 GeV
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Transverse momentum distribution for colour singlet state production in hadronic

collisions
® Fixed order calculations not sufficient; resummed calculations necessary
® CSS (and variants) recoil resummation method: well tested and reliable
® Technical advances
® NNLL+NLO accuracy being reached
® Many new developments, e.qg.
£ treatment of the Landau pole
£ N(N)LL + LO joint resummation of recoil and threshold corrections
® Precision needed for theoretical predictions at the LHC !
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