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hi(p1) Fyny (1 HE)

Drell-Yan gt distribution

hi(p1) + ha(p2) = V+X = & +6+X
where V= Z0/y* W+

QCD factorization formula: h2(p2) Foyny (X2, L)
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d2qr dM? dy d :g/odxl/od& fam(X1s 1E) fom( X2, 1) 7d2quM2dy/dQ(5§a$7NR7NF).
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H H = f, l(x ,1,2)
Drell-Yan qt distribution mlpr) ey

hi(p1) + h2(p2) = V+X = & +£6+X
where V= Z0/y* W+

QCD factorization formula: h2(p2) Foyhy (X2, L)
do ! ! 2 2 dbap 2 2
—_— = d d f‘a Ky f Pl 7/\ A; .
d?qt dM? dy dQ EZ;/O XIA 2 /hl(xl' KF) b/hZ(XZ F) d2qrdM2d§dQ (5 O‘SnuRv,uF)

Fixed-order perturbative expansion reliable
only for g7 ~ M. When g7 < M:

2
97 | _» dbgg
g5 27
0 qu

~14as |:C12L§T + ClquT + - :|

1/e do/dag [GeV™]

+a§ {624L3T+---+ c1lgr + - } + O(ag)

with a2L7 = o log™(M?%/q3) > 1.

Resummation of logarithmic corrections needed. o [Gev]
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NNLO QCD predictions at large qt
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Z qt spectrum (g7 > 20 GeV).
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——————
NNLO QCD predictions at large qt
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luminosity uncertainty not shown).

@ NNLO (i.e.O(a})) QCD predictions
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Normalized Z gt spectrum (g1 > 20 GeV).
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NNLO QCD predictions at large qt

NNLOJET pp—Z+=0jet Ve=8TeV
T R — see A. Huss talk

ATLAS Data +—— |

M — @ ATLAS data (v/s =8 TeV) [1512.02192] (2.8%
luminosity uncertainty not shown).

@ NNLO (i.e.O(a})) QCD predictions
[G.-DeRidder,Gehrmann,Glover,Huss,
Morgan(’16)]. NNLO correction positive
(~6-8%) and reduce scale dependence (factor 2

JE— S — /M2
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g 12} 1 @ Agreement between data and theory improves by
o considering normalized distributions.
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Normalized Z gt spectrum (g1 > 20 GeV).

In the small g7 region effects of soft-gluon resummation are essential
At the LHC 90% of the W™ and Z° are produced with g7 <20 GeV
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gt resummation in QCD

delres) qr—0 M
[ dq? el ~" 3 allog™

T dq
dé _ [HA(res) ~(fin)] . (fin) 0
d2qr M2 dy d2 [d6\)] + [d&'"™)] ; [dq %d;‘,z 770

Giancarlo Ferrera — Milan University & INFN My working WS — Paris — 2/10/2017

resummation for vector boson production



gt resummation in QCD

delres) qr—0 M
[ dq? el ~" 3 allog™

T dq
dé _ [HA(res) ~(fin)] . (fin) 0
d2qr M2 dy d2 [d6\)] + [d&'"™)] ; [dq %d;‘,z 770

Resummation holds in impact parameter space: gr <M < Mb>>1, logM/qT>>1 < log Mb> 1

—_— e W (b, M, 7, 3),

(0) 2
~ (res) do 1 db
[d" ] dQ 3 )4
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gt resummation in QCD

qu%_ dd;’es) QT:O Zo‘g log™ M
dé _ ~ (res ~(fin)] . N
d2qr dM2dy dQ [dg( )] + [dg( )] | [de* 3( " ar 0

Resummation holds in impact parameter space: gr <M <& Mb>1

(0) 2
A (res) dL 1 d°b ,b -qr s R
[do ] o [ et T Wb M, 3.3),

In the double Mellin space (z1,2 = e*YM/\/3) we have:

, logM/qr>1 < log Mb> 1

Wi ) (B, M) = My ny(ais) x exp { G ny(as, L)}

with L = log(Q*b*+1)

(Q ~ M is the resummation scale)

Glas, D) = LeW(asD) +(asD + 22 ¥ asD) + Has) =1+ EH® 4 (22 ) HO+ -
T
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gt resummation in QCD

Jda% dd;'ES) TS aglogm
dé _ [HA(res) ~(fin)] . o fin) 0
d2qr dM2dy dQ [d6\)] + [d&'"™)] ; [dg?@ s %0

Resummation holds in impact parameter space: gr <M <& Mb>1

~(0) 2
A~(res) | __ dé 1 d’b lb AT \A) 2
[d" }_ aQ 5 )ame " VBMTE),

In the double Mellin space (z1,2 = e*YM/\/3) we have:

, logM/qr>1 < log Mb> 1

Win,.n) (b, M)

= Hn,,n)(as) X exp {g(Nl,Nz)(QS-,Z)}

with L = log(Q*b*+1)

(Q ~ M is the resummation scale)

Gas,D) = L (asD) + eP(ash) + 2 ¢ asl) + Hlas) =1+ Z2ul 4 (22 ) HO 4.
T

LL (NagZ"“): g, (6,
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gt resummation in QCD

Jda% dd;'ES) TS aglogm
dé _ [HA(res) ~(fin)] . o fin) 0
d2qr dM2dy dQ [d6\)] + [d&'"™)] ; [dg?@ s %0

Resummation holds in impact parameter space: gr <M <& Mb>1

~(0) 2
A~(res) | __ dé 1 d’b lb AT \A) 2
[d" }_ aQ 5 )ame " VBMTE),

In the double Mellin space (z1,2 = e*YM/\/3) we have:

, logM/qr>1 < log Mb> 1

Win,.n) (b, M)

= Hn,,n)(as) X exp {g(Nl,Nz)(QS-,Z)}

with L = log(Q*b*+1)

(Q ~ M is the resummation scale)

- — — ~ — 2
Glas, I) = LgM(asD) + P (asD) + 22O (asT) + H(as) =1+ —uD ¢ (ﬁ) HO
s ™ s

LL (~a2lmh): g, (8©); NLL (~al2L"): g®), HO);
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gt resummation in QCD

Jda% dd;'ES) TS aglogm
dé _ [HA(res) ~(fin)] . o fin) 0
2qr dM2dy dQ — [dore)] + [d6t"™] ; [dq3-2 s 770

Resummation holds in impact parameter space: gr <M < Mb>>1, logM/qT>>1 < log Mb> 1

[ d&(,es)] _ d6® 1 [d%b

>~ 7e"b'QT W(b* M7}77§)7
In the double Mellin space (z1,2 = e*YM/\/3) we have:

dQ 3§ ) 4n?

Wi ) (B, M) = My ny(ais) x exp { G ny(as, L)}

with L = log(Q*b*+1) (Q ~ M is the resummation scale)
Has) =1+ “Su® 4 (”5) n®4
™

9); NLL (~a2L"): g®, H®); NNLL (~agl—1): g®), #@);

o _ . )
Glas, D) = LgM(asD) + g2 (asD) + > gP(asD) + -

LL (Nagzn+1); g, (&(
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gt resummation in QCD

Frratiayam = 1960 + [0

2 da(res) qT—0 M

Jda% " > allog™
2 &( n) qr—0

quT d ~ 0

Resummation holds in impact parameter space: gr <M <& Mb>1

[ da“es)] _ d6® 1 [d%b

da 5 )ame " WBMT0),

In the double Mellin space (z1,2 = e*YM/\/3) we have:

, logM/qr>1 < log Mb> 1

Win,.n) (b, M)

= Hn,,n)(as) X exp {g(Nl,Nz)(QS-,Z)}

with L = log(Q*b*+1)

(Q ~ M is the resummation scale)

Gas, D) = Le®(as) + e®(ash) + “2g(asD) + Has) =1+ EH® 4 (22 ) HO .
T

LL (~a2lmth): g, (6@); NLL (~a2Ll"): g®, HD; NNLL (~va2ln=1): g®), #@);
Resummed (N)NLL/(N)NLO result at small g7 matched with fixed (N)LO (i.e.
as(o%)) “finite” part at large q7: uniform accuracy for gt < M and g1 ~ M.
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gt resummation in QCD
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gt resummation in QCD
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gt spectrum of the Z boson
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gt spectrum of Z boson: theory vs ATLAS data
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Left: NLL+NLO and NNLL+NNLO bands for Z/v* gt spectrum compared with and
ATLAS data (7 TeV).

Right Top: Ratios between ResBos predictions and ATLAS data.

Right Bottom: Ratios between various MC generators results and ATLAS data.
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gt spectrum of Z boson: theory vs ATLAS data

Results from W. Bizon, P. Monni, E. Re, L. Rottoli, P. Torrielli

RadISH 2.0
10° 8 TeV, pp— Z(— I"1")+ X -+
0.0< 1 <2.4, 66< my <116 GeV
NNPDF3.0 (NNLO)

107! uncertainties with pr, pr, Q variations3
ed Order from arXiv:1610.01843

(1/0)do/dpr

NNLO,NLL+NNLO and N3LL+NNLO bands for Z/~4* gt spectrum compared with
and ATLAS data (7 TeV). Matching with O(a3) at large qr.
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¢* spectrum of Z boson: theory vs ATLAS data
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gt spectrum of W: theory vs ATLAS data
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Lepton pt distributions from W decay
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Ratios of the lepton pr normalised distribution obtained using Powheg+Pythia 8
AZNLO, DYRES and Powheg MiNLO+Pythia 8 to the distribution obtained using
PYTHIA 8 AZ.
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Transverse-mass distributions from W decay
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Ratios of the m7 normalised distribution obtained using Powheg+Pythia 8 AZNLO,
DYRES and Powheg MiNLO+Pythia 8 to the distribution obtained using PYTHIA 8
AZ.
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PDF uncertainties and NP effects

DYqT
125 @ PDF uncertainty is smaller than the scale
uncertainty and it is approximately

independent on g7 (around the 3% level).

a3 0Sgyes1.2 Gev?

XX PDF 1o unc.

scale dep.
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=
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NNPDF3.0  mg/4<[Quupbtn}<ms. 1/2<tus/unQ/ un}<2

10 20 25 30
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15
ar (GeV)

NNLL+NNLO result for Z g7 spectrum at
the LHC. Perturbative scale dependence,
PDF uncertainties and impact of NP
effects.

My working WS — P

resum on for vector boson production



PDF uncertainties and NP effects

DYqT

@ PDF uncertainty is smaller than the scale
uncertainty and it is approximately
independent on g7 (around the 3% level).

126 —

a3 0Sgyes1.2 Gev?

%] PDF 10 unc.
scale dep. @ Non perturbative intrinsic kt effects
parametrized by a NP form factor

Snp = eXp{ngsz} with 0< gyp <1.2 GeV?2:
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NNLL+NNLO result for Z g7 spectrum at
the LHC. Perturbative scale dependence,
PDF uncertainties and impact of NP
effects.
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PDF uncertainties and NP effects

. Sl
[ LHC Vs=14 TeV] . .
o1f- = @ PDF uncertainty is smaller than the scale

2 uncertainty and it is approximately
independent on g7 (around the 3% level).

RATIO-1
X

@ Non perturbative intrinsic kt effects
parametrized by a NP form factor
Snp = eXp{ngpbz} with 0< gyp <1.2 GeV?2:

T

exp{Gn(as,[)} — exp{Gn(as,[)} Swe

RATIO-1

@ NP effects increase the hardness of the g1

)]

° R = % spectrum at small values of gr.
@ NNLL+NNLO result with NP effects
NNLL-+NNLO result for Z g1 spectrum at very close to perturbative result except
the LHC. Perturbative scale dependence, for g7 < 3GeV (i.e. below the peak).

PDF uncertainties and impact of NP effects
normalized to central NNLL+NNLO
prediction.
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W /Z ratio: the gt spectrum

12T ‘ T ‘wHw‘wwww‘wm‘wm‘wm‘w‘w‘ T T T

r @ Ratio of W/Z observables substantially reduces
both the experimental and theoretical systematic
uncertainties [Giele,Keller(’97)].

NLL+NLO (pert. scale dep.)
S~ NNLL+NNLO (pert. scale dep.) |

(1/oy day/dar)/(1/0y, dog/day)

b my/4<{@urpml<my, 1/2<{ur/paR/paQ/prl<2

b LHC Vs=7 TeV PDFALHC15

PN T AN
R

ar (GeV)

Ratio of NNLL4+NNLO and NLL+NLO
results for W/Z qr spectra at the LHC.
Perturbative scale dependence.
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W /Z ratio: the gt spectrum

(1/oy day/dar)/(1/0y, dog/day)

0.9

NLL+NLO (pert. scale dep.)
S~ NNLL+NNLO (pert. scale dep.) |

g/ 4<(Q o}, /2t @ )< RSN

LHC Vs=7 TeV PDFALHC15 N

2 3 5 710 20 30
ar (GeV)

Ratio of NNLL4+NNLO and NLL+NLO
results for W/Z qr spectra at the LHC.
Perturbative scale dependence.
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Ratio of W/Z observables substantially reduces
both the experimental and theoretical systematic
uncertainties [Giele,Keller(’97)].

Correlated (u"V' /My, = u?/Mz) scale variations
by factor 2 (avoiding ratios larger than 2) gives
reasonable estimate of pert. uncertainty (nice
overlap of scale variation bands for gr > 3 GeV).
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W /Z ratio: the gt spectrum
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Ratio of NNLL+NNLO results for W/Z qr
spectra at the LHC. PDF uncertainties and
impact of NP effects.
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@ Ratio of W/Z observables substantially reduces
both the experimental and theoretical systematic
uncertainties [Giele,Keller(’97)].

@ Correlated (1" /My, = u?/Mz) scale variations
by factor 2 (avoiding ratios larger than 2) gives
reasonable estimate of pert. uncertainty (nice
overlap of scale variation bands for gr > 3 GeV).

@ PDF uncertainty dominates at very small (g7
qr S 5GeV).
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W /Z ratio: the gt spectrum
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Ratio of NNLL+NNLO results for W/Z qr
spectra at the LHC. Perturbative scale
dependence, PDF uncertainties and impact
of NP effects.

Giancarlo Ferrera — Milan Universi

Ratio of W/Z observables substantially reduces
both the experimental and theoretical systematic
uncertainties [Giele,Keller(’97)].

Correlated (u"V /My, = u?/Mz) scale variations
by factor 2 (avoiding ratios larger than 2) gives
reasonable estimate of pert. uncertainty (nice
overlap of scale variation bands for gr > 3 GeV).

PDF uncertainty dominates at very small (gt
qr S 5GeV).

Non trivial interplay of perturbative and NP
effects.
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W/Z ratio gt spectrum: perturbative scale uncertainty

L0 [ P e ey e B e R naaas
= r Y NLL+NLO (pert. scale dep.) ] T r NLL+NLO (pert. scale dep.) ]
T 115 \\\ NNLL+NNLO (pert. scale dep.) ] T 115 NNLL+NNLO (pert. scale dep.) ]
3 £ N EI. £l ]
o 110 . — & L0 —
= £ AN 103 £ hR ]
= 105 N 3 tosfTSs==so oo —
= C N ] o C ==_ = ]
i n . 4 4 L = 4
~ n N | ~ £ = |
£ 1.00 — & 1.00 =
] r ~ ] ° r ]
- £ o] - £ ]
2 095 /A<l 72 0 1al<2 Toid L osl me/aclQupd<my. 1/2<tn i/ <2 E
~ FoiHc ~e=7 ’eV’F’FlL’cTs‘J‘ | ‘\‘ - 3 - FLHC va=7 Tev PpRAGCIS ‘ 3

1.10 Frr PR TR TR T = 1.10 T A R T
5 E I I AR S 1 =& E I I IR A B I f
2 1.05F — 2 105 "o~ —
z £ R z B Tt ]
g 100f 3§ 1oof = ==
g i & 3
§ 0.95 e = § 0.95 —
IO RS £t IS i L Y = NN S O DU OO P P Y I B

2 3 5 7 10 20 30 2 3 5 7 10 20 30
ar (GeV) gy (GeV)
DYqT resummed predictions for the ratio of DYqT resummed predictions for the ratio of
W /Z normalized g1 spectra. Uncorrelated W /Z normalized g1 spectra. Correlated
perturbative scale variation band. perturbative scale variation band.

ancarlo Ferrera n Un

g+ resummation for vector boson production



W /Z ratio: the gt spectrum
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Left: Ratio of NNLL results for W/Z qt spectra at the LHC, effect of PDFs evolution.
Right: Ratios of the normalised W /Z qt spectra predicted by Pythia 8 and several
resummation programs for W+ and W~.
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Idea of (analytic) resummation

Idea of large logs (Sudakov) resummation: reorganize the perturbative
expansion by all-order summation.

asl? asl o | O(as)

ail? ail® ail? azl | - | O(a?)

all® all?! aZl> 2| ..o || O(ad)
dominant logs next-to-dominant logs cee

@ Ratio of two successive rows O(asL?): fixed order expansion valid when
asl?® <« 1.

@ Ratio of two successive columns O(1/L): resummed expansion valid when
1/L < 1.

Giancarlo Ferrera — Milan University & INFN
resummation for vector boson production
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Soft gluon exponentiation

Sudakov resummation feasible when:
dynamics AND kinematics factorize
= exponentiation.

@ Dynamics factorization: general propriety of QCD matrix element for soft

emissions. 1 &
dw(qr, - an) = — [ dwi(a)
=t

@ Kinematics factorization: not valid in general. For g7 distribution of DY
process it holds in the impact parameter space (Fourier transform).

/dqu exp(—ib - QT)5<qT - Zqu) =exp(—ib- Y ar,) = [[exp(~ib-ar;).
=1 =1 j=1

@ Exponentiation holds in the impact parameter space. Results have then
to be transformed back to the physical space.
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——————
gt resummation at NNLL+NNLO

@ g7 resummation performed for Drell-Yan process up to NNLL+NNLO by
using the formalism developed in [Catani,deFlorian,Grazzini(?01)],
[Bozzi,Catani,deFlorian,Grazzini(’06,°08)]1. We have included

o NNLL logarithmic contributions to all orders (i.e. up to exp(~a2L™!));
o NNLO corrections (i.e. up to O(a?)) at small g7;

o NLO corrections (i.e. up to O(a?)) at large g7;

o NNLO result (i.e. up to O(a?)) for the total cross section.
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——————
gt resummation at NNLL+NNLO

@ g7 resummation performed for Drell-Yan process up to NNLL+NNLO by
using the formalism developed in [Catani,deFlorian,Grazzini(?01)],
[Bozzi,Catani,deFlorian,Grazzini(’06,°08)]1. We have included

NNLL logarithmic contributions to all orders (i.e. up to exp(~a2L"™1));
NNLO corrections (i.e. up to O(a2)) at small g7;

NLO corrections (i.e. up to O(a2)) at large qr;

NNLO result (i.e. up to O(a2)) for the total cross section.

¢ ¢ @ @

@ Analytic resummation implemented in publicly available codes:

DYQT: computes resummed g7 spectrum, inclusive over other kinematical variables
[Bozzi,Catani,deFlorian,G.F.,Grazzini(’09,°11)]
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——————
gt resummation at NNLL+NNLO

@ g7 resummation performed for Drell-Yan process up to NNLL+NNLO by
using the formalism developed in [Catani,deFlorian,Grazzini(?01)],
[Bozzi,Catani,deFlorian,Grazzini(’06,°08)]1. We have included

NNLL logarithmic contributions to all orders (i.e. up to exp(~a2L"™1));
NNLO corrections (i.e. up to O(a2)) at small g7;

NLO corrections (i.e. up to O(a2)) at large qr;

NNLO result (i.e. up to O(a2)) for the total cross section.

¢ ¢ @ @

@ Analytic resummation implemented in publicly available codes:

DYQT: computes resummed g7 spectrum, inclusive over other kinematical variables
[Bozzi,Catani,deFlorian,G.F.,Grazzini(’09,°11)]

DYRes: computes resummed gt spectrum and related distributions, it retains full
kinematics of the vector boson and of its leptonic decay products (possible to apply
arbitrary cuts on these variables, and to plot the corresponding distributions)
[Catani,deFlorian,G.F.,Grazzini(’15)]
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