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PT resummation

» production of colorless particles (system F, invariant mass M)

» problem: pr distribution of F diverges at pt — 0
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PT resummation

» production of colorless particles (system F, invariant mass M)
» problem: p7 distribution of F diverges at p7 — 0
> reason: large logs In p%/M? for pr < M

os In(p3 /M), In?(p%/M?)
ag 1 In(pT/M?), In*(pT/M?), In*(pT/M?), In*(pT/M?)

» solution: all order resummation
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PT resummation

» production of colorless particles (system F, invariant mass M)
» problem: pt distribution of F diverges at pt — 0
> reason: large logs In p%/M? for pr < M

os In(p3/M?), I0%(% /M)
g In(pT/M?), In®(p%/M?), In*(pT/M?), In*(p%/M?)

do/dp¥ [pb]
_ . 002 [+
» solution: all order resummation =
0.015
- o fixed order -
- ; —— resummed i
001 E

0.005
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PT resummation

» production of colorless particles (system F, invariant mass M)
» problem: pt distribution of F diverges at pt — 0
> reason: large logs In p%/M? for pr < M

os In(p3/M?), I0%(% /M)
g In(pT/M?), In®(p%/M?), In*(pT/M?), In*(p%/M?)

» solution: all order resummation
» factorization of soft and collinear radiation in matrix elements

T >

— allows for resummation
» done in impact parameter (b) space
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b
N / db 2 Jo(b pr) S(b, A, B) M,y i i

dp2T dy dM dS2
P e > double Mellin moments: Hy, n, = H Cpny Ch,
fi

2

5 2 2
- Jb3/p?2 9T | q ]
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N / db 2 Jo(b pr) S(b, A, B) M,y i i

P e > double Mellin moments: Hy, n, = H Cny Ch,
/i » coefficients A, B, C, H perturbative

? @ » born initial state gg or gg
» A, B, C process independent

j@ » H hard coefficient: - process dependent
- LO kinematics (M, Q)

2/ b2 q°

1
P | miy dg? | m2 |
S(b,A,B):exp<—/ - Aln( H>+B
b
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PT resummation

» L=1In(@Q°b%/b5) <« In(Q?/p%), Q: resummation scale
» Sudakov: agsl ~ O(1)

Se(A. B) = exp { LgM (L) +g@(asL) +asg® (asl) +a2 - }
L

NLL

. W

NNLL

> | |- g(l) — A(l)
NLL: H(D) c(D)) g(2) 5 A() B(1)
NNLL: H®) (@) g(3) — AG) B2)
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PT resummation

» developed already 30 years ago
[Parisi, Petronzio '79], [Dokshitzer, Diakonov, Troian '80], [Curci, Greco, Srivastava

'79], [Bassetto, Ciafaloni, Marchesini '80], [Kodaira, Trentadue '82], [Collins, Soper,
Sterman '85]

» we use newer formulation including various improvements:

[Catani, de Florian, Grazzini '01], [Bozzi, Catani, de Florian, Grazzini '06 '07]

» H embodies whole process dependence
» L=1In(Q*b%/b%) — L' = In(Q%b?/b5 + 1)

— reduction of impact at high pr (low b)
— unitarity constraint
» rapidity dependence
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matching with fixed order
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matching with fixed order

fixed order
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matching with fixed order

fixed order
- -- logs
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matching with fixed order

fixed order
- -- logs
—-— |f.o.-logs |
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fixed order
--- logs
—-— |f.o.-logs |
—--- resummed logs

M. Wiesemann  (University of Ziirich) pr resummation of colorless final states June 1, 2016 10



Universitat
Zurich™"

fixed order
--- logs
—-— |f.o.-logs |
—--- resummed logs
—— matched
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/ dp

do/dp4 [pb]

matched
total
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[Grazzini, Kallweit, Rathley, MW] (+Hanga, Sargsyan)

Amplitudes

OpreENLOOPS Dedicated 2-loop codes
(CoLuieRr, CutTOols, ...) | (VVampr, GINAC, TDHPL, . .. )

MUNICH
MU N 1 CH

gt subtraction <= ¢t resummation

MATRIX
MUNICH Automates qT Subtraction
and Resummation to Integrate X-sections.
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The Status
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L7 Zurich™

Process status comment
pp—ZIY¥(— 1) v validated analytically (+ DYNNLO)
pp—W-{v / to be validated
pp—H J under validation
PPYY v validated with 2yNNLO
pp—Zy—{ty v 4 [Grazzini, Kallweit, Rathlev, Torre '13]
pp—>Wy—{vy V4 [Grazzini, Kallweit, Rathlev '| 5]
pp—ZZ V4 Cascioli et al.'14]
PP ZZ— 4t V4 Grazzini, Kallweit, Rathlev '[ 5]
pp—WW V4 Gehrmann et al.'14]
ppoWW-o vy f Grazzini, Kallweit, Pozzorini, Rathlev, MW '[ 6]
Pp—~ WL J NEW HERE: inclusive cross section
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NNLO+NNLL resummation Ziirich™
for ZZ and WW [Grazzini, Kallweit, Rathlev, MW '| 5]

pT spectrum of ZZ pair pT spectrum of WWV pair

350 ! ! ! ! ! ' 3000 ! ! ! ! ! ! '
| NLL+NLO [ NLL+NLO [
ool [ omwwNwor ] ol NNLLNOT
= o50 b | .. ZZ@8TeV A— S — 10D W'W @ 8 TeV
o - %2000- = [ S o SV B e 1
S 200 - ~ Q-ug-ug variation =, = Q-ug-ug variation | |
.05  lEeyoyg
150 o o o o = || 5
Q — .
= S1000 S = o S o N -
3 100 5 | - | | | | |
©
50
0
=
Z12F
Z
e 1r
20.8
o
0.6

pr(ZZ) [fb] pr(WW) [fb]
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NNLO+NNLL resummation’_: | ziirich
for ZZ and WW [Grazzini, Kallweit, Rathlev, MW '| 5]

pT spectrum of ZZ pair: comparison to data

[CMS "15] [Grazzini, Kallweit, Rathlev, MW '15]
CMS \s=8TeV,L=19.6 fb"
S0~ S L L B B N B 0.8

—e— Unfolded data

Total uncertainty
Y44

— MCFM NLO
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for ZZ and WW [Grazzini, Kallweit, Rathlev, MW '| 5]

pT veto WW cross section

Tr— 1 1 1 1 1 1 1 1
W'W @ 8 TeV — R L |
0.8 _W,",’,‘,.—'—“,‘(_/:::‘=-‘ i
e 0.6 7 veto veto
I e(pT*°) = a(pt < PT°)/0tot
o ‘approx. NNLL+NLO = NLL+NLO +g3)
S o4l — —— T -
© | | | NLL+NLO [
1 1 NNLL+NNLO [ ]
o2Ky NLO ---- i
3 NNLO ........
approx. NNLL+NLO ==
O I I I I I I I I I
. LT T S D B I I I I B I ]
3120 %
91 TR ™ " """"""""""""""""""""" i
0 T e e S S T
T % % : ; ;
— | e | | |

10 20 30 40 50 60 70 80 90 100
pt veto [GeV]
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W/Z cross section at NNLO

[Grazzini, Kallweit, Rathlev, MW '1 6]

% first computation of NNLO corrections to WZ
% no loop-induced gg component at NNLO
% access to trilinear gauge coupling — relevance for BSM physics

% in principle: same two-loop amplitudes as for off-shell VWWW
[Gehrmann, von Manteuffel, Tancredi 'l 5]

% HERE: only inclusive cross section (minimal cuts on reconstructed Z mass)

% BUT: computation in principle ready for off-shell WZ with decays
(amplitudes with different-mass vector bosons already in on-shell case)
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G [pb]

ratio to NLO

[Grazzini, Kallweit, Rathlev, MWV 'l 6]

80

W/Z cross section at NNLO
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' ' ' ' ' ' 10— | @ . L. .
20l on-shel Wz production o Huge radiative corrections due to
60  NNPDF3.0 PDFs | approximate radiation zero
50 - {  [Baur, Han, Ohnemus '94]
40 | . :
ol / | ® ~63-83% NLO corrections
207 / 1 # ~8-11% NNLO corrections
10 + -
0 — ! ! ! ! ! ! ! MATRIX preliminary o(pp — WZ)
Y — A— — A —— — ]
B 1| ATLAS7Tev y 66 GeV < m(Z) < 116 GeV
e e i i ii i——AAt i s i iiBiviiiiiB - —
0.8 - .-
0.7 . CMS 7 TeV 71 GeV <m(Z) < 111 GeV
06 = 1 1 NP SRS SO SO S —
0-5 7 8 9 10 11 12 13 14 ATLAS 8 TeV "_._ 66 GeV < m(Z) < 116 GeV
Vs [TeV]
CMS 8 TeV -~ 71 GeV <m(2) < 111 GeV
% NNLO corrections nicely improve oS 13 ey —e— 50 GoV < m(2) < 120 GV
agreement with data at 7 and 8 TeV
. —e——  DATANNLO NNLO/NNLO_,
% slightly worse for |3 TeV CMS, e DATANLO, s NLONLO,.
bUt StiII Iarge uncertainties 1 1 I 11 1 I 11 1 I 11 1 I 11 1 1 1 I 1 1 I 11 1 I 1 1 I | |

0 0.2 0.4

0.6 0.8 1 1.2 1.4 1.6 1.8 2
Data/Theory
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% Automated: NNLO cross sections and NNLL pr spectra (except 2-loop)

for color-neutral particle production

# Implemented in MATRIX framework

# First application at NNLL+NNLO: ZZ and WWV pr spectra
% p7 veto: perturbative and logarithmic corrections sizable

* WZ at NNLO: diboson processes completed at NNLO

Outlook

% SOON: closed beta of MATRIX for large list of 2—1,2—2 NNLO processes
% EXTENSION: NNLL pt resummation for all available NNLO processes

% more physics applications:

=%

% NNLO cross section for WZ production
# NNLO+NNLL for ZZ and WWV with decays (with fiducial cuts)

% NLO QCD corrections to loop-induced gg channel of diboson processes
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WWV fully differential at NNLO
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stability of reut dependence
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e v, (inclusive) @ 8 TeV
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e"uty,v, (Higgs cuts) @ 8 TeV
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e"utv,v, (Higgs cuts) @ 8 TeV
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