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The Higgs transverse momentum
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Relatively easy to measure

Sensitivity to New Physics (e.g. light

Yukawa couplings, trilinear Higgs

C()upl | ng) [Bishara et al. "16][Soreq et al. ’16]
[Bizon et al. 1610.05771]

Experimental analyses categorize events
into jet bins according to the jet
multiplicity

Increased sensitivity to Higgs boson
kinematics, spin-CP properties, BSM
effects...



The Higgs transverse momentum
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Relatively easy to measure

Sensitivity to New Physics (e.g. light
Yukawa couplings, trilinear Higgs
coupling)

Experimental analyses categorize events
into jet bins according to the jet
multiplicity

Increased sensitivity to Higgs boson
kinematics, spin-CP properties, BSM
effects...

Current description of double-differential
distributions based on predictions with
NNLO+PS accuracy [Hamilton et al. 1309.0017]

Similar comments apply also to other
analyses (e.g. VH with boosted Higgs,
W+W:- production...)



The Higgs transverse momentum

Can we reach higher accuracy for double-differential

observables?
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The Higgs transverse momentum
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* Focus on the zero-jet bin p] < pi’v

* Jet veto enforced to enhance the Higgs
signal with respect to its backgrounds
(e.g. W+W- event selection) or study of
different production channels (e.g. STXS)



The appearance of large logarithms
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Jet veto = 30 GeV

Large transverse momentum logarithms
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The appearance of large logarithms

Fixed order predictions no longer reliable:

all order resummation of the perturbative series mandatory
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An example : resummation of the transverse momentum spectrum

Resummation of transverse momentum is particularly delicate because p, is a vectorial quantity

Two concurring mechanisms leading to a system with small p,

J " \‘\'\ ‘ \ DJA

pi ~ k% < mg

N/

n
cross section naturally e
i =

suppressed as there is

i=1
no phase space left for

gluon emission Large kinematic cancellations

(Sudakov limit) p.1 ~0 far from the Sudakov limit
Exponential :
suppression Power suppression
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An example : resummation of the transverse momentum spectrum

Resummation of transverse momentum is particularly delicate because p, is a vectorial quantity

Two concurring mechanisms leading to a system with small p,

Dominant at small p,

A NN

pi ~ k% < mg

N/

cross section naturally
suppressed as there is
no phase space left for

gluon emission Large kinematic cancellations

(Sudakov limit) p.1 ~0 far from the Sudakov limit
Exponential :
suppression Power suppression
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Resummation of the transverse momentum spectrum in direct space

Highly non-trivial problem. Solution to the problem recently formulated by extending the CAESAR/ARES approach to

deal with observables with azimuthal cancellations: RadISH approach Banfi, Salam, Zanderighi '01, ‘03, '04]
[Monni, Re, Torrielli 716][Bizon, Monni, Re, LR, Torrielli "17] [Banfi, McAslan, Monni, Zanderighi 15, 16]
‘Banfi, EI-Menoufi, Monni ’19]

Problem recently addressed also within SCET [Ebert, Tackmann 17

Result at NLL accuracy can be written as

dv, (%" d Simple observable
o) = GO[_1J ﬂﬂ p Vi =k ilmy, = vl
d

Transfer function

Formula can be evaluated with Monte Carlo method; dependence on € vanishes (as O(¢)) and result is finite in four
dimensions

Subleading effects retained: no divergence at small p,, power-like behaviour respected
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Direct space formulation: generality

[Parisi, Petronzio ’79; Collins, Soper, Sterman ’85]

NLL result for pi NLL result for pf
] Lg,(a.fL)+g,(a.ByL) H 2—H d” b —ib- P, —Ry (L)
o(p}) = opel A opl) = oy | P | e e

W vﬁm@w vs 8 %
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Direct space formulation: generality

General formula for a generic transverse observable at NLL [Bizon, Monni, Re, LR, Torrielli '17]

dk 27 d
o(v) = O-OJ 1 J ﬂe—RU‘m)R’ (k1) dF O (v = Viky, ... k,p )

kt,l O 27[
o0 1 n+1 p1 dé» 27 de
dZ = Xt ) — l J 'R (Ck
: 2n'l_[ G Jg 2nm (Cl t’l)
n=0 =2 “ €
aSCMW(k) m
Ry (L) = — Lgi(a,pol) — gy(a,pyl) R (k) =4 ( - ~CyIn TH — as(kt)ﬂ0>
A
L = In(k, /M) CMW scheme
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Direct space formulation: generality

NLL result for pi

0( pJJ_) — gOeLgl(O‘sﬂoL)'ng(O‘sﬂoL)

General formula for a generic transverse observable at NLL [Bizon, Monni, Re, LR, Torrielli '17]
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Direct space formulation: generality

[Parisi, Petronzio ’79; Collins, Soper, Sterman ’85]

NLL result for pf
J d*b

o~ 10 P p—Ra (D)
412

o(plh) = aojdzﬁ”f

General formula for a generic transverse observable at NLL [Bizon, Monni, Re, LR, Torrielli '17]
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Direct space formulation: generality

differential control in momentum space provides guidance to

double-differential resummation
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Double-difterential resummation in direct space

At NLL, emissions are strongly ordered in angle. k-clustering algorithms associate each emission to a different jet
kr,3 H kt,4

N

kt,2

kt, 1

Double-differential resummation obtained by combining measurement functions!

At NLL, now including parton luminosities

dkt,l d¢ 1
kt,l 271'

Gincl(pf) — J AdF aL [_e_RNLL(kZ’l)fZNLL(kt,I)] Q) (pJI:I — | k £1 4 o k tn+1 | >

dkt,l d¢ 1

kt, 1 271'

GinCI(pJJ_’V) — J AdF aL [_e—RNLL(kt,l)gNLL(kt,l)] ® (PJJ_’V — max {kt,l’ N 'kt,n+1 })
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Double-difterential resummation in direct space

At NLL, emissions are strongly ordered in angle. k-clustering algorithms associate each emission to a different jet
kr,3 H kt,4

N

kt,2

kt, 1

Double-differential resummation obtained by combining measurement functions!

At NLL, now including parton luminosities

do(Pp!h) Jdkm dep,

AD — k. O dZ op [_e_RNLL(kt’l)‘SZNLL(kt,l)] © (Pi’v — max {kt,b "‘kt,n+1}) G, (pf — | k T kt,n+1 | )
B (1

At higher orders, it contains also coefficient
— M2 g /
ZNL(k) gg*Hf:g(xl’”)fg(xz’”) functions and hard-virtual coefficients
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Double-differential resummation in direct space at NNLL

Additional corrections must be included at NNLL [Banfi et al. “12]1[Becher et al. '13][Stewart et al. '14]

NNLL(pJ_ 9pJ_) — GlﬁgLL(pJ_ ,pl)+01\11111\i{4L(pJ_ 9pJ_)+ é\(I)lliLL(pJ_ 9pJ_)
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Double-differential resummation in direct space at NNLL

Additional corrections must be included at NNLL [Banfi et al. “12]1[Becher et al. '13][Stewart et al. '14]

o H(prY,ph) = o T e + o (07 P + o (07, P

* clustering correction: jet algorithm can cluster two independent emissions into the same jet
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Double-differential resummation in direct space at NNLL

Additional corrections must be included at NNLL [Banfi et al. “12]1[Becher et al. '13][Stewart et al. '14]

o H(prY,ph) = o T e + o (07 P + o (07, P

* clustering correction: jet algorithm can cluster two independent emissions into the same jet

— —

kt,ab =]k La k t,b‘
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Double-differential resummation in direct space at NNLL

Additional corrections must be included at NNLL [Banfi et al. “12]1[Becher et al. '13][Stewart et al. '14]

NNLL(pJ_ 9pJ_) — GlﬁgLL(pJ_ ,pl)+01\11111\i{4L(pJ_ 9pJ_)+ é\(l)llj‘LL(pJ_ 9pJ_)

* correlated correction: amends the inclusive treatment of the correlated squared amplitude for two emission
accounting for configurations where the two correlated emissions (non abelian) are not clustered in the same jet

Ky
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Double-differential resummation in direct space at NNLL

Additional corrections must be included at NNLL [Banfi et al. “12]1[Becher et al. '13][Stewart et al. '14]

NNLL(pJ_ 9pJ_) — GlﬁgLL(pJ_ ,pl)+01\11111\i{4L(pJ_ 9pJ_)+ é\(l)llj‘LL(pJ_ 9pJ_)

* correlated correction: amends the inclusive treatment of the correlated squared amplitude for two emission
accounting for configurations where the two correlated emissions (non abelian) are not clustered in the same jet

@@ -

0 Online LHCP 2020, Paris, 29 May 2020



Double-differential resummation in direct space at NNLL

The same philosophy used at NLL can be applied at NNLL

where e.g
© dk, | d¢ a;(k, 1)
ALl = [ T [az s Eole (1~ maxii )
0 t l
o dkts d¢
1 51 - - Iv -
X J'() kt,sl Vo J_oo dA”ls ‘]ls (R)[ ‘ k t,1 T k ‘ ) ®<pJ_ kt,l)l

% — — —
X®(pJ_ _lkt,1+"'+ kl‘,n+1+ kt,S1‘>

And analogously for other contributions
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NNLL cross section differential in p’, camulative in p; < p}"
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NNLL cross section differential in p’, camulative in p; < p}"

Sudakov suppression at small pi doMNEL(p2V) { pb }
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Peaked structure (Sudakov) +
bower-like suppression at

very small pf




NNLL cross section differential in p’, camulative in p; < p}"

At a given value of pi’v it

corresponds to the p;’ cross
section in the O-jet bin

do(pl) 1 - — 1
dpf! pp > H+X

J J,
pL<p
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NNLL cross section differential in p’, camulative in p; < p}"

Logarithms associated to the Shoulder are
resummed in the Iimitpf ~ pi’v < my

10 Online LHCP 2020, Paris, 29 May 2020

[Catani, Webber ’97]

Sudakov shoulder: integrable

singularity beyond LO at

H 1V
pJ_ —pJ_



LHC results: Higgs transverse momentum with a jet veto
Multiplicative matching to fixed order (NLO H+j from MCFM, NNLO H from ggHiggs)

[Campbell, Ellis, Giele,’15] [Bonvini et al ’13]
3.0
& NLO
2.5 =
2.0 7 MCFM

13 TeV, pp — H + X, with pj <30 GeV

NNPDF3.1 (NNLO)
uncertainties with ur, wr, Q variations
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LHC results: Higgs transverse momentum with a jet veto
Multiplicative matching to fixed order (NLO H+j from MCFM, NNLO H from ggHiggs)

[Campbell, Ellis, Giele,’15] [Bonvini et al ’13]
3.0 large K-factor becomes relevant
o554 NLL+LO H
&2 NLO at larger p/
: _ 2.5 = #5% NNLL+NLO
residual uncertainties at
NNLL+NLO at the 10% level g 20- RadISH+MCFM
- 13 TeV, pp — H + X, with p} < 30 GeV
= NNPDF3.1 (NNLO)
: 1.5 uncertainties with MR, pF, Qe fations
)
~ 1.0 -
s /
5 7,
S i
0.5 — ',"45
47 -
0.0, ig? S
'
1 10 20 30 8 50
pr [GeV] N\
oood perturbative convergence to the left of the shoulder much reduced sensitivity
above, multi-particle configurations play a substantial role to the Sudakov shoulder
with respect to NLO
spectrum
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LHC applications: W+W- production

Fiducial region defined by a rather stringent jet veto

NNLL+NLO spectrum obtained by interfacing RadISH with MATRIX [Grazzini, Kallweit, Rathlev, Wiesemann '15, 17]

| L L L L L :
17.5 ; MATRIX+RadISH (fiducial-Jv) =
{5 0 NNPDF3.0 (NNLO) 3
> 13 TeV, pp — WHW~ + X :
O 125 -
= : )
e Hl RadISH+MATRIX interface
L H for generic 2—1 and 2—2
[Wiesemann, Re, Zanderighi '18] 5 | : :
, | A _: colour singlet processes
Comparison with NNLOPS NNLO-NNLL
result (much lower IOg o5 & 1 NNLOPS [Kallweit, Wiesemann, Re, LR 2004.07720]
accuracy) shows differences 0.0 ¢
at the @(10%) Ievel 14
EI ' v'"i
1.2 B
O &z N
—1 ORI 5
Z 1.0 e . AP G
o N 2620140%2009%630007030.
Q 0.8 AR ,I///////////:
5 /
06 Z itivi
7 A I reducedsensﬂwﬂytqthe
0 10 20 30 40 50 Sudakov shoulder with

12 Online LHCP 2020, Paris, 29 May 2020 respect to NLO spectrum



Summary

* Precision of the data demands an increasing theoretical accuracy at the multi-differential level to fully exploit
LHC potential

* First joint resummation for a double-differential kinematic observable involving a jet algorithm in hadronic
collisions

* Formalism has been extended to more complex final states; 2—1 and 2—2 colour singlet processes available via
upcoming MATRIX+RadISH interface

13 Online LHCP 2020, Paris, 29 May 2020



Backup
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All-order structure of the matrix element

v =p,/M

single-particle phase space

matrix element for n real emissions

20) = [d0,77@p 3 [[Tiak11 by k) PO~ Vi(0) k)

4 n=0 " =1

\?\I\I\N + o
all-order form factor / /zé/\VWV
2

(virtuals)

e.g. [Dixon, Magnea, Sterman ’'08] /
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Transverse observable resummation with RadISH

1. Establish a logarithmic counting for the squared matrix element | #(®p, k. ...k,)|*

Decompose the squared amplitude in terms of n-particle correlated blocks, denoted by |.Z(k,, ....k,)|*
(12 k) > = | M (k) )

Y N M@y k. ... k) P = | M (@ .
=0 *expression valid for

o 1 n LL ~N|-|- inclusive observables
NNLL o1 N
+J[dka] [dk, ) [dk,] | My ey k)] > SP(RS &)Y, — V) + ) } = | My(Dp)|* ) ;H AT
n=0 = i=1
§ M(k,) |
WGk, = - (1)2' = | M(k)) |’
P 1
7 2 _ LRI L 2 2 ;
|M(k1,k2)| — |MB|2 X |M(k1)| M|(k2)| : §

Upon integration over the phase space, the expansion can be put in a one to one correspondence with the
logarithmic structure

Systematic recipe to include terms up to the desired logarithmic accuracy
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Resummation in direct space: the p, case

2. Exploit rIRC safety to single out the IRC singularities of the real matrix element and achieve the cancellation of
the exponentiated divergences of virtual origin

Introduce a slicing parameter € « 1 such that all inclusive blocks with k;; < €k 1, with k;; hardest emission, can be
neglected in the computation of the observable

2 o e
APy | M 5(Dp) |” 7 (Pp) unresolved emissions

© 1 [+1
| ko | Y [Tl 0vi) - vie

1 m-+
—,[H [dk;] | A (k) |2 OV(k) — eV(k)O (v — V(D kys ... by )

m!
=2

resolved emissions

Unresolved emission doesn’t contribute to the evaluation of the observable: it can be exponentiated directly and
employed to cancel the virtual divergences, giving rise to a Sudakov radiator

7 (®p)exp { [[dk] | K| O€eVik;) - V(k))} ~ ¢~ REV)
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Resummation in direct space: the p, case

Result at NLL accuracy can be written as

dv, (**d
2(v) = G(O)J'lJ ﬂe_R(GVI)R’ (vl) v, =V(k), ¢ =vlv
V1 0 272'

o) 1n+1 ld- 2ﬂd-
XZ_HJ ﬁj ﬁR'(Qvl) O (v—V(Dpykysoeos k)

| :
n=0n°i=2 € Z‘:l 0 27

Formula can be evaluated with Monte Carlo method; dependence on € vanishes exactly and result is finite in four
dimensions

It contains subleading effect which in the original CAESAR approach are disposed of by expanding R and R” around v

dR ~
R(ev)) = R ) 1D | 0 <ln2L>

Nl ™ ev €V

R’ (Vi) =R ofmZ )™

Vi

Not possible! valid only if the ratio vi/v remains of order one in the whole emission phase space, but for observables
which feature kinematic cancellations there are configurations with vi> v. Subleading effects necessary
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Resummation in direct space: the p, case

Result at NLL accuracy can be written as

dv, (**d
2(v) = G(O)J'lJ ﬂe_R(GVI)R’ (vl) v, =V(k), ¢ =vlv
V1 0 272'

o0 1n+1 ld- 2ﬂd-
xZ—HJ ﬁj ﬁR’(Qvl) O (v—V(®pky, ... k)

| .
—nle e g, 0 27T

Formula can be evaluated with Monte Carlo method; dependence on € vanishes exactly and result is finite in four
dimensions

Convenient to perform an expansion around k¢ (more efficient and simpler implementation)

dR(ky) 1 , 1
R(ek,)) = R(k,;) + In O | In“—
din(l/k,) € €

k
R’ (k;) = R'(k;) + O (m ki>

2]
Subleading effects retained: no divergence at small v, power-like behaviour respected

Logarithmic accuracy defined in terms of In(M/k;)

Result formally equivalent to the b-space formulation

Online LHCP 2020, Paris, 29 May 2020



Parton luminosities

Consider configurations in which emissions are ordered in k;;, k;; hardest emission

Phase space for each secondary emission can be depicted in the Lund diagram

In(k,/M)

n

DGLAP evolution governs rapidity in the centre-of-mass
the radiation in the strictly frame of the incoming partons
collinear limit " Sudakov suppression .

_In(k, /M)

.
0y
0y

........................................... 5 ‘\lfl(ekt’]/M)

0y
0y
0y
Y
0y
Y
0
0y
0y
0y
.
0y
0y
0y

remaining unresolved real emissions are
resolved emissions live combined with the virtual corrections to
in this strip give rise to Sudakov suppression

®* DGLAP evolution can be performed inclusively up to €k;; thanks to rIRC safety

* |n the overlapping region hard-collinear emissions modify the observable's value: the evolution should be
performed exclusively (unintegrated in k)

* At NLL the real radiation can be approximated with its soft limit: DGLAP can be performed inclusively up to ki i
(i.e. one can evaluate ur=k; 1)
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Beyond NLL

Extension to NNLL and beyond requires the systematic inclusion of the correlated blocks necessary to
achieve the desired logarithmic accuracy

Moreover, one needs to relax a series of assumptions which give rise to subleading corrections
neglected at NLL (for instance, exact rapidity bounds). These corrections can be included
systematically by including additional terms in the expansion

dR(Vl) 1 0 1
R(ev;)) = R(vy) + In—+ 0O [ In- —
din(l/vy) € €

Finally, one needs to specify a complete treatment for hard-collinear radiation. Starting at NNLL one
or more real emissions can be hard and collinear to the emitting leg, and the available phase space
for subsequent real emissions changes

Two classes of contributions:

® one soft by construction and which is analogous to the R" contribution

R (v;) = R(v) + O (m ﬁ)

Vi

* another hard and collinear (exclusive DGLAP step): last step of DGLAP evolution must be
performed unintegrated in k;
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Logarithmic counting

Necessary to establish a well defined logarithmic counting: possibile to do that by decomposing the
squared amplitude in terms of n-particle correlated blocks (nPC)

e.g. pp = H + emission of up to 2 (soft) gluons O(as2)

, only gluons for simplicity
outgoing partons

MR D -

Analogue structure with n
gluon emissions

PO 1PC0 )P(O

LL NLL LL NLL

Logarithmic counting defined in terms of nPC blocks (owing to rIRC safety of the observable)
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Logarithmic counting: correlated blocks

~ _|M(ﬁ17ﬁ27ka)|2 _

M(k,)|]? = Lk M(ko)|? >
(M (ko) M (5. 5o 2 (M (ka)|

~ M ]5 7ﬁ 7ka7k ° 1
31 (k)2 = |§\413<51 MS)' — o7 M (ka) [ M (k) F—>
? \ P - - -
a2 L4 \—

S

15 this LL is absorbed in the resummation of |M(k)|?

Thanks to P. Monni
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Resummation at NLL accuracy

Final result at NLL

dZ(V) o Jdkt’l J'ZE d;%e_R(km) R(

k ) /
etV ) P k. )R’ (k
/D kt,l ) ) NLL( t,l) ( t,l)

00 n+1 d 27td
Z HJ _CJ TiR (‘:ktl) (V_V((DB»kla---aan))

=’12€lO

This formula can be evaluated by means of fast Monte Carlo methods RadISH (Radiation off Initial State Hadrons)

Parton luminosity at NLL reads

dlMBlzé 7) %)
Fyutk) = 2 (502 ) £ (K )
B

C

At higher logarithmic accuracy, it includes coefficient functions and hard-virtual corrections
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Result at N3LL accuracy

d> dks1 d _ / ~
) - [Ty (—e ) L (b)) [ AZIR RO (0= V(LR )

1
+ / %%Q—R(ktl) /dZ[{R/,ki}]/ des dos { (R/(ktl)ﬁNNLL(kﬂ) — aLENNLL(kt1>)
0

k’tl 2T Cs 2T
1 1 | — 2 1 / Bo 2 »(0) 1
X R (ktl) In QT + iR (l{itl) In ? — R (ktl) aLL’NNLL(kﬂ) - Q?CYS (ktl)P X /:'NLL(ktl) In Z
a; (k1) 5(0) o P(0) ~ -
+TP ® P ®£’NLL(kt1) @(v_V({p}aklw"?kn—l—laks)) _G(v_v({p}7kla°"7kn—|—l))
1 [ dkn dé1 g / : /1 (1 dos /1 dCsa dosa
- ol L t1 = ;
—|_ 2 / ktl 27T ¢ d [{R ’k }] 0 Csl 27T 0 CSQ 27T R (ktl)
1 1 1 1
X ,CNLL(kﬂ) (R//(ktl))Q In In — GLCNLL(ktl)R”(kﬂ) (ln — 4 In —)
Csl CSQ Csl Cs2
a? (k) - A
T S(TH)P(O) ® P(O) ® ENLL(ktl)}
X {9 (v =V{Ph k1, knr, k1, ks2)) — O (v = VH{DY K1y oo kg, bs1)) —
. ) e ]
@(U_V({p}vklv"'akn+17k82))+@(U_V({p}7k17°"7kn+1)) } + 0 (as 1Il2 65) ) (318>

[Bizon, Monni, Re, LR, Torrielli '17]

All ingredients to perform resummation at N3LL accuracy are now available
[Catani et al. 11, ’12][Gehrmann et al. ’14][Li, Zhu "16, Vladimirov "16][Moch et al. ’18, Lee et al. ‘19]

Fixed-order predictions now available at NNLO

[A. Gehrmann-De Ridder et al. '15, 16, "17][Boughezal et al. '15, 16]
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Matching with fixed order

Multiplicative matching performed at the double-cumulant level

fixed-order double-cumulative result at NNLO
double-cumulative result at NNLL

oxnLo(Pl <P, pl <p1Y) = oo — | O > pi™Y) v O(p] > p1V)doy, jnio

o _ _
H_  Hv ,J _ ], H_  Hv J _ ],
H o Hv 0 _ Jw _ ONNLLPL <PI,PL <Dy v Hy onnLo(PL < PLsPL <P’
Gmatch(pj_ <pJ_, ’pJ_<pJ_,)= Jv _Hv GNNLL({pJ_, ’pJ_, } _>OO) H Hv _.J IRY
onnLLUPY P = ) | v ONNLL,exp(PL <P »PL <Pl') 6(a?)
< < S

asymptotic limit of the NNLL result

expansion of the double-cumulative
result at NNLL

e NNLL+NNLO result for pi’v recovered for piLV — 0

* NNLO constant included through multiplicative matching (NNLL" accuracy)
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Matching to fixed order: multiplicative matching

Cumulative cross section should reduce to the fixed order at large v

Zmult (V) - Zres(v) Zf.O.(V)

matched > (V) * allows to include constant terms from
expanded NNLO (if N3LO total xs available)
. * physical suppression at small v cures
do potential instabilities
2 V)=0,, — | —dv
f.o f.O. dV

v

To ensure that resummation does not affect the hard region of the spectrum when the matching is performed we
introduce modified logarithms

In Qlk, In Qlk, , e
This corresponds to restrict the rapidity phase space at large k; J o dn — J . dn — J dn — 0
—1n i —1n 1 —€

O : perturbative resummation scale

g used to probe the size of subleading
1 0 . .
In(Q/k;1) — ;ln L+ (= logarithmic corrections
t1
p : arbitrary matching parameter
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Predictions for the Z spectrum at 8 TeV

(1/0)d>/dpf

Ratio to data

O.].O | | | | | | | | | | | | | |
RadISH+NNLOJET
8 TeV, pp — Z(— L4 )+ X
0.08 = 0.0 < |Yp| < 2.4, 66 < My < 116 GeV 7
////// NNPDF3.0 (NNLO)
08 ,‘,:,:2’ V uncertainties with ugr, wr, Q variations ~
W V7 ® Good description of the data in all fiducial regions
0on 5 _
Z “'.___. * Perturbative uncertainty at the few percent level, still
7 B%4 NNLO e . .
0.02 Fim a1l NNLO = - does not match the precision of the ATLAS data
=>4 NNLL-+NLO =
1 Data
OOO ] L1 ] ] ] o
1.20 ‘ IIII I ‘ | I | | | | | | |
115 55555 vo _
1.10 '03“:.0.1'2.’ // / A, _
.A,A 0. '0' 0:: 'IIA
095 // e “\\“" 5o nr-‘-‘vl‘-‘-‘,:;' ;:mv.w ’40"&‘
0.90 /// \\\ \\\\\\\\\‘\\
0.85
080 ] L1 | ] ] ] ] ] L1
100 107
Pt
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Resummation of the transverse momentum spectrum at N3LL+NNLO

N3LL result matched to NNLO H+j, Z+], W=+] [Bizon, LR et al. '18, '19]

: : O].O | | | | | | | | I I I I I I I

NNLL+NLO B3 RadISH4+NNLOJET
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0.06 uncertainties with ur, ur, Q variations
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Theoretical predictions for Zand W observables at 13 TeV

Bizon, Gehrmann-De Ridder, Gehrmann, Glover, Huss, Monni, Re, LR, Walker, 190x.xxxx

Results obtained using the following fiducial cuts (agreed with ATLAS)
pl”>25GeV, |n° | <25, 66GeV <M, <116GeV

p >25GeV, |n"| <25, FE>25GeV, my>50GeV

using NNPDF3.1 with as(Mz)=0.118 and setting the central scales to

M,
2

Hr = Pp = Mp = Mgf’ P%a Q=

5 flavour (massless) scheme: no HQ effects, LHAPDF PDF thresholds

Scale uncertainties estimated by varying renormalization and factorization scale by a factor of two around their
central value (7 point variation) and varying the resummation scale by a factor of 2 around its central value for
factorization and renormalization scales set to their central value: 9 point envelope

Matching parameter p set to 4 as a default

No non perturbative parameters included in the following
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Predictions for the Z spectrum

1/ods /dp?

019 — RadISH+NNLOJET
13 TeV, pp— Z(—L¢7)+ X
0 < |me| < 2.5, p% > 25 GeV
010 = 66 GeV< My < 116 GeV
NNPDF3.1 (NNLO)
0.08 - uncertainties with ur, uwr, @ variations
0.06 - 55 NNLO
B3 N3LL-NNLO
004 &5 NNLL+NLO
¢ Pythia8_AZ
0.02
OOO | | | | | | | | | | | |
1.2 - :
1.0
0-8 | | | | | | I | | | | | | | |
1 1
- p?
Thanks to Jan Kretzschmar for providing the
PYTHIA8 AZ tune results
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Predictions for the W* and W spectra

012 — RadISH+NNLOJET 012 — RadISH+NNLOJET
' 13 TeV, pp = WT (= 2T +1v,) + X ' 13 TeV, pp > W (=2 +uv)+ X
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Ratio of differential distributions

Z and W production share a similar pattern of QCD radiative corrections

Crucial to understand correlation between Z and W spectra to exploit data-driven predictions

1 dgt‘l/‘lleory
|14 /Z
1 dG 1 dadata Gt‘l)‘l/eory p J‘iv

O W pJ‘iV O 4 pJZ_ 1 dat%leory

data
Z Z
Gtheory PT

Several choices are possible:

* Correlate resummation and renormalisation scale variations, keep factorisation scale uncorrelated, while
keeping

* More conservative estimate: vary both renormalisation and factorisation scales in an uncorrelated way with

1 nuim

—_<E <>

p) //tden
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Results for W-/W* ratio

~ 14 RadISH+NNLOJET ~ 14 - RadISH+NNLOJET
S 13 TeV, pp = WE (= ¢ + 1) + X +S 13 TeV, pp = WE(— ££ + 1) + X
Q
3 NNPDF3.1 (NNLO) 3 NNPDF3.1 (NNLO)
W 1.2 - No12
5 5
~ ~
\SJ \J
~ 1.0 _;A ~ 1.0 oooo......
li—i |§4
S <
L 08 - 2 0.8 -
N N e NNLO
IS = NLL4LO I m— N3LL+NNLO
= 06 - s NNLL+NLO = 06 — s NNLL+NLO
— = N3 L+NNLO — }  Pythia8_AZ
12 1 1 1 1 1 1 1 1 I 1 1 I_ 1 1 1 1 1 12 | 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1
9 /
© 1 /
ir 1.1 > 1.1 %
= 1.0 2 1.0 s
@)
IZ 4(_)_0
9 0.9 o 0.9 -
; % Z i F variations u i F variations uncorrelated
08 _I — /I 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 08 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1
1.2 % 1.2 -
= 1.1 - QL 1.1 4
il— A
2' 1.0 2 1.0
Z ke,
- 2 5
2 0.9 7/ it 050.9—§ iati lated
: WF, R variati \ Kr, R variations uncorrelate
= 7, NN
08 j 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 08 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1
1 10, 100 1 10, 100
pY Pl
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Results for Z/ W+ ratio

2.0

1.8 =

(1/odX/dp?) / (1/od</dp")

RadISH4+NNLOJET
13 TeV, pp = ZWH (=278 0T + 1) + X
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e 1.0 !010;?6910193?0‘!01010391010;%:oY0Z', —— =N - e § a MOV 1 R AT e
DR IR SRR KRR RIIRRRIN SIS RN 05 > 8. e SRy TTA e TS
| = B :o::::::o:o:::::}:::::; 20200, / 7 2055 S0 p;*,‘{::; XRPKE
o 09 o,o,:,:%o 050.%, '/ ////////// X250
+ U / 7 . ////,/// :
% /// wr variations uncorrelatee
? . g / 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1
ER
—
Z 1.1
+
-
= 1.0
=z
O
& 0.9 7 L
¥ wr, R variation
O . 8 —I 1 1 1 1 1 1 1 I 1 1 1 1 1 1 | L

Online LHCP 2020, Paris, 29 May 2020

(1/odx/dpf) / (1/od5/dp¥")

E—

Ratio to Py8

Ratio to Py8

2.0

1.8

1.6

1.4

1.2

1.0

0.8

0.6
1.2

1.1

1.0

0.9

=0O
N0

1.1

1.0

0.9

0.3

RadISH+NNLOJET
13 TeV, pp = Z,WH (= £, &5 + 1) + X,

NNPDF3.1 (NNLO) ‘

mmmm NNLO

s N3LL4+NNLO

mms NNLL+NLO
¢ Pythia8_AZ

0000009

i rF variations uncorrelated

- —— — — . - -

O
KX

X uO0ul%
»

% ;o’:/l‘o

0.9.%
RRIXK
ST NN
S 22 7\ \
- " /-/'{’,'..zu' n?m&!’:\\"\\\\‘v‘k\": R
& SPRESI XSSO LRt

ave -
- -Av"- ®eva-av w. ’:’AVI"A"‘"" -, ";( D
;0" MYHX AKX e . = o < A k’b’OAOA’AVo‘ R R
d“""‘""v:;?k‘:‘\'vv‘ N ) g "= —alp e

ot
V2RSS -\ G

-—-.va

: 5 0‘.’0':0'0'4 2%}
%&gkﬁe&“{?W“WV
@,

%
% ) =

RIS N o AN

IR AN

2

19 100
P



Equivalence with 4-space formulation

J'Zﬂ%

0 27

2
dx(v) [ leJ 7\ — IMBI%
— - 1 2 251 f
iy ), 2mi Jy 2mi 1 2 122 dD, fi (ko) 2y 5, (V) o)
R
M dk
20 0) = | Oy @ H) G (k)|
unresolved Ny S RN ] kg
emission + wrtual
: ko dk, a(k Ko dk
corrections i ek exg {— > ([ SR k) + | —’Fﬁv‘“)(aS(kt») }
E 7=l ek kt i ekyy kt ’
Result valid for E.-' ..... S ; (k) .....................................................................
. . . / s\ ]
all inclusive > <Rf1 (k) + ﬂt FNfl(as(ktl))+F§\2(a’s(kﬂ))>
observables (e.g. vod /1=
* resolve 0 ntl
P ¢) emission 5 Z ,HJ [
D=0 =2 e Gi = &

i X @ (v=VUPY. kps - eer ki)

Formulation equivalent to b-space result (up to a scheme change in the anomalous dimensions)

d*2(v) d| Mg I% N C
1Ddp — 2o, Jb db p,Jy(p,b) fT(bo/b)CNll’T(aS(bo/b))H(M)C]vzz(as(bolb))f(bo/b)
2
e { ) J rd Jo(b"f))} (1~ b)) = O ) +

B 0 b
03 Ok, — —)

12 9In(Mb/b,)3 b

N3LL effect: absorbed in the definition
of H2, B3, A4 coefficients wrt to CSS
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Equivalence with 4-space formulation

; 5_I [T 1 1 1 1 1 1 1 1 1 1 1 1 1 | 1 1 1 | [T 1 1 | 1 1 1 |
()] i . il
(D B —e— %CSETIle _
B 4— CuTe .
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T af —~ BYRES :
|— | e e —
O 3_ —— Artemide |
O : :
®) 4 |
©O 2 -
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O_I [ 1 1 | [ I 1 1 | | I | | I I | | | I | | I I | | | I | | I I |
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The Landau pole and the small p7 limit

Running coupling as(k:72) and Sudakov radiator hit Landau pole at

1
as(ﬂl%)ﬁo InQ/k, = > ki ~0.01GeV, up=0=m,

Only real cutoff in the calculation: emission probability is set to zero below this scale and parton densities are frozen.

16
N I At small p; the large azimuthal cancellations dominate over the
Sudakov suppression: the cutoff is never an issue in practice

12 S ................ -
. 10 USSR ...................................................................................................................................... ................... .
>
Q)
‘X‘ 8 USRS ...........................................................................................................................................................
Py Radiation “freezes” at ~3 GeV
T R .

10 1p 2L
V. T D NN SO -« S SGGCG—G—G— N—— 2 25 16
dzﬁ(v) ) AQCD
2 J OSSR SRS oS Z il 26 ((I)B)pt
<pi>=p — dp,dd M?
RadISH - NLL ——— =B
° 1 10
p/’ [GeV]

Thanks to P. Monni
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Behaviour at small p,

Explicit evaluation shows that the Parisi-Petronzio perturbative scaling at small p; is reproduced. At NLL, Drell-Yan pair
production, n=4

ﬂ

16 1y
d*E(v) Modky Abep N2
= 4 6O(Dp) pt[ —3”e Rkn) ~ 260D p)p, :

As now higher logarithmic terms (up to N3LL) are under control, the coefficient of this scaling can be systematically
improved in perturbation theory (non-perturbative effects — of the same order — not considered)

N3LL calculation allows one to have control over the terms of relative order O(as2). Scaling L ~ 1/a; valid in the deep
infrared regime.
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Numerical implementation

M 2
dX(pt) / dk+1 / dér 5 (_e_R/(km ENLL(kﬂ)) y
d®p 0 ki1 Jo 27T
> ntl ok 27
/ 1 tl dkys d¢ ~ .
R (k¢1) = tz/ i B
*e D | ] R (k1) | © kel + oo+ Eynan ) -
n=0 n! (z’—Q ekl kti Jo 2T ( tl)) (pt | H t( ‘|‘1)|)

= [dZ[{R,k;}|O(pt—|ke1+.. +ki(ni1)))

d|Mp|?

> L =1In(M/kt1); luminosity Lavn (ki) =D, o, dcbglcz fei (1, k1) for (2, ke1).

» [dZ[{R,k;}]O finite as ¢ — O:

/ ktl
el (kt1) — 1 — R'(ky1)In(1/e) +... = 1 — R (ke1) + ...,
ekt
, ki1 / . ki1 , . .
/dZ[{R ki = [1 — R (k1) + ] [@(pt — |k¢1]) + R (kt1)©(pt — |kt1 + ke2|) + ]
ek¢q ekl
— ktl / — — —
=  O(pt — |ke1|) + R (k1) [@(pt — |kt1 + ki2|) — O(pe — |kt1|)} +...
0
\\/_/ —/—/
e—0 finite: real-virtual cancellation

» Evaluated with Monte Carlo techniques: [ dZ[{R’, k;}] is generated as a parton shower
over secondary emissions.

. , Thanks to P. Torrielli
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Numerical implementation

» Secondary radiation:

oo n+1  or dqb t1 k., R
! L. LR’ (kt1)
Z[{R', k:}] (I | / / — (kt1)> :

n=— O kt1
oo n+1 2 Ky
_ ( / d@ t(i-1) dka/(ktl)) R (k)
ekl
n—+2
R (k1) —R(ku1)lnl/e _ H e—R’(ktl)lnkt(i_l)/kti7
=2

with kt(n—l—Z) — ek¢1.

» Each secondary emissions has differential probability

dwi - d¢’& dkt’& R/(ktl) R,(ktl)ln kt(i—l)/kti L %d (e—R’(ktl)ln kt(i—l)/kti> .
21 kg 27

> ki;—1) = ki Scale ky; extracted by solving e_R (Ben) Inkyi—1)/Fei — r, with r random
number extracted uniformly in [0, 1]. Shower ordered in ky;.

» Extract ¢; randomly in [0, 27].

. . Thanks to P. Torrielli
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Joint resummation in direct space

J,v

P dk, 1 d d ) ) o )

ohel (P, Py )=/ kt’l ;bl /dZ{ eh [—e Bawie(Len) £ (pee L“)} @(p?’ —!kt,1+---+kt,n+1l)
0 t,1 &7 t,1

+ e fvuelles) R/ (k, 1)/]%,1 e, 000 SR (k1) + R (k1) In 1 Lnin (pre™ ") — d L (pee™"00)
, 0 ktasl 27—‘- , , ktasl st71
X [@ (p?’v — ki1 4o A Ko Et,m\) — @(pi{’v — |keq 4+ Et,n—Fl‘)] } : (38)
> dk; 1 do _ o’ L
NNLL J,v _ ta]- 1 _RNLL(Lt 1) Lt 1 2 S t71 J,v
— dZ L P 1) 8C © Kt i
O clust (pt 7pt ) /O kt,l 2T / € NLL (,LL € ) A 7.‘.2 (1 _ 250053 Lt,1)2 (pt m>alx{ t })
k
tldk »S1 d S1 v " " v H,v
" {/ kt ;bﬂ /dAnlsl Jis, (R) [@(p%]’ _ ‘]@t,1+kt781‘> — (pg — ki 1)]@(}%’ — kg1 + -+ Ry + ke 310
0 t,Sl — 00
1 M1 dky o dky s, dbs. do
k 51 Wotyss 8Py W5z [ gnp J. (R v R, k) @(“— kk)
T Q'R( tl)/O kt,sl kt,SQ o 9 /_OO Ns1s2 51 2( t ‘ t 1_|_ t 2’ Dy maX{ t,s515 IVt 2}

© (p , ,
} 7 (42)
* dk 1 doy

2
NNLL : —Rnin(Le1) . 2 X : I |
= dZ NLLA~t,1) [ 1) 8C © maxi ky ;

Ocorrel (D502 /0 k1 27 / € NLL (Ur€ ) 8C% 72 (1 — 2Bocus Ly 1) (pt fo({ t, }>

k
b1 dky s, dos, ki
X { / ” ;b /dAnlsl C (AnlslaA¢lsla E ) (1 — Jis,(R))
0 t,81 @ — kt yS1

)
X @(p?’v - |Et,1 + - F Et,n+1 + Et,sl T Et@’) O (p;" — ki)

o

X [@ (p%]’v — kt,l) — @(Pi’v — k1 + Ee s, \)] @(p?’v — kg + -+ Kepgr + ks, |)

1 "1 dky o, dky o, dds, dos
R k 1 2 1 2
o 2! ( ' 1) /O kt,sl kt,SQ 2w 21 /

X [@ (p;iLV o max{ktasl ) kt752 }) - © (pg,V o |Et,81 T Et782 |)] @(p?’v o ‘]Zt,l T Et,n—kl + Et,sl =+ Et,sz ’) } c (43)
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All-order resummation: CAESAR/ARES approach

Solution 2 Translate the resummability into properties of the observable in the presence of multiple radiation:

recursive infrared and collinear (rIRC) safety Banfi, Salam, Zanderighi ‘01, 03, '04]
[Banfi, McAslan, Monni, Zanderighi, El-Menoufi '14, 18]

Simple observable easy to calculate

5~ dvl 9(\/’ v Transfer function relates the resummation of the full
sy 1 e observable to the one of the simple observable.

V1
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All-order resummation: CAESAR/ARES approach

Solution 2 Translate the resummability of the observable into properties of the observable in the presence of
: multiple radiation: recursive infrared and collinear (rIRC) safety [Banfi, Salam, Zanderighi ‘01, ‘03, 04]

Simple observable easy to calculate
Transfer function relates the resummation of the full

dv
- 1 :
O ~ [ } S( 1 F(v, Vi observable to the one of the simple observable.

V1 l.e. conditional probability

Separation obtained by introducing a resolution scale g, = ¢k,

Resolved emission treated exclusively

NI J 2 with Monte Carlo methods. Integral is
— [di;] | A (k) |~ O(V(k) — qo)O (v = Viky, ..os k1) - . L .

2 m! g 2 1 - )> finite, can be integrated in d=4 with a

computer

m=0 '

Approach recently formulated within SCET language [Bauer, Monni '18, /19 + ongoing work]

Method entirely formulated in direct space
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Resummation of the transverse momentum spectrum at N3LL+NNLO

N3LL result matched to NNLO H+j, Z+j, W=+ [Bizon, LR et al. '17, ‘18, '19]
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Logarithmic Scale

Data

Sherpa v2.2.1
RadISH+NNLOjet NNLO+NLL
Powheg+Pythia8 (AZNLO tune)
Pythia8 (AZ-Tune)

H+j at same accuracy also in SCET I[Chen et al. "18]
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Resummation of the transverse momentum spectrum in & space

Solution 1: move to conjugate space where phase space factorization is manifest

- (2) - 21~ ibp, —ib-k,;
P resummation 0 (pt Z kni) Jd b4ﬂze H

[Parisi, Petronzio ’79; Collins, Soper, Sterman ’85] ]

two-dimensional momentum conservatlon

Exponentiation in conjugate space virtual corrections

T | X. T

NLL formula with scale-independent PDFs

Ry (L) = — Lg(a,L) — gy(a,L) L = In(myb/b,)
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Double-differential resummation at NLL in & space

At NLL, emissions are strongly ordered in angle. Clustering algorithms will associate each emission to a different jet

kt,3 I{| kt,4
I \
!
ko
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Double-differential resummation at NLL in & space

At NLL, emissions are strongly ordered in angle. Clustering algorithms will associate each emission to a different jet

kt,3 H| kt,4
| \
1
ki >
ki1
Additional constraint on real radiation pf resummation formula
- do i>b o
O(pY—max{k, ,....k }) = O(p’V—rk, ) —— =g J o~i0 P o =Ry (D)
) . 1} . 2pt ) an?
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Double-differential resummation at NLL in & space

At NLL, emissions are strongly ordered in angle. Clustering algorithms will associate each emission to a different jet

kt,3 HI kt,4
| \
1
ki >
ki1
Additional constraint on real radiation pf resummation formula
- do i>b o
O(pY—max{k, ,....k }) = O(p’V—rk, ) —— =g J o~i0 P o =Ry (D)
) . 1} . 2pt ) an?

Joint pf, pi’vresummation formula

| - Jv 2y
* do(p’) GOJ' d°b B Fl =S (D)

25 H 2
d p 1 471. CMW scheme [Catani, Marchesini, Webber '91]
m CMW
) 4 \Y a (k ) m
Snip (L) = — Lg(a,L) — g5(a,L) + J TtRNLL(kt)JO(ka)G)(kt — pi‘ ) R (k) =4 ( - - " C 4 In kH as(kt)ﬁ0>
0 t t
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Double-differential resummation at NNLL in b space

Crucial observation: in b space the phase space constraints entirely factorize g !0 k.

The jet veto constraint can be included by implementing the jet veto resummation at the b-space integrand level
directly in impact-parameter space

Inclusive contribution: phase space constraint of the form

@(Pi’v —max{k, ...,k ,}) = H@(Pi’v -k, ;)
i=1

Promote radiator at NNLL

" dk
SNNLL Sl Lgl(asL) _ gZ(GSL) T asg3(asL) J TtRll\INLL(kt)J()(bkt)@(kt o pJJ_,V)
0 5
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Double-differential resummation at NNLL in b space

Resummation formula must be amended at NNLL [Banfi et al. “12]1[Becher et al. 13][Stewart et al. '14]

do(pl) &*b
_ —ib- —S L

dZ?H OJ 471'2 e7 le L )(1 + ‘O/TClust T gcorrel)
1
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Double-differential resummation at NNLL in b space

Resummation formula must be amended at NNLL [Banfi et al. 12][Becher et al. ’13][Stewart et al. ’14]

correl)

do(pl) b
dZKJ;H — OJ 4772 e_lb.pile_SNNLL(L)(l T gclust + F
P T

* clustering correction: jet algorithm can cluster two independent emissions into the same jet
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Double-differential resummation at NNLL in b space

Resummation formula must be amended at NNLL [Banfi et al. 12][Becher et al. ’13][Stewart et al. ’14]

correl)

do(pl) b
dZKJ;H — OJ 4772 e_lb.pile_SNNLL(L)(l T g:clust + F
P T

* clustering correction: jet algorithm can cluster two independent emissions into the same jet

— —

kt,ab =]k La k t,b‘
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Double-differential resummation at NNLL in b space

Resummation formula must be amended at NNLL [Banfi et al. 12][Becher et al. ’13][Stewart et al. ’14]

do(pl) &*b
_ —ib- —S L

dZ?H OJ 471'2 e7 le NNLLS )(1 + gclust T gcorrel)
1

* correlated correction: amends the inclusive treatment of the correlated squared amplitude for two emission
accounting for configurations where the two correlated emissions (non abelian) are not clustered in the same jet

Ky
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Double-differential resummation at NNLL in b space

Resummation formula must be amended at NNLL [Banfi et al. 12][Becher et al. ’13][Stewart et al. ’14]

do(pl) &*b
_ —ib- —S L

dZ?H OJ 471'2 e7 le NNLLS )(1 + gclust T gcorrel)
1

* correlated correction: amends the inclusive treatment of the correlated squared amplitude for two emission
accounting for configurations where the two correlated emissions (non abelian) are not clustered in the same jet

@@@ -
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Double-differential resummation at NNLL in b space

NNLL prediction finally requires the consistent treatment of non-soft collinear emissions off the initial state particles

Soft and non-soft emission cannot be clustered by a ki-type jet algorithm. Non-soft collinear radiation can be
handled by taking a Mellin transform of the resummed cross section, giving rise to scale evolution of PDFs and of

the O(a,) collinear coefficient functions
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Double-differential resummation at NNLL in b space

NNLL prediction finally requires the consistent treatment of non-soft collinear emissions off the initial state particles

Soft and non-soft emission cannot be clustered by a ki-type jet algorithm. Non-soft collinear radiation can be
handled by taking a Mellin transform of the resummed cross section, giving rise to scale evolution of PDFs and of

the O(a,) collinear coefficient functions

Final result at NNLL, including hard-virtual corrections at O(a,)

da(pi,V) dl/l dl/z _ _ I dZ? T e
ddeZ?If B MégeH %(CIS(WLH)) 7 2_71-1 ch 2_7”')61 : X2 5 4772 £ S < NNLL <1 T gclust + F correl)
MG 2 .

J,V 1% Vl L@ e pJ_

—[H B (o (1)) (bp) — ["H LT (ay(u))Jo(bp)
Xf‘m,dl(b()/b)fvzadz(b()/b) [gj e ‘L ] [ S

; C1dq ; Crd)
[ P —f;}{é%m?(asw))Jo(bm] [ P —I]’;’”i{?,%ng)(as(ﬂ))Jo(bu)]
e 7I e
c1b;

X C, o (a(D/D)) C,_y, (t,(by/ b))
» —V v

Mellin mm /

Flavour indices

cb,
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Accuracy check at O(a?)

A(th’Va ptH’V) [pb]

e I th’V =2 fptH’V | I I
36.15 R SO R F _
Hp=pp=125GeV,Q=my=12518 GeV
362 F weoF L) A H _
3625 R i ............. P74 _
363F e e H e
-3635--- ..... - ...... S ----A- --- -_I
364 F R B R ST _
3645 — ; : ; ;
-5 4.5 3.5 3 25
In(p, "V/myy)

NNLO
9 (]9 L

NNLL

A(pJ_ 9pJ_ V) _GNNLO(pJ_ 9pJ_ V)_ exp (pJ_ 9pJ_ )

<pJ_ 9pJ_<pJ_

V) = gNNLO _

®(p 7> piy v O(py > piYdoy.y
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Comparison of the expansion of the
resummed result with the fixed order at

@(0{3) in the Iimitpf ~ pi’v < my

Difference at the double-cumulative level
goes to a constant (all logarithmic terms
correctly predicted)

Very strong check: NNLL resummation of
the logarithms associated to the shoulder

Analogous checks performed in the limits
pl < pi’V < my and pi’v < pl < my



LHC results: Higgs transverse momentum with a jet veto
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