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MCKEM (mcim.fnal.gov)

+ MCFM 10.3 (January 30th, 2023) contains about 350 processes at hadron-colliders
evaluated at NLO.

+ We have tried to improve the documentation by giving a web-page and a specimen
input file for every process.

» Since matrix elements are calculated using analytic formulae, one can expect better
performance, in terms of stability and computer speed, than fully numerical codes.

* In addition MCFM contains many processes evaluated at NNLO using both the jetti-
ness and the q i SllClng SChemeS. Non-local slicing approaches for NNLO QCD in MCEM, Campbell, RKE and Seth 2202.07738

» NNLO results for pp — X, require process pp — X + 1 parton at NLO, and two loop
matrix elements for pp — X, (all provided by other authors).

+ MCFM also includes transverse momentum resummation at N3LL+NNLO for

W,Z,HWW,ZZ,WH and ZH processes.

Fiducial qT resummation of color-singlet processes at NSLL+NNLO, CuTe-MCFM 2009.11437, Becher and Neumann
Transverse momentum resummation at NSLL+NNLO for diboson processes,Campbell, RKE, Neumann and Seth, 2210.10724



http://mcfm.fnal.gov
https://arxiv.org/abs/2202.07738
https://arxiv.org/abs/2009.11437
https://arxiv.org/abs/2210.10724

Web-page for every process,
with specimen input files.

15:41 al 4G Em)
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1.1 W-boson production, processes 1,6

These processes represent the production of a W boson which subsequently decays
leptonically. This process can be calculated at LO, NLO, and NNLO. NLO calculations

can be performed by dipole subtraction, zero-jettiness slicing and gpslicing. NNLO
calculations can be performed by zero-jettiness slicing and g-slicing.

When removebr is true, the W boson does not decay.

Input files for these 6 possibilities, as used plots for "Non-local slicing approaches for
NNLO QCD in MCFM’, ref. [1] are given in the link below.

1.2 Input files as used for NNLO studies, ref. [1]

1.3 Input file for transverse momentum resummed cross-sections, ref. [2]
« input W+ini

1.4 Input files for jet-vetoed cross-sections, ref. [3]

1.5 Plotter

nplotter W_only.fis the default plotting routine.
1.6 Example input and output file(s)

inputl.ini processl.out
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Example of Analytic loop amplitudes in MCEFM

RKE and Seth, 1808.09292
» Higgs boson plus four partons at one Biente AL
loop.

4m? — M?
(12) (23) (34) (41

Addi oy L iy H

1
- 5((812 + 513)(824 + 834) — 514823) Do (p1, P23, pa;m)

1

+ 5312323D0(p1,p2,p3;m)

1 tr{1234}m*Eo(p1, p2, p3, pa;m)

# Used for the full NLO calculation of
Higgs production with a jet.

+ (s12 + s13 + 514)Co(p1, D234; m)] =£2

S12 + 813 + S14
(29423743 44

Ps

: 4+ < 3 cyclic permutations p | .
« “Although the integration of the 2 — 3 { o }]

amplitudes, ..., is not time intensive,
we preferred to use the analytic result ...
which saved about a factor of a 100 in
the integration time of the gluonic one-

lOOp 2 - 3 amplitudes.” Bonciani et al,
2206.10490

[+Patpstpa
P4



https://arxiv.org/abs/2206.10490
https://arxiv.org/abs/1808.09292
https://arxiv.org/abs/2002.04018

In a recent paper
(2202.07738) we tried to
document all the processes
calculated at NNLO.

About 50% are available in
MCFM.

We use both g slicing and
jettiness slicing.

However I should note
that in some cases N3LO is

now the start of the art
(e.g. 1811.07906 ,2102.07607
2203.01565, 2209.06138)

NNLO results

Process

MCFM

Process

H + 0 jet [8-14]

Z/v* + 0 jet [11, 17-19]

W=y [18, 22, 23]
vy [18, 26-28]
W*H [32, 33]

ZZ (1, 18, 36-40]
W+ +1 jet [45, 46]
v+ 1 jet [49]

tt [56-61]
W=H-+jet [63]
Higgs WBF [65, 66]
top decay |31, 70, 71|
yytiet [75]

bb [77]

HH [79]

15
15
24
29
21

TE NS SN SS

W+ +0 jet [16-18]
ZH [20]

Z~ |18, 25]

single top [30]

W Z (34, 35
W+W— [18, 41-44]
Z + 1 jet [47, 48]
H +1 jet [50-55]
Z + b [62]

ZH +jet |64]

H — bb [67-69]
dijets [72-74]

W=*e [76
Yy [78]
HHH [80

MCFM

TESS SN SS

15
21
25
31



https://link.springer.com/article/10.1007/JHEP06(2022)002
https://arxiv.org/abs/1811.07906
https://arxiv.org/abs/2102.07607
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NNLO results: dependence on slicing procedure

- For most (but not all) e '+\ _+ | - £ e e
processes the power g0 Vett'“ H : ()W 2') =
; 2@ g i ] -
corrections are smaller = : JQe (Em)ess - .
0@ liancthonfor = - 20 - 7
jettiness. S 34.0 =
© - :
- Factor of two in the 33.8 — 22|02‘O7738| | | | —
exponent difference = ol.oo1 0.002 = 0.005| = ol.o1o 0.020 0.050
between the leading & or ¢
form factors for g; and e | o e anene
= e I\ T 71 =7
jettiness - ove g (W) :
= - jettiness(e.) 5
2y S == X2
removed by defining ~ = ) :
€ = q%“t/Q and = e =
gl oo o s e T e T o e e e o e T e e 5
e — (Tcut/Q)\/z el 3.0 f_ _E
28 :_I | | | | | | | | | | | | | | | | _:
0.001 0.002 0.005 0.010 0.020 0.050
Campbell et al,2202.07738 €. OT €



https://arxiv.org/abs/2202.07738
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Example of g, resummation in four lepton events(Z.2,)

K/
L X4

ATLAS /s = 13TeV, 139fb-!
data, 2103.01918

lepton cuts

lepton separation

g7 > 20GeV, g2 > 10GeV,
¢t > 5GeV, g% > 7GeV,
In*| < 2.7, |n?| < 2.47
AR(£,0') > 0.05

my; > 182 GeV to avoid Higgs

region.

Low g data, plotted as a

function of my;

Agreement with data improves

as my; increases.

0.10-

0.05-

do/dmy [fo/GeV]

0.00 -

2.0-

1.5~

1.0-

ratio to ATLAS

0.5-

i

g7 <10 GeV
-
i
200 250 300 350 400
T
L N ] 1
ATLAS NNLO NCLL+NNLO
200 250 300 350 400
my [GeV]

Fiducial g; resummation of color singlet processes at NSLL+NNLO, Becher and Neumann, 2009.11437

Transverse momentum resummation at N3SLL+NNLO for diboson processes, Campbell, RKE, Neumann and Seth, 2210.10724
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Jet veto cross sections

This portion of the talk is intended to be complementary to (and
complimentary of) the talk of Robert Szafron on Wednesday morning.

For initial studies see, for example, Becher et al, 1307.0025, Stewart et al, 1307.1808
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https://arxiv.org/abs/1307.0025
https://arxiv.org/abs/1307.1808

New ingredients for jet-veto resummation

* Important step in making SCET
results for almost complete

N3LL available. For details of
the missing piece, see later.

« Jets vetoed over all rapidity;,
(which is not the case
experimentally).

The analytic two-loop soft function for leading-jet pr

Soft function

Abreu et al,
2204.03987

Samuel Abreu,”” Jonathan R. Gaunt,” Pier Francesco Monni,” Robert Szafron®

=CERN, Theoretical Physics Department, CH-1211 Ceneva 25, Switzerland

*Higgs Centre for Theoretical Physics, School of Physics and Astronomy, The University of 98
burgh, Edinburgh EH9 SFD, Scotlond, United Kingdom

“Department of Physics and Asfronomy, University of Manchester, Manchester M15 9PL, Unifed
Kingdom

4 Department of Physics, Brookhaven National Laboratory, Upton, N.Y., 11973, U.S.A.
E-mail: samuel . abreu@cern.ch, jonathan.gauntémanchester. ac. uk,
piler.monni@cern.ch, rszafrondbnl.gov

PrePARED FOR suBMissioN To JHEP CERN-TH-2022-118, ZU-TH 30/22

Beam functions

Quark and gluon two-loop beam functions for
leading-jet pr and slicing at NNLO

Abreu et al,
2207.07037

Samuel Abreu,*” Jonathan R. Gaunt,” Pier Francesco Monni,” Luca Rottoli,”

Robert Szafron®

=CERN, Theoretical Physics Department, CH-1211 Geneva 25, Switzerland

*Higgs Centre for Theoretical Physics, School of Physics and Astronomy, The University of Edin-
burgh, Edinburgh EH9 SFD), Scotland, United Kingdom

“Department of Physics and Asfronomy, University of Manchester, Manchester M15 9PL, Unifed
Kingdom

4 Department of Physics, University of Zarich, CH-8057 Zirich, Switzerland

“Department of Physics, Brookhaven Nafional Laboratory, Upton, N.Y., 11975, U.S.A.
E-mail: sanuel . abreucern. ch, jonathan.gauntémanchester.ac.uk,
pler.monni@cern.ch, luca.rotvoli@physik.uzh.ch, rszafron@bnl.gov
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Jet veto cross section

» Jets defined using sequential
recombination jet algorithms, (n=1(ant-

ky), n=0(Cambridge-Aachen) n=-1(k;);

» Jet vetos also generate large

logarithms, as codified in
factorization formula; however
logarithms tend to be smaller than
in transverse momentum

resummation, since p;/*° ~ 25 GeV;

» Beam and Soft functions for leading

jet prrecently calculated at two-
loop order using an exponential
regulator by Abreu et al.

» Jet veto cross sections are simpler

than the p; resummed calculation
(No b space).

\/ Ayl% -+ Aqbi%

d; = min(pz;, p;fj) = : do=—n

Rapidity

L regulator v

dzU(PT
dM?dy
‘%C(gl’ Map%}“em, Rza H, U) ‘%5(5% Map;“em’ Rza M, U) X S(p;"etoa Rza H, U)

&
=6y |Gy (=M% )

Soft function

Beam functions

Abreu et al, o007
2207.07037 i
dra
fa= MWD)e® o=
i Vs ° T 3N _M2s
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Refactorization

Refactorize
[93 (&1, O, DY, R, 1, v) B A&, O, P, R, pt, 1) S (P, R,M,v)]

p )\ PR
= < > 2hF(pT ,M)B (51 pveto R //l)B (gz,pveto R,//t)

p%&@l‘O

“Collinear
anomaly”
0:0

“Collinear

anomaly
coefficient”

In terms of reduced beam function jet vetoed cross section is now given by,

d2 0.( D veto

doy
X dey sz (Q //t pvetO)B (51 p;‘eto Ra ,Ll) B (éQap}}‘em R9 /’l) F @(pvel‘O/Q) ’

d
The two pieces are separately RG invariant: d_H(Q r = Cla))
Y

and EB ELPE R A)B(C, PELR )= Ola)

18|



Collinear Anomaly

# In SCET the beam functions and the soft function have light-cone
divergences which are not regulated by dimensional regularization;

* These are not soft divergences; they are due to gluons at large rapidity;

* This requires an additional regulator, which can be removed at the end
of the calculation;

* However a vestige of this regulator remains. The product of the two
beam functions depends on the large scale of the problem, O ;

# This has been called the “collinear factorization anomaly” of SCET.
Quantum effects modify a classical symmetry, p — Ap, p = 1p with
only A4 = 1 unbroken.

Becher, Neubert, 1007.4005
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https://arxiv.org/abs/1007.4005

Needed information at each logarithmic accuracy.

Defining Hard function for qgbar

initiated process. Approximation Nominal order Accuracy ~ aZ’Lli Pty r H

LL ozs_l 2n>k>n+1 I'y tree tree
>—2qu(p¥‘”0,R,y) NLL+LO 2=k e Yo tree

o
N2?LL+NLO ! 2n > k > max(n —1,0) Ty v 1-loop
N3LL +NNLO o 2ok plaxine 2 0 ks v2  2-loop

O ® = O

S 2 F/_veto
H(Qa M’p;“eto) — ‘ CV(_Qza /’l) ‘ eZh e <pvet0
T

we have RGE equations,
The second column indicates the nominal

2
ﬁ CY(=Q%p) = [[Lg) In _ﬂQz +27(0| (- 0% order when counting L, ~ 1/a,. The third
column states which logarithms are included.
Bk =20 () The last three columns show the necessary
gy additional anomalous dimensions and hard

function corrections in each successive order.
hpr =2, () ln

cusp

ctaedy B9
T yi(u)

veto
15

veto

L, =2In(u/p;

d = =
2 BaCoPr™ R Byl Py, R ) = O(at)

155



Jetveto cross sections in a limited rapidity range

+ Formula so far are valid for jet cross
sections which are vetoed for all
values of rapidity 7,

+ Experimental analyses perform jet
cutstorn < n..

+ In 1810.12911, three theoretical
regions are identified

& Noge > IN(Q/pFE°) (jet veto
resummation as we are using it.)

veto

S lc lIl(Q/ Pr ) (ncut_dependent
beam functions)

# Nogr <K In(Q/p7**°) (collinear non-
global logs)

14

pr [GeV]

REERaERel Current theory
S0.0° "w. ._'. E .
PRI ALR i) calculation
e iy
LKL

60 .
- signal jet
40~ :
- Experimental
20 ;Trz.'. .;'? "-.'.'...:.::-. e

oo Pon%s® o 3% t Wi

P
anpe 2 o” X ST 1oz
-?,.,_-;,t\,‘»'J. *q )ﬁ'u:, wr, . ) {92
SR R o o W WA TS

Figure taken from 1810.12911

Strategy: determination where
resummation is potentially

important, before considering limited
rapidity range resummation



https://arxiv.org/abs/1810.12911
https://arxiv.org/abs/1810.12911

Effects of rapidity cuts at fixed order

Process Ref. | yeut
: Higgs — no study
* The usual jet veto Z (CMS) 38] | 2.4
. . W (ATLAS 43 4.4
resummation imposes no cut Wv<v (CMS; {39} A5
- = ° WZ (ATLAS) | [44] | 4.5
on the. jet rapidity, ul.nhke the i
experimental analysis. ZZ (CMS) |- | no study
* To apply the theory we need BRREARSA RS Bl R R S e
veto - Z-1717, Vs=13 TeV 7 B gg~H, Vs=13.6 TeV -
”cut =>> 1Il(Q / pT ) = 1.4 T OMS cuts, arXivi2205.02872 | 5 1.4 = pr° = 30 GeV =
O pr*® = 30 GeV o
>~ >
* We can address the potential % =
. . 3 oF s £l oF
impact by looking at fixed B :
@) - @)
order. S K 2
a5 e
: : : oY e s 9
» More important for Higgs s :
(and WW and ZZ) than for Z.
B A e
0 1 2 3 4 5 6 0 1 2 3 4 5 6
ncut ,ncut



Coellicient of Collinear Anomaly for gg case

a
qu(p;eto, W — aSFég) + aSZFc(Ii]) -+ a;FC(I%]) S in el = - Full N°LL will require
4r knowledge of
O ol t di*°(R, F
BTl LR E) o b 3 (& F)

p%geto

1
B Erg BoLt + TTL, + (R, F)

1 1
s Erg BL; + E(Fg By + 2T BT + (T5 + 2Bpdy*°(R, F))L, + d}*°(R, F)

R P Coefficients CZA
&R, F) = 0 fEB =€l ~——4)

+C, (cflnR+cg‘ + R+ )R + ...

and clffor [ < 10,
see 1307.0025

GORE) = = 32C fRE) L pon(fInR+ ]+ R+ R +...).

Log enhanced
dy* ~ — 8.3 X 64CxIn*(R/Ry) + O(In(R)) RSN

see 1511.02886
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: - veto
Approximatons to d,

b e e Tl el Tolel el ioabe o ol il

» Range of validity is 8 4 (CuR)/ 4
pveto Q = d.""(C,R)/d; (constants and logs only) —

“ < R« 11'1( ) :\ ————————— do""°(C,R)/ds" (including terms up to R?) :
jehiely e ———— 32C,An(R/2)/d;" 7
s )

+ At too small R terms of order In" R e s 2
which are not covered by this = 0 =
factorization formula. ’-og % %

= E -

= At too large R, factorization formula = =
2 = 3

breaks down. S s L e e T =

» Results are presented as power series 2 =

» At R ~ 0.4 logarithmic e e

e Sl L e S e T e Sl i e
approximation is about 20% too low. E A 6 8 1 192 14

+ Results should be valid in a range R

around the experimentally preferred Rescaled d)**° showing that limited number of terms

Kes U in expansion is quite adequate for R < 1.

17



Estimated dependence on approximate

Effect of Ry dependence in

approximate form for ;'

Ay ~ — 8.3 X 64CxIn*(R/R,)

e e
pveto

In this approximation,

as(ﬂ) dveto

dy°° gives

an increase in the cross section.

Estimate ~ < 2.5 % at p;*'°=25
GeVand R=04

Leading behavior derived from Banfi et al, 1511.02886
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t
3 )

H(Ry)/H(no d

dveto

103 T T T T T T T T I I I I I I I I | I I I I

T = L
_—

= -_—

099 | | | | I | | | | I | | | | I | | | | I | | | |
15
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o
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o
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W
o
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—_ =
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ekt

';”U _

o 4

Y

1111|11 |

|

S oy

—
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—
o
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1
Suggestion is that error derived from 5 <Ry<2


https://arxiv.org/abs/1511.02886

Reduced beam function kernels

D T veto 555 Ay 7(1) veto o5 2'(2) veto 3
¢ Lizpr  R,p)=030(1 —7)+ 4—ﬂlik (z,pr "> 1) + e Iz, py”% R, @) + O(ay)

I pr* Rop) = [2P0(0) ® PR — BoPy @|LE + |- 4P0(@) + BoR,(2) — 2R.V(x) ® PLO(Y)|Ly + R, R)

10000 = | | | [ | [ | ' -
L coefficient of 6(1-2) -
& coefficient of Do(1-2) 7
regular terms

OO e e s e s regular terms (z-1) =
e B 4
5o 100—— —
g = =
10 == =
B ~”, >

1 | | el | | | | |
0 2 4 6 8 1



Phenomenological results in N3LL,

NSLL,=N3LL with limited
information on d;“"
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L X 4

X/
2 X4

Comparison with JetVHeto

40-
gg —H, 5 = 13.6 TeV, up = my/2

Public codes implementing

resummation at NNLL are = 7 [ TI
JetVHeto and RadISH. 1

We have compared unmatched N ponano
resummation with JetVHeto. o

MCFM agrees with JetVHeto, o
within errors .

qad —>Z—e'e’, V5 =13 TeV, uy = Mere-

N3LL, leads to considerable
reduction in errors.

—o— RadISH/JetVHeto/MCFM-RE NNLL

MCFM NNLL
200- I - MCFM N°LL,
10 20 30 40

p;/eto [G eV]
2



Error estimates

* Much discussion in the literature on the best method of error estimate, e.g. estimate error in
jet-veto efficiency. The procedure we follow is:-

« For the resummation (fixed-order) parts we vary both the resummation (factorization)
and hard (renormalization) scales by a factor of two about their central values, adding
the excursions in quadrature to obtain the total scale uncertainty:.

* For the resummation we re-introduce the rapidity scale, by writing the collinear
anomaly factor as follows.

Q _2Fii(p%{et0’R7/’l) Q _2Fii(pT 9R’/’t) L _2Fii(p’}}"et09R9/’t)
(P%em > - <7> (P%em )

For v ~ p7°" the second factor can be expanded since it does not contain a large

logarithm. We vary the rapidity scale v in the range [p,“"°/2, 2p*"°] for gluon-initiated
processes and in the range [p7"°/6, 6p;°°] for quark-initiated processes.

+ The parameter R in d; ¢l s varied between 0.5 and 2.
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Jetveto in Higgs production
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One-step vs Two-step matching for Higgs production

nf=6

matChlng ; power Cf(mf 2 q M h) One step procedure notes that

: : ; P o : : Siee
corrections in m t/ m,, retained = (my,/m,)* = 1/2 is not large in a logarithmic
sense, a,In(1/p) = 0.07.

but logarithms not resummed.

A
. nf=6
matching,

logarithms m,/m;resummed.

SCET

Standard model
nf=5

t(mt | :“ CS(Mi%

Two step matching can restore most of the important mass effects by re-scaling the
two-step result by the exact leading order result;

With care, the two-step procedure gives a result that is only smaller than the one-
step result by about 1%. 1 + (a + b)a, # (1 + aa)(1 + ba,)

Bigger differences can be found if higher order effects are not controlled.
24



Detailed assumptions for Higgs production

_I | | [l | =1 | [Blwalgal | | | I=sizml I_
FUU | L | AR | TiRlE | Ry | UL 40 — ggéH’ -\/SZ 13.6 TeV’ R=0.4 —
- gg~H, Vs=13.6 TeV, R=0.4 . - e e S
40—11'121=(Q/2)2 e sl : ///:/ i .
[ s = e s
= e g £ i i
& 30 Epraat - = : -.i i =2
-+ 3 l s = =
o 5 | S 2 =
= = ] = NNLL (up = —(Q/2)°) 1
e NNLL (one step) _| 2a NNLL (uf = (Q/2)P)e =
e NIS\ILL (two step) - £ N:LLP (ME = —(Q/Zz)z) -
I NsLLp (one step) ] - N°LL, (uy = (Q/2)%) 1
— N LLp (two Step) — _I 1 11 | | S e ) | | [ | | ) S S| | | | | | 1 1 1 I_
S0 = | L1 | R [ | L1 | I | | | <0 25 30 35 40 45 50
20 25 30 35 40 45 50 1.2 S l I ! Tl [ e el [ e
% 104 ;_I == | PR | | R | AT A= | || | | T [ | .9 1‘1 f_ _f
R [ P = -+ C 7
(|/J B S e e e s s e e S O e e e nn = P e i e e 5=
Q Ogaé_ 0-9:||||||||||||||||||||||II||||I:
] 096 ; | | S | | S | S | | e ] | | | | | ] | | | [MES]RES o) 20 25 30 35 40 45 50
20 25 30 35 40 45 50 veto
GeV
p\'Ir‘eto (GeV) Pr ( )
: = . 2
+  One-step scheme results in cross » At NNLL, the resummation of the x
section which is only 1.6% larger at terms enhances the cross-section by
N3LL,, 17%. However, at N3LL, accuracy, this

resummation only leads to a small

29

increase of 2% in the cross-section.
We use one-step scheme :
We use spacelike y;,



Comparison of NNLO, N3LL,;, and N3LL,+NNLO predictions for
Higgs production.

1.4IIII||||||||||||||||I|II|III|
gg—~H, Vs=13.6 TeV, R=0.4

1.2

[ [ I | 4 [ [ I

1.0

e e s o

ratio to N°LL,+NNLO

08—~ — — SE ol
: N°LL, +NNLO =
- N°LL, .
: NNLO :
0.6 — —

20 25 30 35 40 45 50
veto
Pr (GeV)

After matching agreement
between NNLO and N3LL, but
with smaller errors for N3LL,

N3LLp-I-NNLO relative uncertainty

26

_l == | (A | Il | = | [P | | |_
- gg—~H, Vs=13.6 TeV, R=0.4 -
| B A e =
1‘0j_________,_::::::::Z:ZZIZZZZ;
z total z
0.9— W, My, (res., hard scales) ]
g v (rap. scale) 3
r Ry (d%*°) variation 7
_I | 30 e | | | i e e | | | N, WS A | | | A e 9 | | | i e | P onfaek I_

50 25 ¢ 50 s s . A5 T o
pr - (GeV)
» Our estimate of uncertainty on
partially known d}“ contributes

in a small way to the overall error
budget.



Jet-veto in Higgs production

15— R=02 St

gg~H, Vs=8 TeV pr = —Q° |

N°LL,
Z= NNLL
B NLL i
O | | o | { e e [ S| | e e | | | ] ) | | e P Tt |1
10 15 20 25 30 35

pr(veto)

I gg~H, Vs=8 TeV

py = —Q°

3
N°LL,

= NNLL
- NLL
1 1 | 1 | 1 | 1 1 | 1 1 1 1 | 1 1 | | | | 1 1 1
15 20 25 30
pr(veto)
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15

10

_ gg~H, Vs=8 TeV

pn = —Q° |

R=0.8

N

N°LL,
NNLL
NLL

1 1 1 1 | 1 ‘ 1 1 |\\\

15 20 25 30 35
pr(veto)

» Uncertainties estimated by varying renormalization and factorization and

rapidity scales by 2,5 and adding in quadrature;

# In the main the perturbative series is well-behaved at moderate R and
successive orders lie with in the band of the preceding order with modestly

decreasing uncertainty.
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L)

/-production

Time-like hard scale choice
,uf = — q2 can resum certain 7z°
contributions using a complex

strong coupling.

After resummation the results
do not depend strongly on the
choice of hard scale;

The difference is 4% and
NNLL and 1% at N3LL,.

So we always will work with
space-like scale choices in the
following.

g l(pb)

ratio

1000

800

600

400

200

1.05
1.00
0.95
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S 4/,
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10 20 30 40
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veto
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Jetveto in Z production

¢ At py'° ~ 25 — 30 all calculations agree
within errors.

- However error estimates differ between
NNLO and N°LL +NNLO.

s o 0 =20 GeV
n@p =1 1) =@ =24

veto

» As expected at (unphysically) small p;
resummed calculations show deviations
from fixed order.

+ Jet veto resummation probably not so
necessary at p;’ ~ 30 GeV, for W or Z

production.
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ratio to N°LL,+NNLO
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Jetveto in WTW™ production

+ Evidence that neither NNLO o
nor N°LL is sufficient, S

especially around
p7 =25 — 30GeV

TN

ie)

=006

* R dependence is modest (zero *©

at NLO!)

700

1000 P

IIII|IIII|IIII|IIII|IIII|IIII_
WW™, Vs=13 TeV i

2 CMS cuts, arXiv:2009.00119 _|
F piete — 30 GeV g

o NNLO NAL —:
| 77,4 | < 4.5, so we can argue NLO  NNLL
-I e ji=ey] | { ot P [ ]| | {1 ] | | [ = B | | ] ) | (el | I_
that T s o e
R

(In(Q/p®) = 1.3 = 2.2) < 4.5

30



W*+W-production

C T T\ T | I =] | Temlseaises] | ealEslEs | el lnal | = 010 F IcEtar=) | R SR | P | | = s | VB | e g i
s W eie), -3 T 9 E WHW™-212v, Vs=13 TeV |
=l \ CMS cuts, arXiv:2009.00119 - G B CMS cuts, arXiv:2009.00119 .
ST - = B ]
|_'| - = oo =)
% g & < i § 0.05 - |
_|_ 1.2 __ > __ :j = )
[oh [ 4 ) e el £ i
— > T e et B R P T S e S
5 = _ 2 e oG e =
COZ = . s SR R TR s e
1 o S e
o R _ < : — = ]
= = = = : B e g
o = = = i
-E; 0.8 __ NaLLp+NNLO __ Z  —0.05 B total d 3
~ el N°LL, . +m W, My (res., hard scales) -
[ = NNEO o ﬂ v (rap. scale) 1
| CMS data ] C"’Z R, (d%*) variation =
0.610| 1 1 I2|OI (L]} I3|ol (L) I4|OI (B I5|OI [l I6|O _O 10 B S I e I S I e I e I |
s 10 20 30 40 50 60
; pr ~ (GeV) prete (GeV)
.0 o o . . N o
“ The effect of matching is substantial; fixed order only appropriate at the highest
velto
values of pT :
D

2 . . w veto . :
. RO variation, which estimates the contribution of d3 , contributes in a small way

to total error budget. 31



Jetveto in WTW™ production vs data

* Errors improve going = CMS - NLL#NNLO
from N%LL +NNLO to 5 i *F
N3LL+NNLO g * *

®

* Theoretical errors oo j
smaller than %5 30 a5 45 60
experimental. )

S 1.10-

+« CMS data taken from c§ 182_%## ......... +f+ ............... +F’

2009.00119 oo | .. .
25 30 35 45 60
q\_I/_eto[GeV]

> 2210.10724



https://arxiv.org/abs/2009.00119
https://arxiv.org/abs/2210.10724

WZ production in ATLAS and CMS

+ ATLAS: 36 fb-1 ,pr>25GeV, |

aq' — W*Z, Vs = 13 TeV, ATLAS cuts, arXiv:1902.05759

%?:33_ ...... —Ll —tocooooooo (Yccooooooooa [ | I ................. 297i1:13 fb
SRS (et Sl e e S I“"'I""
S SEREE B I I — Lo =
ATLAS NLO NNLL NNLO NSLL NSLL+NNLO
- CMS: 137 fb-1 Neither NNLO nor
N3LL+NNLO in good agreement.
vetoN __ oS >
In(Q/p;7°)=2.3 and y,,=2.5, jet-
veto resummation With veto over 150~ qq' — W*Z, Vs = 13 TeV, CMS cuts, arXiv:2110.11231
S T e e e S
O
all rapidities may not be T oo I
appropriate. e t !
pprop . 4L 1 T I
cms NLO NNLL ' NNLO NLL,  NSLL+NNLO

» The limited rapidity range requires
a more sophisticated theoretical
treatment.
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/./. production

No experimental
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Conclusion

» We have presented resummed cross sections at N3LLp +NNLO for all

color singlet final state processes with a jet veto, p/®, at all rapidities.

* We have compared our predictions with the available data;

* Resummation is essential for the description of jet-vetoed cross
sections in Higgs production and for vector boson pair production.

* The fine-grained experimental study of vector boson pair processes
where the resummation effects will be crucial is, in the main, still to
come;

* Our work and the MCFM code can serve as a tool for testing and
validating general purpose shower Monte Carlo programs.
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Solution to RGE equations

2
CQp) = [agt) In 2] O

dIn u U

« Traditional solution to the LL equation

C(Q. 1) = exp[28(Q, w)] C(Q, Q) S(Q, ) = — Tyyplag(u))n g
2 /

d ﬁ ,hl M
SO p) = — J / Fcusp(aS(ﬂ/)) ln=—
g = Q
*  We can write solution in terms of running coupling
S0, ) JaS(ﬂ) d Feusp(®) "a do’ dag B
sHr= = a = i a
as(Q) Pla) a(0) p(a’) dlnu 2

Fo r—rinr—1
S(0, p) — (

s ) where r = ag(u)/ag(Q)

r

+  We recover the double log, setting

1
Blag) = — kpaé and - 1 — koag(Q)In(QLy)



