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Fiducial qT resummation of color-singlet processes at N3SLL+NNLO, CuTe-MCFM 2009.11437, Becher and Neumann
Transverse momentum resummation at N3LL+NNLO for diboson processes,Campbell, RKE, Neumann and Seth, 2210.10724
Results on Jet Veto in Colour singlet production, Campbell et al, in preparation)
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MCKFM

+ MCFM contains about 350 processes at hadron-colliders evaluated at NLO.

* 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 several process evaluated at NNLO using both
the jetti-ness and the g; slicing schemes.

«+ NNLO results for pp — X, require process pp — X + 1 parton at NLO, and
two loop matrix elements forpp — X

+ Recent(ish) additions to virtual matrix elements

+ H+4 partons with full mass effects at one-loop (2002.04018)

* Vector boson pair production at one loop: simplified analytic results
for the process qg£¢¢'¢'g (2203.17170) (work with Giuseppe de
Laurentis)



https://arxiv.org/abs/2002.04018
https://arxiv.org/abs/2203.17170

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
jetti-ness 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
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Examples of NNLO results from MCFM

Process target MCFM
ON LO« ONNLO dNNLO | ONNLO INNLO

pp— H 20.78(0) | 30.03(3) 10.15(3) | 30.01(5) 10.13(5) mub
pp— Z 56.41(0) | 5599(3) —0.42(3)| 56.03(3) —0.38(3) nb
pp— W~ 70.00(0) | 78.33(8) —0.76(8) | 78.41(6) —0.68(6) nb
pp— W+ 106.2(0) | 1058(1) —0.4(1)| 1058(1) —04(1) nb
PP — ¥y 25.61(0) | 40.28(30) 14.67(30) | 40.19(20) 14.58(20) pb
pp — e~ ety 2104(0) | 2316(5)  122(5) | 2315(5)  121(5) pb
PP — €Y 1902(0) | 2256(15)  354(15) | 2251(2)  349(2) pb
pp — ety 2242(0) | 2671(35)  429(35) | 2675(2)  433(2) pb
pp— e—p—etpt | 17.20(0) | 20.30(1)  3.01(1) | 20.30(2) 3.01(2) b
pp— e pty,r, | 2437(1) | 264.6(2)  20.9(3) | 264.9(9) 21.2(8) fb
pp— e~p—ety, | 23.94(1) | 26.17(2)  2.23(3) | 26.18(3) 2.24(2)
pp—e~etpty, | 34.62(1) | 37.74(4)  3.12(5)| 37.78(4)  3.16(3)
pp — ZH 780.0(4) | 846.7(5)  66.7(6) | 847.3(7) 67.3(6) b
pp — WEH 1446.5(7) | 1476.1(7)  20.6(10) | 1476.7(8)  30.2(4) fb

Table 4. NLO results, computed using MCFM with NNLO PDFs (denoted oy ), total NNLO

cross sections from vh@nnlo (W*H and ZH only) and MATRIX (remaining processes, using the
extrapolated result from Table 6 of Ref. [24]) and the target NNLO coefficients (dyxro, with

ONNLO = ONNLO — ONLO* ) The result of the MCFM calculation (O-jcttinew, fit result by from
Eq. (3.9)) is shown in the final column.



Comparative study of jettiness and g slicing
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Comparison of NNLO slicing methods
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Open square shows the MATRIX result 1711.06631 for ¢, = 0.15 %



https://arxiv.org/abs/1711.06631
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Jetti-ness appears to be comparable or slightly
better for processes involving photons.



1 ransverse momentum resummation at

N°LL+NNLO for color singlet processes



All orders result for g distribution

d Aror®
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https://doi.org/10.1016/0550-3213(85)90479-1
https://doi.org/10.1016/0550-3213(85)90479-1
https://doi.org/10.1016/0550-3213(85)90479-1

To"b” ornotto “b”

o = 472-“2 2 iqy-b éB
dQdydq ~ 907 [ - Z ZJ = a/A@a,l/b)g—fz/B(éb,l/b)

B

0’ 2
eE O
» b-space, (Fourier conjugate to gy) X exp{ = L/bz 7 [ n 714(0‘5(/4) ke B(as(ﬂ)] }
* Advantages
* Elegant inclusion of transverse momentum conservation.

.. Perturbative predictions for intercept do/ dq%

qr=0
* Disadvantages

* b-integral extends to infinity; integrate over Landau pole in the coupling.

b
Handled by b — b.. = so b: < by, ; however this substitution

\/ 1 4 (b/by;, )

changes prediction even at large g, where fixed order perturbation theory
should work.

* Difficulties with matching onto fixed order perturbation theory.



Small g1n SCET language
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Language of Becher and Neubert, see for example, Becher, Broggio, Ferroglia, 1410.1892 xT o~ 1 / qT


https://arxiv.org/abs/1410.1892

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.
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Matching to fixed order

g 6N3LL doNNLO o O.N3LL
=d—+A6, where Ao = [ - ]
naively matched to NNLO o qu dq T - expanded to NNLO

dqr

Fixed order result
recovered up to higher
order terms, (which can
induce unphysical
behavior).
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o
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t(x,0.001, ¥"* 0.001)
3 &

Also problems at small g,
introduce cutoff g,

o
.

001 004 009 016 025 038 049 064
x=q3/Q°

So we need to implement

a transition function, and

choose its parameters ona 947 lmached to NNLO dqr

case-by-case basis.

5 O.N3LL d O.N3LL o O.NNLO

+ 40|, |+ - tx)

dqr

Becher and Neumann, 2009.11437


https://arxiv.org/abs/2009.11437

Error estimate

+ We estimate the perturbative truncation uncertainty by varying the
renormalization, factorization and resummation scales by the
multipliers

(ki ke) € 1(2,2),(0.5,0.5), (2,1, (1,1),(0.5,1), (1,2), (1,0.5)} .
» For fixed order we use up = k 0, Up = kp 0,
+ q* = Q°exp (—n/ C;/ as(q*)) is characteristic scale at small g;

« To set the resummation scale, we first calculate g* for every event and
then set y = max{k; X g; + g* exp(—q;/q*), 2 GeV} so that for small
g1, 4 approaches g* and it remains in the perturbative region.

Becher, Neumann, 2009.11437



https://arxiv.org/abs/2009.11437

Vector boson pair production at small g

E|: ' NNLO N3LL+NNLO
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+ Resummation effects are

o
o

-
—_ =
o

do/dgr [fb/GeV]

potentially more important for

1 1 [ | 1
100 1000

vector boson pair production at
the same g since Q is larger. 5. k
* Resummation at N3SLL+NNLO é 0 i -
becomes important below S, T (T
~ 50 — 100 GeV. JEENT T R
| CeFoen

Transverse momentum distribution of the ZZ pair at NNLO and
NNNLL+NNLO using CMS cuts at \/E =13.6 TeV



https://arxiv.org/abs/2009.01186

Comparison with CMS dataat 13 TeV
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* Resummation improves o
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45 : O 10-
* More data will allow finer o
S . 2 R
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effects will be ever more
necessary. 06m, . .
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CMS results on lepton g in 7.7
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https://arxiv.org/abs/2103.01918

Truth WW cross section

+ Here we show the

truth g (WW) cross
section. 3

<

+ Much more g

important for WW
is the p7*'°cross
section to reduce

background from #f
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10.0 4
S0

1.0
85

| I I I I |
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NNLO
NNLO+N°LL, x™**=0 2
NNLOENEE =5 —0 1
NNLO+N?LL, x™**=0.05

100 150
QT<G6V>

200



Jet veto cross sections

see, for example, Becher et al, 1307.0025, Stewart et al, 1307.1808



https://arxiv.org/abs/1307.0025
https://arxiv.org/abs/1307.1808

Jet veto cross section

+ Jets defined using sequential

recombination jet algorithms, Ain_ LA ¢12
(n=1(anti-k;), n=0(Cambridge-Aachen) ¢ 4 - L J -
n=-1(k,); dij = min(py,, ij) s : d;g = D},

+ Jet vetos also generate large
logarithms, as codified in
factorization formula; however
logarithms are smaller if

piEte ~ 25 GeV;

Rapidity
+ Beam and Soft functions for d2o(prer = regulator v
leading jet py recently calculated o 22}/ —0 e M ) ‘
at two-loop order using an e s =
exponential regulator by Abreu B &1, M, pr®, R, u,v) B85, M, pr™®, R*, i, 1) X S(pr™°, R%, p, v)
et al.
+ Jet veto cross sections are Beam functions Sl (e Lo
: Abreu et al,
simpler than the p, resummed Abreu et al, e —
calculation (No b space). 2207.07037 e —
dra®

— (M/ +y -
2= (Miys)e = 3N M2s


https://arxiv.org/abs/2207.07037
https://arxiv.org/abs/2204.02987
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Comments on Abreu et al

Important step in making SCET
results for almost complete N3LL

available to consumers, (such as us
in MCFM).

Unfortunately, in the ancillary
materials for 2207.07037, the file
BeamFunctionQQCACEm contained
a parameter RO, which should have
been set to zero. (Thanks to Pier
Monni for discussions - arXiv result

will be updated after article is
accepted for publication).

Jets vetoed over all rapidity

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 Depariment, CH-1211 Ceneva 25, Switzerland
*Higgs Centre for Theoretical Physics, School of Physics and Astromomy, The University of 198
burgh, Edinburgh EH9 SFD, Scotland, 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,
pier .ronni@cern.ch, rszarfron®bnl.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,
pier.monni@cern.ch, luca.rottoli@physik.uzh.ch, rszafrongbnl.gov


https://arxiv.org/src/2207.07037v1/anc/DeltaI/BeamFunctionQQCACF.m
https://arxiv.org/abs/2207.07037
https://arxiv.org/abs/2204.02987

Jetveto cross sections in a limited rapidity range

= el Current theory
P ‘.::..-.":‘f'.:* calculation

+ 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

¢ oy > In(Q/p7°°) (standard jet
veto resummation)

veto

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

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

Typical

Experimental

Strategy: determination where
resummation is potentially

important, before considering limited
rapidity range resummation



https://arxiv.org/abs/1810.12911

Refactorize ala Becher-Neubert

(B &1, O P17 R, 1, v) B &, O, D1, R, p, v )S (P, R, p, V)|

G?>=0?
0 —2F(pr™ . R.0)

- . = — e2hF (pre ) B ( 51 pveto R) B. ( 52, pveto R)

Collinear e Pr

anomaly” =
. : Lo

In the perturbative region ~ B(&pj.R) = ) [ s Ii(z, pr”, R, i) dyp(&lz, )

j=8.4:4 "¢
The product of reduced beam

functions is independent of
the factorization scale
thorough the calculated
order.

In our case this means B (&1, p¥, R) B(&, pi*, )] = Ola)

dlnu



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 +...).

o
dy*° ~ — 8.3 X 64CzIn*(R/R;) + O(In(R)) Log enhanced
terms of d}'°,
see 1511.02886



https://arxiv.org/abs/1307.0025
https://arxiv.org/abs/1511.02886

- - 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 el . — 3¢ MR /2)/d 25
s )

+ At too small R terms of order In" R e s 2
which are not covered by the = 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 25% too low. 5 4 6 8 1 12 1 4

+ 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.



Effect of Ry dependence in

approximate form for ;'

Ay ~ — 8.3 X 64CxIn*(R/R,)

e e
pveto

In this approximation, ;'

as(ﬂ) dveto

increases the cross section.

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

t
3 )

H(Ry)/H(no d

Estimated dependence on approximate

dveto

T = L
_—

= — -
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Jetveto in Z production

At p7*° ~ 25 — 30 all calculations
agree within errors.

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

Eorps == 30 GeV,
(In(Q/p® = 1.1) < (o, = 2.4)

As expected at (unphysically) small
7S resummed calculations show

deviations from fixed order.

Jet veto resummation probably not so
necessary here.
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_|_
oh
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Z,
e
2
o
o =i
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Jet-veto in Higgs production
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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

Summation appears needed in this case;



* Errors improve going

Jetveto in WTW™ production
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Conclusion

# Calculations at NNLO show mainly smaller power corrections for qT
slicing than for zero-jettiness slicing. Calculation times roughly equal.

« The small g, resummation in CuTe-MCFM has been extended to all color
singlet final states with pairs of massive vector bosons — public release
soon;

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

* We have compared our predictions with the available data;

» We have also resummed cross sections at N3LLp +NNLO for all color singlet

final state processes and for a p;*'° at all rapidities. Necessary for Higgs

production and for vector boson pair production.






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 /

J ﬁ,ln//t
50, 1) = — JQ = Icusplas(p)) IDE

+  We can write solution in terms of running coupling

= plag)

S(Q,M) e J

as(p) Fcusp(a) a do’ dag
do J
a5(Q) pay

Py dlnp

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 — kyas(Q)In(Q/u)



Second comment on 2207.07037

1 : 1 ! 5
« If we assume f(x) ~ 1/x I®f= J . 1(z) f(x/z) ~ —[ dz I(z)
X < 4 X

+ However for any steeper function as x — 1, the
range of z sampled is close to z = 1.

* The result of 2207.07037 is almost entirely analytic;
it is crucial that the behavior at z = 1 is accurately
evaluated.

+ Certain of the beam functions contain terms of

Rl’l
order U where f(z) is a complicated

(1 — )n+!
function involving dilogarithms, trilogarithms etc.

« The singularity at z = 1 is only apparent, and the
analytic forms must be expanded for numerical
stability (easy to do...)



