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MCFM

Ellis, Neumann, Williams, JC + more: mcfm.fnal.gov

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 a number of process evaluated at NNLO using both the
jettiness and the gr slicing schemes.

* NNLO results for pp — X require process pp — X + 1 parton at NLO, and two
loop matrix elements for pp — X, so mostly limited to color-singlet processes.

Recent(ish) additions to virtual matrix elements:
 H+4 partons with full mass effects at one-loop Budge, De Laurentis, Ellis, Seth, JC, 2107.04472
* Vector boson pair production at one loop: simplified analytic results for the

process qqt¢C't’'g  pe Laurentis, Eliis, JC, 2203.17170
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Speedup (Loop ME)
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* Analytic 1-loop matrix elements from S
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standalone library. P T e
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o Attempt to document all the hadron

e About 50% are available in MCFM.

NNLO in MCFM

collider processes calculated at
NNLO (as of Feb. 2022).

Note that in some cases N3LO is
now the start of the art

VBF: Dreyer, Karlberg, 1811.07906
Higgs: Chen et al, 2102.07607

DY: Chen et al, 2203.01565

VH, W: Baglio et al, 2209.06138

Process MCFM | Process MCFM
H+0jet [9, 10, 16-20] | v [21] | WT +0 jet [22-24] | v [21
Z/v* +0jet [9,23-25] | v [21] | ZH [26] v [27
WE~ [24, 28, 29] v [30] | Zv [24, 31] v [31
vy (24, 32-34] v [35] | single top [36] v |37
W*H [38, 39] v [27) | WZ [40, 41] v
ZZ [1, 24, 42-46] v WHW= [24, 47-50] | v
W= 41 jet [51, 52] 8] 7 + 1 jet [53, 54] [11]
v+ 1 jet [55] 12] H + 1 jet [56—61] [13]
bb — H-+jet 14]

tt [62-67] 7 + b [68]

W= H+jet [69] 7 H+jet [70]

Higgs WBF [71, 72] H — bb [73-75]

top decay [37, 76, 77| dijets [78-80]

yy-+jet [81] W*e [82]

bb [83] vy |84, 85]

HH [86] HHH [87]




Comparative study of jettiness and qr slicing

Ellis, Seth, JC, 2202.07738

* | eading log behavior of a color singlet cross section integrated up to a
small value of g

— aSCF cu 2
Y = 0 exp o In? ((qT t) /Q2>

- 20,CFp - ]
= opexp |~ In* (¢5/Q)

 Corresponding LL formula for zero-jettiness

asCrp ¢

Ccu
-
d.r = 00 €XP In“

T @, _

 Hence a similar size of the above-cut integral, and thus the computing
time required to reach a given error estimate, is obtained when

7_Cut N Q%Ut \/§
Q \Q
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Comparison of NNLO slicing methods

t
qT €T — q%u /Q T T T 1 _]
cut — 10.6 : H 1nclusive :
otti — V2 R E
JettlneSS Cr (T /Q) % -~ jettiness(e.) N
~— 10.4 — —
— C Qq(erp) -
* gr slicing method appears to have ; R s et el ittt Sl =
smaller power corrections in most Z o0 w
cases for equal computational burden. -~ o E ‘ ‘ ‘ ‘ ‘ E
) I()l.OOl 0.00%2 IO.OO5I IOl.OlO 0.020 I().050_

€. O €q

* However jettiness has the proven
ability to deal with final states 200 ‘ —
containing a jet.

W+jet: Boughezal et al, 1504.02131
Z+jet: Boughezal et al, 1512.01291

/ 1nclusive
jettiness(e.)

—200

5(NNLO) (pb)

H+jet: Boughezal et al, 1505.03893, =

JC et al, 1906.01020 B e L

e c.f. attempt to develop formalism for 00— ‘ . ‘ o

new inCing variables (“kT-ﬂeSS”), SO 0.001 0.002 0.005 0.010 0.020 0.050
far only to NLO. Buonocore et al, €r O €q

2201.11519



T resummation

 Use the SCET-based “collinear anomaly” gt resummation formalism:
Becher, Neubert, +Hager, Wilhelm, 1109.6027, 1212.2621, 1904.08325

1 1
doi;(p1,p2,14}) :/ le/ dzg doys(21p1, 22p2, {q}) Hij(z1p1, 2202, {q}, 1)
0 0

47 b

deJ_ e—iqj_xj_ ( X Bi(zlv £z, M) ' Bj(z27 £z, :u) 9

« All universal ingredients (beam functions, Bl- , Bj and collinear anomaly

exponent Fl-j) known up to 3 loops.

* piggyback existing machinery of NNLO calculations in MCFM to reach
NSLL+NNLO accuracy for important processes.

« implemented as “CuTe-MCFM?”, results for DY, Higgs, VH, yy, Zy.

Becher, Neumann 2009.11437
.



Matching to fixed order

* Fixed order result recovered up to 1 NOLL INSLL g NNLO g NULL
higher Order terms’ WhiCh Ca‘n induce qu naively matched to NNLO - dQT ’ dQT : dQT exp. to NNLO
unphysical behavior at large qr. matching correction Ao
1.00 -
* Match by expanding resummed result | max

and replacing with fixed-order one —
but computationally demanding at
small gr (introduce cutoff qo).

— 0.01
0.1
0.2
0.4

 Implement a transition function to
smoothly pass between resummed 0.00- \
and fixed-Order domains, Ch()()sing ItS 0.01 004 0.09 0.2'16 2o.'25 036 049 0.64
parameters on a case-by-case basis. x=q7/Q

Becher, Neumann 2009.11437 =

matched to NNLO

— 0.6

dO'NNLO

. AaqT>q0> +(1—t())

dgr



Vector boson pair production at small gr

Ellis, Neumann, Seth, JC, 2210.10724

10 100 1000

* Transition between about 50 and 100 GeV,
(qT/Q)2 ~ [0.05, 0.2], leading to total

> =5 NNLO 3
: : L N°LL+NNLO
 Resummation effects are potentially more o N = =
" . . O 1.U-
important for vector boson pair production = n
" . c~ o

at the same g since () is larger. S 05 |
®
© 0.0-4| | |

1

uncertainty up to 15% in that region.
O =
e Resummation at N3LL+NNLO becomes = e 1
: Z [ L
important below those scales, small + I . b
uncertainties until ~ 5 GeV. oz, 1.0 —
O —TI - == al
fe
Transverse momentum distribution of the ZZ pair at NNLO © V8"
and NNNLL+NNLO using CMS cuts at+/s = 13.6 TeV N T T e
1 10 100 1000

g% [GeV]


https://arxiv.org/abs/2009.01186

Comparison with CMS data at 13 TeV

% 0.025- -
S 0020~ [ OMS |E| NNLO |—| N°LL+NNLO
* We simplify the CMS analysis, by = 0015
applying the same cuts to both 2 0.010
electrons and muons and neglect o 000 L
(tiny) identical particle effects. = o o

« Resummation improves
description below g ~ 75 GeV. 12+

0 - iR
* More data will allow finer binning, O 10- I
so the resummation effects will be o s [ e 1
ever more necessary. S — i

0.6 -
0 100 200
ZZ
0 g7’ [GeV]



ATLAS data ZZ

o
A
Ol

o015
% 0.10-§ q$'< 10 GeV
* The ATLAS collaboration S 0.05
(2103.01918) performed § .
measurements of the My 200 250 300 350 400
distribution in five slices of q;El -
 EXxpectation Is that .
resummation should improve 5 B §== (D
agreement with the data, as £ 1_0_§-¥T V] [ L1
m,, increases, as observed. g S T TE5
. | ovs [ nNwo [ KLLannio
200 250 300 350 400

my [GeV]
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https://arxiv.org/abs/2103.01918

Truth WW cross section

1 WW CMS cuts, Vs=13.6TeV -
e WZ and WW qgr 100.0 | NNLO - —
: : : . - NNLO+N°LL, x™*=0.2 -
distributions show similar 20.0 17 NNLO+N°LL, x™&=0.1 —_

; NNLO+N°LL, x™**=0.05 |

pattern but of course not

=
S
directly measurable. S 100 =t —
_ S 5.0 1 —
* Much more important for ¢ : :
WW is the p7'° cross
1.0

section to reduce 0.5
background from ¢t \ L 1 l

50 100 150 200
dr <G@V>

[ 1 [ T 1]

-
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Jet veto cross section

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

Well-developed formalism, primarily

focussed on (important) Higgs case; | \/ Ay + Adj
. . . . d;j = min(pr;, pry) . dip=pr;
* jets defined using sequential R
recombination jet algorithms. o
Rapidity
Jet vetos generate large logarithms, as , regulator v
A L _ d>c(pyete 2
codified in factorization formula; r 7 _ Co(— M2
. . o 60 V( 9//!)
however logarithms are smaller, typical dM=dy
value of py° ~ 25 GeV. [%C(él,M, Pr% R%, s v) B, M, pp?, R?, pt,v) X S (p%em,Rz,ﬂ,V)]
Beam and soft functions for leading jet p \ / I
recently calc.ulated at two-loop order using Beam functions Soft function
an exponential regulator by Abreu et al. Abreu et al, 2207.07037 Abreu et al, 2204.03987

Jet veto cross sections are simpler than
the g resummed calculation dra?
TT

(no b-space, directly in pr). Oy = NS Sl = (M/\/s) e
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https://arxiv.org/abs/2207.07037
https://arxiv.org/abs/2204.02987

Jet veto In a limited rapidity range

 Formula on last slide is valid for jet cross
sections which are vetoed for all values of the
jet rapidity.

 Experimental analyses actually perform jet
rapidity cuts, i.e. 7 < 1., -

* Can identify three theoretical regions:
Michel, Pietrulewicz, Tackmann, 1810.12911

o Ney > IN(Q/pI°) (standard jet veto
resummation)

veto

e Neut ~ IN(Q/p77) (N ~dependent beam
functions)

o oy <K IN(Q/p3'°) (collinear non-global logs)
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signal jet
40" E
20" ;
o SO S S e e
0 1 2 3 4
ul
80; """"""""" R ;
60; . . Tcut _i
= signal jet
40 ;_ cut _;
Pr :
20 - :
o SRR S
0 1 2 3 4

kil

Current theory
calculation

Typical
Experimental
cuts

Strategy: determine where
resummation is potentially
important, before considering
limited rapidity range resummation



Refactorize a la Becher-Neubert

(B (&1 Q. P}, R . v) BEyr Q. Py R2 .1 )S (P}, R, . 1)

g2=02
—2F, (p1°".R.p)
— 0 2T (py.u) 1 veto ? veto
— veto € Bq(glapT 9R) Bg(529pT 9R)
“Collinear _—~ \ Pr
anomaly”
04
» Collinear anomaly expansion:  F, (pj*°, p) = asF\) + agF.) + ajF) + ..., ag= 4—75[
Fy) =T3L, +d/*°(R, F) y
(1) 1 F 2 F veto LJ_ =21n pveto
1 |
F) = grg BL; + E(Fg By + 2T BoLT + (U5 + 2B,dy*°(R, F))L, + dy*°(R, F)
o Full NSLL requires (R-dependent) coefficient d;’ eto, which is currently unknown.

« Extracted in small-R limit — good to O(25%) in d;/eto (for typical R) —— only claim NS3LL,.
Banfi et al, 1511.02886
15



Dependence on approximate d;

Ellis, Neumann, Seth, JC, to appear

Veto 2 108 | | | | | | | | | | | | | | | | | | | |

o dy™° ~ — 8.4 X 64CIn*(R/R,) i3 AR
, , 101 T ———___ _ —

R, varied as an uncertainty: for R=0.4, ST T TTTToo oo
varying between 0.5 and 2 scales f\ 0.99 -t 1|5 S 2|O T 2|5 T 3'0 e
Veto . ?Um 10'75 _—I | | | | | | | | | | | | | | | | | | I—_

d;~"" in the range [0.06,3]. i 3 \l | | o
2 \3 E 1025 T =

—2< ° > veto T 100fF—————-——————————=—======= ==

' MH 4” % X 0975 _3

o COntrlbUteS aS o ) i N N B | ' R | I R | ' R | T R
p%geto &) 1 1510 15 20 25 30 35

m . ; | | | | | | | | | | | | | | | | | | | | | | | E

so in this approximation dgeto < 0 and = N E

It Increases the cross section. - = ¢

] | ] ] ] ] | ] ] ] ] | ] ] ] ] E

» Estimate < 2.5 % uncertainty 20 et ;5 30 35

priveto
at p7®'°= 25 GeV and R = 0.4. o o
-
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Jet veto Iin Z production vs. CMS

1.4|IIIIIIIIIIIIIIIIIIIII
o At p**° ~ 25 — 30 all calculations agree N , 1' " \/ls 4 'Tev '
| \ e _
within errors. - S CMS cuts, arXiv:2205.02872 -
e However error estimates differ between ; 1.2 —
NNLO and N°LL, +NNLO. z
N I
o Forpveto = 30 GeV, mﬂ N
to __ _ Z L
(In(Q/py™® = 1.1) < (o = 2.4) 2 |
* As expected, at (probably irrelevant) small o i )
veto I I . h -IC_U) 0.8 — /// NSLLP+NNLO
pr resummed calculations show © - NLL, ]
significant deviations from fixed order. -/ NNLO -
e Jet veto resummation probably not so N e e
0.6

necessary here. 5 10 1&2 20 25 30
VeO <GeV)

17



Jet veto in W™ W™ production

e Evidence that
neither NNLO nor

N°LL is sufficient,
especially around

p7° =20 — 40
GeV

* R dependence is
modest.

ratio to N”LL,+NNLO

o |l < 4.5, 80

we can argue that
(In(Q/py°) = (1.3 —2.2) < 4.5

1.2

1.1

1.0

0.9

0.8

0.7

W"W™, Vs=13 TeV

CMS cuts, arXiv:2009.00119

|IIII|IIII
[\

N°LL,+NNLO _|
- NBLLP -
I NNLO _
i | I I | I I | | 1 1 1 | | 1 1 1 | | 1 1 | | |
10 20 30 40 50 60
t
¥ (GeV)
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W W™, Vs=13 TeV
CMS cuts, arXiv:2009.00119 _
prete = 30 GeV _

NNLO N°LL,
NLO NNLL

1100 |—
1000 P~
N -
o
X 900
o
800
700 —
600

0.4 0.5 0.6 0.7 0.8



Jet veto in WTW™ production vs. CMS

Ellis, Neumann, Seth, JC, 2210.10724

- CMS -e— N°LL+NNLO
 Compare with CMS data taken _ 1200- N’LL+NLO +
from 2009.00119. = | -
* Errors improve going from 0 ++ +’f +
NZLL+NNLO to N3LLy+NNLO o
« Theoretical errors smaller than I «
experimental — interesting to D 10
see more data (only 36/fb). 2 Too et [t
2 0.95-
[ S 45 60
veto [GeV]

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

qr resummation at N4LL,+N3LO

Neumann, JC, 2207.07056

Use recent calculations to push logarithmic accuracy to next order.

e 3-loop beam functions  1912.05778, 2006.05329, 2012.03256, Luo et al. and Ebert et al.

* 4-loop rapidity anomalous dimension Duhr et al., 2205.02242; Moult et al., 2205.02249

p”: 5-loop cusp estimated (negligible) and missing unknown N3LO PDFs.

Combine with MCFM Z+jet calculation at NNLO to also reach N3LO accuracy
for Drell-Yan process.

0.10 -

Performing pure fixed-order calculation
tough at very low gr but in practice only
need to be convinced that matching
corrections approach zero and are
sufficiently small. 010,

—o— o coeff. e~ o coeff. —e~ o’ coeff. —e— sum

0.05-

0.02 -
0.00 -
-0.02 -

rel. mat. corr.

—-0.05-
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Comparison with CMS

» Excellent agreement with CMS data = %0 — o I s B
. . 40- S
at the highest order, noticeable S a0 — 2 ] cwms
| t at both low and high =
Improvemen gn gr. § 50 -
~ 10 ==
- Integrate over spectrum foracross-  § |5 w0
section comparison. 1 2 5 10 20 50 100 200 500
Order k fixed-order a” res. improved o 14-
0 694755 — )
1 732119 637 & Smat. £ 70sc. §
2 72015 707 + 3mat. T 29c. %J
3 7007 + Laicing | 702 & lmas, & lm.c. £ 17sc, O
699 + 5 (syst.) £ 17 (lumi.) (e, 4 combined) |3] "g
© 1
» Total uncertainty larger by factor 2 - il Iqﬂ:m___f:_i_
than RadlISH+NNLOJET i 2 5 10 20 50 100 200 500
Chen et al., 2203.01565 g7 [GeV]
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Impact of PDFs

* For illustration, resummed contribution only: for approximate N3LO of
MSHT, NNLO of the same and (our default) NNPDF4.0 NNLO.

MSHT20aN3LO: McGowan et al., 2207.04739

MSHT20 NNLO
g~
N ~ O O
|
?‘jﬁj

- 1
el S
Qo 0.96 |
[ 0.94 - —
© 0.92 - |E| MSHT20 aN3LO MSHT20 NNLO EI NNPDF40 NNLO
0 10 20 30 40

qt' [GeV]
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Conclusion

Calculations at NNLO show mainly smaller power corrections for gt slicing than for zero-
jettiness slicing, with computing times roughly equal.

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

We have compared our predictions with the available data but the fine-grained

experimental study of vector boson pair processes where the resummation effects will
be crucial is, In the main, still to come.

Extension to N4LLp + N°LO for Z production CPU-intensive but complete (public soon).

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

processes with a p}eto at all rapidities. Necessary for Higgs production and for vector

boson pair production.
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Backup material



g VS. jJettiness:

650 | | | T T 1 T T | ]
- + + |
—~ 600 — Ve 7 (,W 7/,>
O - : q
- ettiness(e
N 050 — J ( T>
A~ E QT<€T>
O 500 F
E - wm— S
— 450 £
~—— B _
© 40— — — — e e e -3
350 : | | | | | | | | | | | | | | | | | :
0.001 0.002 0.005 0.010 0.020 0.050
€. O €q
200 — | | =
: - + ! /
2 - jettiness(e.)
— 160 F
—~~ - QT<€T>
O -
il 140
— -t : i
E 120 =—_ _ _ _ _ _ _ __ _ _ __ _ . o —]
O - =
100 — —]
- | | | | | | | | | | | | | | | | :
0.001 0.002 0.005 0.010 0.020 0.050
€. O €rq

5(NNLO) (pb)

S(NNLO) (fb)

processes

550_\\\‘ ‘

500 — e vy ("W ')
- jettiness(e.)
450 —

400 F

350 — —

300 — —]

260_ L1 1 ‘ ‘ \ \ ‘ \ L1 1 ‘ ‘ \ \ ‘ 1
0.001 0.002 0.005 0.010 0.020

€. Or €5

- I I ‘ ‘ :
18 [— VY -
- jettiness(e,) =

16 :— QT(ET)
- TF

14 — ]

12_ | | | ‘ ‘ | | ‘ | | | | ‘ ‘ | | ‘ ]
0.001 0.002 0.005 0.010 0.020

€. Or €5

Much more similar for photon cases, jettiness perhaps slightly favored.

Photon isolation induces significant power corrections in both approaches

Ebert, Tackmann 1911.08486; Becher, Neumann 2009.11437; Becher et al, 2208.01544
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Uncertainty estimate

» Estimate the perturbative truncation uncertainty by varying the renormalization/hard
scale and the factorization/resummation scale by the multipliers

(ks kg) € {(2,2),(0.5,0.5),(2,1),(1,1),(0.5,1),(1,2),(1,0.5) }.

N N

* For fixed order pur = kr Q, pr = kr Q.

 Hard scale is ks Q. To set the resummation scale, first calculate characteristic scale
q* = Q2 exp (-1/Ci /as(q*)) and then set y = max{kr x T + g* exp(—qgt /q*), 2 GeV} so
that for small T, y approaches g* and it remains in the perturbative region.

e Additional important resummation uncertainties:

* reintroduce rapidity scale dependence (fixed-order remnant of analytic regulator)
Jaiswal, Okui, 1506.07529

e vary parameters in transition function.
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CMS results on lepton g, in ZZ

> -
)
] % 0.010 =—
« CMS also present results on the lepton g = -
(summed over all leptons). Here the effect T 0003~ g
of resummation is minimal since 3 oo ==
oI B
« However the gr of the leading lepton (q%l) ~ 0 20 40 60 80 100 120 140
shows an effect.
O
= 11- — NNLO |—{ NLL+NNLO o L
Z = _I_ — ——
+ = S | *
- 1 O' ! :_ — 1.0- ]
Z |:|: A S | I RIS
S . . 2 A
2 0977 98- | cms |—| NNLO | NeLLsNNLO
! ! ! ! ! ! ! 1 1 1 1 1 1 1 I 1
20 40 60 80 100 120 140 0O 20 40 60 80 100 120 140
/1
gr [GeV] g2 [GeV]
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Jet-vetoin H

| I A | ]
10 15

] | I A | ]
20 2O

pr(veto)

]
35

15

: gg—>H, Vs=8 TeV

| R=0.4

|
My = —Q

5

L 1 1 | 11 1 L1 1 | ]
10 15 20 2O

pr(veto)

35

1Iggs production

I|IIII|IIII|II
. gg~H, Vs=8 TeV

15— Rr=0.28

* In the main the perturbative series is well-behaved at moderate R and
successive orders lie within the band of the preceding order

« Resummation important in this case.
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