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Uncertainties with the JVE method

 Matched predictions for the O-jet cross section have a more
reliable error estimate. Different sources of uncertainty can be
probed independently through variations of the appropriate
scales (i.e. renorm./factor. scales vs. resummation scale Q)

e However, one would like a method for the determination of the
uncertainties of exclusive cross sections which is:

e robust against the inclusion of sizeable unknown effects,
for instance exact quark-mass eftects

o reliable (i.e. resilient to accidental cancellations) even
when the resummation is not available (e.g. combination
of different jet multiplicities)

« Not overly conservative in any kinematic regime
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Uncertainties with the JVE method

e Jet Veto Efficiency (JVE) method’s synopsis:

| Banfi, Salam, Zanderighi 1203.5773]

 JVE Is a ratio of perturbative gquantities - I.e. it admits a
number of possible definitions at each perturbative order

Otot,n — Z U(Z) ; Z(pt,veto) — U(O) =+ Z z:(i)(pt,veto)
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Z:(i)(pt,veto) — U(Z) T i(i) (pt,veto) Z'(z)(pt,veto) - / dpt
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* In the large-logarithms region, JVE's uncertainty Is
dominated by Sudakov effects - i.e. uncertainties
uncorrelated with the error in the total cross section

E(pt,veto) — 6(pt,veto)o-tot 52(}%7\;@’50) — \/62520'tot + 5260-1320‘5



Uncertainties with the JVE method

* e.g. at NNLQO, three different efficiency schemes are available

2

Z i(i)(pt,veto) s

—1 SIOread between sehemes senS|t|ve to the ,.
ﬂ'{ convergence of all previous orders ‘;
Z Z pt Veto 3

€D (Prveto) = 1 +

Otot,2

b
61(\11)\11_,0 (pt veto =1 +

Otot,1
| 1 . 1) _ |
E1(\?1)\ILO (pt veto) =1+ Z Z(z) (pt,veto) — 2(1) (pt,veto)
Ttot,0 | 59 Ttot,0 ]

e Resummation fits in naturally (each efficiency scheme
corresponds to a different matching scheme), providing a
better control of Sudakov effects, i.e. reducing the spread
between different efficiency schemes (separation of uncertainty
sources)
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corresponds to a different matching scheme), providing a
better control of Sudakov effects, i.e. reducing the spread
between different efficiency schemes (separation of uncertainty
sources)
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OLD JVE prescription

 Prescription at NNLO+NNLL (a.k.a. old JVE method):
uncertainty for JVE as the envelope of the following variations

e with scheme (a), vary scales ur/nr by a factor of 2 in either
direction while keeping 1/2 < ur/ur < 2

e with central ur/pr , vary the resummation scale Q by a factor

of 2

e Wwith central scales SW|tCh to schemes (b), (c)

pp, 8 TeV my = 125 GeV
MATCHED NNLL+NNLO

MSTW2008 NNLO PDFs
anti-k; jets

W|th eff|C|ency -
scale variations

i\

| - Final uncertainty in the O-jet cross section
| slightly larger (but not overly conservative) |
|1 than the Q, renorm./fact. scales variations.
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Updated JVE prescription for o-jet bin

 Updated uncertainty prescription for the JVE:

with scheme (a), vary scales ur/ur by a factor of 2 in either direction
while keeping 1/2 < ur/ur <2 (7 points)

keeping renormalisation and factorisation scales to their respective
central values, vary the resummation scale (Q, = Q) in the range 2/3 < Q/Q, < 3/2

keeping central scales, switch to matching scheme (b)
with scheme (a) and keeping central scales, vary Ry by a factor of 2

final uncertainty defined as the envelope of the above variations

 Uncertainty in the O-jet cross section obtained by combining in quadrature
with the error in the total cross section

2 (Pt veto) = €(Dt,veto)Ttot 02 (Dt veto) = \/62520t0t + 02e02



Updated NNLO+NNLL resultsat8'1eV

NNLO+NNLL jet veto cross section
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Predictions at .LHC13

* Jet-veto efficiency with pr = pr = mu/2 (see backup for mH)

e Moderate corrections w.r.t. NNLO+NNLL ( 12%) - COﬂSlstentIy theory
- uncertainty reduced by more than a factor of two (~8% —> ~3%)

* Impact of resummation w.r.t. N3LO at the 2% level - similar uncertainties (this )I
IS pecullar of this scale, doesn'’t occur at e.g. mH)
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Predictions at .LHC13

* (O-jet cross section with pr = pr = mu/2

\l

~* Moderate increase in the O-jet cross section ( 2%) wrt NNLO+NNLL
- significant reduction of the theory uncertainty
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N3LO+NNLL+LLg v. NNLO+NNLL jet veto cross section

50 T T
D A5 F e
Q.
= A0 e
§ 35
& 30
T 25 Lz NNLO+NNLL
W 20 | N3LO+NNLL+LL, BEER
15 l l 1 l 1 l 1 1 l
20 30 50 70 100 150
g 1.2 : . —
'_;_' r ' ' ' pp13TeV. anti-k:R = 0.4
- C Finite myp. g = Qp = my/2. Rg = 1.0, JVE
z 1L1p NNPDF2.3 (NNLOJ, d< = 0.118
> E
+ "o'_'o:o:o._o_o e e
9 - .........aocc:tlo¢_¢_¢~¢_c_¢_¢_c_¢_¢,¢o¢¢0000000ooooccccooa
m
z
S
2
e
20 30 50 70 100 150
Pt.veto [GeV]

10

Z ojet(Ptveto) [PD]

ratio to N>LO+NNLL+LLg

50 T
45
40
35
30
25 = N3LO
20 F N3LO+NNLL+LLy BT -
15 1 l 1 l 1 1 l
20 30 50 70 100 150
1.2 l I L I L] L] L . k i
PP l3TeV anti-ke R = 0.4 ]
Finite myp, Hg = Qg = my/2, Rg = 1.0, JVE ]
1.1 NNPDF2.3 (NNLO), d< = 0.118 ]
.....0 O e R i
1 S O o R R N R e e -
-.-.-.{;;4;4;3;4;4};5.':.'.0.*.~:0:-:~:':':-:°:~!~!°!°!~2-2~2~2°2°!°!°2°2~:~2~!'!~!°2~2~2°2~!°2~!°!°2
0.9
0.8



Impact of NN LL resummation

e Important to understand (a priori) where exactly resummation and fixed-
order are reliable (and estimate the matching uncertainty)

N3LO v. NNLO jet veto cross section
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N3LO (pure fixed order) corrections
have a 1-2% impact
(this varies with central scales)
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Impact of NN LL resummation

e Important to understand (a priori) where exactly resummation and fixed-
order are reliable (and estimate the matching uncertainty)

N3LO+NNLL+LLg v. N3LO jet veto cross section
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Impact of NN LL resummation

e Important to understand (a priori) where exactly resummation and fixed-
order are reliable (and estimate the matching uncertainty)

~ 70-80% of the
perturbative expansion is made of
[ logarithms

pt ~ 25-30 GeV is a transition region
where logarithms are the dominant part 40 1
of the perturbative expansion, although

50 ; ‘ . . .
N3LO remainder (no C,, Cj)
5 NNLO remainder (no C,) [~

NLO remainder ] 7

fixed-order still works fine

(i.e. the coupling suppression is still effective)
Resummation effects seem physical.

Some care is required with the uncertainties

remainder O-jet cross section [%)]

(impact of matching scheme

pp, 13 TeV, my, = 125 GeV

" . I i A S R R, :
and modified logarithms) 0 —— = = M2, Q=2
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Differences with the OLD JVE prescription

14



€(Pt,veto)

ratio to NNLO scheme (a)

Potential issues with efficiency schemes

 Possible issues can appear when the perturbative series for the total
Cross section features a very poor convergence, and the geometric
expansion which defines the efficiency schemes can be badly defined

* This feature shows up already at NNLO for scheme (c) at larger c.o.m.
energies —> NLO K factor grows from ~2.2 (8 TeV) to ~2.3 (13 TeV)

NNLO jet veto efficiency, 13 TeV

NNLO jet veto efficiency, 8 TeV

- —
—.—-—'—°-.
-—
-

.
’.-—'—
-
-

-
-
.
-
’.—'
.
-
-
-

scheme (a)

scheme (b) = = = =

150

= scheme (c) =+=+= -
1 ] 1 1 1
20 30 50 70 100
1 1 ) I 1
I e pp 8 TeV, anti-ki R = 0.4
- HEFT, o = my/2
MSTW2008 (NNLO), a. = 0.117
] ] 1 A T |
20 30 50 70 100

Dt veto [ GeV]

150 15

€(Pt,veto)

ratio to NNLO scheme (a)

= I I T T R E——— =
scheme (a)
scheme (b) = === _
- .7 scheme (c) =+=+= -
" 1 1 1 1 1
20 30 50 70 100 150
3 ~ 1 1 | 1
_ =T pp 13 TeV, anti-ki R = 0.4
e HEFT, g = my/2
E - NNPDF2.3 (NNLO), ac. = 0.118
E' 1 1 1 " L a1
20 30 50 70 100 150
Dt veta [ GeV]



Potential issues with efficiency schemes

 Possible issues can appear when the perturbative series for the total
Cross section features a very poor convergence, and the geometric
expansion which defmes the efficiency schemes can be badly deflned

Scheme( )'s efficiency increases with the

« This feature shovvsﬁ energy unphy8|ca|)
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ratio to NNLO scheme (a)

Potential issues with efficiency schemes

* Possible issues can appear when the perturbatrve series for the total

cross section

.. Scheme (c)’s efficiency becomes larger
than one at high scales. Overly large
uncertainty also in the tail of the leading
Spectrum
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Efhciency schemes at N31LLO

5 schemes for the jet-veto efficiency available at this order for H

0(3) — [Anastasiou, Duhr, Dulat, Herzog, Mistlberger 1503.06056]
2(3) (pt,veto) — [Boughezal, Caola, Melnikov, Petriello, Schulze 1504.07922]

3
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( (Pt vcto) =1+ 2(1 (]7t xcto) ( )
Otot,2 i1 A
- |
. 1 iy o(2) _
F((')(])t,vet.o) =14+ Z(l)([)t.,veto) - Z( )(I)t,\eto)
Otot,1 1 Otot,0
~ | ;
/ 1 _ (; a(2) _ ,
€(c )(I-’t,\feto) =1+ oot 1 ) l)(])t,\eto) - 12 l)(])t,\eto) v/ = O'(O) —+ 0'(1)
tot, [ i=1 tot, |
d 1 [~ i) AR 5(2)
6( )(])t,vct.o) =1+ Teot 0 Z Z(l (])t.,vcto) - P (Z( (Pt vcto) + X (Pt \cto))
0oL, _1=1 0L,
(1) (1) _ (0)4(2) _
+ 7T TR (py veto)
(Utot,O) o

17



Resummation uncertainties

Matching to NNLL resummation of jet-veto logarithms is performed by means of two
multiplicative matching schemes which correspond to the two efficiency schemes (a)
and (b) respectively

In addition to #r/H1F scales (x 2) and schemes (a,b) variations, the size of subleading

logarithmic terms is estimated by varying the resummation scale () around its central
= : M M
value Qo = mp/2: n oY M
pt,veto pt,veto Q

* The old variation range 1/2 < Q/Qo < 2 is conservative and allows for resummation

effects up to ~ mg (larger uncertainty band in tail of jet pt spectrum)

1-jet cross section with different Q variations Q variation at N3LO+NNLL+LLg
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Resummation uncertainties

Matching to NNLL resummation of jet-veto logarithms is performed by means of two
multiplicative matching schemes which correspond to the two efficiency schemes (a)
and (b) respectively

—

In i+ Given the good convergence observed with the inclusion of N3LO ing
log  corrections, we use the variation range 2/3 < Q/Qo < 3/2 which gives a less |ntral
val{ conservative uncertainty at large pt |

{

* |« The Q dependence is reduced everywhere along the spectrum ation
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Jet radius logarithms

[Dasgupta, Dreyer, Salam, Soyez 1411.5182]

« |n addition to the other theoretical uncertainties previously considered, the error
associated with small-R resummation is estimated by varying 1/2 < Ry < 2

"« Small impact (~1%) with R=0.4

|
|

| Slight increase in uncertainty band |
due to larger Q dependence of thej
all-order correlated contribution|
(gluon splitting) |

@ R
| 0 dependence mo

m—————e =S ="

ratio to N3LO+NNLL
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Impact of LLy resummation on jet veto efficiency
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(Quark-mass eftects
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!  Treat “bottom” logs on the same footing as other |

| regular terms which vanish when py — 0

" [Banfi, PM, Zanderighi 1308.4634]
[ Mantler, Wiesemann 1210.8263] |

e Switch off resummation around mb for the bottom |

O(Py voso) [PO)

[
|

3 contribution (i.e. set Qp ~ my) “
& 105 . R h* |Grazzini, Sargsyan 1306.4581] |
gg ' o

2 0% - - . . : Jet-veto efficiency
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1 I | ’ | ’ | ) ! ]

Mww = = — ———)

Here Qyis varied by a factor of 2 in the @

| b = 2mypcase, |
' while for the second case with Qy = @ we stick to the 11
nominal variation by a factor of 3/ ?:

N3LO+NNLL+LLg, Qp=2my

' N3LO+NNLL+LLg, Qp=Q i
e — - = —_—— o 0.4 1 | i | M | " PR
» Difference between the two prescriptions is negligiblef] 1, 20 30 50 70 100 150
{ {i O ; S
- above 20 GeV therefore we choose to set Qv =Q =mu/2 | %104 pp 13 TeV., anti-kR = 0.4

|
V

. * resummation of mass logs moderate at DL (abelian lim)
[Melnikov, Penin 1602.09020]

« NNLO calculation desirable - will also help establish
which prescription is more appropriate
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Including a one-jet bin
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'I'he case with 3 jet bins

The (exclusive) 1-jet bin can be added - 3 schemes available at NNLO

NLO

0>2—jet
6(1(1) _ 1__—_L
OJ\NLO
>1—jet
NLO
B _ 4 0>2—jet
¢ = 1- %o
>1—jet
NLO NLO LO
(¢) T>2 jet T>1—jet T>2—jet
¢ =l-—T5—+\1to 1)
g . g . g .
>1—jet >1—jet >1—jet

~ NNLO

NLO K factor for the inclusive XS
within the radius of convergence.
Scheme (c) is sensible in this case

i 4 4000

NNPDF2.3, 8 TeV 43000

10 60 80 100 120 140 160 180 200 220 240
p [GeV]
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'I'he case with 3 jet bins

The (exclusive) 1-jet bin can be added - 3 schemes available at NNLO

[PM Les Houches proceedings 2013
NLO

6(0) — 1- 022—j0t
1 7 NNLO
>1—jet
NLO
(b) 052 jet
¢ = 1- =
1 FNLO
>1—jet
NLO NLO LO
) _ 1 T>2 jet n O>1—jet 1 T>2—jet
1 - oLO oLO gLO
>1—jet >1—jet >1—jet

[Boughezal, Caola, Melnikov, Petriello, Schulze 1504.07922]

T T T T T NNLO | p—

. . NLO —— |
NLO K factor for the inclusive XS LO —

within the radius of convergence. _
Scheme (c) is sensible in this case 6000
5000
! 1 4000
- NNPDF2.3, & TeV -1 3000

10 60 80 100 120 140 160 180 200 220 240
p [GeV]
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‘T'he case with 3 jet bins: covariance matrix

The (exclusive) 1-jet bin can be added - 3 schemes available at NNLO

AUO—jet ' AO'O—jet AO'O—jet ' Ao'l—jet AO'O—jet ' AUZQ—jet
COV[UO—jet: O1—jet UZQ—jet] — AO'I—jet ' AO’l—je’c AO'I—jet ' AO'Z‘Z—jet
AO'Z‘Z—jet ' AO'ZiZ—jet

AUO—jet — (0 ) 0t0t660 ) €050-1:0‘0) 9
Aci—jet = ((1— €0)0totd€1, —€10t0t0€0 , €1(1 — €0)d0tot )
Ao>2_jet = (—(1— €0)ototder, —(1 — €1)0totd€n, (1 — €1)(1 — €0)dTtot)-
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‘T'he case with 3 jet bins: covariance matrix

The (exclusive) 1-jet bin can be added - 3 schemes available at NNLO

[PM Les Houches proceedings 2013

AO'O—jet ' AO'O—jet AO'O—jet ' A0'1—jet AO'O—jet ' AUZQ—jet
COV[UO—jet: 01—jet UZ?—jet] — AUl—jet ' AUl—je’c AO'l—jet ' AO'Z‘Z—jet
AJZ‘Z—jet ' A0'22—je1:

AO'O—jet — (0 ) 0t0t660 ) 6050-t0t) 9
Aci—jet = ((1— €0)0totd€1, —€10t0t0€0 , €1(1 — €0)d0tot )
Ao>2_jet = (—(1— €0)ototder, —(1 — €1)0totd€n, (1 — €1)(1 — €0)dTtot)-
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Conclusions

State-of-the-art predictions for the |et-veto efficiency and O-jet cross
section in H production includes:

N3LO corrections to the total cross section

NNLO corrections to the inclusive 1-jet cross section
NNLL resummation for jet-veto logarithms

small-R resummation effects at LL accuracy
heavy-quark mass effects

[Code JetVHeto-v3.0 available at https://jetvheto.hepforge.org/]
JVE method has been revisited to ameliorate some features that show up
at higher energies and taking into account the good convergence of the
perturbative series

Corrections w.r.t. to the previous NNLO+NNLL predictions are at the few-
percent level - theoretical uncertainties are reduced to ~3% (efficiency)/
~4% (0O-jet cross section)

At this level of precision other effects become as important (quark masses
at NNLO, EW, non-perturbative corrections) - PDF and strong coupling
uncertainties also of the same order
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Additional material

25



Updated JVE prescription @ N31.O

« The same issue can show up in other processes with large NLO K factors - in these
cases it is not safe to expand around K -> 0

 Updated scheme prescription: we limit ourselves to schemes (a) and (b) (i.e. expand out
the last perturbative order for the total cross section)
 This provides useful information and it's not overly conservative at both small and
large pit.

N3LO v. NNLO jet veto efficiency N3LO v. NNLO jet veto cross section
50 | | ' r T T T ]

€(Pt,veto)
Z0-jet{Pt,veto) [PD]

| | | | |
1.1 1.1 =
(@) @)
"‘4 1 B T T ‘# 1
2 - 2 :
2 09 E g 059 _
o E i- = : 2 - i-ke R = :
-‘% 0.8 :_ pp 1_? TeV, anti-ki R = 0.4 . = 0.8 pp l_? TeV, anti-ki R = 0.4 -
v v HEFT, po = my/2, JVE a(7 scl.),b 3 v HEFT, uo = my/2, JVE a(7 scl.),b 3
7 NNPDF2.3 (NNLO), a. = 0.118 1 NNPDF2.3 (NNLO), a. = 0.118 1
0.7 | - 0.7 .
- | | L | 2 | L L | - | | ) | ! | 2 2 | -
20 30 50 70 100 150 o6 20 30 50 70 100 150

Pt veto [GeV] Pt veto [GeV]



Numerics at the 13’ 1eV LLHC (o = mn/2)

LHC 13 TeV [pb] | otot,2 Ttot3 || Oljo25aev | T1inostev || Thi230cev | O1>50Gev
EFT 452740 1 46,6799 | 203436 | 21.3%03 || 17.3730 | 18.1%02 |
@ 47.1F55 | 486700 | 20.773% | 21.870% || 17.6758 | 18.4173
t,b 44.9152 46.43;"1);»3 | 20.6°37 | 21.679-% || 17.6132 | 184793
* Full NLO and HEFT for
N3LO corrections |
LHC 13 TeV EI\;3LO+NNLL+ NNLL+LLR [pb] ZON_?;O EON-‘I:;%O L NNLL
Ptveto = 25 GeV 0.54170 004 25.1177 24. 7105 246729
Ptveto = 30 GeV 0.6117 008 28.3175 28.017% 27.8+%9
LHC 13T | sYYLO+WULIn foh) | SNNLO fob
Pt.min = 25 GeV 21.3195 216777
Pt.min = 30 GeV 18.0195 18.479°%

27

Scale variation.

N3LO total cross |
section updated |
~after latest “bug”-fix |
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Breakdown of uncertainties

Jet veto efficiency uncertainty breakdown, po=my/2

pp 13 TeV, anti-k,R = 0.4 ]
Finite mgp o= Qo= my/2
Ro= 1.0, JVE a(7 scl.,Q,Rq).b _|
NNPDF2.3 (NNLO), as = 0.118
N3LO+NNLL+
1 I 1 ll—Lﬁ

;.

Q/Qo = 3/2
Q=213 -- -

'T"TI'rﬂTI'

| | ! | ! | ! L |
F Ro = 2.0 ——
; Ro=0.5 == -~
C | | 1 | 1 | 1 1 |
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Jet veto efficiency uncertainty breakdown, po=my

pp 13 TeV, antik,R = 0.4 |
Finite mgp po=my Qo =mg/2
Ro= 1.0, JVE a(7 scl..Q,Rg).b _|
NNPDF2.3 (NNLO). as = 0.118
N3LO+NNLL+
L l 1 lLL$

l]llll

HR=HE= HR=2Hp. HF=HQ = = = =
BR= o2 BE=Ho ——— WA= Ho. KF =

SOy s Q/Qo = 3/2
: QQo=2/3 =-=~--
C | | | | 2 N |
- | l ' | L
scheme b ———
l l 1 I 1 l 1 1 I
- | L | ! | ! L
3 All ratios taken wrt ref. at py = my/2
E____'_,_,_
E | | L
20 30




(Quark-mass eftects

« When exact mass loops are considered, the bottom-quark amplitude is enhanced by

logarithms of the ratio p:/my in the regime mg << pf << m%,

« e.g. at NLO (currently the state-of-the-art prediction for the full process), the 0-jet

cross section features terms of the type 'Banfi, PM, Zanderighi 1308.4634]

|Grazzini, Sargsyan 1306.4581] % Dt
2,2 4

mym Pt vet Dt ,vet my, 4 Pt,veto 2 Pt,veto
Qg b4 Lp? Z2YE0 |y EVERO 043—4111 In A mp __H_
M mp mp M my mpg
(interference) (bottom squared) {((ﬁ

* These logarithms do not exist for py < my (HQEFT picture) , therefore QCD factorisation

is preserved in the limit p; — 0 (i.e. the new logarithms are never divergent and come
with a bunch of other regular terms ~ O(p?) ) \

MUKt o) 2 = (Mo (D Mt (. o ) 2 +Gogular terms)

At normal jet-veto scales their contribution is potentially large, and an all-order treatment
is preferable
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(Quark-mass eftects

* Robustness against possible sizeable quark-mass effects
beyond NLO is tested by rescallng the NNLO and N3LO 0O-jet

cross sections by the factor U}f%
(&

9LO Jet-veto efficiency
1 1 |
0.9 -
I o s 08
TN " b2 07k
* Impact on the central value] & ™
[ | | S
moderate @ 06 N3LO+NNLL+LLg, w/ rescaling
, 93 N3LO+NNLL+LLy, default BZ2323 ~
e Slight reduction of uncertainty atf = ©*¢ — [ —
9 o uctl u Inty l“ 2 20 30 50 70 100 150
sma o , . — :
e p ‘C{ 1.04 | l I pPp lBITeV, anti-Lt R=0.4 1
E Finite myp, Ho = Qo = my/2, JVE a(7 scl.,Q,Ro).b -
T 1.02 NNPDF2.3 (NNLO), as = 0.118 ]
:l] .
z 1 :
+ N
O 098 ¢ E
— i -
m - .
Z 0.96 - -
8 F ] | . | . | a1 4
e 20 30 50 70 100 150
© 30

Ptveto [GeV]



Results at the 13 1'eV LLHC (10 = mu

&(Prveto)

ratio to N*LO+NNLL+LLg

Z 0jet{Prveto) [PD]

ratio to N>LO+NNLL+LLg

N3LO+NNLL+LLg v. NNLO+NNLL jet veto efficiency
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N3LO+NNLL+LLg v. NNLO+NNLL jet veto cross section
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N3LO+NNLL+LLg v. N°LO jet veto efficiency
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NNLL+NNLOv. NLL+NNILO

NNLO+NNLL v. NNLO+NLL jet veto efficiency

£(Pt,veto)

NNLO+NLL
NNLO+NNLL [

‘Moderate uncertainty reduction|

| with R=0.4 due to the large NNLL | 20 30 50 70 100 150
corrections associated with thej|
‘soft gluon splitting
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NNLL+NNLOv. NLL+NNILO

‘Gluon splitting significantly|

'reduced for
corrections smaller.
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