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NNLO phenomenology using
Jettiness subtraction
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Theory Setups

Real corrections

W/Z total, H total, Harlander, Kilgore

H fotal, Anastasiou, Malnikov VBF fotal, Bolzoni, Maltoni, Moch, Zaro
H total, Ravindran, Smith, van Nearven
WH total, Brein, Djouadi, Harlander

WH difi., Ferrera, Grazzini, Tramontano
H diff., Anastasiou, Melnikov, Petrislio

y-y, Cataniet al.
Hj (partial), Boughezal et al.
H diff., Anastasiou, Meinikov, Petriello ttbar total, Czakon, Fiadler, Mitov
W difi., Melnikov, Petriallo Z-y, Grazzini, Kallweit, Rathlev, Torre
WIZ diff., Melnikov, Petriello ji (partial), Currie, Gehrmann-De Ridder, Glover, Piras
H diff., calafi, Grazzini ZZ. Cascioliit et al
. Il .
0 o WIZ diff<Catani et af’
(o] o o /
O 0 o o
O o
Op @

ZH diff., Ferrera, Grazzini, Tramontano

13 k3 % ':.’
explosion of calculations |°

tibar diff., Czakon, Fiedler, Mitov
Z-y, W-y, Grazzini, Kallweit, Rathlev
5 i Hj, Boughezal et al.
. ",.-‘ = Wi, Boughezal, Focke, Liu, Petiell
In past 18 months | 5% e
2002 2004 2006 2008 2010 2012 2014 2016

Zj, Gehrmann-De Ridder et al.
ZZ, Grazzini, Kallweit, Rathlev
Hj, Caola, Melnikov, Schulze
Zj, Boughezal et al.
WH diff., ZH diff., Campbell, Ellis, Williams
y-y, Campbell, Ellis, Li, Wiliams
WZ, Grazzini, Kallweit, Rathlev, Wiesemann
WW , Grazzini et al.
MCFM at NNLO, Boughezal et al.
Salam, I_HCP :16 pz. Gehrmann-De Ridder et al.



Theory Setups

e Real corrections

f(2)

Local Subtraction Zzl+a€

deKZ)__fKO) | dzz—l—aifan

Z

e sector decomposition, sector improved residue

Binoth, Heinrich; Anastasiou, Melnikov, Petriello Czakon; Boughezal, Melinkov, Petriello

L4 antenna Subtraction Kosower  Gehrmann-De Ridder, Gehrmann, Glover

L4 prOj ection tO Born Cacciari, Dreyer, Karlberg, Salam, Zanderighi
Non-local Subtraction

g > ) - (02— -

Z ac

COlorful NNLO Del Duca, Somogyi and Trécsanyi  Del Duca, Duhr, Kardos, Somogyi and Troécsanyi

qT subtraction, N-jettiness subtraction

Catani, Grazzini Gao, Liand Zhu Boughezal, Focke, XL, Petriello; Gaunt, Stahlhofen, Tackmann, Walsh



Theory Setups

e« N-Jettiness subtraction

 N-jettiness observable

Tn = Z min { WaNg * Qe s Wp Ny * Qi , Wi M Qe s« .. , WN NN qk}
k
N the minimum number of jets required
(2% light-like vectors along beam or jet axes
qk final state partons’ 4-momenta
WE arbitrary positive weight



Theory Setups

e N-Jettiness subtraction
Boughezal, Focke, XL, Petriello, '15 Gaunt, Stahlhofen, Tackmann, Walsh, ‘15

Ty = E min {Wq Ng * G , Wy My * Qo , Wi Ny * Qe - -+, WN NN - Gk )
k

N jets < T

—3 » more than N jets

large

* Contribution only from 2-loop, . « At least N+1 hard radiations
soft+collinear radiations :

small Ty P

smaller than any experimental cuts
small to suppress power corrections
final result independent of Teut

njy

Tr[H - Sy]® B, @ By @ J; + ... : . NLO N+1 jet calculation
. « Simply recycle known NLO

jet: Becher and Neubert, '06, Becher and Bell, ‘10
results/tools

beam: Gaunt, Stahlhofen, Tackmann, '14

soft: Boughezal, XL and Petriello, ‘15



Theory Setups

e N-Jettiness subtraction
Boughezal, Focke, XL, Petriello, '15 Gaunt, Stahlhofen, Tackmann, Walsh, ‘15

 New results for processes with a jet

. Boughezal, Focke, XL, Petriello,’15,
e H/W/Z/DIS+1 J Boughezal, Focke, Giele, XL, Petriello, '15

Boughezal, Campbell, Ellis, Focke, Giele, XL, Petriello,’15,
Ablof, Boughezal, XL, Petriello,’ 16,

* Confirm existing results
. H/W/Z prod‘uction Gaunt, Stahlhofen, Tackmann, Walsh, ‘15

« VH/Di-photon production

Campbell, Ellis, Williams, ‘16 Campbell, Ellis, Li, Williams, '16



Validation and Improvements

e« N-Jettiness subtraction

_ _ Boughezal, Focke, XL, Petriello, '15 Gaunt, Stahlhofen, Tackmann, Walsh, ‘15
Validations

« taucut-independence check in all
calculations

110 gy \ v v v v ¥ T Y
Z+17 HT
Lot Zob 1T fidueial-- e ross-seatlon o
) , e bin%by—bin check :
LOBE s o d bower correction suppressed |

—
i H
Deviaton from average

[ . . no cut dependence
L7k p—— assansans ass T coenefocAehrnann et al using :
' antenha subtraction - : i o H—
S 1L00F e g A I A
|06 $ : . .
LO5H sene sun e
e 1 T —— f AR A
"‘u_ﬂ‘ 098 4
||)4......‘.....‘.......‘..Nj.l.‘\.__. ',r p—— : :
- Ve using 3 different taucuts
. /
L <
0,90+ + -~ -1 L L. A
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Validation and Improvements

e« N-Jettiness subtraction

_ _ Boughezal, Focke, XL, Petriello, '15 Gaunt, Stahlhofen, Tackmann, Walsh, ‘15
Validations

« more comparisons
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Validation and Improvements

Boughezal, Focke, XL, Petriello, '15 Gaunt, Stahlhofen, Tackmann, Walsh, ‘15

e« N-Jettiness subtraction
Validations
 DIS form factor
1.0 ! lp — ,J + X . , 0.000 g channel .
° gl * gq /5 = 100GeV NNLO Form Factor
8- .gl ........ °W ..................................... ,;..n.'\ .......... -
° q;}‘ + total 7 > 10Ge\ —0.002 F
06F- 1 o e RSICTIT CITTITR SUSTUPPRTOR SRR P JI,‘J..,J..':.'.'.Z.E,.. -
QP CTl4nnld pdf
; - ; —0.004}
“' ............................................................. . i §
¢ T ]
0.2 b IR T —0.006}
(0.0 s )
—0.008 ¢
—0.2F - Ot T e
| Breakdown of the NNLO ... ! ~o00r
? correction 5
0.6 L . L L L L I ~0.012 L
=20 -15 -10 -05 0.0 0.5 1.0 1.5 2 10-° 0
y;‘_"‘ ’I'-':'

Abelof, Boughezal, XL, Petriello, '16

10

NNLO Single jet production
* new channels with large
correction

integrate over the phase space to
reproduce the NNLO form factor

interesting for EIC phenomenology



Validation and Improvements

e« N-Jettiness subtraction

Boughezal, Focke, XL, Petriello, '15 Gaunt, Stahlhofen, Tackmann, Walsh, ‘15

power corrections

« logarithmic nature of dominant power corrections " (C, 75" L*"!

« can be calculated in an easy way and higher order power

corrections can be predicted from lower order calculations

* including power corrections can improve the convergence

1.6

14

1.2

10

ANNLO

0.8

0.6

04

W*: w/o Power Correction v.s. fit v.s. w Power Correction

—e— w Power Correction
—=a— w/o Power Correction
) Fitted w/o Power Correction

b b b b o

- PRELIMINARY |

— Inclusive -

- Ll | Lol | Lottt | I 1 1110
1073 102 107! 100

To[GeV] Boughezal, XL, Petriello, in preparation
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Validation and Improvements

e N-Jettiness subtraction
Boughezal, Focke, XL, Petriello, '15 Gaunt, Stahlhofen, Tackmann, Walsh, ‘15

power corrections

« logarithmic nature of dominant power corrections o”C, 75" L2"1

« can be calculated in an easy way and higher order power
corrections can be predicted from lower order calculations

* including power corrections can improve the convergence

W*: with LEP and MET cuts, w/o Power Correction v.s. fit v.s. w Power Correction
1.6

[ [ RN [ [ RN [ [ RN [ [ T T4
14— ]
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12 :_ o — _:
S F e 7
zZ 10— = — —— —0— —o o @ - mm e e m e m—— - —]
Z — _
< 08— —e— w Power Correction —]
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Boughezal, XL, Petriello, in preparation
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Phenomenologz

e Comparison with 7TeV data coughezal xi petrielo, 16

. W13
W-boson cuts | ATLAS [10] CMS [11] Lo = x/ M? + Z:(p:,’-")2
lepton py P > 25 GeV | pl. > 25 GeV :
lepton 7 'l < 2.5 In'| < 2.1
missing Er | EJ® > 25 GeV N e CT14NNLO PDFs for NNLO results,

CT14NLO for NLO results

transverse mass| myp > 40 GeV |mp > 50 GeV

et pr pl > 30 GeV | pih > 30 GeV e Vary muF and muR independently
, ; P * non-perturbative corrections included
jet n In’| < 4.4 In'| < 2.4
_ . for ATLAS pTJ and yJ
anti-kp radius R=04 R=05 ]
e QED FSR factors included for ATLAS pTJ
CERN-PH-EP-2014-199 and yJ

CERN-PH-EP-2014-134
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Phenomenologz

e Comparison with 7TeV data coughezal xi petrielo, 16

TTeVATLAS W

10°

10' b

1’ ¢
10" ¢
107

107 §

pTJl: I

«|n,"(lp1',' [pb/GeV]

0.5

theory/data

0.6

0.4

J >
py' [GeV]
« Merged tree-level amplitudes combined with a parton

shower describe the measurements: higher than but
within experimental errors

« NLO QCD, LoopSim and MEPSW@NLO predictions are all
lower than the data.

« NNLO QCD corrections increase the NLO prediction,
leading to a better agreement with ATLAS data. Scale

uncertainty is reduced

14
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CERN-PH-EP-2014-199



Phenomenologz

e Comparison with 7TeV data rcougrezal xi petrielo, 16

107 7 TeV CMS W
) ) ) - . = | 1 ] | J | [
[X] NLO ' -
Theo stat. +s st. -
— BN NNLO | £ 15 i y =
> a) 5
O 10’ r 1 > 1
S o
S 107 g 0 __
< [ ] = 05 BIackHat+Sherpa (1 jet NLO) _ -
;: 10° | 1 o -Theory stat
= . 8
pTJ1l: “f WHid e
—_——— 5 .
107 | (‘X) "l:lﬂ ‘(.)ﬂ -'3(‘)0 ‘(‘)() (\(‘X) '-(‘X) \‘Il)l) g :— —:
- ’ i ' ' = 0-5: Sherpa normallzed tocNNLO -
s % 15F Theory stat.. E
S Q : :
W 77
2 S %
= : = O0.5F MadGraph+Pythia, normalized to5,, =

I(lX) 2(1“] 3(1)0 4(1)1] 5(‘)0 H‘)() 7:)() S(;I) 100 200 300 400 500 600 700 800
py' [GeV] Leading jet P, [GeV]

« All predictions compared are systematically higher

than the CMS data
« NNLO QCD corrections reduce the NLO scale uncertainty

to make it clear

CERN-PH-EP-2014-134
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Phenomenologz

« Comparison with 7TeV data Boughezal, XL, Petrisllo, ‘16

7 TeV ATLAS W . L B
— BH+S =< BH+S Excl. Sum
10' %1.5— —
a
= 1 _—
e 3 1%%
g 10! 50.5
2 ATLAS
,E"' —_—
; 107 815} ALPGEN |
- o
T ()
o +
10 8
ao05 —
" " 1 4 " " . | " " " 5 1 4 4 " "
n I | L) 1 ) I 1 L ) L) L ) l T A
:3 s15f —— SHERPA — |
o (@) D — |
® o — v 4 & ’
HT(ST). - O T G
&’05- —
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S [GL\] 1 2 2 L I 1 1 1 L I ! 2 2 2 l I 1 1 Iy
« ALPGEN agrees with data while SHERPA overshoots the 500 1000 1500 2000
measurements S, [GeV]

+ The NLO predictions far undershoot the data while
MEPS@NLO does a good job

« The NNLO corrections bring theory into good agreement
with experiment, with a slight undershoot at very
high ST

CERN-PH-EP-2014-199
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Phenomenologz

e Comparison with 7TeV data rcougrezal xi petrielo, 16
7 Te\"' CMS'\V

10 [:K] NL()' © 1 5l_ T!heory état. +éyst. | _:

T I =

—_ EE NNLO Q | 2

2 F  O0.5E gjackHat+Sherpa (1 JSLNLO) ’ E

<o 107 s 4! ma Theory stat. ' ' =

= s 1.5F

T o § F

_S- l(:‘ ; W+ 1 j g 1?&W fé

, i 05F i —

HT ( S T ) . o 200 200 600 300 1000 1200 1400 1600 : :_ S::i:):rlyn; :allfed © Cunvo ;

w© 1.5F ' - =

T T T ! ! ' T T a : il ¢

% é’ 0.5F MadGraph+Pythia, normalized too,,,, =

IV NSNS I bt o WA 0 Lol o S 200 400 600 800 1000 1200 1400 1600

b2 2(1)0 4(l|(| (uf'ujl SI?M] lt;()() I;(Kl I-;(I(I It':lill) HT (2 1 Jet) [GeV]

H, [GeV]

° Merged tree-level amplitudes combined with a parton
shower are higher than the measurements,
e NLO QCD corrections lower than the data,

CERN-PH-EP-2014-134
e NNLO can pradic:& this distribution well,
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Phenomenologz

Comparison with 7TeV data sougnesal xi peticlo, 16

. Z+13

Z-boson cuts

ATLAS [12]

CMS [13]

lepton pr P > 20 GeV pp > 20 GeV
lepton 7 n'| < 2.5 In'| < 2.4
lepton separation ARy, > 0.2 —

lepton invariant mass

66 GeV < my < 116 GeV

71 GeV < my < 111 GeV

jet pr
jet n

anti-kp radius

pp > 30 GeV
n!| < 4.4

R=04

py > 30 GeV
n'| < 2.4

R=10.5

CERN-PH-EP-2013-023

CERN-PH-EP-2014-205

Lo = \/Mg + > (o)

e CT14NNLO PDFs for NNLO results,
CT14NLO for NLO results

e Vary muF and muR independently

e non-perturbative corrections included
for ATLAS pTJ and yJ

e QED FSR factors included for ATLAS pTJ
and yJ

18



Phenomenologz

e Comparison with 7TeV data rcougrezal xi petrielo, 16

10' 7 TeV ATLAS Z o 7 TeVCMS Z
X1 NLO
10° 10° B NNLO |
'.;
o -1 -l
O 10 10 ]
e
Q y Y
i (U 107 1
=~ 10 10+ 1
L
- lOAJ l(l"’ 9
l”; N M 3 1 ’I 1 —~ 10 1 1 1 1 1 1
104 200 300 400 S00 GO0 700 100 200 300 400 S00 GO0 700
1.4 r v T T T T 1.2 T T T T T
L o 2 o | | -
p T J 1 o = 1.2 : =
S & 1.0
:2 1.0 ‘-u“.._-’,\ ,‘--__-‘..g . :t.‘-_, 0.9
S 08F e ‘”””AY@O‘ -—',A' q ...... 2 hd I
o - -~ v‘ ! D 08F TS
£ ek : ‘ L .
: : : : - 0.7k e P R Bessesrsmcreasionmirooneierie ot
0.4 L L L A ! n.64 N i 7\ i 1
100 200 300 4!)() S00 GO0 700 100 200 300 400 500 G600 700
J J
py' [GeV] p;' [GeV]

+ The NLO prediction agrees with the data within errors.
« The NNLO QCD prediction is in better agreement with the CMS data

over the entire pTJl range.
« The NNLO QCD prediction increases NLO but still undershoots the

ATLAS data. CERN-PH-EP-2013-023
CERN-PH-EP-2014-205
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Phenomenologz

e Comparison with 7TeV data rcougrezal xi petrielo, 16

10' 7TeV ATLAS Z ' . 7 TeV CMS Z
[X] NLO %] NLO
10’ B NNLO | 10’
2z -
6 107 ¥ 107"
-2_
— 10" 10°
. i
= 107 10°
© {
107 § 104
" 200 400 600 800 1000 od 100 2(')0 300 4;10 500 600 7(lm
° 0 PO SOOI PPE- PP TPPTPPR-SPPPRR. T
Hr (Srt) :

theory/data
theory/data
=

R

1 1 A A
100 200 300 400 500 600 700

Hy [GeV]

« The NLO prediction below the data.
« The NNLO QCD prediction is in good agreement with both experiments
over the entire range.

CERN-PH-EP-2013-023
CERN-PH-EP-2014-205

20



Phenomenologz

Comparison with 13TeV data soughezal xi peticlo, 16

do/dH. [pb/GeV]

Pred./Data Pred./Data Pred./Data

1r°e——1T——"rr—r—rrrrrrrrrrrrrrerr-
ATLAS Preliminary ZIM(—= M) +=1 jet
10°E 13 TeV, 3.16 fb “#- Data .
L _ - Z+21jetN_ NNL
10 a:}'_k= jets, R = 0;: —8- BLACKHAT + SHERPA
pr>30GeV, |y 1<25 i suerea 2.1
1 ALPGEN + PYB
E & - MG5_aMC+Py8 CKKWLZ=
', 8 MG5 aMC+PY8 FxFx
10" ©
g .
102 S
10° — =
15 F =
1 s “ e e s T 5 Ill
or .-y, . = -
15 —
1 ~ .... ’y vy . __» 27
0.5 -
15 ———
—V—_ - 3 4 v )
1P e o o 777 =
0.5 N N PP T B B B
200 400 600 800 1000 1200 1400
H, [GeV]

Non-perturbative (hadronisation
and underlying event) and FSR
corrections included

« SHERPA AND MG5_aMC+PY8 FxFx describes
well the data

 ALPGEN+PY6 AND MG5_ aMC+PY8 CKKWL
overshoot at large HT

 BlackHat+SHERPA under-estimates the

cross section for large values of HT >
300 GeVv

- The agreement is recovered by adding
NNLO corrections in perturbative QCD

ATLAS-CONF-2016-046
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Phenomenologz

Comparison with 13TeV data soughezal xi peticlo, 16

Pred./Data Pred./Data Pred./Data

———
ATLAS Preliminary ZIyt (=) + 21 jet

13 TeV, 3.16 b ~#- Data

C _ - Z+21jetNgrlNNLO
anti-k, jets, R =04 ‘8 BLACKHAT + SHERPA

= ——ww & MGS5_aMC+Py8 FxFx

t
- pft >30GeV, |y 1<25 o Suerea 2.1 ]
e ALPGEN + PY6 -
- ¥ MG5 aMC+Py8 CKKWL 4

4

prr e Sl O S

—_ e
= L 1 | l 4
— I I 1 1 '
p— —
— 1

DI (o2 eoisI77. LALE
— 4
-
- .

i ST Tyl 7 7 Y 7 e M T T T L L L L LML _4
-y LSS SSSS ""'IYIA.
PR S YR WA S R S TR SN N S SN SR SN N SN SN SN S N S S N
0 0.5 1 1.5 2 2.5

ly"| (leading jet)

Non-perturbative (hadronisation
and underlying event) and FSR
corrections included

* all predictions show a good agreement
with the measured data within the
uncertainties

ATLAS-CONF-2016-046
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Phenomenologz

« Comparison with 13TeV data scougnezal xi petricio, ‘16
%Dala

25m (13 TeV)

%' —&— MG_aMC + PY8 (< 2] NLO + PS)
O i MG +PYB(<4jLO+PS)
L0
Q =d— N_, NNLO ] ] ]
= = Non-perturbative (hadronisation
n - .
1 * . and MPI) and FSR corrections
5 e W+jet included
5 o
o ——
—.—

CMS rreimina ry S

anti-k, (R = 0.4) Jets === .

= >2n 00 ) <24 , the merged NLO generator for all

inclusive Jjet multiplicities describes
the data well

s
)
=
Q ol 7T TRTTT [ 7 « LO MG+PY8 is slightly lower than the
°, ' data in the small HT region
Q 05
= [ Syst. + Stat. unc. (gen)
2 « the NNLO calculation for one inclusive

g 15 jet multiplicity describes the data
§ et well

0.5 [ Stat. unc. (gen)

E— X :
®
% 15
§ 1pe GGG IS
Z 05
“ TUF COsystesatuncgen) CMS PAS SMP-16-005

T00 200 300 400 500 600 700 800 800 1000

Hy, N, 2 1[GeV]
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Phenomenologz

do/dly()l [pb]

MG _aMC/Data

MG/Data

NNLO/Data

Comparison with 13TeV data soughezal xi peticlo, 16
%Da!a

—@—— MG_aMC + PY8 (< 2] NLO + PS)
=~ MG +PYB (<4jLO + PS)

25Mm (13 TeV)

800

700 = N_, NNLO . . .
5004 Non-perturbative (hadronisation
’ -
co0 0 and MPI) and FSR corrections
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400:— — _% : ’ :
300 T o
E. CMS rFreiminary U
200 '
2 “G o e W—|— j e t « the merged NLO generator for all
100 - :0.:.:,:. e inclusive jet multiplicities describes
2;; | P R | | ] | IS BT AT BT the data well
1.5F-
- « LO MG+PY8 is slightly lower than the
'E data
0.5
= (] Syst. + Stat. unc. (gen)
= « the NNLO calculation for one inclusive
15 z_ jet multiplicity describes the data
1— 111111111111111111111111111111111111 i Well
e e B e e s e S S S A A
— §_ [ Stat. unc. (gen)
S
1.5F
vty ittt ot irboiesioofberorortctidortivin)
0'5? [0 Syst. + Stat. unc. (gen) CMS PAS SMP-16-005
0 02 O0Z 08 08 1 12 14 16 18 2 22 24
ly@.)
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Conclusions

« N-jettiness subtraction
« a subtraction scheme for jet production

« confirm the known V/H inclusive, VH and di-photon
productions

« used for H/V/DIS+1J
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