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ideal pQCD laboratory

» simple 2 — 2 parton scattering

produced in abundance

wide kinematic range
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JETS ARE ...

p =
0.35 e ——
T decay (N°LO) F=+ ]
- low Q? cont. (N°LO) e |
- ideal pQCD laboratory 03 | DIS jets (NLO) —— ]
- Heavy Quarkonia (NLO)
4 simple 22— 2 parton scatter ing e'e” jets/shapes (NNLO+res) H*— ]
. - pp/pp (jets NLO) F=— -
produced in abundance 0.25 T EW precision fit (N°LOy—=— |
- pp (top, NNLO) =+ -
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df/)
- a, & running - 2.9 -
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p =
Pt . +
v= L1 (e 4 )
- ideal pQCD laboratory \/E
» simple 2 — 2 parton scattering
: produced in abundance ® 1.O: 3 variables Py Yy
- wide kinematic range ® inclusive jet[2] (some smearing)

- oy & running

- constrain PDFs (high-x g)

® di-jet[3] (reconstructible: 3-D)




b =

JETS ARE ...

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

p =
Pt +v. +v.
= LU (e 4 o)
- ideal pQCD laboratory \/E
» simple 2 — 2 parton scattering
: produced in abundance ® 1.O: 3 variables Py Yy
- wide kinematic range ® inclusive jet[2] (some smearing)

- oy & running

- constrain PDFs (high-x g)

. BSM searches

NNLO

® di-jet[3] (reconstructible: 3-D)

antenna [Currie, Glover, Pires '16]
Stripper [Czakon, van Hameren, Mitov, Poncelet '19]
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ANATOMY OF NNLO CALCULATIONS
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RR "SI IR IR aN > . _
ONNLO = / dJNNLO Z smgle unresolved
P73 Y » double-unresolved

[Mangano, Parke '91; ...]

BREEERa
/ .
RV » single-unresolved
‘|‘/ donnLo A g2
N A ( > 1/e%,1/€

[Bern, Dixon, Kosower '93, '95; Kunszt, Signer, Trocsanyi '94; ...]

AYAVA
+ / donnio > 1/e%,1/e%,1/6%, 1 /e
Pz1

[Anastasiou, Glover, Oleari, Tejeda-Yeomans '01, '03;
Bern, De Freitas, Dixon '02, '03, '04; ...]

finite (Kinoshita—Lee-Nauenberg & factorization)

Non-trivial cancellation of infrared singularities



NNLO USING SUBTRACTION
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S

ONNLO = / (dUNNLO — dUNNLo)
o S T

a3 » donnwo, donnio:

m|m|C daNNLOr dO_NNLO
in unresolved limits

T

+ / (dUNNLo — dUNNLO)
P72 T U

» donnioy donnio:

analytic cancellation of

U polesin doiios donnto
+ / (dUNNLo — dCTNNLO) '
Pz41

finite -0

—- each line suitable for numerical evaluation in D =4



NNLO USING SUBTRACTION
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ANTENNA FACTORIZATION

» antenna formalism operates on colour-ordered amplitudes
» exploit universal factorisation properties in IR limits

0 .. 2 j unresolved O/. - 0 g 2
A (i gk, sy X9(i, 5, k) A% IK,..)
colour-ordered amplitude antenna function reduced ME

+ mapping

{pl7pjapk} — {§I7§K}

» captures multiple limits and smoothly interpolates between them”

limit X3(i,5, k) mapping
287;k ~ ~
p; — 0 PI — Diy PK — Dk
Sijsjk
1 - -
pjllpi — Pij(2) pr— (pi+pj) Px — Pk
Sij
1 - -
Dj | P a ij(z) PI — Diy PK — (pj + pg)
J

* cf. dipoles: X35 (4,7, k) ~ Dij. 1 + Drj.q



ANTENNA FACTORIZATION

» antenna formalism operates on colour-ordered amplitudes
» exploit universal factorisation properties in IR limits

)|2 j &k unresolved\

A L o( L d g kL s | X9, 5, k0| JA%(..,I,L,...)?

colour-ordered amplitude antenna functio reduced ME

+ mapping
piapj7pk7pl} — {ﬁfaﬁL}

» captures|multiple limitsland smoothly interpolates befween them”

limi\ X2(i,7, k)

25k » double soft: j,k — 0
p; — 0 : :
SijSjk » triple-collinear:
pillp Sy Uk & Gl kI
{3 » double collinear: (¢ || 7), (k|| 1)
pi ik — Pij(2) » soft—collinear:

(@), k=0 & (k[1),j =0
» single-unresolved
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T. Gehrmann, E.W.N. Glover, M. Hofer, AH, |. Majer, J. Mo, T. Morgan, J. Niehues,
J. Pires, D. Walker, J. Whitehead

Processes computed using the antenna subtraction method
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INCLUSIVE JET PRODUCTION
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Measwr‘ﬁmex\'%l
0
2 PT;3
P12
n reconstructed jets n binnings to do,. do do do
in the event the histogram i 4 T J2 T J3
dpt dpgt dpg  dpy

e many scale choices possible:

€ » ]
»  “event based PT.max » P1) > Hp ) ..

»  “jet based” Dty -

— -+ .-



NNLO Ratio to data

INCLUSIVE JET PRODUCTION — SCALES pr V.S. P11
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ATLAS, 7 TeV, anti-k; jets, R=0.4, NNPDF3.0 H=PT1 .
e = ¢ NNLO (anti-ky R=0.4)
Ho = Pr,1
Ho = Pt

— 1.0<]|yj<15
|

» both scales coincide

—  15<]yj|<20 ,

® IOW'pT x

T

—  2.0<|yj<25

l » significant differences 15-20%

—  25<]|yj <30

» non-overlapping bands

+ NLO — NNLO

100

1000 2 pT closer to data
pr (GeV)

Large effects from scales ambiguity! 12



INCLUSIVE JET PRODUCTION — SCALE CHOICES (R=0.4)
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[Currie, Gehrmann-De Ridder, Gehrmann, Glover, AH, Pires "18]

NNLOJET . \(§=1I 3 TeVI anti-lkT jelts Ifi:(l).4l | NNLOJET . \(§=1I 3 TeVI anti-lkT jelts FI{=0I.4 —
= u=p —~LO =NLO ~=NNLO = w=2p -LO =NLO =NNLO
qla g PT = ! 2 PT
<212 =
L — —
o 1E =
08 — =
= . . ——t— = : . —— -
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ke 12 E_ E_ —
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= : : b = — =
Q14 w=A /2 ﬂ- 9 L0 -NLO -NNLO S I:I -LO =NLO =NNLO —=
Z12 E T = T 3
() — — —
o 1FE }d
08 — —
— . . . . . Lo . — , . . ’ . Lo ]
2x10? 4x10? 6x102 10° p. (GeV) 2x102 4x10° 6x10° 10° p_ (GeV)

» most common choice: = pr & [ = PT max
— worst perturbative behaviour
» harder scales preferred: 1 =2pr & pu= Hr
— show good properties
» origin: infrared sensitivity of the inclusive-jet observable
< driven by 2" leading jet distribution p?2 (very small @ NLO)
— mismatch between real & virtual corrections (alleviated with larger R)



INCLUSIVE JET PRODUCTION — SCALE H;

o — NLO [Currie, Gehrmann-De Ridder, Gehrmann, Glover, AH, Pires ’18]
NNLOJET CMS 13 TeV anti-k, jets R=0.4 (l.LR=.MFl=HT) —NNLO

- 00<lyl<05  PDF4LHC15_nnio E

1.5

= NLO
—— NNLO

¢
0.5

05<lyl<io0
15 %

0.5

s 1.0<lyl<1.5

e desirable properties

0.5

v small NNLO corrections v

1.5 <lyl <20
1.5

»  overlapping bands v

0.5 |
15 20<lyl <=2.5 | | RN . o
E 3t RESESEIV mHl } »  convergence of individual spectra v/
1 . 1 TT]]
0.5 *
25<lyl <=3.0 | | T !

1.5

@ good description of exp. data

0.5
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ratioto NLO ratioto NLO ratioto NLO ratioto NLO ratioto NLO ratioto NLO ratioto NLO

0.5

i
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INCLUSIVE JET PRODUCTION — LES HOUCHES —
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10°F = LOR=07 === S.MCENLO (Sher ;) sresneeenseees
= . NLO —-= NLO @ PS (HerwiZ?) ] ® ﬁxed Order PS -_——
c 10% g NNLO i POWHEG ;
T 0<lyl<15(x10) { ¢ » NLO+PS ~ NLO
:‘Gi 1025' 3 :.'
g4 | | | 1
R S B B » R ~ 0.7 found to be a sweet spot
% 100% E _
o , , alll 4 » “hard” NNLO not captured by PS
O 1.2F
= NNLO
o 10} '—"—E—---_--':-';L--_-muuuun .
s | | NLO
N | | | . . - | LO
100 200 300 ‘ {100 500 600 700 1
I [GeV]
» R dependence: +fNLO o ememsmeeems [ NNLO

> pr> 196 GeV

0.9F

Ho = HT
> accidental 6, ~0 @ R~04

> Smau R > I‘esummation [Dasgupta, Dreyer, Salam, Soyez '16] [Liu, Moch, Ringer '17 '18]



THE PLAN.

Antenna Subtraction

the NNLOJet Framework
Inclusive Jets

IR Sensitivity & Scale Choices
Di-Jet Production

3D Measurements
Impact on PDFs

Interpolation Tables



ratio to data

ratio to data

DI-JET PRODUCTION — SCALES m; V.S. (pr)
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0.0 < |y*| < 0.5

[Currie, Gehrmann-De Ridder, Gehrmann, Glover, AH, Pires '17]

1.5 < |y*] < 2.0

NNLOJET ATLAS 7 TeV, anti-k_jets, R=0.4, 0.0 <ly*| <0.5 E

\ ” / - o

NNLOJET ATLAS 7 TeV, anti-k_ jets, R=0.4,1.5 <yl <2.0

1.5 é— - —é £ 15 f— o —é
| ——ilete (797 ] T,
B e 1) S e R

oy = N = E A P ¥ LA
: M (pT) £ i E
X - R S = =

5x10 10 2x10 3x10 5x10 5x10
m. (GeV)
— 10 E==NLO =——NNLO
e central both scales good behaviour
o forward (pr) larger NLO corr. & unc.

At NNLO scales mutually compatible!

17
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TRIPLE-DIFFERENTIAL DI-JET CROSS SECTION

>

study different
kinematic regimes

0<y,<1 O<y'<t1 o(pb)

NNLOJET

10°
107

10°
< 10

1
1072

1072

107
107 0%, 107 1
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10°° 10 107" 1
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1
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1<yb<2 T<y*<2 o(pb)
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NNLOJET
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10
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1
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1072
107
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10°
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1
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102
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10 1072 10 1
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10°

NNLOJET

10*
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107 10?
10
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> disentangle momentum

fractions x; & x,
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TRIPLE-DIFFERENTIAL DI-JET CROSS SECTION @ NNLO

[Gehrmann-De Ridder, Gehrmann, Glover, AH, Pires '19]
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= NLO

improved description of data & reduced uncertainties!
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FAST INTERPOLATION GRIDS: APPLFAST

cubic interpolation of
reweighted CTEQ6.1M gluon

wW(x) =X 32 (1-0.99 x)3

;= 500 GeV

CMS di-jet do/(dp7? - dys, - dy*) (1/s=8 TeV), 0.0< y* <1.0, 0.0< y;, <1.0

1.UlJ

_ o0 APPLfast -vs- “vanilla” NNLOjet
g4 [ | TTTT |
% 1000d 4 A4 A4 AA {{{{{{“““ﬁi{{{**ﬂﬂi » stat. error: S 0.5—1%
2 0.995 - 1L 1 ]
I > interp. bias: < 0.05 %
0.985

107
s [GeV] 20



Ratio to MMHT14

Ratio to MMHT14

TRIPLE-DIFFERENTIAL DI-JETS @ NNLO

® 6 6 0 6 0 0 06 0 0 0 0 O 0 O 0 0 O O O 0 O 0 0 O O O 0 O O O O O O O O O 0 O 0 O O O O 0 O O O O 0 O O 0 O O O 0 O 0 O O O O O O 0 O 0 O O 0 0O 0 0 0O 0 0 0 0 0 0 0 o o

[APPLgrid, fastNLO, NNLOJET]
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0] Q°=1.9GeV?

10-4  10-3 102 10!

X
@ NLO
@ NNLO

TRIPLE-DIFFERENTIAL DI-JETS & HERA DATA

8 TeV NLO
Fit x* /ndf
| DIS only 1.151
® prp=prae® | 1.155
- KR/ F = 12

» gluon suppressed

10°

xg(x, Q?)

intermediate x, enhanced

[Jakob Stark (master thesis), Klaus Rabbertz (supervisor) '21]

8 TeV NNLO
Fit x> /ndf
4 - | DIS only 1.159
W pre=prae® | 1.150
[ | ,UJR/F = M2 1.147
3 -
2 -

0_

Q? = 1.9GeV?

1074

1073

1072
X

large differences between the two scales

nice agreement between the scales

10-1

0.3y*
B pp e
e

high x

22



TRIPLE-DIFFERENTIAL DI-JETS — PDF & a;

00000000000000000000000000000000000000000000000000

------------------------------------------------------

[Jakob Stark (master thesis), Klaus Rabbertz (supervisor) '21]

8 TeV NNLO
Fit ‘ x* /ndf Qs
pr1e®3 | 1.148  0.1155(12)
N mia 1.147  0.1163(12)

8 TeV NLO
Fit ‘ x* /ndf Qs
4 - pr1e® | 1.156  0.1191(15) 4
O mi2 1.386  0.1198(15)
3 -
o o
X X
R S

0 - Q?* =1.9GeV?

-y,
- -
- ~
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

Q? =1.9GeV?

1074 1073 1072 101 10° 10
X

—4 1073 1072 1071 100
X

e NNLO - as before, good agreement between scale choices

Ozs(Mz) = 0.1155 £ 0.00lQ(eXp)

as(M,) = 0.1163 £ 0.0013(exp)

+0.0008 0.3v*
“o.0017(scale) pr€ "

+0.0010



JET DATA IN A GLOBAL PDF FIT [NNLOJET + NNPDF ’20]

Fit danw Q= 100.0 GeV L 15 g at 100.0 GeV
14 - 5 I Baseline (bn) (68 c.l.+1d)
I Jets, 7and 8 TeV {janw) (68 c.|.+1a)
12 1.10 1 Dijets, 7 and 8 TeV (danw) (68 c.l.+ 1ad)
: g
2 101 = 1.05 -
g :
E 8- T
s 8 “ 1.00-
= oo
2 6] 2
S S 0.95 - 1 1
5 2 incl. jets
a 4] e
. 0.90 - o
di-jets
0 : : 0.85 :
102 10! 102 10!
X X

@ main impact on gluon PDFs

N 7 N

»suppressed (0 0.01 $Sx S 0.1 enhanced @ 0.1 Sx <504
e qualitatively similar effect V.S.
» di-jets: stronger pull, better pert. behaviour, better fit

@ no deterioration of other data 24



CONCLUSIONS

» precision for jet observables

< crucial in the full exploitation of the (HL-)LHC

N> jetS @ NNLO & recently pp —> 3JetS [Czakon, Mitov, Poncelet '21]

> inclusive jets < di-jets closely related but can exhibit different features

+ both generally well behaved for larger R, but for smaller cone sizes...
+ nclusive jets — R/V mismatch, scale ambiguities, IR sensitivity, ...

+ di-jets — plagued with issues at NLO but very robust at NNLO

> jet data provides genuine new information to fits
+ mutually compatible as well as with other global data

% shift < reduced uncertainties of gluon distribution



CONCLUSIONS

» precision for jet observables

< crucial in the full exploitation of the (HL-)LHC

N> jetS @ NNLO & recently pp —> 3JetS [Czakon, Mitov, Poncelet '21]

> inclusive jets < di-jets closely related but can exhibit different features

+ both generally well behaved for larger R, but for smaller cone sizes...
+ nclusive jets — R/V mismatch, scale ambiguities, IR sensitivity, ...

+ di-jets — plagued with issues at NLO but very robust at NNLO

> jet data provides genuine new information to fits
+ mutually compatible as well as with other global data

% shift < reduced uncertainties of gluon distribution

THANK YOU!
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TRIPLE-DIFFERENTIAL DI-JETS @ NNLO
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TwoO CALCULATIONSI

00000000000000000000000000000000000000000000000

e NNLOJET [Currie, Glover, Pires '16]

_I_ STRIPPER [Czakon, van Hameren, Mitov, Poncelet '19]

> excellent agreement

» sub-leading colour negligible
(missing in NNLQOJET)




ANTENNA SUBTRACTION — BUILDING BLOCKS

.
> X(...) based on physical matrix elements x =4 B, 0D, £,F, G, H
0/- - 2 Or: 2
x0(i,j, k) = MBELRIE v oy - A6 G KD
A (L, K)? A (L, L)|?
1 2 1 2
Xi(i k) = PSR g gy AL )T
|A2(17K)|2 |A2(17K)|2
i |2
0,. . A . . o |?
A (g, G k) = SV

» integrating the antennae <— phase-space factorization

d®,1(. .., pi,Pj, Py - - -)
=d®,.(...,p1,PK,--.) d(I)Xijk(pi,pjypk;ﬁI + pK)

X013, 5, k) :/d@xiijg’l(@',j, k), Xf(z’,j,k,l):/dCDXijMXff(i,j,k,l)
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ANTENNA SUBTRACTION — BUILDING BLOCKS

All building blocks known!

X3, X, X5 and integrated counterparts X7, X7, A;

V configurations relevant at hadron colliders:
— final-final

— Initial-final
[Daleo, Gehrmann-De Ridder, Gehrmann, Luisoni, Maitre '06,09,12]
— Initial-initial

[Boughezal, Daleo, Gehrmann-De Ridder, Gehrmann, Maitre, et al. '10,11,12]

30



ANTENNA SUBTRACTION @ NLO — ¢gg — ggZ

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

dsT 46T ~ g a0
____________________________ Y o ________.
A
d6° daSNXgMS

R S
/{dOZ+1jet - dUZ+1jet}

pm /d(I)Z_|_2{ |A2(1q73g74g72672)|2 j((I)Z—|—2)
— —— 2 =
— d3(1q,3g,4g) |AS(1g, (34),,24,2)|” T(Pz41)

L
— d3(24,4¢,3g) [A3(14, (30)4,24,2)° T(Bz11) } + (3 & 4)
/{d0¥+1jet - d"gﬂjet}
1 2
:/d(I)Z—I—l{ |A3(1q73g72(jaz)}
1 2
+ 2 [DY(s19) + DY (s525)] [ A43(14,35,24,2)* } T(@z41)
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ANTENNA SUBTRACTION @ NNLO

do? : d&U’A”@g@ * @)@ d6"P ~ gai) @ I My AU~ P MY

w@@@@ o
dot A 1 A
n+1Mn+1 34n X ‘3 XA3d9

L
>

455 dga dgd dge deSb2 daS:b1
» double real: do® ~ X3 |AY 117, X9 A%, X9 X3 AP

» real-virtual: do' ~ &3 |An1l?, X5 |AL, X3 |AR)°
» double virtual: do" = (collect rest) ~ X ]./42;1\2
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ANTENNA SUBTRACTION — CHECKS OF THE CALCULATION

Analytic pole cancellation Unresolved limits
» Poles (daRV _ d0T> — 0 » do° — dott® (single- & double-unresolved)
» dot — dotV (single-unresolved)

> Poles (daVV — daU) =0

bin the ratio: doS/doRE unresolved,

DimReg: D = 4 — 2¢

qq— 7Z+g3g4gs (g3soft & g4 | q)

09:26:35 |
$ form autoqgBlg2ZgtoqU.frm 1000 | | | Softcollnear -3, 21 | | |
FORM 4.1 (Mar 13 2014) 64-bits #phase space ponts = 1000 =

#_ 1 outside the plot ( 0, 0) x=10" =3
0 outside the plot ( 0, 0)
800 0 outside the zlot (0, 0

poles = 0;

6.58 sec out of 6.64 sec 600 -

400

200
0 . ——-:u::ﬁ-%ﬁ:m:&- —

0.9999 0.99992 0.99994 0.99996 0.99998 1 1.00002 1.00004 1.00006 1.00008 1.0001

(approach singular limit: z; = 10~ ", 10~ %, 107 7)
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WHAT ABOUT ANGULAR TERMS2!

> Antenna subtraction: X}, |A4,.|° <« spin averaged!
» angular terms in gluon splittings:
2 kM kY

Pssqq = G —g"" +42(1 — 2) .2
1] i

—s subtraction non-local in these limits!
— vanish upon azimuthal-angle (») average (= do not enter x)

sol. 1: supplement angular terms in the subtraction
sol. 2: exploit » dependence & average in the phase space

A
. KD EY
A 5= A ~ cos(2¢ + o) i
k2 ; :
= add ¢ & (p+m/2)!
# s PSeen — | WPir Pis }] (ill5) [{pz,w i
= {p;’ p;’ } {pf+ /27 pj'ﬂ_ /27 }



