PRECISION PHENOMENOLOGY AT THE LHC

Standard Candles and the Higgs to lighten the path to discoveries
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A REMARKABLE SUCCESS STORY...
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Standard Model Production Cross Section Measurements

Status: March 2019
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..BUT NOT THE FULL STORY

o origin of dark matter
e hierarchy problem
e matter anti-matter asymmetry

o hierarchy of scales
(generations)

o unification with gravity

« what is the Higgs potential?

This equation neatly sums up our e establish the Yukawa’s Yij

current understanding of fundamental
particles and forces.




NEW PHYSICS — DIRECT SEARCHES

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits

Status: March 2019
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NEW PHYSICS — HIDING IN SMALL & SUBTLE EFFECTS?

Z’ in dileptons
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“bump hunting”

= little to no theory input needed requires solid understanding

and control of SM backgrounds




PRECISION MEASUREMENTS & INDIRECT SEARCHES
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HIGH-PRECISION THEORY PREDICTIONS!

» (HL-)LHC — per-cent level!

» Focus — clean processes with
high momentum transfer

»  perturbative QCD

» with o, ~ 0.1
» NLO ~ 0(10%), NNLO ~ O(1%)
» exceptions: Higgs, new channels, ...

» predictions as close as possible
to the experiment

» fiducial cross sections &
differential distributions
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» (HL-)LHC — per-cent level!

» Focus — clean processes with
high momentum transfer

»  perturbative QCD
» with a, ~ 0.1

»  NLO ~ O(10%), NNLO ~ O(1%)

» exceptions: Higgs, new channels, ...
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» fiducial cross sections &
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THE PLAN.

1. Precision Predictions for the LHC

»  The Antenna Subtraction Formalism

2. Hard QCD Probes
»  Photon & Jet Production at NNLO

3. Differential Higgs Production

»  The Projection-to-Born Method



THEORY PREDICTIONS FOR THE LHC

/
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parton distribution functions

(non-perturbative, universal) non-perturative effects

(no good understanding)

ultimately, imiting factor?

hard scattering

(perturbation theory)



HARD SCATTERING — PERTURBATION THEORY
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leading order (LO)

“tree level”



HARD SCATTERING — PERTURBATION THEORY
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HARD SCATTERING — PERTURBATION THEORY
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HARD SCATTERING — PERTURBATION THEORY
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infrared singularities



HARD SCATTERING — PERTURBATION THEORY
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NNLO — BOTTLE NECKS
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TIMELINE FOR NNLO @ HADRON COLLIDERS
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TIMELINE FOR NNLO @ HADRON COLLIDERS
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ANATOMY OF NNLO CALCULATIONS

T AAA A2 A%
RR | AL LI > . _
ONNLO = / dJNNLO ! single-unresolved
P73 ' » double-unresolved
TS —————————

RV : | » single-unresolved
—I—/ donnio S LU 5
D740 5 1 > 1/c%, 1/e
TS ST ——>——
VvV = E
+ / donnio =k > 1/, 1/€%, 1/€%, 1/e
P71 s B
ST TS TS —>—

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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finite -0

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



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




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)



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]




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 - do_%—kljet}
1 2
_ /d@zH{ AL (1q, 3¢, 24, 2)]

1
+5 [D3(s13) + D3 (s23)] |A3(1g, 3g, 24, Z)‘Q} T (2z+1)



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



ANTENNA SUBTRACTION — CHECKS OF THE CALCULATION

Analytic pole cancellation
> Poles (daRV — daT> =0

> Poles (daVV — daU) =0

DimReg: D = 4 — 2¢

09:26:35
$ form autoqgBlg2ZgtoqU.frm
FORM 4.1 (Mar 13 2014) 64-bits
#_

poles = 0;

6.58 sec out of 6.64 sec

Unresolved limits

> do® — dotR
» do! — dottV

(single- & double-unresolved)

(single-unresolved)

bin the ratio: doS/doRE unresolved,

qq— 7Z+g3g4gs (g3soft & g4 | q)

Soft collinear - 3, 2/4

1000

T T T T T
. x=10"7 =3
#phase space points = 1000 =1 O:g —
1 outside the plot ( 0, 0) x=10" =3
0 outside the plot ( 0, 0)
800 0 outside the plot ( 0, 0)
600
400
200
0 . R —-:H:Eﬁ | %:Fth- e

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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/S SIS TSI S TS
J IS I e

X. Chen, J. Cruz-Martinez, ). Currie, R. Gauld, A. Gehrmann-De Ridder,
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

> pp =V @ > pp — H (ggH) @

> pp = V +j @ > pp =+ H+j (ggh) @
SV > (V:Z/v*,Wi) » pp — H+ 25 (VBF) @

» pp — jets (inc.jets,2)) @ —~H — vy, 77, Vv, VV

> pp =7 +7J @ > pp — VH @

> ep — 1y @ — H — bb

> ep — 29 @ >

> cte” — 3jets @
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/S IS SIS S T
I, e

X. Chen, J. Cruz-Martinez, ). Currie, R. Gauld, A. Gehrmann-De Ridder,
T. Gehrmann, E.W.N. Glover, M. Hofer, AH, |. Majer, J. Mo, T. Morgan, J. Niehues,
J. Pires, D. Walker, ). Whitehead

Processes computed using the antenna sub

\ 4

pp — V

pp =V +7J
sV —
pp — jets
pp — ¥~ o CO\O ~pp — VH @ NNLO

ep\/ . o T — H — bb
ep, Q¥ _~GNNO e
e+e P

\
. \5 $ 0
: _~GNNLO
) @ NNLO

\ 4

vV v vyyvyy

@ NNLO

=



THE PLAN.

1. Precision Predictions for the LHC

»  The Antenna Subtraction Formalism

2. Hard QCD Probes
»  Photon & Jet Production at NNLO

3. Differential Higgs Production

»  The Projection-to-Born Method



PHOTON & PHOTON++JET PRODUCTION

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

p R
’ o pp = v+ X
> I
p ¢ » highest-rate electroweak process @ LHC
> photon as probe of hard scattering

~ sensitivity to{asfgluon PDF)

Experimental Uncertainties --...

~ ATLAS |
_ Vs=13TeV, 3.21fb™ i
- [ATLAS 1801.00112] .

o
—

\/

~+3—-5%

Relative uncertainty

- Data statistics R
- — total systematic 4 +

_0. 1 jetenergy scale Jcf NLO: ~ X 10 %
[ photon energy scale
BERIL photon identification

200 300 B '1'0'00 ! = NNLO needed!

E) [GeV]



PHOTON & PHOTON++JET PRODUCTION

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

p R
’ o pp = v+ X
> I
p ¢ » highest-rate electroweak process @ LHC
> photon as probe of hard scattering

~ sensitivity to{asfgluon PDF)

Experimental Uncertainties --... Photon Isolation
§ | ATLAS | s T T Fixed Cone
S 0.1- Vs=13TeV, 3.2 b N : B
€ [ [ATLAS 1801.00112] — s T | T ¢ experiment
e — :
= \ 4
£
~+3-5%
Mismatch ~ few—10 %
- Data statistics E
- — total systematic . .
—0.{ jetenergy scale = c.f NLO: ~ & 10 %
[ photon energy scale
| oo photon identification |

200 300 o000 = NNLO needed! R Smooth Cone [Frixione '98]
E¥ Gevp Y theory




PHOTON & PHOTON++JET PRODUCTION

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Relative uncertainty

Experimental Uncertainties --...
[ ' o -
 ATLAS
0.1 Vs =13 TeV, 3.2 fb" N
- [ATLAS 1801.00112] B
v
~+3—-5%

Data statistics
- — total systematic

—0.{ jetenergy scale .
I photon energy scale ]
| mames photon identification | ]

200 300 1000
E) [GeV]

¢f NLO: ~=x10%

= NNLO needed!

pp — 7+ X

» highest-rate electroweak process @ LHC

» photon as probe of ht_f;ering

P

Fixed Cone

< experiment

H)’b rid [Siegert '16]

< smaller mismatch?

Smooth Cone [Frixione '98]

S theory



pp — v+ jet @ NNLO

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

NNLOJET pp—7v+]J (N > 1) \ﬁ — 13 TeV [Chen, Gehrmann, Gehrmann, Glover, Héfer, AH '19]
J - pu—

LO
NLO /= |

LO
+40 %
| —— NLO

+10 % uncertainties

jo-1 [ NNPDF31 ,
. UR =M =Dp

do /dpr [fb/GeV]

= | ph>100Gev

103 L | bl<237

E | Y] <237 excl.[1.37,1.56
107% b | g sos

p—
3
()]

Ratio to NLO

S 2
N o0
T T
I 1

125 200 300 500 1000 2000



pp — v+ jet @ NNLO

- NNLOJET pp—Y+j (N;j>1) Vs =13 TeV
FT I I T I T T T [ LO | ?
3 NLO /= -
103 F ATLAS +—e—i -
10% £
= 10! b
(D)
O
= 109 5
= :
§ 10-1 _ NNIiDFS._1 , i
= F HR = HF =Pp
© —2
1 = ; i
< 10 P > 100 GeV
10-3 L | /<237 i
yY| < 2.37 excl. [1.37,1.56]
107% £ | R¥isos 3
10—5 ! ! ! ! L !
1.3 p | | | - ] T
o 1.2 + _
= 1.1 T S
Z ++++ﬂ+ 4* I
i — g 1
9 0.9 7—{—4 - LT
E | —
& 0.8
0.7 F -
0.6 4 ' ' ! L ,
125 200 300 500 1000 2000

p7|GeV]

[Chen, Gehrmann, Gehrmann, Glover, Hofer, AH '19]

> o

+10 % uncertainties

LO

NLO

measurement

+5 % uncertainties

different shape (?)



pp — v+ jet @ NNLO

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

o NNLOJET _ ppryti (2D VE=13TeV
=5 =
10° ¢ e NLO =1 |
NNLO
10° E.E:Eos ATLAS —e— =
==
> 10l L
5 —=
g 109 L == :
= . ]
_§ 101 _ ENF;DF&: , _=
~ ; R = HF =P -
S 102k [ —— :
pT>1OOGeV
103 L | b/l<237 =1
¥Y| < 2.37 excl. [1.37,1.56] -
107% b | g sos —
10_5 : : ' s | L |
13§ . | - |
o 1.2 ]
= 1.1 - ) |
zZ +4_.—}—:—{—+_;_+ = F =
2 3 !
Q 0.9 7¢< x I
E i —
& 0.8
0.7 l
0.6 | . |

125 200 300 500
py[GeV]

1000

[Chen, Gehrmann, Gehrmann, Glover, Hofer, AH '19]

> +40 %

+10 % uncertainties

LO

NLO

measurement

+5 % uncertainties

different shape (?)
NNLO in excellent agreement

~ 5 % corrections

< 5 % uncertainties



PHOTON PRODUCTION @ 13 TEV

p; [GeV]

p; [GeV]

NNLOJET pp—=v+X Vs=13TeV [Chen, Gehrmann, Glover, Hofer, AH ‘19]
10* 4 10% 4
10° %** NIES — 10° %.E.iﬁ Nig = 3
102 =, NNLO T = NNLO * 1 .
> o .t ATLAS +—e— Z o == ATLAS +—e— hyb Il d ISO lat| on
S == 10 =1 1
s 0 e S 10 -
g 107 =, N = _
< 102 | NNPDF 3.1 —— < 102 | NNPDF 3.1 =
S 0L .UR:.UF:P;/" | S 0L IJR:.uF:P; L NLO (,\/> 1 )
0+ L[ y']<0.6 — 104 L [0.6<|y" <1.37 ]
105 ' ' 1075 ' : — > 4 rr Ion
| +40% corrections
o }; T o 1l L . .
2 1 2 bbb » +10% uncertainties
8 1 — 2 09
g . o
M o7 e © 07 . —4— NNLO
0.6125 260 300 560 IOIOO 20I00 0.6125 2(I)0 360 560 IOIOO 2000 o
Pl (Gev] PGV, » ~ 5% corrections
il LO e LO > h d : :
3 ey NNLO 3 —.— NNLO
> e, ATLAS +—o— > = ATLAS o . .
g 0y - g 0y ey » < 5% uncertainties
—~ - ~ - Y
2 2| 'E’ZF 2 2| ==
=~ ~ I
Q Q =
% 10+ NNPDF3.1 = % 10+ NNPDF3.1 I
kS HR = UF = pr I S HR = UF = pr . o
107 ¢ 1.56 < |y?| < 1.81 107k 81 < yY| < 2.37 — > preV|OUS NNLO CalCUlatIOn
o — | - AP TN [Campbell, Ellis, Williams "17]
o 13+ o 13+ . .
=l ! =l 1 - (dynamical cone isol.)
g 11 TLI I 1 . 2 11k ]
g [T I It N e e R +1
0.8 L L L L 0.8 L L L ﬁf—\;
125 200 300 500 1000 2000 125 200 300 500 1000 2000



do /dpr [fb/GeV]

PHOTON PRODUCTION @ 13 TEV

NNLOJET pp—Y+X V5=13TeV [Chen, Gehrmann, Glover, Hofer, AH “19]
10* 4 . . . . . 10% 4 . . . . :
N LO —— LO
103 L .-t NLO o 1 10° b e, NLO = 3
102 | =, NNLO I = . NNLO ] o g e .
> o .l . ATLAS —e— Z 1o == ATLAS —e— hyb Il d ISO I.at| on
@) ‘=‘='l=.=l O v=o=|,=.=| _
g 10° H—Lﬁ E 10° anm
§ Y NNPDF 3.1 B 5 Y NNPDF 3.1 *Eﬁ
~ 102 L[ . — ] ~ 102 L[ . ]
3 103 | UR = UF = pf — ] 3 100 | Ur = WF = pf T ] NLO (f\/> 1 )
10 L[ <0.6 [I— 104 [ 0.6 <y’ <1.37 ] .
o — » +40% corrections

» +10% uncertainties

Ratio to NLO

Ratio to NLO

Ratio to NLO

i | NNLO

PIGeV] » ~ 5% corrections
n=ng » shape distortions
TS, » < 5% uncertainties
102 | 'E’ZF
10+ . NNPDF 3.1 . = \I;I‘IQ\IPDF 3.1 .

HR = UF = pr =HUF =pr . .
0L S < 7] < 181 L N <27 » previous NNLO calculation
o ' - 0 \\ TN [Campbell, Ellis, Williams "17]
1.3 + E o 13+ . .
s | “I’“H % ﬁ/g | (dynamical cone isol.)
IENSRREES ER SETET SR U5 Dt B !

0.9 \Lil & 09l o k

125 200 300 500 1000 2000 125 200 300 500 1000 2000 Small SyStematiC trend in the tailS?

p; [GeV] p; [GeV]



ELECTROWEAK INTERACTIONS

» generic size: O(a) ~ O(as?)

» systematic enhancements possible:

SUDAKOV LOGARITHMS FINAL-STATE RADIATION

(kinematic tails) (resonances, shoulders, ...)

1
J
.. . 2
~ In? ( SZ‘; ) + sub-leading (collinear) . ~ ot In" (Q—)
MW . %

0(10-20%)

0(10-100%)

corrections!

corrections!



Ratio to LO QCD

Ratio to LO QCD

EW CORRECTIONS USING ANTENNAE

® © 06 06 0 0 0 0 06 0 06 0 0 0 0 0 O 0 O O O 0 O O 0 O 0 O O O O O O O O O O O O O O O O 0 O 0 O 0 O O O O 0 O 0 O O 0 O O O O O O 0 O 0 O 0 0 O 0 O 0 O O 0 0O 0 O 0 0 O 0 0O 0 O 0 O 0 0 0O 0 0O 0 0 0 0 O 0 0 0 o o

NNLOJET pp —Y+X
0.04 T T T T 0.04
— LOEW (y-ind) —— NLO EW (brems)
0.02 - —— LOEW (di-y) —— NLO EW (4g) 0.02 |
NLO EW (y-ind.)
0 0
-0.02 + -0.02 +
@)
Q
-0.04 + < -0.04 +
Q
—
-0.06 - o -0.06 t
L
=
008 ' NNPDF 3.1 0081
01F URr=UF = P’} 0.1
-0.12 + -0.12 +
[yY| < 0.6
-0.14 + -0.14 +
125 260 360 560 1 ObO 1
p’T/ [GeV]
0.04 T T T T 0.04
— LOEW (y-ind) —— NLO EW (brems)
0.02 - —— LOEW (di-y) —— NLO EW (4g) 0.02 |
NLO EW (y-ind.)
0 0
-0.02 + -0.02 +
[a)
Q
-0.04 + o -0.04 +
Q
—
-0.06 - o -0.06 t
2
=1
008 ' NNPDF 3.1 w008 )
0.1 F MR=MFZP; 0.1+
-0.12 + -0.12 +
1.56 < |y¥| < 1.81
-0.14 + -0.14 +
125 260 360 560 IObO
p; [GeV]

125

/5 =13 TeV
— LOEW (y-ind) —— NLO EW (brems)
— LOEW(i-y)  —— NLOEW (49)
NLO EW (y-ind.)

NNPDF 3.1
Ur = UF = P}T/

0.6 < [y"| < 1.37
25 260 360 560 ]ObO
p% [GeV]
— LOEW (y-ind) —— NLO EW (brems)
— LOEW(i-y) —— NLOEW (4¢)
NLO EW (7-ind.)
NNPDF 3.1
UR = UF = P?

1.81 < |y <2.37

200 300 500

p% [GeV]

> dipole subtraction:

YO Dy ® (.1

it
» antenna subtraction:”

> Y AN k) @ | ... 1. .

i j<i

DIk

= reduction in # of terms by < 2!

* fully algorithmic & general



JET PRODUCTION AT THE LHC

p ) p+p — jet(s) + X

» jets produced in abundance

> precise measurements (pr ; = 20 GeV)
» wide kinematic range accessible

19.7fb—1 (8 TeV)

r— 108 1 I
> —— 0=<yp<1l 0= y*<1(x102)
g 107 | CMS —V—OsyZ<1 1< y*<2(x102) H
. 0= 1 2=y*<3(x10?
> test perturbative QCD = 1) e 129952 02yl (x10h -
: - 1l=syp<2 l=sy*<2(x101)
— study scale choices S sl — 2=y:=3 D=y<1(x100)
*
: > 104 | NLOJET++ (NLO®EW®NP)
> constralp .PDFs ] g NNPDF 3.0
— sensitive to gluon <R 10°F H=Ppr.maxe 2 15
. > anti-ktR=0.7 2
— probe wide x-range o 102 | 1 &
5 -
o) m
101 1 5
» as(Mz) and running oo L | 3
o
» search for BSM physics 1078 r 1o
10-2 | {
: .. . N
high-precision predictions Lo | | 5
mandatory! > = 3
104 ' s -

200 300 500 1000
PT,avg [GeV]



TRIPLE-DIFFERENTIAL CROSS SECTION

~
AR
O
<t
N~
o
N
@)
-
%)
>
£
o
o
-}
L
%)
=
O,

» study different
kinematic regimes

O<y, <1 O<y <1 o(pb)
10°

NNLOJET

10
10°
10°
10

1

O<y, <1 1<y'<2 o(pb)
10°

NNLOJET

10*
10°
10?
10

1

O<y <1 2<y*<3 o(pb)
10°

NNLOJET

1
10*
10°
107 1
10

1

102 102 102
107" 107" 107"
102 102 102
10°° 107 107 107° 107 107
107 0%, 107 1 10° 0%, 107 1 10 102 10 1

1<yb<2 O<y* <1 o(pb)
10°

NNLOJET

10*
10°
10?
10
1

1<yb<2 T<y*<2 o(pb)
10°

NNLOJET

10*
10°
10
10

1

2<yb<3 Oo<y*<1 o(pb)
10°

NNLOJET

10*
10°
107" 102
10

1

1072 1072 102
107 107 107
1072 1072 102
107 107 10°° 107 10°° 107
10° 0%, 107 1 10 10% 107" 1 10 102, 107 1
1 1 1

» disentangle momentum

fractions x; & x,



TRIPLE-DIFFERENTIAL CROSS SECTION @ NNLO

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

O<y*<1

I <y*<?2

2<y*<3

NNLOJET 8 TeV NNLOJET 8 TeV NNLOJET 8 TeV
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B NLO

improved description of data & reduced uncertainties!



FAST INTE RPOLATION GRIDS: APPLFAST [APPLgrid, fastNLO, NNLOJET *19]

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
g 054 [ | TTTT |
2 1.000 - FEERNFER {{{{{{w#&**uﬁi{{{*uﬁ{ » stat. error: 5 05—1 %
2 0.995 - 1 1 i : :
I > interp. bias: < 0.05 %
0.985

103
pr? [GeV]



THE PLAN.

1. Precision Predictions for the LHC

»  The Antenna Subtraction Formalism

2. Hard QCD Probes
»  Photon & Jet Production at NNLO

3. Differential Higgs Production

»  The Projection-to-Born Method



THE HIGGS BOSON

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

« experimental era of Higgs physics just starting
» scrutinise all properties

» couplings/interactions

» probe the potential

« notoriously bad perturbative convergence (need N3LO)
g 90F pp—H, Vs =13TeV, m, =125 GeV
T [ & Preliminary data XH = VBF + VH + ttH + bbH
g_ 80F m QCD scale uncertainty
o | H—yy, H—ZZ*—4l combined m Tot. uncert. (scale, ® PDF+a)
70
10 S
i } I N3LO
so- - - N
z I NLO
40
30F
5 I LO
20
B 42

1
Data Theory



DRELL—YAN (pp — Z) @ NNLO: WHEN?
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N e}

[Catani, Cieri, Ferrera, de Florian, Grazzini ’09] ]l p—

e e
T pp=>(Z+y")+XoeTe  +X Vs=14 TeV Mp=Mg=TMy |
| MSTW2008 MRST2004 |
60—  NNLO TR /NLO o
- g‘ - \NLO T, .
- S NNLO |
40 — TN | / """" —
I Lo |
20 — d 1
2008 O i Il | 1 1 1 1 | 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 |
‘ —4 -2 0 2 4
- [Anastasiou, Dixon, Melnikov, Petrie _
>
O
@]
) N
= S ——— e s _,‘—q ,g-'
! [Hamberg, van Neerven, Matsuura '90] —
uﬁ [Harlander, Kilgore ’02] %
e ) W-R,V‘r = ot \
Nuclear Physics B =
Volume 359, Issues 2-3, 5 August 1991, Pages 343-405 }
N"O
| A complete calculation of the order a > correction
{ to the Drell-Yan K-factor O t t
R. Hamberg L \W.L. van Neerven ' 1, T. Matsuura 2 ** O \:
== e ——— i ————— . = = J e _ . ., — _




HIGGS © N3LO & GOING DIFFERENTIAL

e What is the probability of producing a Higgs boson?

.

N°LO __ +2.07 pb
O~ = 48.68 pb_3.16 ob |

4 analytic integration over full phase space

X no information on final state

nastasiou et al. ’15] [Mistlberger *18]

———— _— = = — -—«—,,C:;“



HIGGS © N3LO & GOING DIFFERENTIAL

GEPFH @ What is the probability of producing a Higgs boson?
0

dgpp—>H

dY

. 1n direction Y

yy differential

LHC 13 TeV

12 e
MI\/IHT 2014 ‘ 1

10
4 analytic integration over QCD emissions

x partial information on final state

» only yy +~ no decay kinematics gt e

> no information on final-state partons LR 5

i
L
\




HIGGS © N3LO & GOING DIFFERENTIAL

pp—H
O
tot

dgpp—>H

dY

_>H ... where the Higgs decays into a pair of photons, H — ¥y, and the leading and sub-leading photon have a
d Gp p transverse momentum that is larger than 35% and 25% of the Higgs boson mass, respectively, and are

produced within the rapidity interval |y,| < 2.37, where the barrel-endcap region 1.37 < [y,| < 1.52 is
excluded. Photons are further required to be isolated from additional QCD activity by requiring that the scalar
sum of the transverse momenta of hadrons in a cone of AR = (.2 around the photons is less than 5 % of the
photon transverse energy Ey.

e What is the probability of producing a Higgs boson?

in direction Y

e |

-
1

Measurements are done

within a fiducial volume:




HIGGS © N3LO & GOING DIFFERENTIAL

pp—H What is the probability of producing a Higes boson?
O ® at is the probability of producing a Higgs boson:
tot + /

d 0pp—>H
\1d the leading and sub-leading photon have a

where the Higgs decays into a pair of photons, H — y7,\
bn mass, respectively, and are

d Gp p _>H transverse momentum that is larger than 35% an{ :
produced within the rapidity interval |y,| < 2.37 extra POlatlon ap region 1.37 <[y, | < 1.52is

excluded. Photons are further required to be isolated from addytional QCD activity by requiring that the scalar
around the photons is less than 5 % of the

55

élg

in direction Y

sum of the transverse momenta of hadrons in a cone of AR = ()

photon transverse energy Er.

=

7

o het

S .}"f:. - ‘J‘__"
R 3

g AN
' ‘ *;'

1]

oz

3; ﬁiigiil F

Measurements are done

1

£

within a fiducial volume:




HIGGS © N3LO & GOING DIFFERENTIAL

GEOP :H e What is the probability of producing a Higgs boson?

dgpp—>H

dY
dsPP—H e askany” question!

. In direction Y { Y—0 < L tobeam
Y > o0 < || tobeam

P e fUlly differential

;
| v/ numerical integration of phase space

| v/ complete final-state information (decay, isol., ...) |

\ |
\\ | i/
(
\ /
\ /
\3
N /
= . 7_7 I I - _— _ _ __,‘/

*Infrared safe



THE PROJECTION-TO-BORN METHOD

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

N*1,0 N*LO N*~11,0 N*=1LO
dUF - dUF, inc. dUF+Jet dUF+Jet
— |

» start: inclusive calculation
fully local
= differential in Born variables
» supplement fully differential information:

= difference of a “+jet” calculation at one order lower

48



HIGGS @ N3LO USING PROJECTION-TO-BORN

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

H + jet Projection-to-Born dO_/dyH
@ N™'LO @ N"LO

fully n
H differential @ N LO * Born variables: (Y, M2)

/ ..
» real-emission phase space: d®y., b

Pa+Do —pu+ki+ka+...+k,
> projection to Born: d®y
Pa + Db = PH (Pa = EaPar Db = Ebpr)

20apy — 2(pa + pp)k1..m + K2

on-shell: p4 =p4 =M7yg = &4 & =

2PaPb
- N 2
rapidity: 9 = yu =  &u/& = pepH
2paPH
< decay products: pg — p1 + ...+ D (p!" — pt' = A*, pY)

2(pa + pu)* (pu + PH)v . 2P PH v
(pu + pu)? Py L

AHV(pHaI;H) =g'y —
49




HIGGS @ N3LO USING PROJECTION-TO-BORN

H + jet Projection-to-Born da'/dyH
@ N™"LO @ N"LO

fully n
H differential @ N LO * Born variables: (Y, M2)

Validated up to NNLO!

[Chen, Dulat, Gehrmann, Glover, AH, Mistlberger, Pelloni]

NNLOJET + RapidiX pp-HGyy) +X Js= 13 TeV NNLOJET + RapidiX pp-HGyy) +X Js= 13 TeV
T T T T T T T T T 1 1 1 1 1 1 1 1 1
20 LO NLO E== NNLO N
Y1
T j
2 &)
= =
z %‘ 10 7
=} =]
5 i
0 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1
T T T T T T T T _ 1 1 1 1 1 1 1 1 l
I 1 NLO coefficient n L 1 NLO coefficient _
o 1.82 10 o 1.2 =
c 1+3% U VU U e S g 4" = 1= = g &Ry g gy R e _—_—
g 4 3 -1
e 4 4 4 4+ 4+ 4+ 4+ 1 20y . L L L 4 4
~ 1.1+ P NNLO coefficient 7 . ~ 1.1 F P NNLO coefficient N .
0.9 ] ] ] ] ] ] ] ] ] ] 0.9 ] ] ] ] ] ] ] ] ] N
-2.5 -2 -1.5 -1 -0.5 @ 0.5 1 1.5 2 2.5 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5
H Y1
y y
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HicGs @ N3LO USING PROJECTION-TO-BORN do/d Y

® © 06 06 06 0 0 0 0 0 0 0 0 0 0 0 0 O O O O O 0 O O 0 O O O O O O 0 O O O O O O O O 0 O O 0 O 0 O O 0 O O O 0 O 0 O O O O 0 O O O O 0 O 0 O O O O 0 O 0 O O 0 O 0 O 0 O O 0 O 0 O 0 0 O O O 0 0 0 0O 0 0 0 0 0 0 o

[Chen, Dulat, Gehrmann, Glover, AH, Mistlberger, Pelloni (to appear)]

INCLUSIVE FULLY DIFFERENTIAL

NNLOJET + RapidiX  p p ~ H X BRy.yy J5 =13 TeV NNLOJET + RapidiX pp > H (5 y y) + X V5= 13 TeV
| | | | | | | | | | | | | | | | | |
~==3 N3
o5 L LO === N3L0 il

NLO ............ NNLO X KN3|_0

do/dy" [fb]

doinc- /dy? [fb]

) ®© @ © © © © 0 © O 0 © 0 0 O 0 © 0 © 0 © 0 © O 0 © 0 0 O o © O © o o O 0o 0 0 0 0 0 0 0 0o 0

5 i
LO NLO =
@ | | | | | | | | |
1 2 B | | | | | | | | | ] 1 2 B | | | | | | | | | ]
o 1.1 & o = © 1.1F & ST S 00,9, 959,90 5 W
= 7/ A = “ /“7 PR i [ g voooo.o‘oc,
% 1 - - * oy % 1 .Adooo‘ eoog,{amoQQQooﬁoombo
8 0.9 ,L/ //_// /_/ // // // // // // // // A ] 9.9 |~ /{_ SR /4 A V.
o o
.4,:4 ] '4':" @.8 B ]
& . £ 0.7
] n 4L

: : > pit > 0.35 - My,
pp—>H > p2 > 0.25 - M.,
dG : > |y < 2.37
> reject 1.37< \gﬂl < 1.52 (barrel-endcap)
» photon isolation in AR < 0.2

— > pr,;<005-E]
ARi7<0.2




HIGGS @ N3LO USING PROJECTION-TO-BORN do/dy”

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

[Chen, Dulat, Gehrmann, Glover, AH, Mistlberger, Pelloni (to appear)]

NNLOJET + RapidiX pp -~ H (- vy y) + X Js= 13 TeV
| | | | | | | | |
25 LO === N3L0 7
NLO e NNLO x Ky3.g
o0 L NNLO i
15 b @Q . |
% ] T
~~
s 10} .
e creern B
5 F ==
@ ] ] ] ] ] ] ]
| | | | | | |
o
—
—_—
—
3 4
o
o-||:|> —
o _
| | | | | | | B




PROJECTION-TO-BORN — AN “ANTENNA" VIEW

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Consider the real-emission subtraction in the antenna subtraction
formalism
for H + Ojet (@ LC):

/{dUE—I—Ojet — dalsiljr%?et}
= /d¢H+1{ AngH(lg, 2g, Sg, H) j((DH+1)

~

— F3(1g, 2, 35) A2g0H(1,, 25, H) T (Brro0) |



PROJECTION-TO-BORN — AN “ANTENNA" VIEW

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Consider the real-emission subtraction in the antenna subtraction
formalism
for H + Ojet (@ LC):

/{dUE—I—Ojet — daglljr%%t}
— /d(I)H—I—l{ ABgOH(lga 2%7 3g7 H) j(cI)H+1)

~

— F??(lga 28;7 Sg) AQgOH(Iga 2%7 H) j(a)H-I—O)}

Antennae = ratios of physical Matrix Elements:

ASgOH(iga jga kga H)
AQgOH(%g, l;ga H)

F??(igajga kg) =




PROJECTION-TO-BORN — AN “ANTENNA" VIEW

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Consider the real-emission subtraction in the antenna subtraction
formalism
for H + Ojet (@ LC):

/{dU§+0jet — dUISIIjLLO%t}
— /d(:[)H—i—l{ ABgOH(lga 2g7 ng H) j(q)H+1)

— F??(lga 2g, 3g) A2gOH(1g> 2g, H) j(&;H%—O)}

= /dq)H+1 A380H(1g7 2g7 3%7 H) {j((I)H+1) - j($H+O)}

= Simple processes where antenna ~ real-emission Matrix Element
«~~ Projection-to-Born

Similarly at NNLO: X, & X3 x X are “projections” of RR ME & NLO(+jet) subtraction term.

doyso/dyn ~ integrated antenna: X3, X, X5



CONCLUSIONS & OUTLOOK

» LHC — remarkable opportunity to study high-energy physics
« search for new physics & probe the Higgs sector
« precision measurements using “standard candles”

= high-precision predictions essential!

> Antenna Subtraction @ NNLO: pp — “colour neutral” +0, 1,2 jets

<+ reduced uncertainties & often resolves tension to data

< next frontier: 2 — 3 processes

» Antenna Subtraction @ NLO EW:  (w X2 less terms than with dipoles)

% promising first step towards NNLO mixed QCD—EW subtraction

» exploration of the N3LO frontier: pp — “colour neutral”

% Projection-to-Born ~ Antennae

= precision phenomenology using these calculations only started!



CONCLUSIONS & OUTLOOK

» LHC — remarkable opportunity to study high-energy physics
« search for new physics & probe the Higgs sector
« precision measurements using “standard candles”

= high-precision predictions essential!

> Antenna Subtraction @ NNLO: pp — “colour neutral” +0, 1,2 jets

<+ reduced uncertainties & often resolves tension to data

< next frontier: 2 — 3 processes

» Antenna Subtraction @ NLO EW:  (w X2 less terms than with dipoles)

% promising first step towards NNLO mixed QCD—EW subtraction

» exploration of the N3LO frontier: pp — “colour neutral”

% Projection-to-Born ~ Antennae

= precision phenomenology using these calculations only started! TH ANK YOU |
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WHY HIGHER ORDERS

» high-precision mandatory
— processes with large K-factors (1)

— “standard candles” (jets, V, t, ...) \
» reduction of scale uncertainties

Jet clustering

< variation of ugr & up LO NLO NNLO
PR <|Z’j7*?+,X, SN » better modelling of jet algorithm

o B between theory & experiment

% 60__ NNLO __

5 _ Initial-state radiation

o i / L0 & _

3 40_ k |

= - i

s | % % L;M }w

o 20— I\\/di:MlzzL TeV — NLO NNLO
0:.|....|....|...._|“._...|.: qrj S qg, 8 P gg a9, 97, 4q

i » opening up of all channels

» more complicated pr recoil

[Anastasiou, Dixon, Melnikov, Petriello '04]



SUBTRACTION METHODS — CANCEL co’S

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» Remarkable progress in the development of methods to perform NNLO computations!

o local analvtic pp final-state

(not an exhaustive lis) subtraction y collisions jet(s)

Antenna X n v v v
(local after rot'')

CoLorFul v v X v
Jr-Subtr. X / / a

(only t)

STRIPPER /

nested soft-coll. 4 XV v v
N-jettiness X v v v

(< 1jetsofar)

» Projection-to-Born, Local Analytic Sectors, Geometrig, ...

* more painful with massless particles



WHAT ABOUT ANGULAR TERMS?!

> 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 }



INCLUSIVE JET PRODUCTION

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Measuremert; «

e
g PT;?)

Py

n reconstructed jets n binnings to doinc
. — :
in the event the histogram bz dp 7 Tt
Ins
scale choices T~ binning of individual jets vs. events

» “global” scales (event):  pr max, (PT), .-
» “local” scales (jet): DTy o



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— = : . —— -
= —LO =NLO ~=NNLO = u=2p ~LO =NLO =NNLO _J
;1-4 5 DT ,max 5 ™ 2 DT ,max 3
ke 12 E_ E_ —
S e
o8 — —
= : : 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)



ratio to NLO ratio to NLO ratioto NLO ratio to NLO

ratio to NLO

ratio to NLO

ratio to NLO

+NNLO
LHC13 TeV anti-k; jets R=0.7 (pR=uF=2pT)— NNLOJET

0.0<ly|<05  PDF4LHC15 nnlo '

.4 TwO CALCULATIONS!

M

i— 05 <lyl<1.0 R NNLOJET [Currie, Glover, Pires '16]

i— \ —I— STRIPPER [Czakon, van Hameren, Mitov, Poncelet '19]
= 1.0< |yl < 1.5 |

S ——— > excellent agreement

- 15<lyl<20 | » sub-leading colour negligible
R (missing in NNLOJET)

;_ 2.0 < ly| <=2.5 |

M
o
L
H
'-L.‘
H

X

= | .
= 25<¢y] <30 |
i BN S S S =R l#rl

= | I
- 3.2« |y|r 4.7

= 1 I

l“;T

2x10? 4x10°  6x102 10° p. (GeV

~—



TOWARDS PER-CENT PHENOMENOLOGY

.
g 0 pp — Z/v"+X — 00T+ X
' pt # 0
| » large cross section
» clean leptonic signature____
Lece recoil ~ sensitivity tofo|;

g j AITLIAISI TTTT Iv§;8 ITIe\I/’I I2IO3 fb-1l T T IE.I.:;
=~ [ wu-channel o] 4+ -
T [ 66GeV=m<116GeV,lyl<24 i » only reconstruct /™, ¢
5 -
'g 100 Data statistics : - = ~» Sub-% accuracy!
= - Detector 1 & . . .
S [ — Background ] 3 > Important constraints in PDF fits
‘? - —— Model | % [Boughezal et al. "17]
o [ e Total systematic _ 18 .
S 4L A A N > probe various theory aspects:
O | . . o 1
S5 i ] o very low pr non-pert. effects

g M | ¢ . low pr resummation

e H 12 Interm. pr fixed order

10-1t menl N S high pr EW Sudakov logs
1 10 10°
Pl [GeV]
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INCLUSIVE Pt SPECTRUM

J0 NNLOJET __pp= Z+2=20 jet | | | Vs= 8 TeV [Gehrmann-De Ridder, Gehrmann, Glover, AH, Morgan "16]
ATLAS Data +—e— | 1 do

_ NNLO —— | —
E NLO —— ] o de
':E
© . .
S » removes luminosity error (~ 3%)
©
g 10 NNPDF 3.0
- i pf>20GeV Iy4 <24 . NLO

107 F 66 GeV < m; < 116 GeV

A undershoots data by 5-10%
10 —_
13 | | | | .
—— NNLO

9 . :
= significant improvement
2 In Data vs. Theory comparison
o

+ EW corrections:
[Denner, Dittmaier, Kasprzik, Miick "11]
= large impact in the high-pr tail
~ —20% for p% ~ 900 GeV
(Sudakov logatithms)
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FIXED ORDER + RESUMMATION — NNLO + NSLL
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[Bizon, Chen, Gehrmann-De Ridder, Gehrmann, Glover, AH, Monni, Re, Rottoli, Torrielli "18]

010 222272l NNLO fixed order: O(a?)
RadISHENNLOJET | ==
8 eV, pp - Z(cs £2-) 4 X 22333 NNLL+NLO («+ DYRes)
0.08 | 0.0 < |Yp| < 0.4, 66 < My, < 116 GeV 3
NNPDF3.0 (NNLO) 220y N°LL+NNLO
Ry 0.06 uncertainties with ugr, ur, Q variations |
S T Data (ATLAS)
s /
2 004 _
Z :
0.0p | EE NNLO PT | P substantially reduced
' B3 N3LL+NNLO . .
B4 NNLL+NLO uncertainties
I Data
0.90 s - L3 — 3-5% (more than x?2)
: 7% ] ' T T
~ 1.15 /% | . _
5 110 | | 1 » strong distortion of shape
2 1.00 '
2 098 7 < (data vs. theory) much
© 085 / = improved
0.80 / L] - e P
101 102

» similarly: my, & y” bins, bn

also: pT & pr /p% (for My)
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(1/odx/dp?) / (1/odx/dp")

R. to NNLL+NLO R. to NNLL4+NLO R. to NNLL+NLO

2.0

1.8

1.6

1.4

1.2

1.0

0.8

0.6
1.2
1.1

1.0

0.9
WE, wr variations correlated
9% T T -
' %
1.1 7 7
1.0
0.9 o
% K F variations unc
- — T I
95 —
1.1
1.0
0.9 4 “
/// WF, WR Variations
08 j ///// Ll Ll I T
1 19 100
Py
/

~— A

RadISH+NNLOJET
13 TeV, pp = ZWH (=250~ 2" + 1) + X

NNPDF3.1 (NNLO)

\

e NLL+LO
mem NNLL+NLO
e N3LL4+NNLO

////////‘

N — NNLO + NS3LL

[61. 19X “IONOY ‘OY ‘IUUON ‘HY “4OA0JD ‘UUBLLLYSY) Y48ppPlY 8Q-UUBWIYSD) ‘UozIg]

ler, Gehrmann, Glover, AH, Monni, Re, Rottoli, Torrielli 18]

2222221 NNLO fixed order: O(af)

//////

12030 NNLL--NLO (<« DYRes)

] N3LL+-NNLO

Data (ATLAS)

(\\\ < (data theory) much
= improved}
10°

> similarly: e & y” bins, ¢,

also: pT & pr /p% (for My)
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DIS;; @ NB3LO USING PROJECTION-TO-BORN
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DIS 2 Jet Projection-to-Born structure
DIS function
@ NNLO B

[Currie, Gehrmann, Niehues '16] [Cacciari, et al. "15]
[Currie, Gehrmann, AH, Niehues "17]
CC: [Niehues, Walker '18]

@ N3LO

[Moch, Vermaseren, Vogt '05]

fully
DIS differential @ N3|—O

[Currie, Gehrmann, Glover, AH, Niehues, Vogt. 18]
CC: [Gehrmann, Glover, AH, Niehues, Walker, Vogt '18]

* Born variables: (x, Q2)
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JET RATES (NEUTRAL-CURRENT DIS1))

NNLOJET ep-e+ jet+ X Js = 296 GeV
: NLO 0(a,) | NNLO 0(a?) 1 Lo 0(ad) |

Jet rates:

Rn+1) = Nnt1)/ Neot

.01 | T Rea) Hf 4k -
[ T Rusy 1
Reosy 1}
10 b 1k 1L | JAaDE algorithm
< cluster partons if:
4 QE@EJ(l — COS (9@])
e F el3 1F

; T2 < Ycut

107 F / IF i3
[ ] ] ] ] 1L ] ] ] ] 1L

0 0.02 0.04 0.06 0.08 © 0.02 0.04 0.06 0.08 © 0.02 0.04 0.06 0.08

Yeout Yeut Yeut
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