OM THEORY

NXLO, Multi-legs, Jets WG
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PREDICTIONS @ LHC

—>» Hard subprocess

. » PDFs

-» Parton shower

~>» Hadronization + decays

> Underlying event

> Jets, substructure, res.



PREDICTIONS @ LHC

{Higgs Theory}

> Hard subprocess (less Higgs)

{Tools & MC)} {Jets}

}
}

> Jets, substructure, res.

> Hadronization + decays
» Underlying event

~>» Parton shower




THE PRECISION FRONTIER NP nanic IMaton?  von 5.

level

/
a:aPA/ Oab \mbPB
falA(%) L fb|B(«’Eb)
v =

parton distribution functions

(in principle, improvable) non-perturbative effects

(no good understanding)

hard scattering
(systematically improvable)




OUTLINE.

1. The NNLO revolution(?)
2. N3LO differential
3. off-shell EW corrections

4. Theory uncertainties

NNLO comparison

Distribution of NNLO results
one-loop RV amplitudes in NNLO
Photon Isolation

TH uncert. in PDFs

Scales in ratios



HARD SCATTERING @ NNLO
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f
' A > ~ ~ (0 As \ . (1 (g 2 ~(2
ol (22) 8+ (@' ol
ZBaPA &ab .ZCbPB @§
P\A\ faja(za) . foiB(xp) /PB

next-to-nextto-leading order (NNLO)

[ o. [ o [

Y
Y
\

S 2 \ S I LTI Y
E E § | L IIIIITILLLR
:g g g \ 4 R
“double virtual” “real-virtual” “double real”
o 1/e4 1/€3, 1/€2, 1/ o 1/€2, 1/¢ e double unresolved
o single unresolved o single unresolved



NNLO — BOTTLE NECKS

™ 2T
: A — ——
2o Pa o\ Fob )] 2P (BN
two-loop amplitudes St
: faja(za) fo1B(x0) =
(new class of functions, —  — ~

combinatoric &
algebraic complexity)

next-to-nextto-leading order (NNLO)

‘ —> o > > > e S\AAAANNAN
E E E ! ::'m'm‘o'mm
§ E + E L A TLILILI + Y
e £ = kLY
S S S Y
TS TS S —>— TS S TS ——>—— >
“double virtual” “real-virtual” *  |R subtraction

(involved IR structure,
\_/ M numerical stability,

infrared singularities €~ construction)




TWO-LOOP AMPLITUDES

» Whatwecando: 2—-=1 and 2 — 2 (mainly massless, 2 massive legs)

» What we want: 3j, V+2j, yyj, ttH, EW corrections,

LH 17 wishlist ¥

pp — 3jets NLOgqcp Q\IzLOQCg

1. Progress in 5-parton amplitudes [from LC 5-point gluon (all plus)]

e LC 5-p0il’lt glUOl’l (one minus) [Badger, Brannum-Hansen, Hartanto, Peraro ’18]

P00
=3

s B
»0000"

LC 5-p0il’lt glUOl’l (all helicities) [Abreu, Dormans, Febres Cordero, Ita, Page ’18]

all masters (planar & non-planar) [Chicherin, Gehrmann, Henn, Wasser, Zhang, Zoia ’18]

2. Understanding of elliptic integrals

1 X

LC 5-p0il’lt parton (all helicities) [abreu, Dormans, Febres Cordero, Ita, Page, Sotnikov '19]

&
=

full 5—point gluon (all plUS) [Badgera, Chicherinb, Gehrmannc, Heinrichb, M. Hennb, Peraroc, Wasserd, Zhangb, Zoia, '19]

dt [Remiddi, Tancredi]

[Adams, Chaubey, Weinzierl]

G({c,C, 1},x) = [

G(C,_,t) —» K(x,a) =J
0 L= ¢y

0 \/(1 _ 12) (1 _ atz) [Broedel, Duhr, Dulat, Penante, Tancredi]

3 . numerical apprOaCheSI tt [Chen, Czakon, Poncelet ’17], pyseCDeC (HH, H +J) [Borowka, Heinrich, Jahn, Jones, Kerner, Schlenk '19]

* more painful with masses & scales



ONE-LOOP IN AN NNLO CONTEXT

» many automated one-loop providers:
« Recola, OpenLoops(2), MadLoop, GoSam, NLOX, ...
» LH ’17 technical comparison: pp—7272Z & pp—WW

» As Real-Virtual amplitudes in NNLO calculations:
1. numerical stability — probe unresolved regions

2. evaluation time (quad precision rescue system?)

» Benchmark study specifically targeted towards this use case?

analytical amplitudes from numerical evaluations we s vsire 1o



ONE-LOOP IN AN NNLO CONTEXT

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» many automated one-loop providers:

» Recola, OpenLoops(2), MadLoop, GoSam, NLOX, ...

[Buccioni, Lang, Pozzorini, Zhang, Zoller ’17]

» LH ’17 technical comparisor

100°- m g " " B " B B B B B E B EEEBETEH mgoooo
- A

gg — ttg |

=
o
|

» As Real-Virtual amplitudes i

ction of events
o
|

1. numerical stability — pr g .-[. . oircunosi: - ;

# OL1+Collier_dp *

fr

. . P OL1+CutTools_qp * . 2
2. evaluation time (quad precisi 44 OL2dp* .
r * * OL2.dp (rescaling) R v,
10°°F°® ° OL2 gp(rescaling) @ ¢ o o o o o

o |
—35 —30 —25 —20 —15 —10 -5 0
* wrt OL2_qp benchmark 1nstab1hty Amin

» Benchmark study specifically targeted towards this use case?

analytical amplitudes from numerical evaluations we s vsire 1o



SUBTRACTION METHODS {session Thu morning}
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» 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



» e : H +Jet (mt—>
........ ngHgtot Hgy (VBF)H —1—Jet (mtm,oo)
o tis T djets. 1 8 i
a.totW/Z ......... e+e_)eventshapeS‘ ......... ......... Eij,]—(VBF)
@ 0 i G
" 2003 2005 2607 2009 2011 2013 2015 2017

combination of (production) x (decay):

[slide by Gudrun Heinrich]

W + jet ("17)
H;j(VBF) (18)
HH;j(VBF) (19)
tt ('19)

~v + jet ('19)

» (t-channelsingle-t) x (t — WTb) ..., [Berger, Gao, Yuan, Zhu '16]
P (VH) X (H = DD) ottt e, [Ferrera, Somogyi, Tramontano '17]
P (WH) X (H — bb) teeeteeee et eaeeannn, [Caola, Luisoni, Melnikov, Réntsch "17]

» (tt) x (t = WD)? oo, [Behring, Czakon, Mitov, Papanastasiou, Poncelet, '19]



NNLO BENCHMARKS?

» Calculations @ NNLO very complex
» Independent methods and/or implementation
= cross validation!
» Many processes computed by at least two groups
 perform tuned comparisons

- validation points for future calculations/methods

e« Drell-Yan, ... ?



NNLO BENCHMARKS!
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» Long-standing tension between NNLO H+jet calculations

[Chen, Cruz-Martinez, Gehrmann, Glover, Jaquier ’16]

EFT " EFT EFT

UH(—>W)+>1Jet NNLO { OH+>1jet,NNLO | | UH+>1jet NNLO
NNLOJET L 9.44153% b }j | 16.8%)2 pb |
Sector-imp. Results from [18§] 9.4570-2% b ’ _
residue subtr. Results from [39] t | ' 16.7710 pb

Ty slicing Results from [17]

a
I A
—_ [ «Q
2 I 2.0—Boosted T definition _
t L . gg flux, NNLO
= L . (BCMPS cuts) .
& - 15— —
‘O 1 111 1‘ 1 1 ‘ 1 111 1‘ 1 1
B 4 1079 4 10~4 4
1.0 — _|
. Boosted 7 definition = 16. 73 :|: O 05 +i g(l)
i flux, NNLO (NNLOJET cuts ‘ f
Fee 1O (NNLOJET cuts) onnzo(MCFM, fit) = 16.71:+0.05 0511550
1075 2 5 104 2 5 = . = == e 4

€



DISTRIBUTION OF RESULTS.
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» Full 2 — 2 @ NNLO calculation: O(100k) CPUh

= prohibitive in applications such as PDF & a; fits!



DISTRIBUTION OF RESULTS.
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» Full 2 — 2 @ NNLO calculation: O(100k) CPUh
= prohibitive in applications such as PDF & a; fits!

» Fast interpolation grids: APPLfast weeers st nioser

— sum: cheap!

cubic interpolation of
reweighted CTEQ6.1M gluon

w(x) = x 32 (1-0.99 x)3

l = 500 GeV Fa(z) =S fu(z™) E(i)“(az)
— 2

w(x) ® gluon(x) ;‘;‘}?




DISTRIBUTION OF RESULTS.
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» Full 2 — 2 @ NNLO calculation: O(100k) CPUh
= prohibitive in applications such as PDF & a; fits!

» Fast interpolation grids: APPLfast weeers st nioser

» nTuples @ NNLO w5

For each event store the weight decomposition:
w = ¢ pdf(xy,idy, p) pdf(ze,ids, p) X (co + c1 log(p?) + o log? (1) + .. )
> ete— 3] O(few TB) ws

) pp%Zj O(] OO TB) [LH 17 (estimate)]
> input from different NNLO groups; benchmark using Drell-Yan?



DISTRIBUTION OF RESULTS.
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» Full 2 — 2 @ NNLO calculation: O(100k) CPUh
= prohibitive in applications such as PDF & a; fits!

» Fast interpolation grids: APPLfast weeers st nioser

» nTuples @ NNLO w5

* Common interface standard for both?

* Study impact on fits: NNLO|[grid] vs. NLO[grid] X Knnro



rapid decay: spin info from tops
transferred to leptons

REFERENCE

TOP QUARK SPIN CORRELATION AT NNLO

[Behring, Czakon, Mitov, Papanastasiou, Poncelet "19]

> leptons carry spin Qe ap—r—— O I ==
. . 3 > —— NLO © ATLAS | |
information of the tops R ——— -
(S ZZ T s | ___ Scale: Hr/4 PDF: NNPDF31unlo
: 100%—‘:;;
> fiducial: good agreement —-" - - - -
0.0 0.2 0.4 AS(e.D/n 0.6 058 1.0
> inclusive: some tension —_ : i;‘: o Nlo e amas Inclusive
\:‘éﬁ == --“‘_“LIHC :3 TeV m; = 172.5 GeV
S Scale: Hr/4 PDF: NNPDF31nnlo

1.000
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>
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FIDUCIAL VS. INCLUSIVE

» When possible, report physical cross sections

1. infamous WW example [Monni, Zanderighi *13]

« jet-veto efficiency overestimated Sudakov suppression

2. H—4l acceptances CMS vs. ATLAS {Talk by S. Jones}

 isolation prescription can impact pert. stability

3. angular coefficients A; to extrapolate to full lepton acceptance

» study acceptances/extrapolations with state-of-the-art tools?



N3LO — GOING DIFFERENTIAL

) IﬂClUSiVG reSUItSI H [Anastasiou et al. *15] [Mistlberger 18]y H (VBF) [Dreyer, Karlberg '16]y HH (VBF) [Dreyer, Karlberg '18]

. . HN3LO + NNLOJET pp-H=+X Js=13 TeV
» Differential results: vy L e
E== L0
a == NNLO
20 NLO
: : : : LO
12 hc1stev A T 15k o 1
MMHT 2014 W = b Tugsned = (5,3,1) Wy
10 PP>HX i |
ui y my. i ‘ 3
F=MR=—""" :
e | o= L |
0 | | 3 : e
Z Y/
b > 6 ””””””””””””””””” / ””” e 0 1 1 1 1 1 1 1
-c -c : I I I I I I I
1 1.2 1 y
4 ”””””””””””””””””””””””””””” S 1.1k —— -
ol 3 0.9
= 0.8 &
€ 0.7 .
b 0.6 C 1 1 1 1 1 1 1 N
] 0.5 1 1.5 2 2.5 3 3.5 4
Y YH
analyth [Dulat, Mistlberger, Pelloni ’18] qT SUthaCthTl [Cieri, Chen, Gehrmann, Glover, AH '18]

¢ DIS [Currie, Gehrmann, Glover, AH, Niehues, Vogt, Walker] H > bb [Mondini, Schiavi, Williams '19]

) N3LO beam funCtion: RRV [Melnikov, Rietkerk, Tancredi, Wever '17] RRR [Melnikov, Rietkerk, Tancredi, Wever ’19]



EW — GOING OFF-SHELL
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) nOW up tO 2 —> 6: WWW [Schonherr °18] W+W+ SCattering [Biedermann, Denner, Pellen '17]

> full NLO VBS(W+W+):

1072

0 [%]

I:IILO

E— NLO—:

0 100

200

300

400
M+ y+ [GeV]

500

600

700

800

Unitarisation of Higg: EWWSB,

4 = # ext. W’s

large SU(2) gauge coupling & casimir

u >—e > d
W+ v,
+
W% ot
Yy
+
W 0 ut
d «s < a
u d
W+ Ve
u +
e
g
Vu
W+ M+
d u

» EW corrections dominant!

))

u . - o ew 2 Q2
Wt " OLL — O0LO |:1 — E4CW IOg (M—\%V>
et
Vi 87 Q2
W e + 2 opew log <—
—sS 1 A M3,

_I_ PS [Chiesa, Denner, Lang, Pellen '19]



PHOTON ISOLATION {session Fri afternoon}

HARD CONE SMOOTH CONE  frrxne
fffff A TR
eaEl
) Ezrrilax Eff;ad ) :Egad
phad v | pthresh phad < ¢ 0 1 —cosr\" .
T =¢€¢Pr T T =""T\1_cosR -
» fragmentation  no fragmentation (theory &)
» used in experiment e cannot be used in experiment

> Tight isolation accord (yy, y+jet) wius
For ¢ <0.1 hard vs. smooth ~ O(few %)

looser: O(10%)



PHOTON ISOLATION CONT.

{session Fri afternoon}

» NNLO: O(few %) matters!
» Isolation with smaller mismatch
« get away with looser cuts?

o SOft'drOp [Hall, Thaler 18]y o

» connection to Tools & MC?

Ratio to NLO

T T T T T T T T

e ri,!,all;E ET :,;&‘g

1 ; 1 . ! . R “_‘ i
125 200 300 500 1000 2000

[Siegert ’16]

-ATI O N [Chen et al. "19]

» fragmentation @ NNLO & how to measure them?



THEORY UNCERTAINTIES

> increasingly urgent to have more robust uncertainty estimates

» scale ambiguities in jets {Talk by J. Huston}
» theory uncertainties in PDF fits {session on Fri morning}

» scales in ratios:



THEORY UNCERTAINTIES

2.0

> increasingly urgent to have more :_ RadISHNNLOJET

1.8 - 13 TeV, pp = ZWH (=270 4t + )+ X

e NNPDF3.1 (NNLO) ﬁ
“1 NNLO+NS3LL

[Bizon et al. ’19]

> scale ambiguities in jets {Talk by ]

(1/0ds/dp?) | (1/ods/dpt
8
1

» theory uncertainties in PDF fits ' E

» scales in ratios:

» pr(2) / pr(W) - -,- |
S~ %
< 11 -
-
% 1.0
2 09 i . .
. W F variations unco
v S?é V0 . il
il_ 11 =
= 1.0
=
o 0.9
-+ // . /
X 0.8 &£ ////’.% - I“':E'II"R Varlatllons . ~
: 10 100
pY




THEORY UNCERTAINTIES

> increasingly urgent to have more robust uncertainty estimates

» scale ambiguities in jets {Talk by J. Huston}

» theory uncertainties in PDF fits {session on Fri morning}

correlated: uncorrelated:

NNLOJET pp—> Z+X, vy, inclusive Vs =8 TeV NNLOJET pp— Z+X, y, inclusive Vs=8TeV

» scales in ratios:

e pr(Z) / pr(W)

 ang. coefficients A;

1= — 1=
< - —— ATLASdata eIl . <

- —— ATLAS data

_ S dQ@do(pE, wr™) £(0, 9)
<f(67 ¢)> — fdQ dU(M%en', ,u/dRen.)

Ratio to NLO
Ratio to NLO

[Gauld et al. ’17]



THEORY UNCERTAINTIES

> increasingly urgent to have more robust uncertainty estimates

» scale ambiguities in jets {Talk by J. Huston}

» theory uncertainties in PDF fits {session on Fri morning}

» scales in ratios: s 1 uncorrelated
» pr(Z) / pr(W) i |
R 12IS 2(I)0 3(I)O | S(I)O o IIOiOO 15I00
 ang. coefficients A; piGev) (Chen et 19
%I correlated .
o
e pr(y): 13TeV/8TeV 2 12 — |
O - —— =R e
5 098} Sanaililemms !
0.96—I | | | | .
125 200 300 | 500 - 1000 1500



THEORY UNCERTAINTIES

> increasingly urgent to have more robust uncertainty estimates

» scale ambiguities in jets {Talk by J. Huston}

» theory uncertainties in PDF fits {session on Fri morning}

. N [Tackmann EWWG ’19]
» scales in ratios: Ot T T T
E e pp — Z (13TeV) -
: _7,/ Q=mz, Y =0 -
* pr(Z) / pr(W) SF A NNLL/(0 + 2) -

e i e e e T
—_——_——

— ]

 ang. coefficients A;

. pr(y): 13 TeV / 8 TeV

Relative impact [%)]
=)

I
()

Il‘.llll‘{ll\l

IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII—
25 30 35 40

I
ek
)

> nuisance parameters in pr res.

)
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FINAL REMARKS.

» Remarkable progress in precision calculations:
« 2—=2@NNLO, 2 —1 @ N3LO, off-shell EW 2 — 6
> still many issues & challenges = let’s tackle some here!
» More topics to consider:
« mixed QCD-EW corrections; how to combine QCD & EW?
e pr(Z)—in the world of per-cent precision {EWWG June 18th}
= my effects, QED ISR, NP effects, ...
 fixed-order vs. resummation vs. showers

e ...your ideas!

ENJOY LES HOUCHES!



BACKUP.



Pr(Z) @ THE PER-CENT LEVEL

Bottom-quark effects [Bagnaschi, Maltoni, Vicini, Zaro '18]
1.1 FS
L ete” ducti t the LHC, 13 TeV 1 4
[ o020 oV, In(o91ez 5, M(e", ¢ mghets GV do™»  do2P do

| NLO + Pythia8

_ b veto 4 mp >0
5FS, no B + 5FS bSF":s;:r::lS/ : : 1 dp% dp% dp%\

5FS, no B + 4FS, PY8, h=my, ygp=def. - - _|

5FS, no B + 4FS, PY8, h=mzx0.25, ygn=def. —
5FS, no B + 4FS, PY8, h=mz, pysp=def.x0.5 = = 1

5FS, no B + 4FS, PY8, h=mzx0.25, pysp=def.x0.5 — |

575108 +478, MO | }__/-> different PS approx.

» shape distortion @ +0.5% level

1.05

Ratio over 5FS (shape-level)

| S » impact on Myy extraction
088 2 40 e 8 100 — AMw < 5 MeV
pr(2) [GeV]
Small-pt QED ISR effects [Cieri, Ferrera, Sborlini '18]
’g 1.03 E I T I T | I T T T T I T T I T I T E
g 1-025_L I B (LL)QED —1% — +0.5%
T 101F _ = .
E 100F — — uncertainty: 2-3%
R
E 0‘98 ;— | | | | | | | | | | | | | | | | | | ~U
0 10 20 30 40 (NLL+NLO)gep ~ 0.5%
qr (GeV) < uncertainty: ~ 1%
PDF and non-perturbative effects [Catani, de Florian, Ferrera, Grazzini "15]

PDF ~ +£3% NP < 2% (p7 > 15 GeV), more sizeable for p% < 3 GeV



ANGULAR COEFFICIENTS

lepton plane

pp = Z/7V 4+ X = 04T+ X

k1
‘% 0 0

2 A
x b1 P2

hadron plane

> lepton angular distributions (6, ¢)

» probe production dynamics & polarisation
> My & sin? 6y measurement

[Gauld, Gehrmann-De Ridder, Gehrmann, Glover, AH "17]

Angular coefficients: A;(p%, y%, myg) Yim(6,0), 1=0,1,2

do 3 do_unpol.

d4qg d cos 0 do¢ = 16n d4gq

1
{(1 + cos” 0) + > Ao (1 — 3cos’ 0)

1
+ Aq sin(260) cos ¢ + > Ay sin® 0 cos(2¢)
+ A3 sinf cos¢ + Ay cosf + As sin® 0 sin(2¢)

+ Ag sin(260) sin¢ + A7 sin 6 sin ¢}

[=0: m=20
Az(q> + ghpet }/lm(ey ¢> 1= 2. ﬁiii 9:1, 0

production dynamics lepton kinematics total: 9



MIXED QCD—EW FOR DRELL-YAN
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» Pole approximation (around resonance) .................... [Dittmaier, AH, Schwinn "14, '15]
» Altarelli-Parisi splitting functions ........................ [de Florian, Sborlini, Rodrigo '16]
» 2-loop masterintegrals ............................ [Bonciani, Di Vita, Mastrolia, Schubert "16]
[von Manteuffel, Schabinger "17]
» Double-real (production,inclusive) ................... [Bonciani, Buccioni, Mondini, Vicini "16]
» QCD-QED (on-shell Z, inclusive) ............oouuiiiiiiiini... [de Florian, Der, Fabre "18]
1.010 — . :
K ; » trick: start with NNLO QCD
1.005 NLO QED =
R S anE TR « W and off-shell decay X
- NNLO QCD x QED | =
1.000F 1 =
: NNLO QED 12
R o » O(asaqep) < 1%o
i NLO QCD 1 _
2 > Ofatmn) O(107)
(Ds
. &  » butfor Mw < shape!
0.990 b b L L
20 40 60 80 100

Ecm (TeV)



