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Outlines

e Why precision?

e Very very very brief overview of IR subtraction/slicing

schemes

e Phenomenology - fixed order and resummation



Why Precision?
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H- 27

1
\s=7TeV,L<5.1fb" s=8TeV,L<12.2 b’

CMS Preliminary m,, = 125.8 GeV
1

LO @ 8 TeV: 9.6 +/-25% pb

N3LO @ 8 TeV: 19.47 + .32% - 2.99% pb

Anatasiou, Duhr, Dulat, Herzog, Mistlberger ‘15

o -

4
Best ﬁit o/Ggy,

If no higher order prediction is known



Why Precision?

Signal

QCD
prediction

Extra dimensions

v cl

LQ

Excit. ferm.: New quarks

Other

*Onlv a selection of the available mass limits on new states or phenomena shown

Large ED (ADD) : monojet

Large ED (ADD) : diphoton |i&

Y +E
RS with k/M,, = 0.1 : diphoton, m,,
RS with k/Mp, = 0.1 : dilepton, m,
RS with k/M;, = 0.1 : ZZ resonance, My,
RSwithg /g =-0.20 :tf — I+jets, m
ADD BH (M3 M,=3) : multiet, =p_, Ny,
ADD BH (My, /M,=3) : S dimuon, Ny, pos
ADD BH (M,,,/M,=3) : leptons + jets, =p.
Quan\um black hole : dijet, F. (mu
qqqq contact interaction x(m )
qqll Gl : ee, uy combined, m,
uutt Cl : SS dilepton + jets + E; ..
SSM 2 iy,
SSM W' :my,,
Scalar LQ pairs (p=1) : kin. vars. in eejj, evjj
Scalar LQ pairs | (B=1) : kin. vars. in uujj, uvjj
4" generation : Q T,~ WqWq
4" generation : u .- WbWb
4" generation : d — WiWt
New quark b': b'b'— Z1)+X my,
Mo “ESeited qt:;\rqé y‘;;??egéﬁ(asnge&
Excited quarks : dijet resonance, m
Excited electron : e-y

T T T T T TTTT

Mp (5=2)
gVl Mg (GRW cut-off) ATLAS
Compact. scale 1/R (SPS8) Preliminary

Wl Graviton mass

¥ Graviton mass def =(0.04-50) "

1s=7TeV

int.)

2217ev. Z' mass
215Tev. W' mass
es0Gev 1° gen. LQ mass
s8sGev 2™ gen. LQ mass
30Gev! Q, mass

L=4.9-5.0 15" (2011) [ATLAS-CONF-2012-007]
L=1.0 " (2011) [1108.1316]
Le1.0 " (2011) [1112.4828)
L=1.01" z011) Pretiminary)
L=1.0 16" (2011) [12023389)
Let.0 " 2011) (1202.3078)
=10 2011) Profiminary)
L=2.0 " (2011) (Preliminary]
L=1.0 " (2011) [1109.4725)

480Gev. d, mass
400Gev. b'mass
420Gev] T mass (m(A ) < 140 GeV)
248TeV] Q" mass
B3sTeVl q" mass
W2oTevl e” mass (A =m(e")

Excited muon : u-y resonance, m

Techni-hadrons : dilepton, m”,:v
Techni-hadrons : WZ resonance (vlll), m,

Major. neutr. (LRSM, no mixing) : Iep+Jels
W;, (LRSM, no mixing) : 2-lep + jets

H;* (DY prod., BH(H”*PP) : 88 dimuon, m
Color octet scalar : dijet resonance, m:
Vector-like quark : CC, m,q
Vector-like quark : NC, my,

Lot o o’ o

WAeTeW 1 mass (A =m(u*))
p ooy mass (m(p. /o) - m(x;) = 100 GeV)
p_mass (m(p,) =m(z) +my, m(a) = 1.1m(p,)
N mass (m(W R) =2TeV)
W, mass (m(N) < 1.4 GeV)

=48 1" (2011) [ATLAS-CONF-2012.023]

Scalar resonance mass
Q mass (coupling xq = v/img)

Q {nass (couplingxgq = vimg)

1 PR

1 10 10?
\ Mass scale [TeV]

New Physics

Lower limits above 1 TeV now.
New physics could be out of reach for current LHC

Predicting the shape correctly will be crucial

= Data - SM predictions!!



Why Precision?

§ ATLAS ZIy (- T+ =1 jet (I=eu)
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50% difference at high St
New Physics? Missing Higher ordet?



Why Precision?

QCD itself is interesting, Heavy Ion, EIC ---
Hard probe (perturbative) of nuclei internal
structure (non-perturbative)

To extract the non-perturbative
information, we should know the hard part

as accurate as possible



Why Precision?
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NN NN3.Ored + 8 TeV
VS = 1.30¢+04 GeV

Generated with APFEL 27.1 Web.

QCD itself is interesting, Heavy Ion, EIC ---
Hard probe (perturbative) of nuclei internal
structure (non-perturbative)

To extract the non-perturbative
information, we should know the hard part

as accurate as possible

NNPDF30 extractions
When more NNLO is included

Quark-Gluon, luminosity Quark-Antiquark, luminosity

[ NN3.0red
NN NN3.Ored + 8 TeV
VS = 1.306+04 GeV
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Will see later with more details



Precision (NLO, NNLO, N3LO --- + Res.) is crucial

Fixed Order




Not Just Loops
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e We are mostly interested in fully differential cross section

e IR poles occur in real emissions

e IR poles fully show up for degenerate (soft/collinear) states
ONLY after integrating over phase space, with all kinds of
exp. cuts, jet algorithms ---

e How to isolate for numerical evaluation?



Not Just Loops

. LI - dZ 1—
Subtraction ~14ae
z) — f(0 1
dzf( ) f( )_|_ dZZ 1 aef(o)
z
Construct counter terms point-wise in the phase space
- Antenna subtraction 2 Gehrmann, Glover
.. - STRIPPER + modifications Czakon + ...
Slicing . o
—Pro]ecmon to Born Cacciari, et. al.
—ae
f(z) 0
0(z > z9) — f(0) +...
ya ae
A physical observable (zp) to regulate all related IR singularities
- qT—subtraCtion Catani, Grazzini
- Inclusive jet mass Gao, Li, Zhu

- N-jettiness subtraction Boughezal, et al.
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Phenomenology

W/Z total, H total, Harlander, Kilgore

H total, Anastasiou, Melnikov VBF fotal, Bolzoni, Maltoni, Moch, Zaro
H total, Ravindran, Smith, van Neerven

WH diff., Ferrera, Grazzini, Tramontano
WH total, Brein, Djouadi, Harlander y-y, Cataniet al.
H diff., Anastasiou, Melnikov, Petrilio Hij (partial), Boughezal et al.
H diff., Anastasiou, Melnikov, Petriello ttbar total, Czakon, Fiadler, Mitov
W diff., Meinikov, Petriello Z-y, Grazzini, Kallweit, Rathlev, Torre
WIZ diff., Melnikov, Petriello i (partial), Currie, Gehrmann-De Ridder, Glover, Pires
H diff., Catani, Grazzini s
ZZ, Cascioliit et al.
oo WIZ di i et af’
Oo og / ZH diff., Ferrera, Grazzini, Tramontano
%0 ¢ o WW , Gehrmann et al.
o]
Oo /

explosion of calculations = t s
in past 18 months St

VBF diff., Cacciari et al.

1

: : Zj, Gehrmann-De Ridder et al.
2002 2004 2006 2008 2010 2012 2014 2016 ZZ, Grazzini, Kallweit, Rathlev
Hj, Caola, Melnikov, Schulze
Zj, Boughezal et al.
WH diff., ZH diff., Campbell, Ellis, Williams
More results now! Y-y, Campbell, Ellis, Li, Willams
WZ, Grazzini, Kallweit, Rathlev, Wiesemann
Salam WW , Grazzini et al.

MCFM at NNLO, Boughezal et al.
Pz, Gehrmann-De Ridder et al.




Phenomenology

process known desired
o NSLOHEFT+N2LOQCD (#)
t
pp— H de NLOgw do NSLOHEFT+N2LOQCD
do NZLOHEFT-FNLOQCD-FPS +NLOEW+N(L1)LOQCDXEW
do N2LO
o H+j 7 HERT do N?LOgppr+NLOgep+NLOgw
do NLOEW
doe NLO LO
pp— H+2j d(7 N°LO, EFTZFVBE?*():D do NLOusrr+LOgop+NLOgw
o QCD
do N2LO VBF)+NLO VBF
do  NLOgw(VBF) 7 qcn(VBF)+NLOgw(VBE)
. do NLOggrr
S H+3 do  NLOqcp+LOqcp+NLO
pp J do NLOgw o QCD QCD EW
pp—>H+V do N2LOQCD do N2LOQCD + NLOgg—)HV + NLOgw
do N2LO
pp—> HH 7 HEFT do NZLOHEFT+NLOQCD+NLOEW
do  NLOgop
_ do NLOqcp
— H +tt do NLO +NLO
p do  NLOgw g qep+NLOBW
pp—> H -+t
_ de NLO doc NLO +NLO
op— HAT o QCD o QCD EW

More results now!
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Phenomenology

process known desired
o N3LOgqep(z — 0)
SV do N2LOQCD do N3LOQCD + N2LOEW
PP do NLOgw + N(I’I)LOQCDXEW + decays
do NOYLOgopxew
do N2LOQCD + decays
- Vv do N2LOqcp + NLOgw+ decays
pp do  NLOgpw o QCD EW Ccay:
pp—>V+j do N2LOQCD do N2LOQCD + NLOgw+ decays
. do  NLOgqcp+ decays
—V+2 do N2LO NLO d
PP I do  NLOgw-+ decays 7 qop + RLOmw decays
do NLO d
pp— VV' +1,25 7 QoD+ decays do  NLOgqcp+ NLOgw+ decays
do NLOgw
do  NLOgqcp
- vv'v” do NLOq@cp+ NLOgw+ decays
pp do  NLOgpw a QCD EW y
pp — Yy do NZLOQCD do N2LOQCD + NLOgw
pp—=yy+3 do  NLOqcp do NZLOQCD + NLOgw

More results now!
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Phenomenology

process known desired
do N2LOQCD
pp — tt do NLOgqcp+ decays do N2LOQCD + NLOgw+ decays
do NLOgw
- do NLOgqcp+ decays
—tt+ doe N2LO NLO d
pp J do NLOgw o Qcp + Ew+ decays
pp—tt+2j do NLOgqcp+ on-shell decays do  NLOgqcp+ NLOgw+ decays
- do  NLOgqcp
—tt+V do NLO + NLOgw+ decays
pp doc NLOgw o QCD EW y
pp — t/t do N2LOQCD (t-channel) do N2LOQCD + NLOgw+ decays
do  N?LOqcp(gg,aq)
— 27 ’ do NZ2LO NLO
bp J do NLOgw 7 qep + EW
. do  NLOgqcp
=i+ do N2LOqcp + NLO
pp—=JTY do  NLOgpw a QCD EW
pp — 3j do  NLOgqcp do N2LOqcp + NLOgw

More results now!
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Phenomenology

do/dH.. [pb/GeV]

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

10°

10?

L LA LR LR BEL LN BN EELANLANL EELENL
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Z+jets Hr distribution

e common variable in beyond SM searches
for heavy particles

e [rreducible background for new physics

searches, e.g. dark matter, SUSY

NNLO recovers agreement with

data by add on missing high orders.

Boughezal, et. al.



Phenomenology

102
0<ly <1
66 GeV < M, < 116 GeV
10° ATLAS,7TeVLHC -
NNPDF3.0
3
4 | n
S 10 NLO - —
N NNLO —
&l NNLO+EW - - -
1) 109 F Data +—— |
L 7 pT distribution
e ] e Clean and very small exp. uncertainty ~
* 1%
107 ' e therefore standard candle at the LHC
NLO - — 100 NNPDF3.0
1.1 F NNLO — E
a NNLO+EW - - -
3
£
o
b=
K NNLO agrees much better than
09T 1 NLO.
° 100 NNLO
@ 11F g
[T
a
o
4
z 1
S NNPDF3.0 ‘==
£ CTi4 - -- |
© 09F MMHT14 - - ]
ABMP16
100 Boughezal, et. al.
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Phenomenology

Before pZ data After pZ data

48.22 +0.89 (1.8%) | 48.61 £ 0.61 (1.3%)

Ogg—H [pb)]

3.92£0.06 (1.5%) | 3.96+0.04 (1.0%)

ovBF [pb]

Gluon-Gluon, luminosity Quark-Gluon, luminosity

[ NN3.Ored
S0 NN3.Ored + 8 TeV
VS = 1.30e+04 GeV

T
[ NN3.Ored

S0 NN3.Ored + 8 TeV
VS = 1.30e+04 GeV

1.15 g 1.15)
1.1 § 1.1
e M e
.05 £ 31.05
o < o
1 § 1
0.5 I oo
09 & 09)
0.85 0.85
08! 08! . L
3 2 3
10° . [Gev] 10 10° . [Gev) 10

Z pT distribution

e Clean and very small exp. uncertainty ~
1%

o therefore standard candle at the LHC

Quark-Antiquark, luminosity

B NN3.Ored |
N NN3.Ored + 8 TeV
VS = 1.30e+04 GeV

‘Gonerated with APFEL

.
10°

L
2
10° i, [Gev]
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Error reduced by 30% when NNLO Z pT included

Boughezal, et. al.



Phenomenology

Single inclusive jet production

o Anther benchmark process at the
LHC

e Related to new physics searches,
PDF fitting ---

T 1.8

o6

1.5

OO0 4222000 ===
NDO L DWRONDO LW
T

E o —3
3 By t g
%‘*J,‘m#ﬁc‘ﬁﬂﬁumw '
:10<Iy|<15 -
il

scale = individual jet pT

T 1.8

I—os

-
w

OO0 42222000 ===
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T

¢ NLO
MMHT 2014 NLO

¥ NNLO
MMHT 2014 NNLO
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*+H#immmm1 il
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- L
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_11
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At ittt

10°  2x10° 10°  2x10°

P, [GeV]

scale = leading jet pT

Fixed NLO or NNLO describes the data ?
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Depends on the scale choices

Currie, Glover, Pires



Phenomenology

Single inclusive jet production

o Anther benchmark process at the

LHC

e Related to new physics searches,

PDF fitting ---

Data/ NLO®NP (CT10)

Anti-k, R=0.5

V\s=7TeV

CMS,L=5 b

T
[*]Data
o []Theory uncertainty B

r 1 ]
[ lyl<0.5 T 05slyl<1.0

' t - H—————
l- / 1 J 1
o i‘ o .
l_\/\/\_/v\_/—\/\/\ __b' _

06k 1 1 /‘—/\_\/\ 1
1.5slyl<2.0 20slyl<25 25slyl <3.0
Il 1 1 1 1 1
60 100 200 1000 60 100 200 1000 60 100 200 1000
Jetp_ (GeV)

Fixed NLO or NNLO describes the data ?

Systematic discrepancies
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Phenomenology

Single inclusive jet production 16 man 3
141 3
o Anther benchmark process at the 9 F ]
Z 12F 4
LHC é 1_0;___::_-‘_,.._!_,J_...;;,m,mm_li_______;
e Related to new physics searches, 5 ost I E
PDF fitting --- S 061 0.0 < |y| <0.5 E
OA: L L ]
102 103
pr(GeV] _
XL, Moch, Ringer
1.6 £ I ]
140 E
o 12F E
z 10F ]
E E ]
b 08F 3
06F 3
p :CDE 04i J

pr(GeV]

Fixed NLO or NNLO describes the data ?
Systematic discrepancies
Fixed order is not everything

0 Resummation (small R) may help here



Phenomenology

t-tbar production

= 10g
2 g NLO+NNLL'
e Another example that ¢ F (0 NLC
g F —— ATLAS (4)
resummation could help =
y :g 1 m;=173.2 GeV
e NLO + NNLL’ (threshold) E LHC 8 TeV
C ez W= (112,1,2) My
- [ANNANNY f
CLLLBT
10 A
B \]
1072
1073 PR P P TR—— L
o 14
12f5
10 T 7
E LIV 174 4’ i
0.8 TR
0.6 ANV N
04 H :
400 600 800 1000 1200 1400 1600

M, (GeV)

Pecjak, Scott, Wang, Yang
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henomenology

Higgs production

e First result for NNLO + NNNLL
at the LHC

e For small pT, resummation is

crucial

NNLOJET®SCET pp—~H+=0jet my=125 GeV Vs =13 TeV
14 NNLO LOeNLL BE==30 NLO@NNLL EE=23 NNLOeN3LL BE==3
15 F ]
121 1
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=3 1
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8 0.9
0.4 0.8 1
0 R 0 10 20 30 40 ]
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Chen et. al.



Conclusions

e Precision is important (test QCD + new physics searches)
e We need to deal with both loop corrections and real emissions

e Now the frontier at the LHC is NNLO + beyond
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