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The LHC circa 2015

Standard Model Total Production Cross Section Measurements suus: varch 2015
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¢ 7 TeV CMS measurement (L < 5.0 fb™)
¢ 8 TeV CMS measurement (L < 19.6 fb™)
— 7 TeV Theory prediction
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Excellent overall agreement between theory and experiment
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The importance of higher orders

¢ Precision QCD theory has been a critical component of this success

e Example: Until recently, WW cross section showed a >2c excess at
both ATLAS and CMS, and for both 7 TeV and 8 TeV data. Could 1t
be light charginos?
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Higgs kinematics

e There will be a continued need for precision QCD at the LHC Run II
e Need improved modeling of the Higgs cross section for several measurements
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First measurement of the Higgs pr DlVlSl(_)n O.f th? Higgs signal into
spectrum available; will be measured exclus‘lve jet bins needgd to remove the
with higher precision in Run II, theory sometimes overwhelming backgrounds.

must be ready!
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Fixed order cross sections (@ NNLO

® Need the following ingredients for NNLO cross sections

e IR singularities cancel in the sum of real and virtual corrections and
mass factorization counterterms but only after phase space integration for
real radiations

e Virtual corrections have explicit IR poles, whereas real corrections have
implicit IR poles that need to be extracted.
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Fixed order cross sections (@ NNLO

® Need the following ingredients for NNLO cross sections

e IR singularities cancel in the sum of real and virtual corrections and
mass factorization counterterms but only after phase space integration for
real radiations.

e Virtual corrections have explicit IR poles, whereas real corrections have
implicit IR poles that need to be extracted.

e A generic procedure to extract IR singularities from RR and RV was
unknown when jets 1n the final state are involved, until very recently.
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Methods for extracting IR singularities from double real
radiation (@ NNLO

[.ocal subtraction schemes:

e Sector decomposition (Anastasiou, Melnikov, Petriello, 2003)

- pp — H, pp — V including decays
(Anastasiou, Melnikov, Petriello, 2003-2004)

® Sector—improved subtraction schemes (Czakon, 2010; R.B., Melnikov, Petriello, 2011)
- pp — tf (Czakon, Fiedler, Mitov, 2013)
- pp — H + ,] (R.B., Caola, Melnikov, Petriello, Schulze, 2013-2015)

e Antenna subtraction (Gehrmann-De Ridder, Gehrmann, Glover, 2005)
- ee — 3] (Gehrmann-De Ridder, Gehrmann, Glover, Heinrich, 2007; Weinzierl, 2008)
-pPp — ] j partial (Gehrmann-de Ridder, Gehrmann, Glover, Pires, 2013)

- PP — H + ] gg—only (Chen, Gehrmann, Glover, Jaquier, 2014)
- PP — tt_ partial (Abelof, Gehrmann-de Ridder, Maierhofer, Majer, Pozzorini, 2011-2015)

e ‘Colorful NNLO’ (Del Duca, Somogyi, Trocsanyi 2005)

-H — bb (Del Duca, Duhr, Somogyi, Tramontano, Trocsanyi 2015)
9
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[.ocal subtraction schemes

_ R S S
donnLo = /d . (donyro —doxnro) + /d doynro
m-+2

(I)m—I—Q

V1 Vsl VS.1
+ / (dONNLO — dUNNLO) + / donNTo
d(I)m+1 d(I)m—l—l

V.2
+ / do NN Lo
dd,.

e Subtraction terms approximate the full matrix elements point
by point in the phase space.

: 1 : :
Radja Boughezal, ANL 0 NNLO Phenomenology Using Jettiness



Non local: qr-subtraction

e For color neutral final states, the final state transverse
momentum gr completely determines the singularity structure
of QCD amplitudes (Catani, Grazzini, 2007)

do

do
ONNLO = / dqr Jor (¢S — gp) + / dqr @H(QT — 51ty

/ /

obtained using the Collins-Soper-Sterman This 15 an NLO STOSS s.ectlon
S with one additional jet.
(CSS) factorization formula for small g
Necessarily involves an integration over PX, X=WH,...
final state radiation.

® Many successful NNLO results: TqT
H/W/Z+0jet, W/Z+ v, WH, W"W~, ZZ, vy P2 p1
(Catani, Cieri, de Florian, Ferrera, Gehrmann, Grazzini,
Kallweit, Maierhoefer, Pozzorini, Rathlev, Tancredi, qu

Torre, Tramontano, von Manteuffel, Weihs)
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qr-subtraction

® For color neutral final states, the final state transverse
momentum qr completely determines the singularity
structure of QCD amplitudes (Catani, Grazzini, 2007)

e Limitation: transverse momentum no longer completely
describes the singularity structure of QCD amplitudes when
jets are present 1n the final state (can’t distinguish between
double and single unresolved radiation)

Need a different resolution parameter!
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Non-local: N-Jettiness Subtraction

® N-jettiness Tn: an event shape variable designed to veto
final-state jets (Stewart, Tackmann, Waalew1jn, 2010)

Tn = E min;
k

/

N: # of jets in final state

momentum of each of the 2

t f all final
beams and final state hard jets momentum ol all tind

state patrons

characterizes the hardness of
beam-jets and final-state jets
can be chosen Q1 = 2E1

7n = ( :radiation is soft, or collinear to one ot the beams or final state jets

™ > () : at least one of the radiations is hard and well separated from the beams/jets

Can introduce a 75" that separates doubly unresolved singularities from every thing else

: 13 : :
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N-Jettiness Subtraction

® For NNLO processes, onnLo consists of Born-level
kinematics, and processes with one or two additional
radiations. Can write the cross section with a cut 7§ as:

ONNLO = /d(I)N |MN|2‘|‘/dq)N+1 Mpyi1)? 0N
Jr/<11(I’N+2 |MN+2|29§1+/(M)N+1 Mpyt1]? 0%

+ / APy 42 [Mn2l? 05

= onnro(Tn < T5*) + onnro(Ty > T

9; — H(ch\rut — TN) and (9; — Q(TN _ T](ifut)

o Next step 1s to calculate the cross section below and above ¢!

: 14 : :
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N-Jettiness Subtraction

® For Tr>741", at least one radiation is resolved, this is a NLO

correction to the born process with an additional jet. Use your
favorite NLO generator to calculate 1t !

f . .
® For Tn<7y', both radiations are unresolved (soft, collinear or

both). A factorization theorem that gives the all-orders result for

small jettiness was derived in SCET (Stewart, Tackmann, Waalewijn,
2010-2011)

o(tn <7")= | HR B B® S ® [ngn}_F

/ A T
describes hard radiation, / \

coincides with virtual

BN —_ describe collinear describes soft  describes collinear
correlctl.ons. In dimensiona radiation to the radiation radiation to the final
regularization beam directions state jets

* The ellipsis denote power suppressed terms, negligible for T~ smaller than any other
kinematic invariant in the process

: 1 : :
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N-Jettiness Subtraction

oy <75 = [HeBoBeSo [[[N J.| +

e Expand this formula to fixed order in 0 to get ¢ below 7§

e For 1-Jettiness@NNLO, all ingredients were known
except the soft function:

H @ 2100pSZ W/ H‘|‘j (Gehrmann, Tancredi, 2012; Gehrmann, Jaquier, Glover, Koukoutsakis, 2012)
B @ 2loops: (Gaunt, Stahlhofen, Tackmann, 2014)

\) @ 2100pS (R B., Liu, Petriello, 2015) see Liu’s talk on Thursday for more details
J (@ 2loops: (Becher Neubert, 2006; Becher, Bell, 2011)

Can combine all these ingredients to get full NNLO results !

R.B., Focke, Liu, Petriello, 2015

(see also Gaunt, Stahlhofen, Tackmann, Walsh, 2015)

: 16 : :
Radja Boughezal, ANL NNLO Phenomenology Using Jettiness



N-Jettiness Subtraction: how to
proceed

> Suppose we want to calculate an N-jet process @ NNLO:

Generate an event for the N+1jet process (@ NLO (can have N+1 or N+2 partons)
Determine the reference vectors p; for the hard jets by performing a pre-clustering of

the radiation using a jet algorithm (to get the leading jet). The choice of the jet

algorithm does not affect the determination of p; for small enough 1., (Jouttenus, Stewart,
Tackmann, Waalew1jn, 2010-2011)

Calculate ty. If > 1.4, keep the event. This provides onno(Tn™ Teut)
If Tn< Teus, TEJECE the event.
Calculate onnLo(Tn < Teur) USINg the factorization formula to NNLO.

Add onnpo(Tn < Tew) @and onnLo(Tn™ Tew) and check that there is no dependence on Ty

17
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NNLO Phenomenology
Using Jettiness Subtraction
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W+Het (@ NNLO

U o
: ﬁlc mark process in the E@ P e Jlat- 31 -
' S MCFM O(ct,) \s=7TeV |
< 16 ... MCFM O(c2) B
» Required for precision DY S -
prediction for the W-pr S | :
spectrum. ; “ ¢ b { } { o
T B e e
e Will be an important - O_si_m}i”"* T
constraint on the gluon-PDF [ E B :
at large x (arXiv1505.01399) N T T T B

0 50 100 150 200 250 300
pY [GeV!
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W-Het (@ NNLO: validation

CT10, P1; > 30 GeV, nj| <2.4 (CMS cuts)

W+ (= lv)+1j @ NNLO, 8 TeV

R.B., Focke, Liu, Petriello, 2015

logarithmic dependence on Tcut
canceled in the sum of oNNLO(TN < Teut)

and oNNLO(TN > Teut).

U/UNLO

Sum of cross sections above and
below the cut 1s stable to better than

0.1% of Gotal

AU/UNLO

NLO agrees exactly with known
results

W+2jet (@ NLO obtained using
MCFM, with only double precision !

: 2
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WHet (@ NNLO: Results

R.B., Focke, Liu, Petriello, 2015

W+ (= ) +1j, @8 TeV

|_ s s s i i 10 : jet
—_— | NLO pr > 30 GeV, |njet]| < 2.4
T 107 po S e :
S | m— = Leading order: 533752 pb
= Next-to-leading order: 797153 pb
;§ R T N ey 55 man R Next-to-next-to-leading order: 791fg pb
s |
CT10 PDFs, anti-Kt with R = 0.5
10
2.2 [ NLO/LIO . . .
1g|| — MNTO/NEO e Knnro 1s independent from Tyt 1n
< 1'4—5 S each bin.
1.0 s ..
0630 60 8i0 1ci)o 1£o 1zito 1eiso 180
pi' [ GeV]
. +40% -1%
Corrections: [LO —— NLO—— NNLO for u=mw
Scale uncertainties: 7% LO 7% NLO ~<1% NNLO

Very mild shift from NLO to NNLO and almost flat dependence on pTj
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WHet (@ NNLO: Results

R.B., Focke, Liu, Petriello, 2015

W (=) +1j, @8 TeV

A LO
ol e S = NLO |
= : - n — : : B NNLO
O 3 5 - — 5 ? s s
= ! - — § § §
& _ : —— : : :

SO o B TR RO B e — S
= ; : T :
S f 5 | -_ |
= | —
z —
' ——
: B NLO/LO
— NNLO/NLO

e Knnro calculated for teue=0.05 GeV, 0.07 GeV and shows independence
from Tcut 1n €ach bin

e NNLO corrections almost flat as a functions of ptw above 30GeV

e Sudakov-Shoulder effect at the boundary Prw= 30 GeV leading to the

shown perturbative instability (no bin averaging was done to improve it)
22
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Higgs + 1jet @NNLO
Using jettiness and sector
improved subtractions

: 2 : :
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Higgs 1n association with jets

[ I I I 1 I I 1 I I I 1 l I I 1 I I 1 ] I
n * ant -#- Data == BG (sys @ stat)
60001 ATLAS Preliminary o ' = wzzzwy
- \s=8TeV,| Ldt=5.8fc" [J# [ SingleTop

- . Bl Z+jets [] W+jets
5000~ H-WW' ]—>evpv/pvev [CJ HI125GeV]

Events

e Seclection of experimental events
in H — WW uses jet binning to
reduce the background.

,,,,,,,,,,,,

AN R

,,,,,,,,,
,,,,,,,,,,
,,,,,,,,,,

e Theory uncertainties in the 1-jet
and 2-jet bins are currently a
limiting factor.
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e Looking for BSM effects would Source (1-jet Signal (%) Bke. (%)
benefit from a better precision Tjetincl. ggl signal ren /fact, scale 0
COIltI'Ol Of the differential Z—jet .incl. ggF signal ren./fact. scale 415 0

. . . . Missing transverse momentum 8 3
dlStI'lbllthIlS, Cg. nggS pT W+jets fake factor 0 7
(Banfi, Martin, Sanz, 2013; Azatov, b-tagging efficiency 0 7
Paul 201 3) Parton distribution functions 7 1

Theory uncertainty as

o4 estimated by ATLAS is large
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Higgs+ijet (@ NNLO using jettiness: validation

R.B., Giele, Focke, Liu, Petriello, 2015

¢ Jogarithmic dependence on tcue canceled
in the sum of oNNLO(TN < Teut) and
ONNLO(TN > Teut).

e Sum of cross sections above and below
the cut 1s stable to better than 0.1%
correction tO Giotal

e Agreement with the sector-improved
residue subtraction result at the per-mill
level ! (R.B., Caola, Melnikov, Petriello, Schulze, 2015)

e H+2jet (@ NLO obtained using MCFM,
with only double precision !

: 25
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NNPDF2.3, Prj > 30 GeV, [Yi¢f| < 2.5

H+1j@ NNLO, 8 TeV

10},

/// S —e SCET(<T;™)

—e QCD(>T") ||

o—e (QCD+SCET

0.05 0.06 0.07 0.08 0.10

Shown 1s the pure NNLO xsection
central scale choice: © = my

Mg/2 <p<2Mg
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do/dY’" [ pb]

Higgs+jet (@ NNLO using jettiness: Results

0.16 | H‘l‘]."], @8T6|V
0.14
N 0.12
Q
Q 0.10
=)
ISH
— 0.08
& 0.06
o
8 0.04
0.02
18 e W NLO/LO
— NNLO/NLO
o 14
1.0}
0.6 % i i % i ; ;
40 60 80 100 120 140 160 180
[ GeV]

H+1jQ8TeV

__|mmm NLO/LO
— NNLO/NLO

R.B., Giele, Focke, Liu, Petriello, 2015

et > 30 GeV, Y7 < 2.5

Leading order: 3.174% pb
Next-to-leading order: 4. €SJr g Pb
Next-to-next-to-leading order:|5. 5+0 pb

NNPDF2.3, mp=125GeV, anti-Kt with R = 0.5

e KnnLo 1s independent from ey in each bin

e Non-trivial K-factor shape as a functions of pr;
while flat as a function of YJ¢

e Differential distributions are under good control

¢ qgb, qq, gbgb channels included in this result.
They reduce the cross section by ~1.5% for
these cuts

2 : :
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Higgst+jet (@ NNLO using jettiness: Results

H+1j, @8 TeV

R.B., Giele, Focke, Liu, Petriello, 2015

et > 30 GeV, |V < 2.5
Leading order: 3.173% pb
S Next-to-leading order: 4.8745 pb
18 ! - o GO | Next-to-next-to-leading order:|5.570% pb
N 1.4
10 NNPDF2.3, mp=125GeV, anti-Kt with R = 0.5
40 60 80 Jle(t)([) GeV]IZO 140 160 180

H-+1j,Q@8TeV

e Knnro 1s independent from teu In €ach bin

e Non-trivial K-factor shape as a functions of pr;
and prtH

e Differential distributions are under good control

;2 ””””” ”””””” ”””””” ”””””” """""" ”””” - ﬁ%ﬁw o Ready to compare with data!
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Higgs + 1 jet (@ NNLO using
sector-improved residue subtraction

e Greatly reduced theoretical errors for H+1jet !

R.B., Caola, Melnikov, Petriello, Schulze, 2015
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8000 | LO —— |
'\ NNPDF2.3, 8TeV, gg+qg Ng}:g .
7000 + 1 anti-kT jet algorithm
= 6000 _ _ R = 0.5, PT,cut = 30 GeV
Z 5000 |
1000 |
3000 |
40 60 80 100 120 140 160 180 200 220 240
1 [GeV]
+44% +20%
Corrections: [LO ——> NLO—— NNLO for u=mn
+23% +4%
[LO ——> NLO—— NNLO for u=mn/2
Scale uncertainties: 36% LO 21% NLO 8% NNLO

Radja Boughezal, ANL

28

NNLO Phenomenology Using Jettiness



Summary

e Remarkable progress in delivering complete NNLO
predictions for various observables: Higgs+jet, W+jet
and more to come.

e Jettiness subtraction: a simple, generic and efficient new
method 1n deriving NNLO (and beyond) predictions.

e Ready to compare with LHC data!
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