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Standard Model Production Cross Section Measurements
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PP Jets Dijets W Z

R=0.4 R=0.4

total |y|<3.0 |y|<3.0 fiducial fiducial fiducial total = total fiducial total

y*<3.0

ti tt—chan ww 7Y

zz Wy W+ 7y dw iz tty  Zij Wyy WoWeiite_chan
wz EWK EWK
total fiducial fiducial fiducial total =~ total fiducial fiducial fiducial fiducial total

semilept. njet=0



Physics from Run 1

...In most cases, good agreement with SM predictions (at NLO and higher).
The SM will be tested more stringently (with hopefully BSM physics discovered)
in Run 2. We need to have the predictions available to test data vs theory.

Reference

. B S :
Standard Model Total Production Cross Section Measurements 1. 2015 [fff‘f;
| S B

pp o =95.35+0.38 + 1.3 mb (data)
COMPETE RRpl2u 2002 (theory) 8x10™8 Nucl. Phys. B, 486-548 (2014)
total
r =563.9+ 1.5+ 55.4 — 51.4 nb (dat
Jets R=0.4 ‘ Rlouas &Tid heory 0.1<pr<2TeV 45 arXiv:1410.8857 [hep-ex]
lyl<3.0
H — o = 86.87 +0.26 +7.56 7.2 nb (dat
DljetS R=0.4 Rt 10 heare) 0.3<mj<5TeV 45 JHEP 05, 059 (2014)
lyl<3.0, y*<3.0
r =94.51+0.194 + 3.726 nb (data
' FEWZ»HEF\APD‘FW(S Ao (theory) 0.035 PRD 85, 072004 (2012)
total
r = 27.94+0.178 + 1.096 nb (data)
Z FOWZ HERAPDE 5 NRILO (theory) 0.035 PRD 85, 072004 (2012)
total
- =1829 3 1:6.4pb
tt i QNLL theory) 4.6 Eur. Phys. J. C 74: 3109 (2014)
— 2424 17 10.2 pb (dat .
total *p *NNLOPNNLL [‘lhew’ 20.3 Eur. Phys. J. C 74: 3109 (2014)
T =68.0+20:80pb (data)
tt—chan NLO: NLL%hémy‘ 4.6 PRD 90, 112006 (2014)
=82.6+1.2+12.0 pb (data) 20.3 ATLAS-CONF-2014-007
total NLO+NLL (theory) .
WW+W2Z 7= 68,047,010 pb data) LHC pp Vs=7TeV ,
+ MC@NLO (theory) 4.6 JHEP 01,049 (2015)
r
o =51.9+£2,0 + 4.4 pb (data) eory 4.6 PRD 87, 112001 (2013)
ww Herm theon) Observed : '
r=714+12+55-49pb (data)
total Ve tiheory) - s%a; ; 20.3 ATLAS-CONF-2014-033
r=16.8+29+39 ata) stat+sys
Wt NLO‘NLLD‘heDW] Y 2.0 PLB 716, 142-159 (2012)
y=272+2
total 7 =220 nmpmeo?;a\‘ 20.3 ATLAS-CONF-2013-100
r=239+39-3 LHC pp \/—=8TeV
H gsF LHC- Hxsg\/{/)G (\hcmyv 20.3 ATLAS-CONF-2015-007
total Th
eory
¢ =190+14-13+10pb (data
Wz ! MEFW (fheory) © ata) ob g 4.6 EPJC 72,2173 (2012)
20.3+0.8-0.7+ 1.4 - 1.3 pb (dat serve .
total MCFM \Ihe(‘)ry\ poda) - stat 13.0 ATLAS-CONF-2013-021
¢ =6.7+0.7+0.5 - 0.4 pb (data) stat+syst 4.6 JHEP 03, 128 (2013)
ZZ MCFM (theory) +SYy: X
- 1 —04+04 .
total T DRA oy PP (0812) 20.3 ATLAS-CONF-2013-020
o =2.43+0.6 - 0.55 pb (dat
H VBF LHC-HXSWG my;o"?;) ‘I - 20.3 ATLAS-CONF-2015-007
total ATLAS Preliminary
=300.0 + 120.0 ~ 100.0 + 70.0 - 40.0 fb (data)
tW s
tt MCFM (theory) 20.3 ATLAS-CONF-2014-038
total Run1 +/s=7,8TeV
¥ r = 150.0 + 55.0 ~ 50.0 + 21.0 fb (data)
ttZ ‘ B HELAC NLO (theory) - e 20.3 ATLAS-CONF-2014-038
total
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A similar need lead to the first wishlist (for the Tevatron)

An experimenter’s wishlist
Run Il Monte Carlo Workshop

Single Boson  Diboson Triboson Heavy Flavour

W+ < 5j WW+ < 55 WWW+ < 3j tt+ < 3j
W4+bb<3j W+bb+<3] WWW4+bb+<3j tt+~+<2j
W4ece<3] WHee+<3j] WWWHAyE<3j tt+W+ <25

Z+ < 5j ZZ+ < 5j Zyy+ < 3j tt + Z+ < 2j
Z 4+bb+ <3 Z4+bb+ <35 ZZZ+ < 3j tt+ H+ < 25
Z4ce+<3j] ZZ+4ce+<3] WZZ+ <3j th < 2j
v+ < 5j Y+ < 5j ZZZ+ < 3j bb+ < 3j
v+ bb < 3j vy + bb < 3j single top
v+ cec < 3j vy + ct < 3j

WZ+ <5j

WZ +bb < 3j

WZ +cé < 3j

W+ < 3j

Zy+ < 3j



Realistic wishlist

Was developed at Les Houches in
2005, and expanded in 2007 and
2009

Calculations that are important for the
LHC AND do-able in finite time

In 2009, we added tttt, Wbbj, W/Z+4;
plus an extra column for each process
indicating the level of precision
required by the experiments

+ to see for example if EW
corrections may need to be
calculated

In order to be most useful, decays for
final state particles (t,W,H) need to be
provided in the codes as well

With the calculation of tttt, all
processes on the wishlist have been
calculated

The wishlist has been retired since
new techniques allow for the semi-
automatic generation of new
(reasonable) NLO cross sections

Process (V € {Z,W,v})

Comments

Calculations completed since Les Houches 2005

1. pp — VVijet

2. pp — Higgs+2jets
note we didn’t even think
Higgs+3 jets possible

3.pp—=>VVV

4. pp — ttbb

5. pp — V+3jets

W Wjet completed by Dittmaier/Kallweit/Uwer [4,5];
Campbell/Ellis/Zanderighi [6].

Z Zjet completed by
Binoth/Gleisberg/Karg/Kauer/Sanguinetti [7]

NLO QCD to the gg channel

completed by Campbell/Ellis/Zanderighi [8];

NLO QCD+EW to the VBF channel

completed by Ciccolini/Denner/Dittmaier [9, 10]

ZZ Z completed by Lazopoulos/Melnikov/Petriello [11]
and WW Z by Hankele/Zeppenfeld [12]

(see also Binoth/Ossola/Papadopoulos/Pittau [13])

relevant for ttH computed by
Bredenstein/Denner/Dittmaier/Pozzorini [14, 15]

and Bevilacqua/Czakon/Papadopoulos/Pittau/Worek [16]
calculated by the Blackhat/Sherpa [17]

and Rocket [18] collaborations

Calculations remaining from Les Houches 2005

6. pp — tt+2jets

7. pp — V'V bb,
8. pp = VV+2jets

relevant for ttH computed by
Bevilacqua/Czakon/Papadopoulos/Worek [19]
relevant for VBF — H — V'V, ttH

relevant for VBF — H — V'V

VBF contributions calculated by
(Bozzi/)Jdger/Oleari/Zeppenfeld [20-22]

NLO calculations added to list in 2007

9. pp — bbbb

qq channel calculated by Golem collaboration [23]

NLO calculations added to list in 2009

—>

10. pp — V+4 jets
11. pp — Wbbj
12. pp — titt

top pair production, various new physics signatures
top, new physics signatures
various new physics signatures

Calculations beyond NLO added in 2007

13. gg — W*W* O(a?a?)
14. NNLO pp — tt
15. NNLO to VBF and Z/~y+jet

backgrounds to Higgs
normalization of a benchmark process
Higgs couplings and SM benchmark

Calculations including electroweak effects

16. NNLO QCD+NLO EW for W/Z

precision calculation of a SM benchmark

Table 1: The updated experimenter’s wishlist for LHC processes




Note that we have ticked off one cross section from the first list

An experimenter’s wishlist

Run Il Monte Carlo Workshop

Single Boson  Diboson Triboson Heavy Flavour
WW+ < 5 WWW+ < 3j ti+ < 3j

VTt <3 W+bb+<3] WWW+bb+<3j tt+~y+<2j
W4ce<3] WHee+<3j] WWWHyE<3j tt+W+ <25
Z+ < 5j ZZ+ < 5j Zyy+ < 3j tt+ Z+ < 2j
Z4+bb+<3] Z4+bb+<3] ZZZ+ <3j tt+ H+ < 2j
Z4ce+<3j ZZ+4ce+<3] WZZ+ <35 th < 2j
v+ < 5j Y+ < 5j ZZZ+ < 3j bb+ < 3j
v+ bb < 3j vy + bb < 3j single top
v+ cc < 3j vy + c€ < 3j

WZ+ <55

WZ +bb < 3j

WZ +ce < 3j

W+ < 3j

Zy+ < 3j



Going beyond the original wish list: a lot more complexity
(loops and legs) required to keep it interesting

Jis - COASTERIMAGE.COM
- ©2004




A new Les Houches high precision wishlist

® From the 2013 proceedings o
o arxivi1405.1067 LO = O(1),
® NB: The counting of ordersis NLO QCD = O(as)a

done relative to LO QCD /_ NNLO QCD — (9(042)

independent of the absolute

power of o in cross secton — NLO EW = O(a),

® o~og”sothat NNLO QCD and _— NNNLO QCD = (9(043)
NLO EW effects are naively of 577

the same size — NNLO QCD+EW = O(asa).
® do represents full differential
Cross sections ...and of course, as much as possible, we

would like matching to a parton shower for

® The list is very ambitious, but Lo
fully exclusive final states

possible to do over the

remainder of the LHC running Costas: "dev umrdpxel TpopAnua’
In this notation, dc@NNLO QCD+NLO EW indicates a single code computing
the fully differential cross section including both order o..? and order o effects.

Where possible, full resonance production, including interference with
background should be taken into account.



Many of these calculations require the use of on-
sheII technlques

oy i A I A TN SR A RIS E

...which have been around longer than we realized



Wishlist: Higgs sector

status 2014 means calculation now available*
Process | known desired details
H do @ NNLO QCD dg @ NNNLO OCD + NLO EW H branching ratios
do @ NLO EW MC@NNLO and couplings
finite quark mass effects @ NLO finite quark mass effects @ NNLO
H+) do @ NNLO QCD (g only) do @ NNLO QCD + NLO EW H pr
do @ NLO EW finite quark mass effects @ NLO
finite quark mass effects @ LO
H+2j | 0y (VBF) @ NNLO(DIS) QCD do @ NNLO QCD + NLO EW H couplings
do(gg) @ NLO QCD NNLO calculation with
do(VBF) @ NLO EW projection to Born
H+V |do@NNLO QCD with H — bb @ same accuracy H couplings
do @ NLO EW
ttH do(stable tops) @ NLO QCD do(top decays) top Yukawa coupling
@ NLO QCD + NLO EW
HH do @ LO QCD (full m; dependence) | do @ NLO QCD (full m,; dependence) | Higgs self coupling
do @ NLO QCD (infinite m; limit) | do @ NNLO QCD (infinite m; limit)

Table 1: Wishlist part 1 — Higgs (V=W,Z) . ..
e SR bt iges ( Z) justify the requested

————3 precision based on
current/extrapolated
experimental errors

*my apologies if your calculation is not
yet noted; let me know and I’ll add it



ATLAS Preliminary

Input measurements

. m, = 125.36 GeV +
Higgs sector e
H -y 99F1u=1-32§% 125.4 -»—o-—|
® We currently know the production e T w1075z —
cross section for gg fusion to (DI TR S v s s T
i o c@ H - zz* 7o ; S
NNNLO QCD in the infinite m, | ot gk srai-lTiEes e
limit, including finite quark mass ) B 1 s s s R ~ B S
nite quark m¢| H — F-u=0.98*°.'29 195,36 . : : .
effects at NLO QCD and NLO 3 [omVBD 8 N S - I
o(gg : < 047 E . . .
EW. do(VBF) @ NI VHip=3077 12536 . ,"1—’—|_': , , i -
H+V |do @NNLO Q overa||;u=1_43:g::j 125.36 :—o—| :
® Current ATLAS (and CMS) L R —
experimental uncertainties are of #0000y g R T AR
the order of 20-40%->consistency R | SO |
with SM at that level — 197167 (8 TeV) + 5.1 16 (7 TeV) - _‘ . : B | |
) om : : o
® NB: signal strength parameters Hos yy (bntagged) | CMS My=125GeV | g r
make use of state-of-art | ™ _—
calculations of Higgs cross g b § ' ;
. . . ’ r-)e f — . .
sections and kinematics H— ZZ (2-et) TN
_ . _ H— WW (0/1-jet)
® Theory error is competitive with o WW (VEF g ) 2 4
- a
other errors->theory H > WW (ttH tag) — s Jnal strength (u)
. H— tt (0/1-jet)
improvements needed H - tt (VBF tag)
CMS: p=1.00#0.09 (stat) £ 0.07 (syst) £ "> =(h .
0.08 (theory) H - bb (VH tag) i

ATLAS: p=1.30 * 0.12 (stat) * 0.09 (syst)
0.10 (theory)

H - bb (ttH tag)

4 2

0

2 4 6
Best fit o/oS' .



Higgs sector

Nss known desired details
® Previously, uncertainty was of ) [oaviom Moanto O e
order of 15% with PDF+a, and T o O e a0 3 pom—[Fe
higher order uncertainties, both e L | ek e cfcts O NLO
b ei n g on th e Ord er Of 7_ 8% H+2j Z?E;:F;)N@L SZLC%(DIS) QCD do @ NNLO QCD + NLO EW H couplings
. do(VBF) @ NLO EW
L 4 Scale u nce rta I nty nOW — H+V | do @NNLO QCD with H — bb @ same accuracy H couplings
reduced to 2-3% S
+ PDF+aog uncertainty now
dominant

+ see next few slides, however

® Expect total experimental error to
decrease to <10% in Run 2

® So ultimately may want to know ;
NNNLO QCD and mixed NNLO ' | :
QCD+EW contributions —
maintaining finite top quark mass
effects

e e —!

olpb

pimgy

2 NNLO+PS simulations for ggF have already
been developed; expect improvements/refinements.



Kiri

Il Melnikov: LHCP 2015

Higgs boson production in gluon fusion

Estimates of N®LO Higgs production cross sections were attempted before an exact

Project underway for
Les Houches
proceedings with

calculation using various approximations (essentially, emission or soft gluons or direct comparisons
powers of 7 are assumed to be the dominant source of QCD corrections). The HXWG of resummed

has assembled various predictions for the Higgs cross section made before the N3LO  predictions and
result became available. The picture below should tell us about the success or failure  results of NA3LO,

of these predictions. But it does not...; it leaves more questions than answers. invoIving resummers
However, the correct answer is important since it will teach us if approximate and Zurich group
predictions for Higgs production cross section are reliable and to what extent.
It would be important to
understand why this point is
much higher than everybody
The authors of this result claim else mﬂ’m the claimed
the same increase of the cross- _ preaision is so high.
section relative to NNLO as the & L o inchusive cross sacion, s = 13TeV, f ‘
exact N3LO computation shows. 3 8(1: Uncartainty band: largest scale-var dewiation from naminal
Yet' m 'w]lts on that plot a'e sows: NLO appeac madan uncansnty
parently different. |
® { I : NLO result
Good agreement with ‘I’

N3LO; obviouslylarger ~_—
emors.

NNLO NNLD NNLO MLD  appean MU0 aooeae. NLO sgeos WLO pat. NLO
FO ML | WNLL L FO FO FO L N FO

tuwund 3e oG ADNY STWY aruy onrNn DOFVR ADCIGAN

Taken from the HXWG summary

Tuesday, September 1, 15



PDFs: the next generation

NNPDF3.0 (arXiv:1410.8849)
MMHT 14 (arXiv:1412.3989)
CT14 (arXiv:1506.07443))
HERAPDF2.0

The gg PDF luminosities for the
first three PDFs are in good
agreement with each other in the
Higgs mass range

PDF uncertainty using the CT14,
MMHT14, CT14 PDFs would be
2-2.5%, comparable to new scale
dependence at NNNLO, and
comparable to the as uncertainty

Gluon-Gluon, luminosity

gm CT14NNLO' -
MMHT2014
NNPDF3.0

'S = 1.30e+04 GeV

102 10°

M, [GeV]

NNPDF down by 2-2.5%, CT14 up by ~1%,
MMHT14 down by ~0.5%

partially data, partially corrections in
fitting code, partially changes
in fitting procedures

new PDF4LHC recommendation; see extra
slides

Generated with APFEL 2.4.0 Web



A comparison of ggF at NNLO

CT14 MMHT2014 NNPDF3.0

scale = m

8 TeV 18.66 pb 18.65 pb 18.77 pb
-2.2% -1.9% -1.8%
+2.0% +1.4% +1.8%

13 TeV 42.68 pb 42.70 pb 42.97 pb
-2.4% -1.8% -1.9%
+2.0% +1.3% +1.9%

The PDF uncertainty using this new generation of PDFs is similar in
size to the NNNLO scale uncertainty and to the o (m;) uncertainty.



THE VALUE OF ay, to account for

. B perturbative
PDG VALUE (AUGUST 2014): as(Mz) = 0.1185 + 0.0006 fruncation errors

COMMENTS (S.F.)
e LATTICE UNCERTAINTY CURRENTLY ESTIMATED

BY FLAG (arXiv:1310.8555) TO BE TWICE THE f'-dtfff':“ o
PDG VALUE (£0.0012) e ok

e IT IS AN AN AVERAGE OF AVERAGES e*e” annitilation  +—cf—

e SOME SUB-AVERAGES (E.G. DIS) INCLUDE MU- Zpolefis o
TUALLY INCONSISTENT/INCOMPATIBLE TR X X
DATA/EXTRACTIONS ot (M)

e SOME SUB-AVERAGES (E.G. 7 OR JETS) INCLUDE DETERMINATIONS WHICH DIFFER
FROM EACH OTHER BY EVEN FOUR-FIVE o

e AVERAGING THE TWO MOST RELIABLE VALUES (GLOBAL EW FIT & 7, BOTH NBLO,
NO DEP. ON HADRON STRUC'I‘URE) GIVES
-PDFs all evaluated at same

a. = 0.1196 £+ 0.0010
value of o (0.118).
NEW PDF41L.HC AGREEMENT —0lg uncertainty added in
e PDG UNCERTAINTY CONSERVATIVELY MULTIPLIED By 2  quadrature with PDF

uncertaint
e CENTRAL VALUE & UNCERTAINTY ROUNDED: rty' i £
PDF SETS USUALLY GIVEN IN STEPS OF Aa,(M.) = 0.001"% Uncertainty is one ot the

dominant errors now
as(Mz) =0.118 = 0.0015

S. Forte Higgs XSWG meeting

How aggressive should we be on a.(m
99 (M) June 8, 2015

uncertainties?



® First attempts to measure differential
Higgs+jets measurements made in
diphoton (ZZ*) channel at ATLAS

+ JHEP 1409(2014)112; (Phys. Lett.
B738(2014)234)

® Combination with ZZ*
o arXiv:1504.05833

Events / GeV

Data-Bkg

B I l ATI].AS Prelirr:inary §
2500 = pp—H-yy, {s=8TeVH
E [Ldt=2031b" 3
2000 E_ N, =0 —E
1500 =
1000 ; é
F —e—Data 3
500 = i -
F - Bk &
200 : | \ \ L \ .
100 =
0 +44 ? . ’4 ﬁw ?#h by PR MWA‘”.:' “
100 ++? + ¥ + =
110 120 130 140 150 160
my, [GeV]
(a) Njcls =0
300 — T T
BN ATLAS Preliminary
250 $+ pp—H—yy (s=8Te
E [Ldt=2031b"
200 Noo=2
150 =
100
F —e—Data
50 |~ —— Sig+Bkg Fit |
E o Bkg 3
50 E ; 3
0 Mxﬁ + 1+4++ I m A Rﬁ LRI
+ ” ¢ PR EeT T
-50 =
110 120 130 140 150 160
m,, [GeV]

(€) Njus =2

Events / GeV

Events / GeV

Data-Bkg

Higgs sector

finite quark mass effects @ NLO

finite quark mass effects @ NNLO

Process | known desired details
H do @ NNLO QCD do @ NNNLO QCD + NLO EW H branching ratios
do @ NLO EW MC@NNLO and couplings

H+j

—_

T T
ATLAS Preliminary

pp—H—yy, (s =8Te'
[Ldt=2031"

\||||||u|\||||||\|||||||||Hm|||||n

UL L) LA L) U L) i

o)
g
o

o @ NNLO QCD (g only)
do @ NLO EW
finite quark mass effects @ LO

do @ NNLO QCD + NLO EW
finite quark mass effects @ NLO

Hpr

ATLAS pp—H
i —+— data, tot. unc.

- Vs=8TeV, 203 b’

S

syst. unc.

i ——

anti-k, R =04, p":‘ >30 GeV

— T
- B NNLOPS+PY8 + XH .
# MG5_aMC@NLO+PY8 + XH
B SHERPA21.1+ XH

#* STWZ + XH

* BLPTW + XH

wsss XH = VBF + VH + tTH + bbH

-
=]

*
|

|
&
=1

%

1

|
+

L )
110 120 130 140 150 160 1 L . 1 FELCLELCECELELIPEPEE PR,
my, [GeV] C E 3 I + . E
- : SR ]
(b) Njews = 1 C : I ]
ATII-ASP i T -] : 1 L L 1 I 1 1 L 1 I-..I.-.l..l..-l..__ 1 1 L L l 1 1 L L l 1 1 1 L :
relmlnary -
ppAH%V}‘(— 8TeV] &’ ' I I I
] O 4 | A
E E ' {
- = Z
E —e— Data 3 9 2- T
;__Eff““r" E ko) *4—.—*—-—-1-—.—*—-—4-—.— == = -
1 © L L ! !
+++¢¢ " .++mtﬁ Byt .A+++ +“¢+’¢+¢‘ ; c O >1 >2 >3 =0 =1 =
Rl
110 120 130 140 150 G \1/?0 N
m,, [Ge . jets
Note good labelling of axes :
(d) New 2 3



Ratio to STWZ

ATLAS Higgs+>=1 jet

® Comparisons to a wide number of resummation/ME+PS
predictions...but not to fixed order! (with appropriate
non-perturbative corrections)

do /dpjT1 [pb/GeV]

LA B S B B B
- ATLAS

® STWZ + XH

—H
PP M JetvHeto + XH
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ATLAS Higgs+>=1 jet

® Comparisons to a wide number of resummation/ME+PS predictions...but not to fixed
order!

® Les Houches:compare each prediction to each other, to fixed NLO/NNLO in
detailed framework

+ wide variety of observables relating to Higgs+jets; Rivet routine available;
ntuplereader modification available to talk to Rivet

® How well do the resummation calculations anticipate/reproduce the NNLO

results?
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We're going to be looking at much higher p; values with smaller errors in Run 2.
We need to have a better quantitative handle on this.



Higgs + jet

® At 14 TeV, with 300 fb!, there will be 016 MRS & 2 L2 1.4 A
a rich variety of differential jet CRVY S S N — — = .er(zo
measurements with on the order of SQRCY 1 S S——— S— e
3000 events with jet p; above the top O 010 i
quark mass scale, thus probing inside B 0.08 I R N N . ] _______________
the top quark loop 1%5 0.06 SRS S S S— — —
® H+j cross section now known to S 004 ’ ] ’ ’ ]
NNLO ... T U N
s using conventional techniques: ’ : ' ' ]
arXiv:1504.07922 | ’ i [wm oo |
s using n-jettiness: arXiv: __NNLO/NLO
1505.03893
+ this cross section will be used to : : : : ; : :
improve comparisons with Run 2 - 40 60 80 100 120 140 160 180
data pr [GeV]

® | O (one-loop) QCD and EW
corrections with top mass
dependence known, but finite mass
contributions at NLO QCD+NLO EW
may also be needed

Can n-jettiness be successfully used for other
processes, for example Higgs+>=2 jets at
NNLO (once appropriate virtual terms are
known)?

Is this the start of a NNLO revolution?



O-jet bin

>1-jet bin

F. Caola: HXSWG meeting May 7, 2015

LHC13 efficiencies: O- and 1-jet bin

[Many thanks to P. £ Monni and F. Dulat] preliminary; paper

ord | ob°, (JVE) | 052 f " (JVE) | 058" (scales)
NNLO | 26.2719 0 pb 25.873% 25.871%
N3LO | 27.2727 pb 27.2114 27R 02

ord 0>1 —jet (scales) 0>1 —jet (JVE) O-f>(i -*:]EBNLL (‘]VE)
NLO 14.712% pb 14,7134 15.1%%7
NNLO | 17. 5+1 3 pb 17.5+28 7 EF

® |_ogs completely under control
(logR: see [Dasgupta, Dreyer, Salam, Soyez (2015)])

* No breakdown of f.o. perturbation theory for pr ~ 30 GeV
® Reliable error estimate from lower orders

® | ogs help in reducing uncertainties

e Significant decrease of pert. uncertainty

1 —

==

in progress

What is the effect
of jet binning on
a reasonably
inclusive cross
section, i.e.
H+>=1 jet?

According to this
result, the effects
are small.

Can we () get a
better
understanding of
this? How
exclusive can
you go?



arXiv:1511.02886
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Higgs sector

Higgs +>= 2 jets crucial to understand
Higgs coupling, in particular through
VBF

VBF production previously known to
NNLO QCD in double-DIS
approximation together with QCD and
EW effects at NLO; now known to
NNLO in projection-to-Born method

ggF known to NLO in infinite top mass
limit and to LO QCD retaining top
mass effects

With 300 fb-", there is the possibility of
measuring HWW coupling strength to
order of 5%

This would require both VBF and ggF
Higgs + 2 jets cross sections to NNLO
QCD and finite mass effects to NLO

QCD and NLO EW

Process

known

desired

details

H

do @ NNLO QCD
do @ NLO EW
finite quark mass effects @ NLO

do @ NNNLO QCD + NLO EW
MC@NNLO
finite quark mass effects @ NNLO

H branching ratios

and couplings

H+j

do @ NNLO QCD (g only)
do @ NLO EW
finite quark mass effects @ LO

do @ NNLO QCD + NLO EW
finite quark mass effects @ NLO

Hpr

interesting that the

H+2j

(

ttH

HH

(statistically limited)
results seem to show

a jettier final state

than predicted...but

«(VBF) @ NNLO(DIS) QCD
do(gg) @ NLO QCD
do(VBF) @ NLO EW

do @ NNLO QCD + NLO EW

H couplings
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...alas, arXiv:1508.07819
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arXiv:1506.02660: VBF at NNLO, projection to Born
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FIG. 2: From left to right, differential cross sections for the transverse momentum distributions for the two leading jets, p¢,j,
and p¢j,, for the Higgs boson, p: i, and the distribution for the rapidity separation between the two leading jets, Ay;, j,.

Differences between NLO and NNLO need to be better understood



Higgs sector

aoe geeean

® Higgs +>= 2 jets crucial to understand (7 }??Qﬁ"fﬁ%‘lfi’%) QD [dr G NNLO QCD + NLOBW | H conplngs
. . . . \ — o(gg
Higgs coupling, in particular through do(VBF) @ NLO EW ]
H+V | do @NNLO QCD with H — bb @ same accuracy H couplings
VBF do @ NLO EW
ttH do(stable tops) @ NLO QCD do(top decays) top Yukawa coupling
C T T T T T T T T T T T T T T T T T @ NLO QCD + NLO EW
i ) [ ] HH do @ LO QCD (full m; dependence) | do @ NLO QCD (full m, dependence) | Higgs self coupling
Diphoton baseline :TLAS (528 TeV ©l -—0— do @ NLO QCD (infinite m, limit) | do @ NNLO QCD (infinite m, limit)
>y, (5=
N,ets >1 Ldt=203 fb:l r Table 1: Wishlist part 1 — Higgs (V =W, Z)
—e— data syst. unc. * |
== * ] study from Les Houches
N, 23 v - 2013; will be extended
i B XH = VBF+ VH + {TH | in 2015
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can we gain a better quantitative
understanding/reduction of ggF
contamination in VBF region? It's
not enough to say they agree
within uncertainties. Many of —
those uncertainties are in
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Fig. II1.29: Azimuthal separation of the tagging jets before (left) and after (right) the application of

common.

the VBEF selection cuts in the leading jet selection as predicted by the different generators. The individual

sources of uncertainties used to generate the respective bands are described in Sec. 6.2.
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Higgs sector

Cou pl | ng Of H Iggs to top and bottom Process | known desired details . .
H do @ NNLO QCD do @ NNNLO QCD + NLO EW H branching ratios
quarks pOOI’ly known do @ NLO EW MC@NNLO and couplings
finite quark mass effects @ NLO finite quark mass effects @ NNLO
¢ 5H0% for bottom H+j |do@NNLO QCD (g only) do @ NNLO QCD + NLO EW H pr
do @ NLO EW finite quark mass effects @ NLO
* 1 OO % for' top finite quark mass effects @ LO
H+2j | 0w:(VBF) @ NNLO(DIS) QCD do @ NNLO QCD + NLO EW H couplings
H->bB primarily measured through d7(ee) @ NLO QCD
. . do(VBF) @ NLO EW
asociated production, known cu rrently H+V \do @ NNLO QCD with H — bb @ same accuracy H couplings
o @NLO EW
at N N LO QCD and at N LO EW ttH %o(stable tops) @ NLO QCD do(top decays) top Yukawa coupling
. @ NLO QCD + NLO EW
bB decay cu rrently n N LO QCD HH do @ LO QCD (full m, dependence) | do @ NLO QCI (tull m, dependence) | Higgs self coupling
do @ NLO QCD (infinite m; limit) | do @ NNLO QCD (infinite m; limit)

production in narrow-width
approximation; desirable to combine Table 1: Wishlist part 1 -~ Higgs (V= W,2)
Higgs production and decay
processes to same order, NNLO in
QCD and NLO in EW for Higgs-
strahlung process H > pp

With 300 fb-! at 14 TeV, signal
strength for H->bB should be e :

measured to 10-15% level, shrinking ttH L A B
to 5% for 3000 fb-" R B

. _ +2.6 .
TR =180 s |

Overall: u = O.52tg‘:g
VH — Vbb '

WH:p = 11001125 e B

ZH:p = 0.05'%%2

ool12s | e E

Overall: p =-0.

-3.7

H—2Zy Overall: p = 2.712 125.5

YT A
NB: gg->ZH at NLO critical | 1 _o 0 5 4
component; currently beyond state of \s=7TeV, 45471
art \s = 8 TeV, 20.3 b Signal strength (u)



Higgs sector

Coupling of Higgs to top and bottom
quarks poorly known

o 50% for bottom
+ 100% for top

Higgs-top couplings may have both
scalar and pseudo-scalar components
(in presence of CP violation)

Can be probed in measurements of
Higgs production in association with
tT ort

tH (tTH) known to LO (NLO) QCD wth
stable tops

Need to know the cross section (with
top decays) at NLO QCD, possibly
including NLO EW effects

Process | known desired details
H do @ NNLO QCD do @ NNNLO QCD + NLO EW H branching ratios
do @ NLO EW MC@NNLO and couplings
finite quark mass effects @ NLO finite quark mass effects @ NNLO
H+j do @ NNLO QCD (g only) do @ NNLO QCD + NLO EW Hpr
do @ NLO EW finite quark mass effects @ NLO
finite quark mass effects @ LO
H+2j | 0w:(VBF) @ NNLO(DIS) QCD do @ NNLO QCD + NLO EW H couplings
do(gg) @ NLO QCD
do(VBF) @ NLO EW
H+V ‘ do @ NNLO QCD with H — bb @ same accuracy H couplings
o @ NLO EW
ttH do(stable tops) @ NLO QCD do(top decays) top Yukawa coupling
@ NLO QCD + NLO EW
HH do @ LO QCD (full m, dependence) | do @ NLO QCI (tull m, dependence) | Higgs self coupling
do @ NLO QCD (infinite m; limit) | do @ NNLO QCD (infinite m; limit)
Table 1: Wishlist part 1 — Higgs (V =W, Z)
Overall:pn = 0.52*2':2 125.36 i :
VH = Vbb S -
WH:n=1.1""1125 T —ie— :
A +0.52 i : .
2k =005 lizs = s
H— pp Overall: u = 07i§; 125.5 . .
s
H—2Zy Overall: p = 2.7**° -

R +1.1
bb:p = 1.5

Multilepton: u = 2.11:‘2‘ 125

. _ +2.6
YY:ipu= 1.371‘8

\s=7TeV, 4547 fb"

\s=8TeV, 203"

—2 0 2
Signal strength (u)




Self-coupling of the Higgs one of the
holy grails of extended running at the
LHC

+ directly probes EW potential

HH production through ggF currently
known at LO with full top mass
dependence, at NLO with leading
finite mass terms, and at NNLO in the
infinite top-mass limit

It may be necessary to compute full
top mass dependence at NLO QCD

Higgs sector

Process | known desired details

H do @ NNLO QCD do @ NNNLO QCD + NLO EW H branching ratios
do @ NLO EW MC@NNLO and couplings
finite quark mass effects @ NLO finite quark mass effects @ NNLO

H+j do @ NNLO QCD (g only) do @ NNLO QCD + NLO EW
do @ NLO EW finite quark mass effects @ NLO
finite quark mass effects @ LO

H+2j | 0w:(VBF) @ NNLO(DIS) QCD do @ NNLO QCD + NLO EW H couplings
do(gg) @ NLO QCD
do(VBF) @ NLO EW

H+V | do @NNLO QCD with H — bb @ same accuracy H couplings
do @ NLO EW

ttH do(stable tops) @ NLO QCD do(top decays) top Yukawa coupling

@ NLO QCD + NLO EW

@

do @ LO QCD (full m; dependence)
do @ NLO QCD (infinite m, limit)

do @ NLO QCD (full m; dependence)
do @ NNLO QCD (infinite m; limit)

Higgs self coupling

Table 1: Wishlist part 1 — Higgs (V =W, Z)

The various decays of the Standard Model Higgs boson offer a variety of final states which can be

Wlth 3000 fb-1 at 14 Tev, hope for a studied, and the most interesting of these are given in Table 1, along with their branching ratios and the

50% precision on self-coupling
parameter

despite small BR, one of the

most promising channels; ——————%+5

best significance using
boosted regime

Decay Channel | Branching Ratio | Total Yield (3000 fb~T)
bb + bb 33% 40,000
bb + WW- 25% 31,000
bb + 1" 7.3% 8,900
ZZ + bb 3.1% 3,800
W*W-+1t5t | 2.7% 3,300
Z7Z + WHW~ 1.1% 1,300
0.26% 320
Yy +vy 0.0010% 1.2

section of 40.8 tb and my = 125 GeV.

approximate event yield in the anticipated High-Luminosity LHC (HL-LHC) dataset corresponding to
3000 b1

ATL-PHYS-
PUB-2014-
019

Table 1: Branching ratios for different HH final states, and their corresponding approximate expected
yields in 3000 fb~! of data before any event selection is applied, assuming a total production cross



heavy quarks, photons, jets

Process known desired details
tt Otot @ NNLO QCD do(top decays) precision top/QCD,
do(top decays) @ NLO QCD @ NNLO QCD + NLO EW | gluon PDF, effect of extra
do(stable tops) @ NLO EW differential at NNLO | radiation at high rapidity,
now known top asymmetries
tt+) do(NWA top decays) @ NLO QCD | do(NWA top decays) precision top/QCD
@ NNLO QCD + NLO EW | top asymmetries
single-top | do(NWA top decays) @ NLO QCD | do(NWA top decays) precision top/QCD, V,,
@ NNLO QCD (t channel)
dijet do @ NNLO QCD (g only) do Obs.: incl. jets, dijet mass
do @ NLO weak @ NNLO QCD + NLO EW | — PDF fits (gluon at high x)
— O
CMS http://arxiv.org/abs/1212.6660
3j do @ NLO QCD do Obs.: R3/2 or similar
@ NNLO QCD + NLO EW | — a, at high scales
almost there for dom. uncertainty: scales
NNLO QCD CMS http://arxiv.org/abs/1304.7498
v +] do @ NLO QCD do @ NNLO QCD gluon PDF
do @ NLO EW +NLO EW v + b for bottom PDF

Table 2: Wishlist part 2 — jets and heay quarks




Top pair production

() Top productlon |S |mportant both as ATLAS+CMS Preliminary o, summary, \'s =7 TeV  TOPLHCWG Sep 2014
. T NNLO+NNLL (Top++ 2.0), PDF4LHC, m =172.5 GeV — stat. uncertainty
a pOSSIble Venue for neW phySICS aS I scale uncertainty ’ = = = total uncertainty
well as for more mundane purposes scale POF & g nceriiny R
such as the determination of the ATLAS, ifts i 79429270 Lrare
H ATLAS, dilepton () = 173671 *3pb L,=0.7 fb"
gluon PDF at hlgh X ATLAS, all jets (¥) e ® —— 167 + 18 = 78 = 6 pb L,=1.0fb
® Currently, the dilepton final state is ATLAS combined TraGaTph  Learow
. CMS, l+jets (*) e 164+ 3=12+7pb Ln=0.8-1.1 fb"
known to an experimental oM, dispton () — 70421628 Lot
uncertainty Of 4% and the CMS, tp g+ (%) — 149+ 24+26+9pb L,=1.11b"

. . . CMS, all jets (*) — ° 136+ 20 = 40 = 8 pb Ly=1.110"
uncertainty for the leptons+ijets final CMS combined 1665 25 118pb  Lonirn
State Should be Of the Same Order |n LHC combined (Sep 2012) 173+ 2+ 8+ 6pb L,,=0.7-1.1 b’
Run 2 ATLAS, I+jets, b—Xuv 165+ 2= 17+ 3 pb L,=4.7 b

ATLAS, dilepton e u, b-tag 1 1829+ 3.1+ 42+ 3.6pb L 46"
+ a sizeable portion of that error is ATLAS, diepton e . N, 7" ¥ 1812228151030 Lot
\ . ATLAS, 7o+ o—i—i 186+ 13220+ 7pb  L,=211"
due to the luminosity e gatgedemd Larw
1 ATLAS, all jets 168+ 12*%+ 7 pb L=47f"
u n Ce rta I nty CMS, l+jets 1582+ 10=4pb Ly=2.2-2.3 fo"
o Currenﬂy know total top Cross CMS, dilepton Fed 161.9225730+36pb L,-230"
section to NNLO QCD and NLO EW s oo szsr e
‘ 4% uncertainties e e ) Eﬁec::fgLH;Obea?nsen:r:ybuncert;ntj5(:;pb
. . . (*) Superseded by results shown below the line (not included in the figure)
® Need differential top cross section ol b |||||||||||||||.|||

to NNLO QCD (with decays) 50 100 150 250 300 350
including NLO EW effects O [pb]
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® gg channel is dominant; differential predictions at NNLO

o
[ B L NN A
R Data |

® ALPGEN:+HERWIG
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Mass and rapidity distributions

will help constrain high x gluon distribution
+ weaker gluon at high x than needed for jet production?

...but, NLO EW corrections also important
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do/dm.g [pb/GeV)

NNLO/NLO

NLO/LO
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® Due to dominance of gg initial state,

basically every tT event is a tT]j
event

® Currently known at NLO QCD

® Desired to know (with decays) at
NNLO QCD with NLO EW effects

do/dn,,,; [pb]

Expected/Data

10?

10

{T+jets

Process

State of the Art

Desired

tt

otot(stable tops) @ NNLO QCD
do(top decays) @ NLO QCD
do(stable tops) @ NLO EW

do(top decays)
@ NNLO QCD + NLO EW

tt+3(j)

do(NWA top decays) @ NLO QCD

do(NWA top decays)
@ NNLO QCD + NLO EW

tt+7Z

do(stable tops) @ NLO QCD

do(top decays) @ NLO QCD
+ NLO EW

single-top

do(NWA top decays) @ NLO QCD

do(NWA top decays)
@ NNLO QCD + NLO EW

YNLO QCD + NLO EW

E T T T — a T l
- ATLAS = = ] ATLAS .
C —e— Data ] — —e— Dana YNLO QCD + NLO EW
- POWHEG+PYTHIA . ) | = - POWHEG+PYTHIA 7 YNLO QCD + NLO EW
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o/ og, (ttZ)

Important process to compare to
tTH production, but also for
measuring coupling of top quark
with Z (or W)

Currently known to NLO with on-
shell top decays

Need to be able to study hard
radiation effects in top decays

V4

T T l T T T T I T T T T I T T T T l T T T

B A TLAS ' Pre % ATLAS Best Fit i

2 —— ATLAS 68% CL —

_[L dt=203f" NN\ . ATLAS 95% CL ]

“\s=8TeV s NLO calculation* .

15— 7/, iz Theory uncertainty ]

L o NN NN\ fiW Theory uncertainty |
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O s 5

o o v 7

0007 &» 000% //////// 7/

05— —

0 __ % * Campbell(2012),Kardos(2011),Garzelli(2011,2012) __

_I I 1 1 1 1 | 1 1 N 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 ]

0 0.5 1 1.5 2 2.5 3

G/ og, (it

w)

Process State of the Art Desired

tt otot(stable tops) @ NNLO QCD do(top decays)
do(top decays) @ NLO QCD @ NNLO QCD + NLO EW
do(stable tops) @ NLO EW

tt +j(j) do(NWA top decays) @ NLO QCD | do(NWA top decays)

@ NNLO QCD + NLO EW

tt +7Z )

do(stable tops) @ NLO QCD

do(top decays) @ NLO QCD
+ NLO EW

single-top

do(NWA top decays) @ NLO QCD

do(NWA top decays)
@ NNLO QCD + NLO EW

dijet do @ NNLO QCD (g only) do @ NNLO QCD + NLO EW
do @ NLO EW (weak)

3j do @ NLO QCD do @ NNLO QCD + NLO EW

v+ do @ NLO QCD do @ NNLO QCD + NLO EW

do @ NLO EW

agreement (within large uncertainty) with
the standard model prediction



Single top

Important for precision top physics
and in particular the measurement
of Vib

Current experimental precision is on
the order of 10% and a precision of
the order of 5% desireable/possible
in Run 2

Both ATLAS and CMS have
observed tW, with approximately
20% uncertainties (dominated by
statistics)

¢ <10% for Run 2

Currently single top cross section
known to NNLO in QCD

o arXiv:1404.7116

tW known theoretically to within
10% and tZ to within 5%

Would like single top cross section
to NNLO QCD including NLO EW
effects

Total inclusive cross-section [pb]

100

80

60

40

20

Process State of the Art Desired
tt otot(stable tops) @ NNLO QCD do(top decays)
do(top decays) @ NLO QCD @ NNLO QCD + NLO EW
do(stable tops) @ NLO EW
tt +j(j) do(NWA top decays) @ NLO QCD | do(NWA top decays)
@ NNLO QCD + NLO EW
tt+7Z do(stable tops) @ NLO QCD do(top decays) @ NLO QCD

+ NLO EW

single-top

do(NWA top decays) @ NLO QCD

do(NWA top decays)
@ NNLO QCD + NLO EW

dijet

do @ NNLO QCD (g only)

- ATLAS+CMS Preliminary LHCIOpWG
— Single top-quark production

3

F

Sep 2015

= NLO NPPS205(2010) 10, CPC191(2015) 74

All exp. results are

* LHC combination, Wt

== NNLO PLB736(2014) 58

== NLO+NNLL PRD83(2011) 091503,

ATLAS t-channel
PRD90(2014) 112006, ATLAS-CONF-2014-007

CMS t-channel
JHEP12(2012) 035, JHEPO6 (2014) 090

ATLAS Wt

PLB716(2012) 142, paper in preparation

CMS Wt

PRL110(2013) 022003, PRL112(2014) 231802
ATLAS-CONF-2014-052, CMS-PAS-TOP-14-009

ATLAS s-channel
ATLAS-CONF-2011-118 95% C.L.,
ATLAS-CONF-2015-047

CMS s-channel, 95%C.L.
CMS-PAS-TOP-13-009

M= 172.5GeV, MSTW2008nnlo

scale uncertainty

PRD82(2010) 054018, PRD81(2010) 054028
my= 172.5GeV, MSTW2008nnlo
Wi: tf contribution removed

scale ® PDF @ o, uncertainty,

m,,,= 1725GeV, o= R=m,,
CT10nlo, MSTW2008nlo, NNPDF2.3nlo (PDF4LHC)
Wt: p: veto for tf removal=60GeV
and ],LF=G5 GeV e
‘ scale uncertainty H

scale ® PDF @ o, uncertainty

w.rt m = 172.5GeV H

do @ NNLO QCD + NLO EW



Dijets

® One of key processes for

. Process State of the Art Desired
pertu rbatlve QCD tt otot(stable tops) @ NNLO QCD do(top decays)
. . do(top decays) @ NLO QCD @ NNLO QCD + NLO EW
¢ covers largest kinematic range ) do(stable tops) @ NLO EW
Wlth jetS produced |n the multl_ tt +j(j) do(NWA top decays) @ NLO QCD 2@01(\11\11\1\23 g)ggejj\yl\?io o
Tev range tt+7Z do(stable tops) @ NLO QCD do(top decays) @ NLO QCD
+ NLO EW
H - 1 single-top | do(NWA top decays) @ NLO QCD | do(NWA top decays)
+ EW effects very important in this ki & NNLO OOD - N10 BW
dijet do @ NNLO QCD (g only) do @ NNLO QCD + NLO EW
range <\) do @ NLO EW (weak)
[ Only process cu rrently included in 3j do @ NLO QCD do @ NNLO QCD + NLO EW
. v 4] do @ NLO QCD do @ NNLO QCD + NLO EW
global fits not known at NNLO do @ NLO EW
5 %0f¢ —— .
¢ 09,9Q, gq channels have been g o Tov ' o
2 80 anti-k; R=0.7 —NNLO

calculated; only qq remains
® Current experimental precision on

MSTW2008nnlo

the order of 5-10% for jets from 200 } NB:
GeV/cto 1 TeV/c " Iraeiggvely
® \Would like better precision for theory » corrections
¢ so need NNLO QCD and NLO e
EW

FIG. 2: Scale dependence of the inclusive jet cross section for
pp collisions at /s = 8 TeV for the anti-kr algorithm with
R = 0.7 and with |y| < 4.4 and 80 GeV < pr < 97 GeV at
NNLO (blue), NLO (red) and LO (green).



® One of key processes for

perturbative QCD

+ covers largest kinematic range
with jets produced in the multi-

TeV range

Dijets

Process State of the Art Desired
tt oot (stable tops) @ NNLO QCD do(top decays)
do(top decays) @ NLO QCD @ NNLO QCD + NLO EW
do(stable tops) @ NLO EW
tt+3j() do(NWA top decays) @ NLO QCD | do(NWA top decays)
@ NNLO QCD + NLO EW
tt+7Z do(stable tops) @ NLO QCD do(top decays) @ NLO QCD

+ NLO EW

single-top

do(NWA top decays) @ NLO QCD

do(NWA top decays)
@ NNLO QCD + NLO EW

+ EW effects very importantin this  (aer )

range

—_
\S]

do @ NNLO QCD (g only)
do @ NLO EW (weak)

do @ NNLO QCD + NLO EW

15<|y| <2.0

—

Theory / data
o o
(0] [o0])

III]IIIIIIIIIIII

Theory / data

ATLAS
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...but, arXiv:1407.7031

90X10°
N I;eTelv - I o
® NNLO/NLO corrections smaller o munar e,
(on the order of 5%) and flat as a S A E

function of jet p if scale of
inclusive jet p; is used rather
than p; of the lead jet

® ...which is what should be used in

any case

® expect corrections for other
subprocesses to be of similar
order

M|
1

W,

FIG. 2: Scale dependence of the inclusive jet cross section for
pp collisions at /s = 8 TeV for the anti-kr algorithm with
R = 0.7 and with |y| < 4.4 and 80 GeV < pr < 97 GeV at
NNLO (blue), NLO (red) and LO (green).

ATLAS 20107 TeV, Inl<0.3
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Figure 8: NLO/LO and NNLO/NLO exact k-factors for the gg-channel evaluated with

the renormalisation and factorisation scales up = pp = pr and pg = pp = pr1.



90X10°
N I;eTelv I o
® The referee made the same o munar e,
request | did, to show the plot to PE o, <orcey

T X
a
<

...and, revision of the paper

the right using a scale of p,
rather than p+,

90 T T T T T T T l T T T 30
C {s=8 TeV — LO(NNLO PDF+,) H
C anti-k; R=0.7 —— NLO (NNLO PDF+a,) [ 20 :
80— MSTW2008nnio —— NNLO (NNLO PDF+ar)[] Wor,
20 :_ He= He= M _: FIG. 2: Scale dependende of the inclusive jet cross section for
- 80 GeV <p <97 GeV o pp collisions at /s = § TeV for the anti-kr algorithm with
- ] R = 0.7 and with |y| < 4.4 and 80 GeV < pr < 97 GeV at
60— . NNLO (blue), NLO fred) and LO (green).
50 E ATLAS 20107 TeV, Ini<0.3
] 1 8 T T T T T T T T T T T T T T T T T T T T T T
] Eoomemeen ! (NLO/ d) exact ulzp_r ' ' ! 3
40 : 1»7; 2 (NNOMNLO) exact fi=p; ;
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20 el ]
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® Note that NLO goes up (as SN E
expected) but NNLO also comes B S
E,- ~—— T ——— - =
down...and a bit more scale E
0»9_ coe vy e b e e b e e ey by |
dependence 0 200 400 600 o @ 800 1000 1200 1400

Figure 8: NLO/LO and NNLO/NLO exact k-factors for the gg-channel evaluated with

the renormalisation and factorisation scales up = pp = pr and pg = pp = pr1.



Inclusive jet production

®
i . Sherpa MC@NLO seems to do a good job
understanding of the impact of >herpa Wi @ good ]
¢ h the fixed ord in describing ATLAS data (but PDF dependent
parton s O.WGI'S on the riXxea oraer Statement)
cross section Compare to fixed order with same PDF
" Inclusive jet transverse momenta in different rapidity ranges
el 1 T T T T T II[ T T T T T T I| 1. _— T T T T T I|| T T T T T ||| -__
g I I 1 S. Hoeche, Marek
2 Phys. Rev. D86 (2012) 014022 S 'F IIRRIGE
z 10¢ —— Surrea MCG@NLO = osf . Wl<o3 I]HE Schoenherr
T MR =pF=1Hr, po=1pL L 111  for Sherpa;
3 —— SuErera MC@NLO _g 3 E
104 ;43=y;=-}H§y), Ho=1ps S5 1: — ; WOUId be userI
. HR, iF variation = osf03<ll<o0s | L for other MC’s
6] variation p 15 £ T L B T 1 | N N IE as We"
102 MPI variation ke = ﬁ g
10! g T ;
. L {11 resummation
g | 3 scale uncertainties
10 - T4 seem small
103 [ F ' 3 except at extremes
104 ! g i 1 of phase space
— 1 | - l/l’l'/_'
107 ) - (as expected)
1076 § € _%
= L 2e<lizag 3
10-8 2 T T T L II _;
e T S CET T E
10”1 SHET{I‘ATBI‘;\C:\I—?\:‘l [ 2 0.5 :_ 1 T B B B A | | 1 3|6 $ ||yI |<|4|ﬁ _:
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3 jets

® Useful for determination of

. Process State of the Art Desired
the runnlng Of the Strong tt otot(stable tops) @ NNLO QCD do(top decays)
; do(top decays) @ NLO QCD @ NNLO QCD + NLO EW
Coupllng ConStant over a da(stfble to}[ls) @ NLO EW
wide dynam|C range tt+j(j) | do(NWA top decays) @ NLO QCD | do(NWA top decays)
@ NNLO QCD + NLO EW
() Many experlmental tt+7Z do(stable tops) @ NLO QCD do(top decays) @ NLO QCD
A ) + NLO EW
unce rtalnt|es Cancel N the single-top | do(NWA top decays) @ NLO QCD | do(NWA top decays)
. A @ NNLO QCD + NLO EW
ratio of 3]/ 2] dijet do @ NNLO QCD (g only) do @ NNLO QCD + NLO EW
. ==, | do @ NLO EW (weak)
o for example jet energy ( 3] ) | do @NLO QCD do @ NNLO QCD + NLO EW
scale uncertainty for 4 4F 3 ATLAS non-pert cort.
. © 1.2F 3
ratio can be reduced & £ ENIREVET % ustwans
to <1% 8 08 AVs=7Tey DATAUmR o Gimos
. B 06F 2 antik, R=04 7 g
o - 7 T
® Largest.thec_)retlcgl 145 P v
uncertainty is residual 125 + & S
il i il F 7 orss =
scale dependence at NLO ;_ E3 Pz E
+ 5% at high p; 06F | IS |
® So like the dijet case, 16E 6aYI<s8 (sa\Z F 8&<Yikio
would like to know 3] 2 e
production at NNLO QCD %8¢ E 2
0.4E g

+NLO EW 4x102 163 2103 mm.[GeV]4xi02I T 103 2 10° Imm.[GéV]



® Useful for determination of the gluon

Inclusive photons

distribution, especially at high x

® Final state cleaner than dijet
production (at high p;)

® So like the dijet case, would like to
know y+j production at NNLO QCD

+NLO EW
s 10 g e e
o) )
Q 103 4 Data2010 J. L dt=35pb™ E7°(A R<0.4)<3 GeV + Rivet
a
Z 1024 _ o Data 2011ILdt= 4.6 b E*(A R<0.4)<7 GeV
=
LU )
5 * NLO (Jetphox) CT10 E{*(A R<0.4)<7 GeV
~ 10 - E=== Total uncertainty
_8 " L Scale uncertainty
C ]
»
» —.—
10 —.—
——
102 ——
10
ATLAS
10
10° E!>20 GeV In'|<1.37 \s=7 TeV
>10'6 A T P R I N B B
g 1.4
c 12 [
% 1 M‘.. .........."’.‘!_.é._‘ -
g I
S 0.8
0.6 1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000
Y
E! [GeV]

Signal purity

Process State of the Art Desired
tt oot (stable tops) @ NNLO QCD do(top decays)
do(top decays) @ NLO QCD @ NNLO QCD + NLO EW
do(stable tops) @ NLO EW
tt +j(j) do(NWA top decays) @ NLO QCD | do(NWA top decays)
@ NNLO QCD + NLO EW
tt+7Z do(stable tops) @ NLO QCD do(top decays) @ NLO QCD

+ NLO EW

single-top

do(NWA top decays) @ NLO QCD

do(NWA top decays)
@ NNLO QCD + NLO EW

dijet do @ NNLO QCD (g only) do @ NNLO QCD + NLO EW
do @ NLO EW (weak)
3 [do @NLOQCD do @ NNLO QCD + NLO EW

D

do @ NLO QCD
do @ NLO EW

do @ NNLO QCD + NLO EW

1.04
1.02

0.98
0.96
0.94
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0.9
0.88
0.86

100 200 300 400 500 600 700 800 900 1000
E; [GeV]
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Data 2011 \s=7 TeV
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ATLAS

Coooa b b b b b by by Lay 1471

Note any
isolated
high pr
EM object
is a photon
...if notin
your

4 analysis,

A/A|||||||||||

then why
not



L. Cieri: Paris photon workshop

Les Houches accord 2013

[Les Houches 2013: Physics at TeV Colliders: Standard Model Working Group Report |

Can we explore this with more processes?

“LH tight photon isolation accord” ->Les Houches project

e EXP: use (tight) Cone isolation solid and well understood

accurate, better than using
cone with LO fragmentation
should work to 1% if fragmentation contribution Estimate TH isolation uncertainties
less than 20% using different profiles in smooth cone

* TH: use smooth cone with same R and Etmax

While the definition of “tight enough’ might slightly depend on the particular observable
(that can always be checked by a lowest order calculation), our analysis shows that at the LHC

isolation parameters as £ < 5 GeV (or e < 0.1), R ~ 0.4 and R, ~ 0.4 are safe enough
to proceeed.

This procedure would allow to extend available NLO calculations to one order higher (NNLO)
for a number of observables, since the direct component is always much simpler to evaluate
than the fragmentation part, which identically vanishes under the smooth cone isolation.




Vector bosons

Vector bosons

Process known desired details
\Y% do(lept. V decay) @ NNLO QCD | do(lept. V decay) precision EW, PDFs
do(lept. V decay) @ NLO EW @ NNNLO QCD + NLO EW
MC@NNLO
V+j do(lept. V decay) @ NLO QCD | do(lept. V decay) Z + j for gluon PDF
do(lept. V decay) @ NLO EW @ NNLO QCD + NLO EW W + ¢ for strange PDF
V+ijj do(lept. V decay) @ NLO QCD | do(lept. V decay) study of systematics of
@ NNLO QCD + NLO EW H + jj final state
A% do(V decays) @ NLO QCD do(V decays) off-shell leptonic decays
do(stable V) @ NLO EW @ NNLO QCD + NLO EW TGCs
gg — VV | do(V decays) @ LO QCD do(V decays) bkg. to H - VV
@ NLO QCD TGCs
Vy do(V decay) @ NLO QCD do(V decay) TGCs
do(PA, V decay) @ NLO EW @ NNLO QCD + NLO EW
Vbb do(lept. V decay) @ NLO QCD | do(lept. V decay) @ NNLO QCD | bkg. for VH — bb
massive b massless b
VV'y do(V decays) @ NLO QCD do(V decays) QGCs
@ NLO QCD + NLO EW
NAA% do(V decays) @ NLO QCD do(V decays) QGCs, EWSB
@ NLO QCD + NLO EW
VV' +j do(V decays) @ NLO QCD do(V decays) bkg. to H, BSM searches
@ NLO QCD + NLO EW
VV'+jj | do(V decays) @ NLO QCD do(V decays) QGCs, EWSB
@ NLO QCD + NLO EW
Yy do @ NNLO QCD bkg to H — vy

Table 3: Wishlist part 3 - EW gauge bosons (V =W, Z)




do/din) [pb]

free/fixed s

Vector boson production

process

(excluding luminosity
uncertainties)

and NNLO QCD+EW

700 . e
- 5 I ATLAS -
- Wi Ty, ]
650 —— —+— .
600+t~ -
550; j Ldt=233-36pb” é
[ —¢— Data 2010 (\s =7 TeV) ]
- (uncorr. sys. @ stat. uncertainty) N
500; ------- epWZ fixed s B
T —— epWZfrees ]
1.02F ]
L ——— -
0.98F ]
0 0.5 1 1.5 2 2.1

do/din) [pb]

free/fixed s

Perhaps key collider benchmark

Known experimentally to 1-2%

To take full advantage, would like
to know process to NNNLO QCD

known desired details
A% o(lept. V decay) @ NNLO QCD | do(lept. V decay) precision EW, PDFs
g7do(lept. V decay) @ NLO EW @ NNNLO QCD + NLO EW
MC@NNLO
V+ij do(lept. V decay) @ NLO QCD | do(lept. V decay) Z + j for gluon PDF
do(lept. V decay) @ NLO EW @ NNLO QCD + NLO EW W + ¢ for strange PDF
V+ii do(lept. V decay) @ NLO QCD | do(lept. V decay) study of systematics of
@ NNLO QCD + NLO EW H + jj final state
A% do(V decays) @ NLO QCD do(V decays) off-shell leptonic decays
do(stable V) @ NLO EW @ NNLO QCD + NLO EW TGCs
gg — VV | do(V decays) @ LO QCD do(V decays) bkg. to H = VV
@ NLO QCD TGCs
Vo do(V decay) @ NLO QCD do(V decay) TGCs
do(PA, V decay) @ NLO EW @ NNLO QCD + NLO EW
Vbb do(lept. V decay) @ NLO QCD | do(lept. V decay) @ NNLO QCD | bkg. for VH — bb
massive b massless b
VV'y do(V decays) @ NLO QCD do(V decays) QGCs
@ NLO QCD + NLO EW
vv'v” do(V decays) @ NLO QCD do(V decays) QGCs, EWSB
@ NLO QCD + NLO EW
X AT AN AT A NS do(V decays) bkg. to H, BSM searches
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Vector bosons+jets

Useful for PDF determination
o Z+jet for gluon determination

o WH+c for strange quark
determination

Useful to study systematics of multiple
jet production in a system with a large
mass (->Higgs), with a wide
accessible kinematic range

Currently know W+>=1 jet to NNLO
QCD

¢ Cross section seems very stable

V+1-5 jets to NLO QCD; NLO EW
corrections known for V+1 jet,
including V decays and off-shell
effects

For Z+2 jets, NLO EW corrections
known for on-shell, and are in
progress for off-shell

Differential theoretical uncertainties
can reach 10-20% for high jet

momenta, exceeding experimental
uncertainties

[pb/GeV]

Jet
T

do/dp

Process known desired details
\ do(lept. V decay) @ NNLO QCD | do(lept. V decay) precision EW, PDFs
do(lept. V decay) @ NLO EW @ NNNLO QCD + NLO EW
MC@NNLO

\ do(lept. V decay) @ NLO QCD | do(lept. V decay)
o(lept. V decay) @ NLO EW @ NNLO QCD + NLO EW

Z + j for gluon PDF
W + ¢ for strange PDF

fo(lept. V decay) @ NLO QCD | do(lept. V decay)
@ NNLO QCD + NLO EW

study of systematics of
H + jj final state

[A~AT Anaawe) @ NT N ACM A~ Annaxra)

AF Shall lantanin danasre

W (=) +1j, @8 TeV

- LO

1o o : f : NLO
| | | = NNLO |3
R — : : : ]
Y00 S e . S SO S
: . : T e : 5
_— S
arxiv:1504.02131 — =

1ot L : a : a a
2.2 {imm NLOJLO e
el — NNLONLO|... i - -
o) SN W S W O — —
0620 60 80 100 120 160 180
i [GeV]

Would like to know both cross sections at

NNLO QCD+NLO EW



W+jets
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Leading jet p+

® Inclusive leading jet p; e
distribution higher than NLO ¥ v Rl
prediction at high transverse b, ES
momentum Y ;

o 1Tev/c! T,
- _

® Exclusive lead jet p; agrees o Ve
very well with NLO prediction "
up to 700 GeV/c L TR PR *m:gjmmwmw oo

100 200 300 400 500 600 700 800 900 1000

b
A — SHERPA

. pr (leading jet) [GeV] dT (leading jet) [GeV]
+ why should fixed order P
3 E ATLAS Internal W(— )+ 1jet 1
work so well when such an = = feesros =0 4 _
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prObed?->jet Veto IOgS 5102?-" T Mesene : 28:22::/‘:7-?.5:'??[??‘:::::_+. :.::I::H:::.:::
. 10"";— \IA’ _§ % 14 Z — ALPGEN + E
® arXiv:1501.01059 Y I
F - ] . A
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Hadronization Correction

1.8
1.6
1.4
1.2
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0.4

— ATLAS
Simulation
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200

UE and Hadronization Correction

2

1.8F
1.6F

1.4

0.6}
0.4f

400 600 800 1000
Camas Woeodes |
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*The net correction is small and dies away
quickly with increasing p+, as expected
for power corrections.

*Non-perturbative corrections for higher
multiplicity final states are separately

(UE and hadronization) but still cancel.
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Vector boson pairs

Provides a handle on the
determination of triple gauge
couplings, and possible new physics
Cross sections are known to NLO/
NNLO QCD (with V decays) and to
NLO EW (with on-shell V'’s)

WZ cross sections currently have a
(non-luminosity) uncertainty of the
order of 10%

+ Wwill decrease in Run 2 of course
Theoretical uncertainty is 6%

Thorough knowledge of VV cross
section is needed because of triple
gauge couplings and backgrounds to
Higgs measurements

Non-luminosity errors for VV are of
the order of 10% or less
Experimental uncertainties will
improve, so would like cross sections
to NNLO QCD+NLO EW (with V
decays)

Process

known

desired

details

\Y%

do(lept. V decay) @ NNLO QCD
do(lept. V decay) @ NLO EW

do(lept. V decay)
@ NNNLO QCD + NLO EW
MC@NNLO

precision EW, PDFs

V+ij do(lept. V decay) @ NLO QCD | do(lept. V decay) Z + j for gluon PDF
do(lept. V decay) @ NLO EW @ NNLO QCD + NLO EW W + ¢ for strange PDF
V+ii do(lept. V decay) @ NLO QCD | do(lept. V decay) study of systematics of
@ NNLO QCD + NLO EW H + jj final state
A% V decays) @ NLO QCD do(V decays) off-shell leptonic decays
(stable V) @ NLO EW @ NNLO QCD + NLO EW TGCs
2g do(V decays) @ LO QCD I A A ey bkg. to H = VV
@ NLO QCD TGCs
Vy do(V decay) @ NLO QCD do(V decay) TGCs
do(PA, V decay) @ NLO EW @ NNLO QCD + NLO EW
Vbb do(lept. V decay) @ NLO QCD | do(lept. V decay) @ NNLO QCD | bkg. for VH — bb
massive b massless b
VV'y do(V decays) @ NLO QCD do(V decays) QGCs
@ NLO QCD + NLO EW
V'V do(V decays) @ NLO QCD do(V decays) QGCs, EWSB
@ NLO QCD + NLO EW
VV'4+j | do(V decays) @ NLO QCD do(V decays) bkg. to H, BSM searches
@ NLO QCD + NLO EW
VV'+ijj |do(V decays) @ NLO QCD do(V decays) QGCs, EWSB
@ NLO QCD + NLO EW
1Y do @ NNLO QCD bkg to H — vy

Table 3: Wishlist part 3 - EW gauge bosons (V =W, Z)

We also rely on theoretical predictions of
VV* for Higgs measurements in that decay
channel.




ATLAS diboson cross sections

Diboson Cross Section Measurements Status: July 2014 frae
—r [ eference
o (yy)[AR,y, > 0.4] [ UL 4.9  JHEPO1,086 (2013
o-ﬁd(wy - {vy) TG oot - — 4.6 PRD 87, 112003 (2013)
- [njet = 0] 170G (hoamy (daa -- ‘o s e o
o2y > tly) T ATl _ ATLAS Preliminary 46  PRD87,112003 (2013)
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Utotal(pp—>WW) 1. 4
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4.7 ATLAS-CONF-2012-157

20.3 arXiv:1405.6241 [hep-ex]

46 PRD 87, 112001 {2013)
20.3 ATLAS-CONF-2014-033

46 PRD 87, 112001 (2013)

- (r"d(WW - pup) | T30 N (D agegata 46 PRD 87, 112001 (2013)
—ofM(WW - ep) | e LHC pp V5 =7 TeV 46  PAD87,112001 (2013)
=100+ 14-13+10p Theory 46 EPJC 72, 2173 (2012)
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_ a.hd(wz - vll) 9924 3 O sfa$+sysl 13.0 ATLAS-CONF-2013-021

4. JHEP 03, 128 (2013
(Tmtal(pp—)ZZ) 6
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...but arxiv:1408.5243

NNLO calculation of
WW production
recently completed

Modest increase in size

of cross section

Decrease in size of
excess

QCD issues with
extrapolation of jet
vetoed cross section to
full cross section mean
that uncertainty is
larger than assumed in
experimental papers
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arxiv:1410.4745

Fiducial cross sections in agreement with NNLO+NNLL. Powheg provides too
large of an extrapolation from fiducial to full inclusive.

decay mode Oaq [fb] ot [fb]
et~ +e put 377. 8+6 g(Stat )+§g'}?(syst )+i(1)“;(lumi ) 357.9f}i:i

ete™ 68. 5"’ 2(stat.) 77 7(syst )T2-5(lumi. ) 69.012-7

ptp 74. 4+3 2(stat )T &0 (syst.) T2 (lumi.) 751150

I'able 4 Comparison between the measured fiducial cross section and the theory prediction with estimated NNLL+NNLO effects.
I'heory uncertainties have been symmetrized and combined in quadrature.



gg->VV

Formally, this is suppressed by a
factor of a? with respect to dominant
g-gbar subprocess, but still
contributes 5-10% to cross section
due to large gluon flux

For some Higgs background regions,
it can be over 10%

ZZ needed for determination of off-
shell Higgs boson signal strength in
high-mass ZZ final state

¢ interferes with gg->H->ZZ®
Currently subprocess is known (with
lepton decays) at LO QCD
Need to know to NLO QCD

o arXiv:1503.0127 for two loop gg-
>/ZZ with heavy top mass

o arXiv:1503.08759, arXiv:
1503.08835 for two-loop
massless case

+ what about putting it all
together?

do/dm,, [fb/GeV]
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arXiV:1509.06734

® \Would like to
allow one of the

Z’s to be virtual,
for H->Z/Z*

do/dmy [fb/10 GeV]

do/dmy [fb/10 GeV]

NLO mmm |
NNPDF3.0, 8 TeV

0.01 ¢

0.001 ¢

my [GeV]

NNPDF3.0, 13 TeV 1

0.01 ¢




Vector boson + photon

Serve as precision tests for EW
sector and also a probe for
possible new physics in triple
gauge boson couplings, or in
production of new vector meson
resonances in Vy

Process known desired details
\ do(lept. V decay) @ NNLO QCD | do(lept. V decay) precision EW, PDFs
do(lept. V decay) @ NLO EW @ NNNLO QCD + NLO EW
MC@NNLO
V+ij do(lept. V decay) @ NLO QCD | do(lept. V decay) Z + j for gluon PDF
do(lept. V decay) @ NLO EW @ NNLO QCD + NLO EW W + ¢ for strange PDF
V+ii do(lept. V decay) @ NLO QCD | do(lept. V decay) study of systematics of
@ NNLO QCD + NLO EW H + jj final state
A% do(V decays) @ NLO QCD do(V decays) off-shell leptonic decays
do(stable V) @ NLO EW @ NNLO QCD + NLO EW TGCs
gg — VV | do(V decays) @ LO QCD do(V decays) bkg. to H = VV

@ NLO QCD

TGCs

Experimental uncertainties are on (
the order of 10% and theoretical

Vy

V decay) @ NLO QCD
(PA, V decay) @ NLO EW

do(V decay)
@ NNLO QCD + NLO EW

TGCs

do(lept. V decay) @ NLO QCD

massive b

FepTaeeay) G NNLO QCD

massless b

bkg. for VH — bb

errors on the order of 5-10%

Currently, Wy production is

known (with decays) at NNLO

VV'y do(V decays) @ NLO QCD do(V decays) QGCs
@ NLO QCD + NLO EW
vv'v” do(V decays) @ NLO QCD do(V decays) QGCs, EWSB
@ NLO QCD + NLO EW
VV'4+j | do(V decays) @ NLO QCD do(V decays) bkg. to H, BSM searches
@ NLO QCD + NLO EW
VV'+jj | do(V decays) @ NLO QCD do(V decays) QGCs, EWSB
@ NLO QCD + NLO EW
1Y do @ NNLO QCD bkg to H — vy

QCD, Zy production at NNLO

QCD

NLO corrections known in the
pole approximation (resonant V
bosons with decays)

Need to know cross sections to
NNLO QCD + NLO EW

Table 3: Wishlist part 3 - EW gauge bosons (V =W, Z)




Vector boson + photon
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Events / 20 GeV

® Evidence for Wryy

Vector boson + photons

production
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v’ do(V decays) @ NLO QCD do(V decays) off-shell leptonic decays
do(stable V) @ NLO EW @ NNLO QCD + NLO EW TGCs

gg — VV | do(V decays) @ LO QCD do(V decays) bkg. to H = VV

— @ NLO QCD TGCs
Vy (V decay) @ NLO QCD do(V decay) TGCs
Mo (PA, V decay) @ NLO EW @ NNLO QCD + NLO EW
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uncertainties are of the order of

Associated Higgs production, 55N (opV doca) 6 NL0 QED | do . ¥ docey] 6 NNEO GD [ g Tor VIS 5
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VVV

Cross sections currently known to
NLO QCD, but NLO EW
corrections only known for WWZ
(in approximation of stable W and
Z bosons)

Triple gauge boson production
processes serve as channels for
determination of quartic gauge
boson couplings and will allow for
better understanding of EW
symmetry breaking

Analyses are currently statistically
limited (no published results so
far), but precision measurements
will be possible in Run 2

Desire calculation of final states
to NLO QCD + NLO EW

Process known desired details
A% do(lept. V decay) @ NNLO QCD | do(lept. V decay) precision EW, PDFs
do(lept. V decay) @ NLO EW @ NNNLO QCD + NLO EW
MC@NNLO
V+j do(lept. V decay) @ NLO QCD | do(lept. V decay) Z + j for gluon PDF
do(lept. V decay) @ NLO EW @ NNLO QCD + NLO EW W + ¢ for strange PDF
V+ii do(lept. V decay) @ NLO QCD | do(lept. V decay) study of systematics of
@ NNLO QCD + NLO EW H + jj final state
v’ do(V decays) @ NLO QCD do(V decays) off-shell leptonic decays
do(stable V) @ NLO EW @ NNLO QCD + NLO EW TGCs
gg — VV | do(V decays) @ LO QCD do(V decays) bkg. to H = VV
@ NLO QCD TGCs
Vo do(V decay) @ NLO QCD do(V decay) TGCs
do(PA, V decay) @ NLO EW @ NNLO QCD + NLO EW
Vbb do(lept. V decay) @ NLO QCD | do(lept. V decay) @ NNLO QCD | bkg. for VH — bb

massive b

massless b

@ NLO QCD + NLO EW

do(V decays) @ NLO QCD do(V decays) QGCs
@ NLO QCD + NLO EW
o(V decays) @ NLO QCD do(V decays) QGCs, EWSB

do(V decays) @ NLO QCD

do(V decays)
@ NLO QCD + NLO EW

bkg. to H, BSM searches

do(V decays) @ NLO QCD

do(V decays)
@ NLO QCD + NLO EW

QGCs, EWSB

do @ NNLO QCD

bkg to H — vy

Table 3: Wishlist part 3 - EW gauge bosons (V =W, Z)




® \/\V'+j(j) currently known to NLO

QCD

VV'’+j useful as a background to
Higgs boson production and for

BSM searches

VV’+jj production contains EW

vector boson scattering

subprocess that is particularly
sensitive to EW quartic gauge
couplings and to details of EW

symmetry breaking
EW corrections to these

VVJ()

Process

known

desired

details

\Y%

do(lept. V decay) @ NNLO QCD
do(lept. V decay) @ NLO EW

do(lept. V decay)
@ NNNLO QCD + NLO EW
MC@NNLO

precision EW, PDFs

@ NLO QCD + NLO EW

V+j do(lept. V decay) @ NLO QCD | do(lept. V decay) Z + j for gluon PDF
do(lept. V decay) @ NLO EW @ NNLO QCD + NLO EW W + ¢ for strange PDF
V+ii do(lept. V decay) @ NLO QCD | do(lept. V decay) study of systematics of
@ NNLO QCD + NLO EW H + jj final state
v’ do(V decays) @ NLO QCD do(V decays) off-shell leptonic decays
do(stable V) @ NLO EW @ NNLO QCD + NLO EW TGCs
gg — VV | do(V decays) @ LO QCD do(V decays) bkg. to H = VV
@ NLO QCD TGCs
Vo do(V decay) @ NLO QCD do(V decay) TGCs
do(PA, V decay) @ NLO EW @ NNLO QCD + NLO EW
Vbb do(lept. V decay) @ NLO QCD | do(lept. V decay) @ NNLO QCD | bkg. for VH — bb
massive b massless b
VV'y do(V decays) @ NLO QCD do(V decays) QGCs
@ NLO QCD + NLO EW
VV'V" | do(V decays) @ NLO QCD do(V decays) QGCs, EWSB

V decays) @ NLO QCD

do(V decays)
@ NLO QCD + NLO EW

bkg. to H, BSM searches

(V decays) @ NLO QCD

do(V decays)
@ NLO QCD + NLO EW

QGCs, EWSB

do @ NNLO QCD

bkg to H — vy

processes are unknown, although
as important as QCD corrections

in vector boson scattering
channels

Table 3: Wishlist part 3 - EW gauge bosons (V =W, Z)




® \/\V/'+jj production contains EW

V decays) @ NLO QCD do(V decays) bkg. to H, BSM searches
@ NLO QCD + NLO EW
decays) @ NLO QCD do(V decays) QGCs, EWSB

vector boson scattering

@ NLO QCD + NLO EW

subprocess that is particularly

do @ NNLO QCD

bkg to H — vy

SenSitive tO EW q ua rtIC gauge Table 3: Wishlist part 3 - EW gauge bosons (V = W, Z)

couplings and to details of EW
symmetry breaking

W* ook for
same-sign
dileptons

Hf—l-




® \/\V/'+jj production contains EW

vector boson scattering

subprocess that is particularly
sensitive to EW quartic gauge
couplings and to details of EW

symmetry breaking

V decays) @ NLO QCD do(V decays)

@ NLO QCD + NLO EW

bkg. to H, BSM searches

decays) @ NLO QCD do(V decays)

@ NLO QCD + NLO EW

QGCs, EWSB

A~r @ NNT.OO OCTY

hlo tn H — ~~

Inclusive Region

VBS Region

efet C:ﬁ:#: ptp* efet efp* ”:t#:t

Prompt 3007 61+13 26+06 | 22+05 42+10 19+£05
Conversions 32+07 24108 - 21+£05 1.9+07 -
Other non-prompt 0.61+030 19+08 041 +0.22{0.50 +£026 1.5+0.6 0.34 +0.19
W=W=*jj Strong 0.89 £ 0.15 2.5+ 04 142+ 0.23/0.25 + 0.06 0.71 £+ 0.14 0.38 = 0.08
WEW*jj Electroweak|3.07 £ 0.30 9.0+ 0.8 4.9+0.5 |255+025 7.3+0.6 4.0+04
Total background 68+12 103+20 30+06 | 50+£09 83+16 26=x05
Total predicted 107+14 21.7+26 93+10 | 7610 15620 66=x08
Data 12 26 12 6 18 10

FABLE II: Estimated background yields, observed number of data events, and predicted signal yields for the three channels
wre shown with their systematic uncertainty. Contributions due to interference are included in the W*W%jj electroweak

rrediction.
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etut
2.1 0.7+ 0.3 [fb]
LU
2.2+ 0.9+ 0.2 [fb]

Combination
2.1+ 0.5 £ 0.3 [fb]
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data/2yNNLO

Diphoton production

® Diphoton cross section known to
NNLO QCD and to NLO EW

® Need g; resummation at NNLL
matched to the NNLO calculation

® [f DY and Higgs production are known
in fully differential form at NNNLO,
then it should be possible to extend
those calculations to vv
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NNLO QCD + NLO EWK wishlist

Diphoton cross section known to
NNLO QCD and to NLO EW

Need q; resummation at NNLL
matched to the NNLO calculation

If DY and Higgs production are
known in fully differential form at
NNNLO, then it should be
possible to extend those
calculations to vy

...of course, the most complex
calculations are being carried out
by someone not present here, but
whom | saw last night

Process

known

desired

details

\Y%

do(lept. V decay) @ NNLO QCD
do(lept. V decay) @ NLO EW

do(lept. V decay)
@ NNNLO QCD + NLO EW
MC@NNLO

precision EW, PDF's

V+j do(lept. V decay) @ NLO QCD | do(lept. V decay) Z + j for gluon PDF
do(lept. V decay) @ NLO EW @ NNLO QCD + NLO EW W + ¢ for strange PDF
V+ii do(lept. V decay) @ NLO QCD | do(lept. V decay) study of systematics of
@ NNLO QCD + NLO EW H + jj final state
v’ do(V decays) @ NLO QCD do(V decays) off-shell leptonic decays
do(stable V) @ NLO EW @ NNLO QCD + NLO EW TGCs
gg — VV | do(V decays) @ LO QCD do(V decays) bkg. to H = VV
@ NLO QCD TGCs
Vo do(V decay) @ NLO QCD do(V decay) TGCs
do(PA, V decay) @ NLO EW @ NNLO QCD + NLO EW
Vbb do(lept. V decay) @ NLO QCD | do(lept. V decay) @ NNLO QCD | bkg. for VH — bb
massive b massless b
VV'y do(V decays) @ NLO QCD do(V decays) QGCs
@ NLO QCD + NLO EW
vv'v” do(V decays) @ NLO QCD do(V decays) QGCs, EWSB
@ NLO QCD + NLO EW
VV'+j do(V decays) @ NLO QCD do(V decays) bkg. to H, BSM searches
@ NLO QCD + NLO EW
VV'+jj | do(V decays) @ NLO QCD do(V decays) QGCs, EWSB
@ NLO QCD + NLO EW
7y dg)@ NNLO QCD bkg to H — vy
_—

Table 3: Wishlist part 3 - EW gauge bosons (V =W, Z)




The frontier




Summary

® The new high precision Les Houches wishlist presents some real
(and important) challenges for QCD and EW calculators

+ in 2015, we will take another look at the wishlist, setting
some priorities, perhaps modifying some requests

® The data to be taken in Run 2 by ATLAS and CMS requires the

effort
‘ Oh, crap ! ]

® Don't delay E,F, W\T(P
ODAY :




Summary

Because you know it's all about that
Higgs, 'Bout that Higgs, no SUSY
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Progress with recent PDFs

Quark-Antiquark, luminosity
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Figure 1: Comparison of the gg (left) and gg (right) PDF luminosities at the LHC 8 TeV for CT10,

Gluon-Gluon, luminosity
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MSTW2008 and NNPDF2.3. Results are shown normalized to the central value of CT10.
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Note in
particular the
changes in the
gg luminosity,
especially
important in
the Higgs
mass region

LHC data has
been added

for all 3 new
PDFs, but most
of change is
due to changes
in formalisms

Note also
differences in
high mass region
remain



Other new sets out as well

LHC 13 TeV, NNLO, ag(M)=0.118 LHC 13 TeV, NNLO, ag(M,)=0.118
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behavior for
HERAPDF2.0
and ABM12
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Figure 5: Comparison of the gluon-gluon (upper plots) and quark-antiquark (lower plots) PDF lumi-
nosities from the CT14, MMHT14 and NNNPDF3.0 NNLO sets (left plots) and from the NNPDF3.0,
ABM12 and HERAPDF2.0 NNLO sets (right plots), for a center-of-mass energy of 13 TeV, as a

function of the invariant mass of the final state Mx.
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Three main uses of PDFs at LHC

1. Assessment of the total uncertainty on a cross section based on the available knowl-
edge of PDFs, e.g., when computing the cross section for a process that has not been
measured yet (such as supersymmetric particle production cross-sections), or for es-
timating acceptance corrections on a given observable. This is also the case of the
measurements that aim to verify overall, but not detailed, consistency with Standard
Model expectations, such as when comparing theory with Higgs measurements.

2. Assessment of the accuracy of the PDF sets themselves or of related Standard Model
parameters, typically done by comparing theoretical predictions using individual PDF
sets to the most precise data available.

3. Input to the Monte Carlo event generators used to generate large MC samples for LHC
data analysis.

For 2), use individual PDF sets.
For 1), a more general uncertainty requires more than the use of 1 PDF set.

For 3), may want to use an average of PDF sets.



What PDFs to use?

. The PDF sets to be combined should be based on a global dataset, including a large
number of datasets of diverse types (deep-inelastic scattering, vector boson and jet
production, ...) from fixed-target and colliders experiments (HERA, LHC, Tevatron).

. Theoretical hard cross sections for DIS and hadron collider processes should be evalu-
ated up to two QCD loops in as, in a general-mass variable-flavor number scheme with
up to n?ax = 5 active quark flavors.! Evolution of a; and PDFs should be performed
up to three loops, using public codes such as HOPPET [105] or QCDNUM [106], or a code
benchmarked to these.

. The central value of ay(m?%) should be fized at an agreed common value, consistent with
the PDG world-average [107]. This value is currently chosen to be as(m%) = 0.118 at

both NLO and NNLO.2 For the computation of a, uncertainties, two additional PDF

members corresponding to agreed upper and lower values of as(mzz) should also be
provided. This uncertainty on as(m%) is currently assumed to be das = 0.0015, again
the same at NI.O and NNIL.O.

. All known experimental and procedural sources of uncertainty should be properly ac-

counted for. Specifically, it is now recognized that the PDF uncertainty receives several
contributions of comparable importance: the measurement uncertainty propagated from
the experimental data, uncertainties associated with incompatibility of the fitted exper-
iments, procedural uncertainties such as those related to the functional form of PDFs,
the handling of systematic errors, etc. Sets entering the combination must account for
these through suitable methods, such as separate estimates for additional model and
parametrization components of the PDF uncertainty [9], tolerance [6, 10], or closure
tests [11].




Monte Carlo representation

® So based on the criteria on the previous slide, we use
CT14, MMHT2014 and NNPDF3.0, with the option of
adding additional sets in future upgrades if they satisfy
the listed criteria

® In the previous recommendation, we used an envelope
of 3 PDF sets; envelope determined by outliers

® Given the level of agreement of the 3 PDFs that will be
used, try for a more relevant statistical approach

® Generate Monte Carlo replicas, equal numbers from
error PDF sets of CT14, MMHT2014 and NNPDF3.0
using Thorne-Watt procedure
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and NNPDF3.0 for different values of Nyep, 300, 600 and 900, denoted by MC300, MC900 and MC1800

respectively.

900 replicas
seems enough

->MC900
or

PDF4LHC prior
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Figure 8: Comparison of the MC900 PDFs with the sets that enter the combination: CT14, MMHT14
and NNPDF3.0 at NNLO. We show the gluon and the up, anti-down and strange quarks at Q = 100

GeV. Results are normalized to the central value of MC900.

10



Reduced sets

900 error PDFs are too much for general use

We would like to reduce this number while still maintaining as
much information on the uncertainties and on correlations between
PDF uncertainties as possible

We have settled on 3 techniques/outputs
¢ Compressed Monte Carlo PDFs (PDF4LHC15 _nnlo(nlo) _mc)
a 100 PDF error sets; preserve non-Gaussian errors
+ META Hessian PDFs (PDF4LHC15_nnlo(nlo) 30

a 30 PDF error sets using METAPDF technique; Gaussian
(symmetric) errors

¢ MCH Hessian PDFs (PDF4lhc15_nnlo(nlo) 100

a 100 PDF error sets using MCH technique; Gaussian
(symmetric errors)

The META technique is able to more efficiently reproduce the
uncertainties when using a limited number (30) of error PDFs

The MCH technique best reproduces the uncertainties of the 900
MC set prior

11
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Some comparisons: mc PDFs
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Some comparisons: Hessian sets
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Some comparisons: Hessian sets
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Table 1:

Correlation coefficient

PDE Set ZW | Ztt | Z,ggh | Z, htt | Z,hWW | Z,hZ
PDFALHC15nloprior | 0.90 | -0.60 | 0.22 | 064 | 055 | 0.74
PDF4LHC15_nlo_mec 092 |-049| 041 | -058 | 061 | 0.77
PDF4LHC151lo 100 | 0.92 | -0.60 | 023 | 064 | 057 | 0.75
PDFALHC15_nlo_30 0.90 |-0.68| 0.16 | -0.71 | 055 | 0.76
PDFALHC15_nnlo_prior | 0.89 | -0.49 | 0.08 | 046 | 0.56 | 0.74
PDFALHC15nnlome | 0.90 | -0.44 | 0.18 | -042 | 0.62 | 0.80
PDF4LHC151nnlo_100 | 0.91 | -0.48 | 0.09 | -0.46 | 059 | 0.74
PDFALHC151nlo.30 | 0.88 | -0.63| 0.04 | -061 | 0.56 | 0.72

Correlation coefficient between the Z production cross-sections and the W, tt, ggh, hitt,

hW and hZ production cross-sections. The PDFALHC15 prior is compared to the Monte Carlo and
the two Hessian reduced sets, both at NLO and at NNLO.

PDF Set

Correlation coefficient

W,tt | W,ggh | W, htt | W,hW | W,hZ | tt. ggh
PDFALHC15nlo_prior | -0.46 | 0.32 | -0.51 | 0.77 | 0.78 | 0.27
PDFALHC15nlome | -0.35| 049 | -0.46 | 081 | 080 | 027
PDF4LHC15nl0_100 | -047 | 032 | -052 | 077 | 079 | 027
PDF4LHC15_nlo_30 052 | 028 | -056 | 079 | 081 | 0.32
PDFALHC15_nnlo_prior | -0.40 | 0.20 | -0.40 | 0.76 | 0.77 | 0.30
PDFALHC15nnlome | -0.44 | 026 | -042 | 081 | 082 | 0.32
PDF4LHC15nnlo_100 | -0.40 | 020 | -0.40 | 0.76 | 0.77 | 0.30
PDF4LHC15.nnlo_30 | -0.47 | 0.19 | -047 | 0.77 | 0.76 | 0.31
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Table 2: Same as Table 1 for the correlation coefficient of additional pairs of LHC inclusive cross-
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Now on LHAPDF

LHAPDF6 grid Pert order ErrorType Nmem | @s(m%)

PDF4LHC15 nnlo_mc NNLO replicas 100 | 0.118

PDF4LHC15 _nnlo_100 NNLO symmhessian 100 | 0.118

PDF4LHC15 nnlo_30 NNLO symmhessian 30 0.118

PDFALHC15 nnlo_mc_pdfas NNLO replicas+as 102 | mem 0:100 — 0.118

mem 101 — 0.1165
mem 102 — 0.1195
PDF4LHC15 nnlo_100_pdfas NNLO symmhessian+as [ 102 | mem 0:100 — 0.118
mem 101 — 0.1165
mem 102 — 0.1195
PDF4LHC15 nnlo_30_pdfas NNLO symmhessian+as 32 mem 0:30 — 0.118
mem 31 — 0.1165
mem 32 — 0.1195
PDFALHC15 nnlo_asvar NNLO - 1 mem 0 — 0.1165
mem 1 — 0.1195

Table 5: Summary of the combined NNLO PDF4LHC15 sets with nf® = 5 that are avail-
able from LHAPDF6. The corresponding NLO sets are also available. Members 0 and 1 of
PDFALHC15_nnlo_asvar coincide with members 101 and 102 (31 and 32) of PDFALHC15_nnlo_mc_pdfas
and PDFALHC15 nnlo_100_pdfas (PDFALHC15 nnlo_30_pdfas). Recall that in LHAPDF6 there is always
a zeroth member, so that the total number of PDF members in a given set is always Nyem + 1. See

text for more details.
19



Recommendations

1. Comparisons between data and theory for Standard Model measurements

Recommendations: Use individual PDF sets, and, in particular, as many of the
modern PDF sets [5-11] as possible.

Rationale: Measurements such as jet production, vector-boson single and pair pro-
duction, or top-quark pair production, have the power to constraining PDF's, and this
1s best utilized and illustrated by comparing with many individual sets.

As a rule of thumb, any measurement that potentially can be included in PDF fits falls
i this category.
The same recommendation applies to the extraction of precision SM parameters, such

as the strong coupling as(m%) [75,124], the W mass My, [125], and the top quark mass
my [126] which are directly correlated to the PDFs used in the extraction.

2. Searches for Beyond the Standard Model phenomena
Recommendations: Use the PDFALHC15 mc sets.

Rationale: BSM searches, in particular for new massive particles in the TeV scale,
often require the knowledge of PDF's in regions where available experimental constraints
are limited, notably close to the hadronic threshold where z — 1 [127]. In these extreme
kinematical regions the PDF uncertainties are large, the Monte Carlo combination of
PDF sets is likely to be non-Gaussian. c.f. Figs. 10 and 11. 20



3. Calculation of PDF uncertainties in situations when computational speed is
needed, or a more limited number of error PDFs may be desirable

Recommendations: Use the PDFALHC15_30 sets.

Rationale: In many situations, PDF uncertainties may affect the extraction of physics
parameters. From the point of view of the statistical analysis, 1t might be useful in some
cases to limit the number of error PDFs that need to be included in such analyses. In
these cases, use of the PDFALHC15_30 sets may be most suitable.

In addition, the calculation of acceptances, efficiencies or extrapolation factors are af-
fected by the corresponding PDF uncertainty. These quantities are only a moderate
correction to the measured cross-section, and thus a mild loss of accuracy in the deter-
mination of PDF uncertainties in these corrections is acceptable, while computational
speed can be an issue. In these cases, use of the PDFALHC15_30 sets 1s most suitable.

However, in the cases when PDF uncertainties turn out to be substantial, we recommend
to cross-check the PDF estimate by comparing with the results of the PDFALHC15_100
sets.

4. Calculation of PDF uncertainties in precision observables
Recommendation: Use the PDFALHC15_100 sets.

Rationale: For several LHC phenomenological applications, the highest accuracy is
sought for, with, in some cases, the need to control PDF uncertainties to the percent
level, as currently allowed by the development of high-order computational techniques
m the QCD and electroweak sectors of the Standard Model.

Whenever the highest accuracy i1s desired, the PDFALHC15_100 set 1s most suitable. 01



Pedagogical text about their use has been added

6.2 Formulae for the calculation of PDF and PDF+a, uncertainties

For completeness, we also collect in this report the explicit formulae for the calculation of
PDF and combined PDF+a; uncertainties in LHC cross-sections when using the PDFALHC15
combined sets. Let us assume that we wish to estimate the PDF+a uncertainty of given
cross-section o, which could be a total inclusive cross-section or any bin of a differential
distribution.

First of all, to compute the PDF uncertainty, one has to evaluate this cross-section N e, +
1 times, where Npem is the number of error sets (either symmetric eigenvectors or MC
replicas) of the specific combined set,

a(k)a k=0,..., Nmem, (19)

so in particular Npye,, = 30 in PDFALHC15_30 and Npe,m = 100 in PDFALHC15_100 and
PDFALHC15 mc.

PDF uncertainties for Hessian sets. In the case of the Hessian sets, PDFALHC15_30 and
PDFALHC15_100, the master formula to evaluate the PDF uncertainty is given by

Nmem
o=, 3 (0® — o), (20)
k=1

This uncertainty is to be understood as a 68% confidence level. From this expression it

18 also easy to determine the contribution of each eigenvector k to the total Hessian PDF
uncertainty. ...continues with discussion of MC PDFs
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Summary

New PDF4LHC recommendations are based on PDF combinations
of CT14, MMHT2014 and NNPDF3.0

Central PDF and uncertainties derived from 900 MC replicas of
error PDFs of above 3 sets

Three reduction techniques, with either 30 or 100 error PDFs, with
uses as discussed previously

With this recommendation also comes a new recommendation for
the central value of a,(m;) and its uncertainty

o 0 (m,)=0.118
o da(m,)=+/-0.0015



Progress on wishlist

Process Stare of the Art Desired Delivered
H do @ NNLO QCD (expansion in 1/m;) de @ NNNLO QCD (infinite-m, limit) 1503.06056(2]
full m/m,, dependence @ NLO QCD full m, /m, dependence @ NNLO QCD
and @ NLO EW and @ NNLO QCD+EW
NNLO+PS, in the m, = oo limit NNLO-+PS with finite top quark
mass effects 1309.0017[3], 1501.04637(4] 1407.3773[5)
H+j do @ NNLO QCD (g only) do @ NNLO QCD (infinite-m, limit) 1408.5325(6),1504.07922(7],1505.03893(8]
and finite-quark-mass effects and finite-quark-mass effects
@ LO QCD and LO EW @ NLO QCD and NLO EW
H+2j o (VBE) @ NNLO(DIS) QCD de(VBF) @ NNLO QCD + NLO EW 1506.02660(9]
do(VBF) @ NLO EW
do(gg) @ NLO QCD (infinite-m, limit) do(gg) @ NNLO QCD (infinite-m, limit)
and finite-quark-mass effeces @ LO QCD | and finite-quark-mass effects
@ NLO QCD and NLO EW
H+V de @ NNLO QCD with H — bb @ same accuracy 1501.07226[10]
do @ NLO EW do(gg) © NLO QCD
o (gg) @ NLO QCD (infinite-m, limit) with full m,/m,, dependence
tH and do(stable top) @ LO QCD do(top decays)
tH @ NLO QCD and NLO EW
ttH da(stable tops) @ NLO QCD da(top decays) 1407.0823|11]
@ NLO QCD and NLO EW
g — HH | do @ NLO QCD (leading my dependence) | do @ NLO QCD 1408.2422[12, 13|

do @ NNLO QCD (infinite-m, limit)

with full m/my, dependence




Process State of the Art Desired Delivered
tt Trot (Stable tops) @ NNLO QCD de(top decays) 1411.3007[15)
do(top decays) @ NLO QCD @ NNLO QCD + NLO EW
do(stable tops) @ NLO EW
tt +j(j) do(NWA top decays) @ NLO QCD | do(NWA top decays)
@ NNLO QCD + NLO EW
tt + 7 de(stable tops) @ NLO QCD de(top decays) @ NLO QCD
+ NLO EW
single-top | do(NWA top decays) @ NLO QCD | do(NWA top decays) 1404.7116|16)
@ NNLO QCD + NLO EW
dijet do @ NNLO QCD (g only) do @ NNLO QCD + NLO EW | 1412.3427[17], 15xx. 00
do @ NLO EW (weak)
3j de @ NLO QCD de @ NNLO QCD — NLO EW
Y+i de @ NLO QCD de @ NNLO QCD + NLO EW

do @ NLO EW




Process State of the Art Desired Delivered
AY do(lept. V decay) & NNLO QCD | do{lepe. V decay) @ NNNLO QCD
da(lept. V deeay) €& NLO EW and & NNLO QCD+EW
NNLO+PS 1407,2040[18]
V+ijli) | de(lepr. V decay) @ NLO QCD da(lepe. V decay)
da(lept. V decay) & NLO EW & NNLO QCD + NLO EW 1504.02131]10)
Vv’ de(V decays) @ NLO QCD do(decaying off-shell V) 1309.7000[19], 1405.2219{20},1408.5243[21], 1504.01330[22]
do(on-shell V decays) @ NLO EW | €& NNLO QCD + NLO EW
gg — VV | do(V decays) G LO QCD da(V decays) & NLO QCD
Vo de{V decay) @ NLO QCD do(V decay)
do(PA, V decay) @ NLO EW & NNLO QCD + NLO EW
Vbh da{lept. V decay) & NLO QCD do(lept. V decay) @ NNLO QCD
massive b + NLO EW, massless b
VV'y do(V decays) @ NLO QCD da(V decays)
@ NLO QCD + NLO EW
Vv der(V decays) @ NLO QCD da(V decays)
@ NLO QCD + NLO EW
VV'4j | do(V decays) @ NLO QCD da(V decays)
G NLO QCD + NLO EW
VV 4+ 1 | do(V decays) @ NLO QCD do(V decays)
@ NLO QCD + NLO EW
Y de @ NNLO QCD + NLO EW qr resummation ar NNLL

matched to NNLO

1505.03162|23)




Some more slides from Les Houches



Updating the PDF4LHC prescription

We are working on an updated prescription, at NNLO and NLO,
using information from CT14, MMHT14, NNPDF3.0, that have
similar theoretical treatments/data sets

We are currently examining two techniques for reducing the
number of error PDFs needed

+ Hessian .NOJFG. that measurements should_be Cpmpgred to
individual PDFs. Error PDFs derived in this way are
useful when a more general definition of the
PDF uncertainty is required.

+ Compression Specialized PDFs can also be made available, i.e. to
look at directions sensitive to Higgs physics, W mass,

etc.
See for example the presentation and discussion from PDF4LHC

meeting in April

¢ https://indico.cern.ch/event/355287/

...and the one here last Thursday

+ https://indico.cern.ch/event/399439/
Followup meeting later this month at CERN; paper in preparation



Scale determination (and uncertainty)

We (almost universally) use a scale of H/2 for complex fixed
order calculations, and the scale seems to work well, with
variations a factor of 2 up and down to give uncertainties

However, the optimal scale choice depends on kinematics and
factors such as the jet size/algorithm

Can we understand this scale choice better for example
through an implementation of the MINLO procedure in fixed
order ntuples?

+ implementation in progress (S. Badger and D. Maitre)

Can we adapt LoopSim to provide ~NNLO predictions for
final states for which such calculations are not available?

+ implementation available for NLO ntuples (S. Badger)

+ how well does it work for states for which NNLO is
available?

A comparison with NNLO numbers from F. Petriello in
progress



Ntuple discussion

® As mentioned in the introductory talk, B+S ntuple format now universal
among fixed order NLO calculations

® \WVant to be able to pipe Ntuples into Rivet, keeping track of correlated
weight information; allows comparisons, for example Higgs+>=1 jet

Rivet for correlated weights New in twiki

David Grellscheid and Daniel Maitre tested the feature of the new Rivet version that allows correlated weights
to be taken into account correctly in Rivet analyses. This new feature allows to pipe nTuples directly into Rivet.
An example implementation and the updated nTupleReader library is attached.

% nTuple2Rivet program

% nTupleReader library

The program can be called with

nTuple2Rivet RIVET_ANALYSIS_NAME nTupleFilel.root nTupleFile2.root ....

and will create a RIVET_ANALYSIS_NAME.yoda file with the analysis histograms.

This only works for a new version of Rivet.
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