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Take a step back, and look at how far we've come over recent years.
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The public took notice

Huge success of the HEP Community

4.7.2012 greeting Melbourne from CERN

“The Higgs: So simple and yet so unnatural” G.Altarelli,arXiv:1308.0545
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... like it or not, Higgs Boson is in the public lexicon
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Science Communication is Essential

Precision

Model-ing

1. An ep colli
CM energ
s-channel
coupling.

2. Ability
sector

complete
sections,
for flavor ¢

CM energ
s-channel
coupling.

TLEP, circular e+e-

1. Possibility of up to 10x higher luminosity than linear e+e-
colliders at 250 GeV. Higgs couplings measurements
might still be statistics-limited at this level.

Higgs EW

2. Precision electroweak programs that could improve on ILC by a factor 4 in
sstw, factor 4 in mW, factor 10 in mZ.

3. Search for rare top couplings in e+e- ->t cbar, tubar at 250 GeV.

4. Possible improvement in alphas by a factor 5 over Giga-Z, to 0.1%
precision.

From US
Snowmass
study

Higgs EW

Higgs EW Top QCD NPlfIavorl
T —
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The view from Fermilab

Highway 88:
Illinois
Technology & Research Corridor

e 50+ Major Companies
e 15+ Universities & Colleges
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Science Communication is Essential

Precision
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coupling.
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The age of the
LHC

... things are different
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Exhibit #1

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC
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DATA MAKES
YOU SMARTER

Fred Olness

It doesn't matter how beautiful your theory
is, it doesn't matter how smart you are. If it
doesn't agree with experiment, it's wrong.

Richard P. Feynman
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... d long long time ago... Physics Circa ~1990

THEORY:

*NLO Calculation typically the state of the art
 Number of NLO calculations limited; each by hand
 First NLO inclusive Jet Calculation

*10+ years away from NLO + Monte Carlo merging

eResummation: CSS (1985) but no ResBos or FEWZ

*Top quark: undiscovered

*W/Z: Recently discovered

*s(x) PDF: very uncertain wunoug we diantknow it yer

EXPERIMENT: Clever people

Ready for Tevatron Run ﬁgured out

Ready for HERA run creative wdys to
Rise of F2 at low x push the frontier
Rapidity Gaps

Log scaling even further

COMPUTING: Main-Frames: Dec VAX, Cray, CDC

Fred Olness 6 September 2013 DESY Page 13



HIGHER ORDER
CALCULATIONS
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Good ideas + Automation WC)WI ' '

I
NLO multi-parton production
» Enormous progress in getting NLO predictions
2—(4,5,6!) processes over the last years
mﬂg';;z.t‘r_-.‘;immnwﬂ -
NLO timeline o - ® ) -
G. Salam, La Thuile 2012 S
:éjﬁ 2 2. pp — Higgsa2jers
R i o 2 o
v o - vio Fo o
7 7 7 rIST s
o ov o vy Fove N
i (T e e I Y I BRI B
1980 1985 1990 1995 2000 2005 2010 E
L SEi Q/ S
NTSR——. (Bozz)lager/Oleari/Zeppeateld [51, 52, 53]
» Made possible by R
Improved techniques for loop amplitudes "™ T
Crucial: a high level of automation o —

K. Melnikov, MITP,2013
6 Thomas Gehrmann QCC  Gehrmann



Well Defined Interfaces —. Open Code/Collaboration

NLO automatlon

» Well-defined interfaces (Blnoth Les Houches accord)

| 4

combine different ingredients from different codes

» One-loop amplitudes

v v W

4
4
)

» Real radiation, subtraction terms and
phase space (infrastructure)

4

v v W

BlackHat (Z.Bern, L. Dixon, F. Febres Cordero, S. Hoche, H. Ita, D. Kosower, D. Maitre, K. Ozeren)
GoSam (G. Cullen, N. Greiner, G. Heinrich, G. Luisoni, P. Mastrolia, G. Ossola, T. Reiter; F. Tramontano)
Open LOOPS (F. Cascioli, P. Maierhofer, S. Pozzorini)
Njet (S. Badger, B. Biedermann, P. Uwer,V. Yundin)

Mad LOOP/&MC@NLO (R. Frederix et al.)
CutTools (G. Ossola, C. Papadopoulos, R. Pittau)

Sherpa (F. Kraus et al.)
Madgraph/MadEvent (F Maltoni et al.)
HelacNLO (G. Bevilacqua, C. Papadopoulos et al.)
MCFM (). Campbell, K. Ellis, C.Williams)

7 bred Olness ST —— U];El?(omas Gehr'mann OCD(‘ GEhl‘ma!ln



To NLO ... and be;ond
Higher orders: NNLO

@ NNLO corrections important to have a good control of theoretical uncertainties:
(i) When NLO are large (ii) For benchmark process measured with high precision

@ NNLO computations cumbersome, in hadronic collisions only few calculations exist:

Giancarlo Ferrera — Universita di Milano

Sector decomposition: [Binoth,Heinrich(’00)]

pp — H (gg fusion) [Anastasiou,Melnikov,Petriello(’04)]—FEHIP

Drell-Yan [Melnikov,Petriello(’06)]—FEWZ

gr-subtraction:[Catani,Grazzini (’07)]

pp — H (gg fusion) [Catani,Grazzini(’07)]—HNNLO

Drell-Yan [Catani,Cieri,deFlorian,G.F.,Grazzini(’09)]—DYNNLO
Associated WH production [G.F.,Grazzini,Tramontano(’11)]— WNNLO
Diphoton production [Catani,Cieri,deFlorian,G.F.,Grazzini(’11)]—2yNNLO
Antenna subtraction: [Gehrmann,Gehrmann-De Ridder,Glover(’05)]

pp —2jets (gluon only) [Gehrmann,G.-DeRidder,Glover,Pires(’13)] —NNLOJET
Non-linear mapping: [Anastasiou,Herzog,Lazopoulos(’10)]

pp — H (bb fusion) [Buehler,Herzog,Lazopoulos,Mueller(’12)]
Sector-improved subtraction: [Czakon(’10)]

pp — tt [Baernreuther,Czakon,Fiedler,Mitov(’12), (*13)] —Top++

pp — H + jet [Boughezal,Caola,Melnikov,Petriello;Schulze’’12\]
Ferrera

NNLO and higher order calculations




Higher order calculations of heavy quarks are advancing

(zoals

Complete the NNLO heavy flavor Wilson coefficients for twist-2 in the dynamical safe
region Q2 > 20 GeV? (no higher twist) for Fy(z, Q?)

Measure m. and a, as precisely as possible

Provide precise CC heavy flavor corrections

The calculat

e No private n

e Consequence
— NNLO V|
— better co

— precise m

aFor a variety of

Fred Olness O oipiiions cvas o

5. Examples for Higher Topologies
Ladder Diagrams for Quarkonic OMEs

[Ablinger, Bliimlein, Hasselhuhn, Klein, Schneider, Wilbrock; arXiv:1206.2252]

since we wol Let’s consider the scalar integral with all powers of the propagators equal to one.

where S¢ is the spherical factor Se = exp [%(')IE — ln(4ﬂ'))} Bluemlein

B e
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Relatively recent developments

(ﬂ% ' i .
gEs9 Cornell University
F’EE)} Library

Search or Article-id

arXiv.org = hep-ph = arXiv:hep-ph/9906316

High Energy Physics - Phenomenology

Some thoughts on how to match Leading
Log Parton Showers with NLO Matrix
Elements

Christer Friberg, Torbjérn Sjgstrand (Lund university, Sweden)

(Submitted on 10 Jun 1998)

We propose a scheme that could offer a convenient Monte Carlo
sampling of next-to-leading-order matrix elements and, at the same time,
allow the interfacing of such parton configurations with a parton-shower
approach for the estimation of higher-order effects. No actual
implementation exists so far, so this note should only be viewed as the
outline of a possible road for the future, submitted for discussion.

Comments: 5 pages. LaTeX, no figures, to appear in the Proceedings of the
DESY Workshop on "Monte Carlo Generators for HERA Physics”

Subjects: High Energy Physics - Phenomenology (hep-ph)
Report number: LU TP 9910

Fred Olness Cite as: arXiv:hep-ph/9906316 Page 20



Two complementary approaches

Parton Showers’ MC@NLO

NLO
NLO Maiching,

MC@NLO

The subtraction terms must contain all divergencies of the
real-emission matrix element. A parton shower splitting kernel
does exactly that.

Generating two samples, one according to By + Vi + 1855

and one according to B,.1 — S, Pation SHows!s: @NLC
NLO POWHEG

shower from which S, is calculate NLO Matching, Really NLO?

POWHEG

il A Calculate B, = B, + Vi, + [ By, and generate n-parton states
according to that.
Generate a first emission according to B, 1/Bp, and then add
L.onnblad any parton shower for subsequent emissions.

(Similar to the old first-emission matching in PYTHIA, but with a
Fred Olness phase-space dependent K-factor).



Good description for high multiplicites

W —+jets production at the LHC

(W + = Ny jets) [pb]

[Hoeche,Krauss,Schoenherr,Siegert]

T | | T | l o
105 = == B
3 —e— ATLAS data E -
B = Phys Rev. D85(2012)0g2002 2 1.5
= — W+0,1,2j@NLO & W+3.4j2L0 A Z N
el =
104 |— = — Wioj@NLO & W41,234i@1L0 _ U L
- wi2...2p 3 - -
i 4 o5 [ =
107 — . N B
E FT o BE E g | | | | [ |
(x10) . LT I I I I I
P> 30Gev C 5
107 - + - s B =
= B | & 7
- § 5]
10 - =L =
F  Sherpa+BlackHat E r N
R [ [ I ol 1 | | | | A
o 1 2 3 4 5 o 1 2 3 - 5

14

» MEPSatNLO with 0,1&2 jet PL at NLO plus 3&4 jet PL at LO
» vs 0 jet PL at NLO plus up to 4 jets at LO Andersen



Good description even for very high multiplicites

Z + Jets -inclusive jet multiplicities

T
ATLAS

W cross section for
dressed electrons
and particle jets in

o(Zy (= I +2 N, [pb]
2 2
1 |

fiducial _ o
acceptance region 10 =
B normalized to :
inclusive cross 0!
- le+PDF
section 102 szﬁeégtrainties
e cancel g/

Ldt=461"
anti-k, jets, R=0.4
P> 30 GeV, Iy"1 <44

Z:fy'(-, FT5+jats (1.—,Ie,u)

@~ Data 2011 (s = 7 TeV)

®- ALPGEN

4— SHERPA
MC@NLO

~¥— BLACKHAT + SHERPA °

uncertainties on
electron reco

L |
1.4 5 B ackHaT + SHERPA

£ -
v

. S
and integrated -
luminosity 145 & ALPGEN

m Jet energy scale is

MC /Data NLO/Data
o
[s)]
T 17T 1

S o Y O I O I

ah

0.8
uncertainty IR R 117
* 20-30% effectin g o5 ‘ - %%
forward region B - B R R I
Nt

o(ZIy (= M)+ N+ 1)/a(ZH* (= I'+= Ney)

MC /Data NLO/Data

MC / Data

0.5 T T T [ I —
= ATLAS Ziy* (= I'T)+jets (l=eu) =
045" |Lat=46m" Ze~ Data 2011 ({5 =7 TeV) 3
0.4 antik, jets, R =04 = ALPGEN 3
o = pf'>30GeV, Iy"1<44 —a— SHERPA 3
’ 55 ~¥— BuackHat + SHERPA -
0.3 a ; —
. “Staircase” scaling 3
0_151.—_==!=_=.:_ D . ) ) 3
£ Ratios: cancellation of -
Ly part of the systematic 3
0.05F- uncertainty k=
! g i I i I —
4 '2 | ¥ BuackHaT + SHERPA ]
1—-——-!-—--'.—'—~"—'—;_‘ — _
0.8 .
0o : | | —
141~ & ALPGEN 7
1.2+ -
G B e Ay s s
0.8+ -
e J | | =
1.4~ & SHERPA ]
1.2F —a—y

Ersesmmas s 7

08
0.6 | | ] 1 =]
ST/R0 3251 32 4153 b4 65

e BLACKHAT+SHERPA + CT10

e ALPGEN 2.13 + HERWIG
+JIMMY + CTEQ6L1

e SHERPA 1.4.1 + MEnloPS +
CT10

B Good description by fixed order NLO calculations
and multi-leg MC + PS

e MC@NLO agrees only for at most 2 1 jet (one parton from
NLO real emission), otherwise HERWIG PS fails to model
jet multiplicities

Lefebvre

Michel Lefebvre, University of Victoria, Canada

QCD@LHC2013, Hamburg 6 3



LHC is a Discovery Machine

SEARCHES

| —

<o
=)
[

o
w
|

f—
o
S

o
T II|

10

LT ! T TT] =T H] T—T"T-ATT] B B R et J TTT
] Atlas and CMS (7 TeV)
[ 1 Atlas and CMS rapidity plateau
E= D0 Central+Fwd. Jets
CDF-D0 Central Jets
H1

—
24
o
—

M= 10 GeV

P
10
Fred Olness
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o 350 ATLAS Online Luminosity
: 30:_ e 2010 pp NS = 7 TV

> 2010-12 Successful running of LHC % | _
*5fb" data at 7 TeV 5 25;— g Ypmanat

=23 fb" data at 8 TeV o
> Discovery machine ‘Z:

L | | | I | I | I I I

= Discovery of a Higgs Boson o- andi

yot pof W

* Wide range of SUSY searches
" Test of many exotic models

Events / 1.5 GeV

> Experimental results in Searches "™ .. f
[ - St
" Depend on QCD 6 ==

oct

Month in Year
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* Experimental handle I

" The use of predictions H‘

Kuhl e -

Thorsten Kuhl | QCD@LHC searches | 02.-06. Sept. 2013 | Page 2
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QCD in Higgs and BSM

QCD is everywhere

$ %
@ Inclusive production cross sections

» Sizable QCD corrections in colored production processes
» PDFs

q q 0 £
@ Decays ﬁ,_/{ AR AR X1

» Jets from decays (BSM cascades) )
» Boosted topologies (boosted tops, H — bb) H

-_——— == -

@ In association

» Additional jets from ISR (’H
» Weak boson fusion processes > I
q

@ SM backgrounds
» QCD jet production, W /Z+ jets, top decays
» Signal-background interference effects (H —~~v/ZZ /W W)

Tackmann
Frank Tackmann (DESY) QCD in Higgs and BSM UT13-05-08




You need QCD for your searches

Multi-particle production at LHC

» LHC brings new frontiers in energy and luminosity

» Production of short-lived heavy states (Higgs, top, SUSY...)
detected through their decay products

yield multi-particle final states involving jets, leptons, 7, B

» Search for new effects in multi-particle final states

» Need precise predictions for hard scattering processes

Signal Background
jet

jet jet
N} *W W‘” Example: SUSY

e signature 4j + B,

Er

Gehrmann

| Thomas Gehrmann QCD@LHC 2013



Parameter Space for Charged Higgs

2011 Data 2012 Data

« 60
% - AS — 12_(_)6 (2012) 039 - ==« [edian expected exclusion
- > Ty e [__] Observed exclusion 95% CL
50 S o Observed +1o theory
Jdld < =461 Observed -1o theory
— — - Expected exclusion 2011
40 — — - Median expected exclusion —— Observed exclusion 2011
- Observed exclusion 95% CL
30 ------ Observed +10 theory

- Observed -10 theory

ATLAS-CONF-2013-090

T
- -
.....
-----
nnnnn

- -y
------------
- -
~

0 0
90 100 110 120 130 140 150 16 90 100 110 120 130 140 150 160
m,. [GeV] m,. [GeV]
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Determining Higgs Couplins

CMS Preliminary Vs=7TeV,L<51f" \s=8TeV,L<19.6fb"
g 10_lll T T TT TTTT I]EllliI]lT!llI!]lll.l\llllllllll_ g_ O - -
% N ATLAS Preliminary ] . ¢ SMHiggs @ Fermiophobic [ Bkg. only
z - s=8TeV: |Ldt=13-20.7f0" ] I | *
0 61— ] L
g = —H =y + Standard Model L
= R \ —H=22" 54 X Best fit i 1
41— v —Howw" 5 v —68%CL _ i
B \,‘:.‘ —H =1 --= 95% CL ] L
2 \ - [
O - .
2- . - [
- my-1255Gev ; -1+
| N | | gy Loy sy | | | | ] -
2 -1 0 1 2 3 4 B 6 7 8 5
uggFmH ¥ B/BSM L
-2
0

So far consistent with the SM Higgs
@ Every measurement is also an indirect search (not just Higgs, also top, flavor, ...)

= Discovering BSM effects in Higgs couplings at the few to O(10%) level
requires detailed and precise control of QCD effects at the same level
iIncluding reliable theory uncertainties and correlations.

Tackmann ..

Frank Tackmann (DESY) QCD in Higgs and BSM



Large kinematic ranges — disparate scales

Resummation
& Small x

| LHCb 2<y<5
5
10 FIATLAS,CMB |yl <25
10° |
g 10°
S
- 10°}
[y |
e ]
10"
10°
10"
10~ 10° 10° 10" 10° 10™ 10" 10°
X

Fred Olness 6 September 2013 DESY Page 30



Large kinematic ranges — disparate scales — Large Logs

Multi-scale QCD Processes

& Part of the effects are “universal”

TMD evolution equations

N~ Examples:
e Sudakov form factor S:
PA K K
Do A
k — k=0
N\
Py
& Part of @ ®)

> entering Drell-Yan production, W-boson p distribution, ...

= 05/0n =K ® S CSS evolution equations [Collins-Soper-Sterman]
~\ resums ay In™ M /pr

adl

e High-energy resummation: s >> M? > Adcp

< | =
- MmM2C [ ||
CaiH
A
Hautmann { energy evolution: BFKL equation [Balitsky-Fadin-Kuraev-Lipatov|

< corrections down by 1/1n s rather than 1/M

F. Haut : QCD@LHC 20 . . : . .
LR CCFM equation is TMD branching equation which contains both

Sudakov physics and BFKL physics (see later)

Fred Olness F. Hautmann: QCD@LHC 2013, DESY



Higgs PT Resummation known to high order

RESUMMATION CARTOON

L.ots of

practice on
W/Z

Systematic reorganization of perturbative series

o ~ cop +

—I—Ots( c12 log2 (12) |H eci11log (1299 |+ ec1o ) & NLO

Cayq 1(_')g4 (1-z) +H Ca3 10g3 (1-

- Resummation for Higgs pr

'k 4 .
a,"log 2(1-z) a,"log?"l| Resummation for p?lggs is known to NNLL+NNLO

[Bozzi, Catani, de Florian, Grazzini; Cao, Chen, Schmidt, Yuan; Becher, Neubert; Chiu et al.]
@ NNLL resummation using classical pr resummation or via RGE in SCET
@ (N)NLO relative to underlying gg — H process )

Factorization: space of Melin moment

[&(N) ~ C(as) exp [Lgi(a

dO'/det [de Florian, Ferrera, Grazzini, Tommasini]
5.00 | T T T T T T = —
I e aS“ log m e ! ! ! pp-H+K-[ x| i For H — Y- = g P1t
Kulesza | P —
s i B Y e U O T T Hy=HR=2Q=my=125 GeV _| D! Y
Lo : gy ‘
= - : e 3 ._.:I:L..:::.‘. 4 p
Sowop | E "
ToosE | —— AL 0 ™ 1 = Closely related to
ki e NLL+NLO J p}ﬂ! = p;hggs but depends
PO e o L5 on precise Higgs decay
B2 ;o5 1 pogsl | 5 0550 %N kinematics
1 2 5 10 20 50 100
: Pn (GeV)
Resummation Transition Fixed Order

Fred Olness Frank Tackmann (DESY) QCD in Higgs and BSM TaCkmann
I



do/dAn" [mb]

MC/Data

Challenging to describe throughout full kinematic region

Nepr=p»

Rapidity Gap cross section

Eur. Phys. J. C72 (2012) 1926 & CMS-PAS-FSQ-12-005

Forward rapidity gap An’: largest empty n region, starting at the edge of the detector

Inclusive measurement - no separation of diffraction
Same hadron level definition ATLAS-CMS: gap defined by absence of particle with p7 > 200 MeV

107 bf. \s=7TeV . g’af? L =t?'.1uub"—:
= m=== Systematic unc. J
O P> e0oNey —— MC Pythiaé
B —— MC Pythia8 -
B - MC Phojet .

I

14 ATLAS Preliminary

T 1 llTlIll
1| IIIIIII

IIIII

1'-.\:] (357 RN

An

Evidence for diffraction at high Anf: ND exponentially suppressed - plateau from SD and DD

de/dAyF [mb)

MC / Data

CMS

10?

10t =

1w

14 E
12

18
a.B

0.6,
.4
0.2

Diffractive plateau ~ 1 mb / unit of gap size
Sensitivity to diffractive models: PYTHIA8-MBR with ap(0) = 1.08 gives the best description

T T T T
‘_
—— MinBias, PYTHIAS-MBR (e = 0.08)

—— Diffractive

__Central Diffractive

T TTTT TTTT TT
Cb.-‘ﬂS,L:,J’.(].B ptblj‘

Non-diffractive
Single Diffractive
- Double Diffractive

4 5 6 7 8
AnF

de/dAyF [mb)

ATLAS / CMS

Comparison
T | T ey TT1 17T

04 | T T T T | TT 71T | T T T 7T
=m= CMS,L=203pub"
—e— ATLAS,L=7.1pb""

10°

Phojet in good agreement at high An© but overestimates data at low An’

Agreement ATLAS-CMS within uncertainties - CMS extends ATLAS by 0.4 unit of gap size




... lots of activity

WHAT | DIDN'T TALK ABOUT

~ (INCOMPLETE LIST)

Next-to-eikonal exponentiation [Laenen, Magnea,
Stavenga, White’10]

Webs [Gardi, White’11] [Gardi,Smillie, White’11°13]

Collinear factorization breaking [Catani, de Florian,
Rodrigo’11][Forshaw, Seymour,Sicdmok]

IR singularities in the high-energy limit [del
Duca,Duhr,Gardi,Magnea, White’11-'12]

Effects due to final state interactions /Mitov,
Sterman’12]

Constructing approximate cross sections from
threshold and small-x resummation [Moch, Uwer,
Vogt’12] [Kawamura, Lo Presti, Moch,Vogt'12] [Ball,
Bonvini,Forte,Marzani,Ridolfi’'13]

Collinear anomaly and the generation of non-

perturbative scale (DY, Higgs pspectrum) [Becher,

Neubert, Wilhelm’11-12]

Understanding of ambiguities of the DQCD approach
due to various resummation prescriptions: MP vs

Borel resummation [Bonvini, Forte, Ridolfi’12]

Resummation for new variables a; and ¢” in DY [Banfi,
Dasgupta, Marzani, Tomlison’12]

Resummation for photon, W, Z at large p;
[Kidonakis,Gonzalves’12][Becher,Schwartz’10][Becher,Lorentzen,
Schwartz’12]

Progress towards NNLL in single-particle inclusive
hadroproduction [Catani, Grazzini, Torre’13]

FONLL results for open charm and bottom production
[Cacciari, Frixione, Mangano, Nason, Ridolfi’12]

MPI and resummation [Diehl,0Ostermaier, Schaefer’11]],
[Diehl,IKasemets’12][Manohar, Waalewijn’12]

From resummation to MC events: GENEVA [Alioli, Bauer,
Berggrren,Hornig, Tackmann, Vermilion, Walsh, Zuberi]

Resummation of logs of isolation cone sizes for prompt
photons [Catani, Finntanaz,Guillet, Pilon’13]

Kulesza
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... QCD at it's best: 12 decades

| CMS-PAS-SMP-12-012 ' , \s =8TeV anti-k;R=0.7 L=10.71fb"
] y A e ]

 \s=8TeV anti-k; R=0.7 L=10.71fb" CMS Preliminary WE whsnifleny, — S0dyi=00 o
10 AN T T _I T T | R PR ST | T 16 - Theo. Uncertainty 3
10° = R—0.7 —e— 0.0<lyl<0.5(x10°) __ 1_4; — Exp. Uncertainty .;:
10° - —=— 0.5<lyl<1.0 (x 10% B =
- = —— 1.0<lyl<1.5(x 10% =

—— 15<lyl<2.0(x 10%)

0.6 -

< 10° . —+— 2.0<lyl<25(x 10
8 10° —*— 25<lyl<3.0 (x 10°)
B - 0.4f 3
= 10° sor. OTI0 CMS Preliminary -
s, 10° [ ]
“g -Z_HOE : =1 %80 100 200 300 — 1000 2000
T 10 e
. - ' \s=8TeV anti-k,R=0.7 L=10.71ft"
10"~ —NNPDF 2.1 NLO ® NP - ; T ' I i
102 : o 1.8~ -e Data/Theory 2.5<lyl<3.0 .f--é =
T ] | ] | 1 e | |- ! 1-6; == Theo. Uncertainty : _E
80 100 200 300 400 500 1000 2000 - —Exp. Uncertainty ]
Jetp_(GeV) A
A e i
s s - e imrmssoimm o SR T | H
p first (preliminary) measurement @ 8 TeV up to |y| = 3.0 e e + yi
- ~half 2012 dataset Sos ndf g
» experimental uncertainties at high pr smaller than theoretical 061 g
- potential for PDF constrains 0.4 — o -
» NLO pQCD predictions compatible with data 02k CHIS Freliminary
i 1

500

Kousouris
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Also good agreement

Duet Cross Sectlons at \/s = 7 TeV

Event selection: leading jet with p>100 GeV, sub-leading jet with p+>50 GeV

both in the central region with |y|<2.8
y* = V2ly;-y,|
1017,_ T T T T T T T T T T T ] —
Since the average number of %' = Systematic y fgggﬁg g}gig —
- = - T e B < &
interactions per bunch crossing p = 16" uncertainties A 1.0<y* <15 (x10%)
. . . . | * PAg—
is large, it is important to check 8 . 13 e NLOJET++ s Lt e T
the applied correction through =107 RS fT‘U i Ap2 1 5
the ratio of cross sections: = 10" e °°r_r® o
16 T T T T T T T
w18 ' 1 £ 10°F .-
o  y*<05 ] S B —
v 14- - 35<u<6B5 - "'-6 = -E-E- =
= 4™ o 95<p<125 W 71— =) - —
L\;;' - ¥ p2125 . 0"]0 12 e -E-'E'-E- *"'-tn gﬂa % =
© E ] [ .- G -, e i
- 1.2_ —'II='_ 10 = -.-.- EEB b —
= - ——Y— ] g
0 = __Y_ —*?J— e p— jit | — -, EEE ﬁmﬁ = |
i 1 ¥ = $; . p— . = 103 | ‘* (=] —_
c{cﬁ i — —— 2] - B3 E@ -
" i — ATLAS Preliminary %y, %ﬂ R =
e o ke 10 anti-k, jets, R=0.6 .'... e
. ATLAS Preliminary X - p L = -
06_— anti-k, jets, #=0.6 :;: _] 10-1— \s=7TeV, J-Ld‘=4'8fb - —
b ovs=7Tev, [Ldt=481b" ] [ 367 Bt I &
[ 2011 Data , 3— 1 1 1 1 | 1 | I 1 1 i
oal— =% L . L - ' 10 ,
10 1 = = 3x10 1 2 3 4 567
m;, [TeV] :
Good overall agreement with 5 I [TeV]

5-7% consistent between various p ranges.

Corriveau

predictions as function of the
invariant mass up to ~4 TeV

!rsity =

— QCD@LHC Workshop

2013.09.03

Jet Cross Sections (ATLAS)
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Use the jet structure to filter background

Boosting Searches with Jet Substructure

For boosted tops, e.g. from Z’ — tt, jets from top decay are very close

@ Looking for a for single top-jet with large R becomes more efficient than
looking for 3 separated small-R jets — need substructure of large jet to

discriminate 500 GeV < p. < 600 GeV
500 . : . :
. Ttop jets, t./1, < 0.6 :
? top jets A
gh-mass /- o —aRlee {  'bopsted
QCD jet 904 e hadronic top y,

—_

v

o

o
T

Occurence

Lk

o

o

o
T

500+ ] L\

g !
|
[e)] i _'. T y
[ b ]
/ ZAVANAN , i = /.;
-1 ___:___~ i

0 S . ST iter i e T, S =
0 50 100 150 200 250 300
jet mass (GeV)

ATLAS and CMS are starting to use boosted analyses in searches
[see yesterday’s talks by Frank Merritt and Aniello Spiezia]

@ Essential to extend reach to highest pr and m,;, even more so for Run-

= While there has been much progress on the theory side, we have really
just scratched the surface

Tackmann




Recent activity is extensive

1.6) V-tagging in a nutshell

11

TAGGING:

N-subj., .

Splitting

scales... \/ Wret< =&l |

@ Use taggers to deude if the jet looks li
massive dipole” or “hard parton with a ¢
@ Could be done after or before groomi
@ Need to account for possible FSR in V
@ For example: Jet mass works well only

Prunina can deqradate N-subjettiness b
Gouzevitch

Fred Olness 6 September 2013

» Remove soft large angle radiation GROOMING :

> Remove:PU and UE -
it

Ruiz jet grooming algorithms

Filtering (J. Butterworth et al., PRL 100 (2008) 242001):

=y . AR
Initial jet Ry = min[0.3, —5+2] Filtered jet

Pruning (S. D. Ellis et al., PRD 80 (2009) 051501):

------ ) -""\‘
.,
/9 ® 3
A
k.or C/A | {o \
—_ | —
\ !
\\‘ "
. ® 9
Initial jet e pa;_?;p:‘l'_l"'ﬂ > Zew or AR}, j, < Rew Pruned jet

Trimming (D. Krohn et al., JHEP 02 (2010) 084):

Initial jet ® 7./ p'.;‘ = f Trimmed jet

A. Ruiz (ISU) QCD@LHC 2013
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HERA FITTER
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;:i:fﬁﬁ“ HATHOR
' LHAPDF |
/ QCDNUM
i FENS -
various ‘
PDF ZM-VENS - o)

GM-VFNS

Evolution Evolution

sets




s(x) from LHC W/Z:

e —— | YES WE CAN: ATLAS Phys Rev Lett 109(2012)012001
= ATLAS 1 NNLO PDF fits to the ATLAS W.,Z data plus HERA data
5 120- - 71 (using HERAfitter) are shown for two assumptions about
S \ 00:_ Z-IT s 4 strangeness: s/d = 0.5 fixed and s/d = r, (1-x) (©5Cd) — fitted.
fiacmew' 1] | Thefitgivessid=r,=1.0+0.25
801 N
e Sy || o= 1.00 £ 0200 % 0.07mag "% g 15 par *0% 0700 £ 008
B0 -+ epWZ fixed s .=
| —— epWZfrees ] &
% 1 j The experimental accuracy of the result depends on the Q&Q
% 0.98f 2 shape of the Z spectrum and on its correlation to the W QX”
£ 0 05 1 15 2 25 3 Isi? spectra, which fixes the normalisation. Qﬁo
yZ
&
. . Q-19GeVixe0023 g OPWZIeRS  ATLAS
This result indicates enhanced i L
strangeness in agreement with SR ——
the CT10 predictions at x~0.01 - v CT10 (NLO)
which is the kinematic region s oy
probed by LHC data. i isisaigaud .

" ) et i 02 0 02 04 06 08 1 12 14
In fact the ATLAS ‘epWZ' fit has

even more strangeness than
CT10

Cooper-Sarkar



Wc Production can also constrain s(x) Improves over
Tevatron and pre-

Wi+icharm: a test of the strange-quark content of the R leeili=

W w @ Signature: a W(— /v) and a charm
gluon gluon quark with opposite-sign charges
5 € ], z c 1s @ Variables of interest: o(W + ¢),

a(W"+E) do(W+c)
o(W—+c)’ dnl

Sensitivity of PDF to o(W-+c) Predicted impact on PDF uncertainties

NNPDF2.1, Correlation PDFs and a(W+c) Q° = My, |_Q® = M2, ratio to NNPDF2.1 Collider Only |
2 ¥ 1 L4 L PALY v, T - ¥ -' il
DO\Lrjm ; | | - NNPDF2.1 Collider-only
T%‘ 1 5 B SSttrraar?ggeeM _-‘ _-‘ ‘-‘ : ’ T .' ] N NNPDF2.1 Collider-only + We DataL =5 o'
E 1 -  Charm R —
o) Gluon = - - | .
3 : x
(o] i e | | - w
@ 0 :."-.:-:._ == ;-5_\(.: _“'.r Sty B AV
o b L S :
O _0.5 PRSI ..,7 Tt ,Km;- = -; S, (" 7
'1 I 2 i 0.4 L I W 1 T A VI L A T O A W I
1e-06 1e-05 0.0001 0.001 0.01 0.1 1 10* 10° 130" 10"
X
Courtesy of Juan Rojo (CERN) Courtesy of Juan Rojo (CERN) |
4
https://indico.cern.ch/getFile.py/access?contribld=10&resId=0smaterialld=sli Magnan

A.-M. Magnan V+HF at the LHC DESY, 04/09/2013 6/ 34



Wb investigates heavy quarks in new kinematic regime

n

= 20 JHEP. 06 (2013) 084 ! > B L I | —
S [ ATLAS 011,/s=7TeV | o 2200 s & Gain E
'g - —&—— Electron Channel fL dt=461" ] ) 200 '_f TR ([ W+bb -
b= - ——#—— Combined Electron and Muon 3 - o E Bl W+cc )
© 15~ ——=—— Muon Channel =] — 180 8 w+c 5]
- ————— MCFM4FNS + 5FNS 1 = - O W+ij 5
B Powheg + Pythi 7 - -
T RSedunleme AEpGEgN + |-y|ten:ig (norm. to NNLO inclusive W) ] ..@ 1601 E :{I{ E
s N = - @3 acp e
101 . i o 140¢ B ZejetsVV ]
- “ﬁi % i i I 120F " MC Uncertainty -
e = 100
5T i % i 7 . CMS-PAS-SMP-12-026
. 80 #; -
M - 60
1 jet 2 jet 142 jet 40E
> [ amas , <4 Data (1s‘=? Tev) | 20
S 1= fL dt=4.6fb" =% MCFM = Ao
& F —*=ALPGEN 1 50 100 150 200
5 T o d ]
.b%h10'1__ PIIIIIIY. PT(J1 +J2) [GeV]
C il » W+b(b) production confronts the pQCD
n + U, =

'\§
AN NN NS

— %5 Data / MCFM
theor. uncedanW é

Data/MC Data/MC
_AI\J(.-‘-‘-L _.;M m.h

.

Z <4< Data / ALPGEN

25-30

30-40 40-60 60-140
b-jetp_ [GeV]

QCD from LHC Experiments

predictions in the presence of heavy quarks

» fiducial cross section of W+b(b) consistent with

MCFM prediction within 1.50

p differential cross section shows some tension

for increasing b-jet pr

- but compatible within unc  Kousouris
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Complete NNLO Results now available; can impact g(x)

NNLO ¢t pair production: constraining gluon PDF

Correlation between PDFs and Cross-Section

T T—T T T TTTT TTT] T LB R 0
——— TeVatron |

» Top pair x-sec. at LHC highly correlated Y i il ]
H < < 1= _ . P( o(tt), o( X,Q:I"I'Im )) —

to gluon PDF in 0.1 £ z < 0.5 range o LHC 8 TeV . !

R ] - LHC 14 TeV s ]

» Including 5 Tevatron and LHC results § AL s, T
for tt x-sec. into PDF fits g L i
Czakon, Mangano, Mitov, Rojo '13 _% Oi_ _:

@ Reduces uncertainty on gluon 2 ¥ }
PDF ©-0.5, A 3

e Reduces total PDF uncertainty on o NNPDE2.3 NNLO ]
predictions for gg driven processes S il e 7l

10 10° 102 10 1

Ratio to NNPDF2.3 NNLO, o, = 0.118 Ratio to NNPDF2.3 NNLO

................. - NNPDF2.3

- NNPDF2.3
------- NNPDF2.3 + Top Data

b NNPDF2.3 + Top Data

IIIIJIIIlIIIIlIL
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o @°=100GeV 5[ aMCaiNLO + NNPDF2.3
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Simone Alioli | Top | QCD@LH: All()ll _I



m_ one of the more precisely determined SM parameters

LHC combination

e LHC combination:
» 7 measurements (ATLAS and CMS), 2010/2011 @7 TeV, up to 4.9 fb!

» Combination with the BLUE method
@ does not include latest ATLAS & CMS measurements = work ongoing for TOP2013 !

Myop = 173.3 £ 0.5 (stat) £ 1.3 (syst) GeV |,

e Total uncertainty dominated by systematics (JES, signal modeling,
underlying event tune)

» work ongoing within the TopLHC Working Group to harmonize the tratments of
sytematic uncertainties

LHC m,,, combination - June 2012, L_ =35 pb'- 4.9 fb” AR SRR = eV
ATLAS + CMS Preliminary\s =7 TeV ATLAS 2010. l+ict
ATLAS 2310, ko o 169.3+ 4.0 + 4.9 it o 1 5.3
ATLAS 2011, I+jets. s 1745+ 0.6+ 2.3 ATLAS 2011, l+jets 23.3
ATIASR(H "|j£—t§3 1749+ 21+ 3.9 ATLJ’\Q 2011, all ]OIS 03
C‘M% nmt‘l dl opt’m ® — 1755+ 4.6+ 4.6 C‘Mg éOH} di |ﬂpl | i &
C“E"“”‘U J“ s 1731421+ 2.7 oS 2010, ',g?s 0.2
otts 2011, d' '” ton ———i 173.3+1.2+27 CMIS 2011, dilepton | 3.7
C_ qs,_g?1 . Hlets - 122.640:4£1.5 C“D’;U” o ]Ct . - 65.7
LHC June 2012 - 1733+ 05+ 1.3 o
Tevatron July 2011 = 173.2+ 0.6+ 0.8 ';;‘ggwmb ol
| | I | + {sta‘t.)i (syst.) ;
150 160 170 180 190 1 1 l -ll
ATLAS-CONF-2012-095, CMS PAS TOP-12-001 My, [GeV] -100 0 Gonza EZ-SEVI d

Relative impuui waion | o)
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Top mass impacts vacuum stability condition

t-quark mass

Alekhin

182
a m(MC)=173.3+1 GeV (Tevatron/LHC) 0
178
':;' 176
@ m(pole)* m(MC) - 1 GeV & 1|
_E_ 172
~ . g 170
@ m(m,)= m(pole) - 9 GeV .
10 166
il LoD j 190 122 124 126 128 130 132
) DO, L=5.4fb _. :
Vacuum stability condition requires m (pole)~171 GeV
s 8} sa, Djouadi, Moch PLB 716, 214 (2012)
S
5 7t
CDF&DO | ABMI1 JR09 MSTW08 NN21
- mi(m) | 1620%33%07 | 1635022908 | 163223407 | 1644733408
5 ATttt | m ITLTH50008 | 1733153707 | 1T3455 18 | 1749435705
iof 166 168 q70 172 I 176 078 00 k2| Gu) | (16994344 | (TASHAD | (78D | 014
top
ATLAS&CMS | ABMII JR09 MSTWO08 NN21
Barnreuther, Czakon, Mitov hep-ph/1204.5201 i n@(mt] lr)glnt:j:(l'tlll:j 165'34:3:;4:;11‘.2 lﬁﬁ.nf.jﬁj J_"fﬁg lﬁﬁ-?’fﬁjgﬂ'ﬁ
e 23407 | 1751 +24408 (424 40 2440
From the Tevatron c.s. m (pole)~171 GeV | 168.6135 13 | 1TAEENG | 1764355108 | 17TAtE
(m}™") (1661731 439) | (1726535 159) | (115455 553) | (115 155439)

Stronger correlation between m, PDFs and a_at LHC
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Nuclear Beams to play with

Will Brooks (ATLAS)
18 December 2009

VIII Latin American Symposium on
Nuclear Physics and Applications

® The Relativistic Heavy Ion Collider (RHIC/BNL) has
discovered a new state of matter in heavy ion collisions

® Experimental evidence indicates it is a hot, dense, @
strongly interacting system that behaves as a liquid 2 . Y-
with ultra-low viscosity wow T
® The most compelling evidence that a super-dense o

medium is formed is jet quenching - the disappearance
one of the jets in high-pr two-jet events:

® The phenomenon is qualitatively understood,

il o pep ) but a number of puzzles remain
< 02 ~ . - :
g | hr i e The study of jet quenching in heavy ion
s {J” B collisions at LHC offers many new possibilities:
= 0.1 ?" T h
2 | -{‘- h _F{Jl hjﬁ% _r ® Much wider kinematic range and larger
E ;@f*+&;a¢¢@””i*****mﬂwﬁ cross sections
0 TPy [ TP, TR R | TN e iy o o o
0° 180° ® Well-defined jets
Angle between high energy particles e Heavy quark jets

Friday, December 18, 2009
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Nuclear Beams to play with
]

Heavy ions: centrality dependence of jet suppression

@ Jet radius and pt dependence of inclusive jet suppression in PbPb collisions at
V/Synv =2.76 TeV (PLB 719 (2013) 220)

@ The centrality dependence of the jet yield is characterized by the jet

“central-to-peripheral ratio”, Rcp (using 60-80% as the peripheral reference
centrality interval)
NG (pT) o 2r r
e 1 — N FC Pb+Pb {8, = 2.76 TV 0-10% -
RCp™(PT)|cent = Rgglrl‘t Njﬁe(g 80(pr) n?% 1,3i—JL dt = 7pr1 ATLAS -
T NGO c S *R=03 1
60— 80eV B ok "R=04 -
where Ry = (Nc0||>/(Nc0|| ) i e g N . *R=0.5
Rcp ratios for different jet radii: i t " * e -
@ Error bars: statistical _E : :

uncertainties

@ Shaded boxes: partially

correlated systematic errors

@ Lines: fully correlated

system atic errors

L
100

50 60 70

The inclusive jet yield is observed to be suppressed by a factor of about two in central

collisions relative to peripheral

collisions

A. Ruiz (ISU)

Fred Olness

QCD@LHC 2013
6 September 2013 DESY

Ruiz
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Physics Scorecard: Circa ~2013

THEORY:
*NLO Calculations routine and automated
e Many NNLO completed
*Major advances in NLO + Monte Carlo merging
Many Resummation calculations
*Top quark: discovered & computed to NNLO
*W/Z: fundamental tool: standard candle
*s(x) PDF: uncertain, but improving fro LHC data

EXPERIMENT:
Closing the HERA era, and beginning the LHC age
MY BET:

There will be more clever people with more good ideas,
The data will make us even smarter

Fred Olness 6 September 2013 DESY Page 53
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Fred Olness

Working groups and Convenors

Groupl: PDF Group 2a: Heavy Quarkonia
Voica Radescu, Mathias Butenschoen (theory),
Pedro Jimenez-Delgado Pietro Faccioli (CMS),

Giulia Manca (LHCDb),

Group 2: Hard QCD and MC Alex Cerri(ATLAS)

David D’Enterria(CMS),

Pavel Starovoitov (ATLAS), Group 3: Multi-parton dynamics
Gabor Somogyi (theory), O.Kepka (ATLAS),

Steffen Schumann (theory,MC), Albert Knutsson(CMS),

Matteo Cacciari (theory, jets) K. Kutak(theory)
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