Stefano Pozzorini

Zurich University

"Strategy Workshop on High-Energy Particle Physics in Switzerland”
Aegerisee, 7 June 2016

IENS NF |

FONDS NATIONAL SUISSE

Universitat
Zirich™

SCHWEIZERISCHER NATIONALFONDS
FONDO NAZIONALE SVIZZERO
SwiSs NATIONAL SCIENCE FOUNDATION




Priorities in SM TH precision — preliminary considerations

Significance of precision for SM and BSM
(A) no direct BSM => search for small anomalies wrt SM predictions

(B) BSM signals = precision for signal and SM backgrounds to characterise discoveries

Interdependence (importance of broad precision program)

o state-of-the art precision techniques always developped/tested in the SM and then
applied to BSM

o lessons learned for one particular process often applicable to many others

This talk (disclaimer)
@ no attempt to cover precision topics and/or CH contributions in a balanced way
o just few examples of possible directions (Higgs and top physics)

o focus on perturbation theory and Monte Carlo precision

Main aim is to start discussion and receive input (TH/EXP interaction crucial)
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(@ Precision in general
(@ Leading Higgs channels (g9 — H and VBF)
@ ttH with H — bb

@ tt production and decay



Huge progress in perturbative calculations

5 .
do = doro + asdonro + agw dJEEVO + agdonNLo + u‘; donsto

Perturbative calculations for hard scattering processes
@ more general, automated and widely applicable methods

= drastic improvements for vast range of LHC processes

when order automation availability precision
2009-now NLO QCD+EW full 2 — 2,3,4(5) processes O (10%)
2011-now NNLO QCD partial 15 2 — 2 processes few %
2015-now N?LO QCD - 99— H ~ 1%

Prominent role of CH community
o methodological innovations, state-of-the art applications and tools
o NNLO calculations for 12 processes and N®LO gg — H made in CH!

= crucial to reach present Higgs sensitivity and for future improvements

S. Pozzorini (Zurich University) Precision theory tools SWHEPPS 2016 2/20



nggs measurements [Runl combination ATLAS-CONF-2015-044]

Theory predictions mostly NNLO QCD+NLO EW

o few to 10% uncertainty (already outdated)

0 backgrounds typically less precise

Production Cross section [ph] Order of

process Vs=TTV  /5=8TeV calceulation
99T 15.0£1.6 192420 NNLO(QCD)+NLO(EW)
VBF 1224003 1584004  NLO(QCD+EW)+~NNLO(QCD)
Wi 0.577+0.016  0.703 £ 0.018 NNLO(QCD)+NLO(EW)
ZH 0.331+£0.013  0.414 % 0.016 NNLO(QCD)+NLO(EW)
lggZH] 0.023+0.007  0.032 % 0.010 NLO(QCD)
oLl 0.156£0.021  0.20340.028 5FS NNLO(QCD) + 4FS$ NLO(QCD)
HH 0.086+0.009  0.129 +0.014 NLO(QCD)
(H 0.012+0.001  0.018 % 0.001 NLO(QCD)
Total 174+ 1.6 22.342.0

Channels established over 50 (15%—-25% unc.)
o ggH+VBF production and H — v, ZZ, WW, T

Some tensions driven by ttH(WW) and ZH(WW)

O HitH = 2.37:8:(73 and p®® = 0.69F
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“High-preCiSion frontier” [talk by G. Salam, indico.cern.ch/event/536274]

Idea: 1% precision for (some) Higgs observables in 10-20 years

NAIVELY EXTRAPOLATE 7+8 TEV RESULTS (based on lumi and o)
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50% TH syst.
no TH syst:

ATLAS

Extrapolation suggests that
we get value from full lumi
only if we aim for O(1%)
or better precision

o uncertainties from as+PDFs (reducible) and hadronisation (fundamental)

o perturbative accuracy beyond N®LO might take very long = ratios can help

S. Pozzorini (Zurich University)

Precision theory tools

SWHEPPS 2016 4/20



“High-exclusivity” frontier

Idea: ~ 10% precision for many exclusive observables in 0-10 years

= \

. _ L e o ,
o rich physics information in kinematic distributions . \% ,& J’r/ r%}

o high-energy regions
o multi-particle final states

o reduction and better TH description of backgrounds

Benefits of precision in Monte Carlo

o NNLO+PS (UN2LOPS, MINLO,...)

= high precision for few processes 0jets ONLO
o NLO merging (MEPS@NLO, FxFx,...) —
= good precision for many processes

= shape of distributions can be very
accurate

(many EXP analyses still rely on LO Monte Carlo. .. )
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1) Precision in general
(@ Leading Higgs channels (g9 — H and VBF)
3) ttH with H — bb

4) tt production and decay



doldpr [fb/GeV]

Inclusive Higgs production

N3LO gg — H cross section (13 TeV) [Anastasiou etal, 1602.00695]

onsLo = 48.58 pbT e 257 (theory) + 3.2%(PDF + avs)

Thorough assessment of TH uncertainties and linear combination (in quadrature Jr2'1%)

—3.1%
3(scale) 3(trunc) 3(PDF-TH) 3(EW) 3(1,b,0) 3(1/me)
e +0.37% £1.16% +1% +0.83% £1%

pp — H 4 j at NNLO [Chen, Gerhmann, Glover, Jaquier, 1604.04085]

Vs =8 TeV
NNPDF2.3

ATLAS ——
Lo

NLO
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dordingl [fo]
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ne
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What comes next?

o scale uncertainties ~ 10%

o TH/data illustrates relevance
of differential precision tests

o great CH expertise for differential gg — H at N®LO. . .plus pp — V and HV ...
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Precision Monte Carlo simulations

S T T T T

[ [ 13 . .

g . —ywwoes |5 NNLO matching techniques
= — NNLO 1°

g —oMeeno o NNLOPS [Hamilton etall,

) 1 UNZLOPS [Héche etal],

10" GENEVA [Alioli etal]

m,/2<p_ <2my,
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1025 = myld< p§<mH HqT
|
I

@ NNLO precision + log resummation +
E particle level

o strong improvement wrt traditional
MCONLO and Powheg

Ratio to HQT
=

Bl it b b 103
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[GeV]

pT, H

General questions
o thorough comparisons and understanding of theory systematics
o implications (or improvement) of limited log accuracy of parton showers

o particle-level N*LO+PS more useful /preferable wrt parton-level NkLO?
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Higgs at high pr

A
MadGr aph5_aNC@NLO
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== scale

[Frederix etal, 1604.03017]
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pr(H) [GeV]

1/m¢ dependence of heavy-quark loops
o strong sensitivity to 1/my at pr.g > mqy

O requires precision to probe SM interactions

and possible BSM inside ggH loop

but exact 1/m; dependence known only for
H+0 jets at NLO and H+1,2,3 jets at LO

“extrapolations recipes” at higher orders

Dominance of H + 2 jets at high pr

o H +0,1,2jets merging at NLO attractive
o can exploit exact H +1,2,3jet at LO

Questions

o uncertainty of “1/m; recipes’ and exact
H + 1jet at NLO?

o EW corrections to H+jets?
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Higgs+jets

Inclusive jet multiplicity

?\ E ‘ Pouheg NN!O!L
é — Suerra NNLOPS
% L = MG5_aMC FxFx
HERPA MEPS@NLO
ot HERWIG 7.1
; =xx+ Hey
[ GoSawsSuerra 1=
=== NLO =t MINLO === nNLO 0
[ MINLO =
Multi-jet emission and VBF selection
O jet activity provides powerful discriminant L |
. . E I I
between gg — H and other Higgs signals ¢ b
o highly exclusive VBF cuts (1,5, m;;, 3rd jet
veto) require precise H + 2, 3 jets predictions 3 s
E I I
Theory predictions and uncertainties - ‘ ‘
o thorough Les Houches studies [1605.04692] with f
NNLOPS, MEPS@NLO H + 0,1, 2, 3jets,. .. & osp
E I I
o consistent predictions and significant ~20-30% £ | ‘
. . g 5
uncertainties 0
o (N)NLO Monte Carlo uncertainties subtle! £ ok E
E I I L I
= >1 >2 z3
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dO/dijbj2 [pb]
T T T T

=55 POWHEG —
03 k2 _
== VBF CUTS
LHC 13 TeV
02 L = i
q
0.1 | == i
Very high precision at parton level B2 < T2 "
o brand new N3LO result [Dreyer, Karlsberg, 1606.00840] S B
o =3.928pb 1% (scale)£1% (PDFs) at 13 TeV . &
1 = [
o shapes of key VBF observables receive significant NNLO e N
corrections [Cacciari etal '15] wrt NLO and NLO+PS 09 S o]
o calls for VBF Monte Carlo with H + 3; at NLO "5 555 6 437758859
= NNLO+PS or NLO merging (might be tricky) i
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Theory precision: priorities in realistic analysis frameworks?

pp — (Hjj) — WWjj VBF channel (benchmark process for detector upgrades)

200 . o .
2 - ATLAS Simulation [ mwzzz ] o TH uncertainty of t{-+jets background?
2 F Vs=14TeV, | Ldt=3.0ab" [EWW [dsingle Top - L .
iT] 1507H‘)WW‘)ev'wmvev+2Jet.Z+]etsDW+|etsdd 1 @ Monte Carlo statistics problematic due to
WasF HJver v highly exclusive signal region
100 ] o off-shell effects and signal-background
1 interference (vector-boson scattering)?
50 °.

% 50 100 150 200
[ATLAS-CONF-2015-044] M, [GeV]

upto S/B ~ 0.5 and Ap/p ~ 0.14
(comparable to H — ZZ)

limited by assumed background
systematics of 10%
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1) Precision in general
2) Leading Higgs channels (99 — H and VBF)
@ ttH with H — bb

4) tt production and decay



ttH (bb) crucial to test fermion mass generation at Run2

g VOO0 ——1

10°

Events /0.2

Data / Bkgd.
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log, (S/B)
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05

o Combined 748 TeV results (Moriond 2016)
ovin [oSN = 1.7108 (ATLAS) 2.9715 (CMS)

o NLO QCD+EW prediction for signal sufficient (13 TeV)

oz [fb] = 5071555 (scale) *5:0% (s +PDFs)

o H — bb most sensitive channel at Runl but plagued by
very large tt+jets background

o S/B < 0.1 and systematics dominated by A Biheory

= exploitation of high luminosity will require background

TH uncertainties of O (10%) in normalisation and
few-percent in shape
SWHEPPS 2016

Precision theory tools 12 /20



NLO-+PS simulations of irreducible ¢£bb background

Invariant mass of the 1 and 2 b-jets system (ttbb cuts)

T tt + X background dominated by ttbb

Sherpa+OpenLoops
—— MG5aMC@NLO

b
o NLO+4+PS mandatory and possible b ¢
with NLO automation

THCHAIGGS S Wa 30

o complex multi-particle, multi-scale

- QCD dynamics ¢
sl NLO+PS tuned comparisons [LHC HXSWG YR4]
e g o o different matching methods (MC@NLO vs Powheg)

T T T T T T
+ Lpp — b @13Tev Sherpa+OpenLoops

and showers (Pythia vs Sherpa)

0 20%-50% shower effects (from g — bb splittings) in
signal region

TACHIGES X5 WG 3076

o dramatic discrepancies in modelling of first emission
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Nature of problems and challenges

P of 1% lightjet (tbb cuts)

-+

AR A
+ Lpp — tibb@13TeV

THCHIGES XS WG 3076
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General problems
@ understanding of c- and b-jet production via
g — QQ splittings

o how to describe multi-scale process (My: ~ 100My)
in NLO+-PS framework (MC@NLO) with single scale
for 1st emission?

o relevant for several BSM searches and Hcé and Hbb
production

What to do (challenging)
o tthb+ 1jet at NLO

o consider NLO merging for tt + 0, 1, 2 jets (possible
with my, = 0)

o add 3rd jet at NLO and msp, m. effects
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ttH(bb) and irred. backg. beyond narrow width approx.

870000y

0 (as)

pp — fv + 25 + 4b at LO [Denner, Feger, Scharf, 1412.5290]
o LO MEs of order a2, ak, o%, a? with interferences and non-resonant effects

O 48 partonic channels and up to 78’000 diagrams/channel at LO

Significant corrections of order 10% to leading tfbb QCD bckg.
o interference between tZbb QCD and EW matrix elements (¢-channel W-exchange)
o off-shell contributions with < 1 top resonance (Wbb+jets?)

Realistic and reliable treatment of decay chains possible but challenging
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1) Precision in general
2) Leading Higgs channels (99 — H and VBF)
3) ttH with H — bb

@ tt production and decay



tt

d46/dny; [pb/GeV]

production

Top quark pair, CMC-PDFs, LHC 14 TeV

} Statstcal, 000 1"
t Staistical, 300 1"
¥ PDFs

— 1

| PRELIMIN

{lu\uuh

PP = S e, el o)

os PPy £E4x (8TeV)
: n=173.3 Gel
MSTH2008
by, pfmee (0.3,1,2)
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Powerful “laboratory” for precision
o huge dataset (1% stat. precision at TeV scale!)
= QCD and tool validation, PDF determination

= search for anomalies

= omnipresent background

Theory precision at parton level
o NNLO QCD+NLO EW for inclusive tt
o NLO QCD for tt + 1,2 jets

Aspects requiring improved precision
o top decays (often based on LO+PS)

o highly exclusive regions (multi-jet radiation,
large Hr,...)

o Monte Carlo simulations
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Monte Carlo simulations of tt+multijets

CMS Preliminary 19.7 b1 (8 TeV)

State-of-the art Monte Carlo (MC) precision

o tt+0,1,2 jets NLO merging (soon also NNLO+PS?)
o powerful for backg. to ttH, VBF, W H (bb), BSM

MC usage within experiments

o less precise NLO+PS tools more tunable to data are
still preferred: a good idea?

o exploitation of MC precision could strongly benefit
from more manpower and TH-EXP coordination

CPU cost of event generation ~ 25% simulation

W event gen.

CPU cores in use for MC production
M simulation

o algorithmic B Reconsruction

M Reco wio pileuy

efficiency and
computing resources
crucial

Theory/Data
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Precision m; determination

Pole top mass My in GeV'

180

27" 12
0o Stability
S
—
165
115 120 125 130 1

Higgs mass M, in GeV/

L e s e
—— .

cMS 2010, dilepton O 460 Gev.

JHEP 07 (2011) 049, 36 " alu ey

cMS 2011, dilepton
EPUC 72 (2012) 2202, 505"

17250 0.43 = 1.43 GeV
(value = sta + ysi)
CMS 2011, alkjets
EPIC 74 (2014) 2758, 3515

173,492 069 121 GeV.
(valuo = stat s ysi)

CMS 2011, leptonsjets
JHEP 12 (2012) 105, 505"

172,49+ 043 - 0.98 GeV.
(alue + sat = sys)

CMS 2012, dilepton
This anaysis, 197 16"

172824019+ 122GeV.
(value - sat + sys)

CMS 2012, albjets.
This anaysis, 18216

059Gev.
st

CMS 2012, leptonviets 0.48.Gev.
This analysis, 197 16" yet)

S combination 17248 013 - 0.47 GeV
at+ sys)

Tevatron combination (2014)

§§§+§*+++

372052 GoV

World combination 2014

173,342 027+ 071 GeV

165 170 175 180
m, [GeV]
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Vacuum stability

o strongly sensitive to m;, which lies in narrow
meta-stability window

Direct and indirect m; determinations

° AmEEXp) ~ 0.5 GeV but spread around 2 GeV

o EW precision fit (m¢ = 177 £+ 2.1 GeV)
1.60 above world average

Non-perturbative ambiguity (renormalon)

o intrinsic O (Aqcp) ambiguity of pole mass
much smaller than previously expected:
AmP'® ~ T0MeV [Beneke etal, 1605.03609)]

. . 1
o kinematic measurements of my*® much more

attractive but require higher precision in MC
simulations of pp — tt — fvjjbb
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Off-shell & non-resonant effects in pp — (tt) — WHW~bb

o é E ATLA‘S Simlﬂation P‘relimina‘ry
© %bb % b s [ f5=13TeV, L-epton selection
1 et £ E — Powheg EW(OR
wt v, 2 — Pouheg iwiOS
t ,e g - - - Powheg WI(DR)
W Y H - -~ Powheg W(DS)
<
/6666' t "
g b
WWbb and WWhbbj at NLO QCD 5 ]
@
o Off-shell tt and tW single-top channels with : : i
interference (large in BSM backgrounds!) 8 - -
0 300 400 = 500
E7 [Gev]
NLO+PS matching .
RES-AR ——
o crucial for experiments, but longstanding problem of e
uncontrolled shower recoil in off-shell top decays | Reconstructed top
o first solutions [Jezo, Nason, 1509.09071; Frederix etal,
1603.01178] ST-tch/RES-AR
= up to Am; =~ 1 GeV off-shell corrections in pp — tj —

= implications for m; measurements in tf to be studied 150160 170180 190 200
my [GeV]
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Summary

Huge advances in TH precision (key role of swiss theory community)
o for countless signal and background processes
o at parton level and in Monte Carlo

o increasingly important for physics potential of LHC

More exclusive/differential measurements at O (10%) precision

o good TH and EXP prospects for sensitivity improvements in 0-10 years

Cross-talk between TH and EXP crucial

o to deal with increasingly sophisticated measurements and theory tools

o to identify the right priorities
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Backup slides



Production process ATLAS+CMS

ATLAS

CMS

g 1034017 1254031 0845012
nver 1184933 121503 IREASH
i 0.8873% 125553 0467537
nzm 0.80%0:30 0.30%054 135703
peent 23107 19453 2958
Decay channel ATLAS+CMS ATLAS CcMS
il 1164930 1157937 112403
iz 1317927 151503 1055032
v 1117918 123503 0.91403}
Pids 112592 1415549 0.89+03%
u 0.69453 0.6255% 081403
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[ ATLAS andCMS ]
[ LHC Run1 3
Preliminary ]
E CH-w ]
[ CH-zz ]
L OH-ww ]
[ *SM  —68%CL OH- ]
[ +Bestfit CJH-bb
I, | NN W EENEE FETE NS FETE SN FETEE P e
=1-050 05 115 2 25 3 4
f
ugg|=+nH
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ATLAS Preliminary m,, summary - Mar. 2015, L =4.6 fo*- 20.3 fb™

jots 100832
all jets s

single top* ¢O1 s

. Mjets anwasoaosizr
et et

M, + (0L (Stat*JSF+bISFsyst)

1751 + 18 (14 £12)
1722 = 21 (o7 £20)

172.33 4 1.27 (02340252 067+ 1.02)

. diepton v 173.79 ¢ 141 (054 +150)
ot dilepton [ 7 ) €1t cor9 100 1729 53
o Ljeny o 1737 %3}

ATLAS Comb. Mar. 2015 (arxiv:1503.05427)
172.99 £ 0.91

World Comb. Mar. 2014 (arxiv1403.4227)
17334 +0.76

Tevatron Comb. Jul. 2014 (anxv1407.2662)
174.34 £ 0.64

World Comb. + 10

stat. uncertainty

stat. 0 JSF 0 bJSF uncertainty

total uncertail

*Preliminary, — Input to ATLAS comb..

| |
165 170
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|
180 185

My, [GeV]

Precision theory tools

SWHEPPS 2016

22/20



	Precision in general
	Leading Higgs channels (ggH and VBF)
	tH with Hb
	t  production and decay

