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P. Onyisi: SM and Higgs Measurements at LHC

Introduction

* LHC: not just an “energy frontier” machinel
— Enormous datasets of gauge bosons, top quarks, Higgs

* What can we study?

~ Precision SM parameters Process 2016 yield per
experiment

— all the nonperturbative stuff in proton W — fv 700 x 10°
collisions: parton distribution functions, Z—= (¢ 70 x 10°
underlying event WZ 1.7 x 108

~ can we calculate well in the SM? t 30x 10°

) o inclusive H 1.9x 10°
- ?re th.er{-a hlnts of .BSIVI physics in T 18 x 10°
SM-like” interactions?
— fundamental tests This talk: a few selected

B . topics!
* “Beyond the Standard Model” searches
require understanding the Standard Mode| | Wil generally not show

both experiments’ versions
of an analysis. ..

— no royal road to BSM ... ?
8 May 2017 SM, Higgs @ Pheno P




P. Onyisi: SM and Higgs Measurements at LHC

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:22 to 2016-10-27 14:12 UTC
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P. Onyisi: SM and Higgs Measurements at LHC

Cross Sections: view from 35,000 ft

* Many measurements (many not in plot ..)

* Good agreement of theory & data

April2017 CMS Preliminarv

B 7 TeV CMS measurement (L <5.0 b
@ & TeV CMS measuremeant (L < 19.6 b7
R R - B 13 TeV CMS measurement (L =359 ik
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P. Onyisi: SM and Higgs Measurements at LHC

Proton Structure: PDF

* Use high order perturbative calculations + precision data to constrain

parton behavior

« eg. W& Zdifferential cross sections
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P. Onyisi: SM and Higgs Measurements at LHC

Multijets: QCD & Parton Shower

* Can we accurately simulate production of multiple jets (pure QCD)?

* e.g. azimuthal correlations of jets in =22, =3, 24 jet events

— compare to a variety of calculations (different hard scatter matrix elements,

parton showers). All generators have regions of difficulty _
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P. Onyisi:

Particle Masses

More than just stamp-collecting!

* W, H, t masses: consistent with
other EW measurements?

Ty

2
m

2 Wil_
ny

\EG’#“ + Ar)

* H, t masses: is there a deeper

minimum of the Higgs potential? is

SM EW vacuum metastable?

Higgs
potential

Higgs field

8 May 2017
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P. Onyisi: SM and Higgs Measurements at LHC

* First measurement of m,, at the LHC

* 7 TeV data alone: plenty of statistics

* QObservables:

- charged lepton p,

- reconstructed W m.

* Use Z as standard candle for calibration,
tuning, method validation

* Complications:

— pp initial state: W and W produced
differently

~ large (~ 25%) contribution of cs — W: sea
quarks more important than at Tevatron

— generators don't necessarily get boson
polarization right

8 May 2017 SM, Higgs @ Pheno
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P. Onyisi: SM and Higgs Measurements at LHC

W Mass Result

mw = 80370 £ 7(stat) &+ 11(exp syst) + 14(mod syst) MeV

* Largest experimental systematics: r : 1 .

ATLAS . my,

lepton energy/momentum scale = e
* Largest modeling systematics are S o LI

parton distribution functions, parton s e
showers LEP+Tavalran P BOOASH1E MeV

ATLAS 1 - EOS70+10 Mel

— relies on correlation of higher-order ey ...
QCD correctionsin W & Z 80320 80340 80360 80380 80400 80420

m,, [MeV]
* Precision better than LEP combination,

. . % BI’.‘IE:— 411,;,5 ; —In\.I:&(}SI?OiO.EI‘IBéHVE
not far from Tevatron combination ar: - 17284 0.70GoV
g r ey = 12509 £0.24 GeV

80.45

= 68/85% CLof m,, and m, —
-+

s

* Better consistency with global EW fit
than before

- i 1
an.af o 68/95% CL of Electroweak™
11701.07240, sub. 1o EPJ C. i
r {Eur, Phys, J G 74 (20040 208
C 1 1 1 | 1 .1
80.25 165 170 175 180 185
EXPERIMENT m1[GE'\|']
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P. Onyisi: SM and Higgs Measurements at LHC

* Use fully-reconstructible decays H — 4 ¢ and H — vy

— Great potential for improvement: 4 { stats dominated

ATLAS and CMS —— Total | Stat. 1 Syst.
LHC Run 1 Tetal  Stat. Syst,
ATLAS Hosyy ==y 126021051 (%043 0.27) GeV
CMS H-yy —==— 124.70 £ 0.34 | 2 0.31 £ 0.15) GeV
ATLAS H-+Z5 4] P 12451+ 0.52 [ +0.52 + 0.04) GeV Y
——0.2% precision
CMS H—ZZ i tE—l 125,59 + 0.45 (£ 0.42 + 0.17) Ge
ATLAS+CMS 77 e 025 + 0.14) GeV

12515+ 0.40 [ £ 0.37 + 0.15) GeV

125.09 +0.24 ( £ 0.21 £ 0.11) GaV

ATLAS+CMS 4

ATLAS+CMS yr+4!

[ A S S S e s S SRR (N SN TSI NS SRS N SR S R
123 124 125 126 127 128 129

* Run2 CMS H — 4/ mass measurement

- H— 4/{:in concert with other Higgs properties measurements

my = 125.26 + 0.20(stat) + 0.08(syst) GeV

— Better precision than LHC Run 1 combo
(49 MeV smaller uncertainty than expected)

8 May 2017 SM, Higgs @ Pheno



P. Onyisi: SM and Higgs Measurements at LHC

* Standard technique: test per-event compatibility of events
with various mass hypotheses

- Full/partial reconstruction, usually involving b-jets; could use
J/W or B-hadron flight distance as proxy for b quark

— Subject to jet and b-jet energy scale systematics, details of
nonperturbative QCD in events

- Also, what does MC generator top mass actually mean?
Potentially O(GeV) shift between generator and “pole” mass

— Top Yukawa coupling not expressed in pole scheme
* Alternative methods for pole mass:

- measure tE Cross section Theoretically under

— shape of tt+1 jet total invariant mass better control

8 May 2017 SM, Higgs @ Pheno 12
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P. Onyisi: SM and Higgs Measurements at LHC

Top Mass Examples

“standard” analysis: all-hadronic top decays
plotted: m(t)/m(W)

m, = 173.72 + 0.55 (stat) + 1.01 (syst) GeV

—

3 L L I L L L L L LB LB
pu . ATLAS ——Data s=BTeV |
~~ 1000 Im-au.zm" — Signal Fit - 15
E - —— Background Fit E =y
= —— Total Fit 1 =
€ - w220
W Boo- - =] C
i - 200
600~ Koindt = 72,348 = 1.51 ] 180
aoo} 160[
140~
200 N
120~
EXPERIMENT O-IIIIIIIIlIJIIIIIIIIlIJI]I|III|lI]|JIJ|J 165
16 18 2 22 24 26 28 3 32 34
Ci T
8 May 2017 SM, Higgs @ Pheno

Interpret cross section from
dileptonic decays (pole mass)

still depends on generator mass
through acceptance

m, =176.7+3.0 - 2.8 GeV

= 7 TeV; aglms) = 0,1184
R e

LI
—— CMS,L=231b"

——————— Top++ 2.0, ABM11

=== Top++ 2.0, CT10

------------ Top++ 2.0, HERAPDF1.5
....... Top++ 2.0, MSTW2008
Top++ 2.0, NNPDF2.3

13
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P. Onyisi:

SM and Higgs Measurements at LHC

Top Mass Summary

* Standard methods are systematics limited at the ~ 0.5 GeV level
- CMS projects ~ 0.2 GeV for HL-LHC

* Pole measurements at best ~ 1.8 GeV

Top-quark pole mass measurements May 20186
ATLAS+CMS Praliminary LHC fop WG m,, summary, I = 7-8 Tev Aug 2018 Do g{ﬁ] 1.96 TeV +5.20
------- Work o Miar 2014, 7] PLB 703 (2011)422 —@——— 167.50 T2 4 70 GeV
= Eem ey
My = 17234 4 7B (0.36 & 0.67] oV Ny = et . +3.30
ATLAS 1 il = A DD Nale B453-GONF (2015) 168.50 ™ g 49 GV
jets ) 172311 1.58 (0.78 £ 1.38) AT & NNLD
ATLAS, disgion () 172,03 + 1,68 {0064 + 1.50) PRV ) :ﬂma{ntﬂq 96 TeV
TS, I+jats 173,40 + 1,06 {043  097) , 1. e +3.40
CMS, dilepton 17250 £ 1.62 {0.43 2 1.46) ar¥iv:1605.06168 (2016) ® 172.80 320 B8V
CMS, all jets 173,49 £ 1,41 {069 £ 1.23) MSTWOB NNLO
LHE camb. [Sep 2013) 172.29 + 0.95 (038 + 0.88)
Werld somis. (Mar 2014) 17338 £ 0.76 [0.36 1 0.6T) ?g}gg go‘ﬂ'] ;TEGTW' —— 172801250 ;o Gav
ATLAS, brpets 17243 +1.27{0.78 2 1.02)
ATLAS, dmn 17373 £ 1.41 {054 2 1.30) —
ATLAS, 2l juts 16121814212 ATLAS tt+] shape, 7 TeV —— 17370 R L Gev
ATLAS, singla iop 1722421 (0.72 20) JHEP 10 (2015) 121
ATLAS. diisgion 17299 + 0.B5 {041 £0.74) CMS oftt), 748 TeV
ATLAS. al jets 17380 £ 1,16 {0US6 1 1.01) 5 [ P 473.80 +1.70
ATLAS comb. {“:J‘:":‘I 17284 + 0.70 {034 + 06T JHEP 08 (2016) 029 73.80 -1.80 GeV
CMES, |+jeta 17235 0,51 {016 % 0.48) B
CIS, dileptan 172E2 £ 1.22 {0,192 1.22) CMS tt+] sha 8 TeV +4,52
CMS, all jets 17232 £ 0.64 (025 + 0.58) Top_13.‘:|i:|5 [’Q[ﬁgi & 169.80 -3.66 GeV
EMS, singls tap 1TEE0 £ 1,22{007T 4 095)
CMS comb. (Sep 2015} 17244 £ 0,43 {013 + 0AT) World combination 076
e . ATLAS, CDF, CMS, DO 17334 -0.78 B8V
[ Suparsaded bry msuits ar¥iv:1403 4427, standard measuremeants
shown babow ha las
i | i 1 1 i i i I _l 1 1 L 1 I L 1 L 1 J L L 1 L | 1 | | —
165 170 150 160 170 180
m, [GeV]
8 May 2017 SM, Higgs @ Pheno 14
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P. Onyisi: SM and Higgs Measurements at LHC

SM Higgs: Plan

* First phase of h(125)
characterization “done”

=
]
TTTTT
L1 1 T 110l

a(pp — H+X) [pb]
T
L
1
z
Z
e
7
]
z
2
=

i Fi v

-
(]

— no O(1) departures from SM

o —+ gk [HHLD oD + NLD EW]

* Next phase:

0 0D + HLG BV

pp — WH MK
p— ZH [HNLO OCD ML EWV

— precision gauge boson interactions;
offshell couplings

P

M, = 125 GeV_|

— confirm + precisely measure third e . S MsSTW2008 ]
generation fermion couplings L
~ explore 2™ gen fermion couplings 13 vs 8 TeV: o(H) up x2 (ttH up x4)
— further use of kinematic distributions  Matched by progress in theory:
to probe new physics (and SM) - — N3LO inclusive ggF cross section
EFT, simplified template cross — NNLO differential ggF
sections, pseudo-observables... — NLO interference between

offshell Hand gg — VV

— high[er] precision mass — Updated generators

8 May 2017 SM, Higgs @ Pheno 19



P. Onyisi: SM and Higgs Measurements at LHC

ATLAS 4 ¢, yy Combination

vy: better sensitivity for rarer production modes

£ arasconroisoes
ATLAS

EXPERIMENT

= _"|'111|'Lr.'r|'11-|-'-'|"1'1"'rrr'd

2 400 ATLAS Preliminary Oy .y My =125.09 GeV ]
?r [ A Hoyy 0 H-ZZ >4l 1 QCD scale uncertainty 1
& - ¢ comb. data 1 syst.unc. ™ TOluncer. (scale & PDF:a,)

Total o, extrap. |© 80 .
from fiducial o - 1

60}

40f

20L

Vs=7TeV, 451" )
Vs=8TeV, 203" .

D_— Y5 =13 Tev, 133fb {:rﬂ 143fb (ZZ*) ]
7 8 9 10 11 12 13
Vs [TeV]

olpp — H +X) =59.0"5 {5td,t}+ s(syst) pb (ATLAS)
olpp — H + X) = 555724 pb (N3L0 theo)
8 May 2017 SM, Higgs @ Phenn 24



P. Onyisi: SM and Higgs Measurements at LHC

* Probing the Standard Model in great detail is mandatory
— Test the consistency of the electroweak sector
- Show we can calculate complex processes
— Understand backgrounds for difficult new physics searches

* LHC is a factory for W, Z, top, Higgs

— with large datasets, able to do exquisite precision and rare
process searches

- so far good consistency with SM

* Can make important improvements with additional
integrated luminosity

* Future is bright!

8 May 2017 SM, Higgs @ Pheno 28
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Benjamin Fuks: New Developments in MC Tools for New Physics

UPMC

I Al SORBONNE

Fuks Benjamin
LPTHE - CNRS - UPMC

Phenomenology 2017 Symposium
University of Pittsburgh, 08 May 2017

MNew developments in Monte Carlo tools for new physics Benjamin Fuks - 08.05.2017 -
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Benjamin Fuks: New Developments in MC Tools for New Physics

Automating NLO-QCD calculations Phenomenology Conclusio

i < Getting information on the nature of an observation
* Fitting (and interpreting) deviations by some new physics signals
; * Leading order Monte Carlo tools and techniques can do a proper job

** Final words on the nature of any potential new physics
% Accurate measurements of the model parameters
% More precise predictions are mandatory

L L L L L L L L L T TR L T

** Result of 20 years of developments
% NLO and loop-induced processes can now be simulated automatically
% BSM precision simulations are standard in MG5_aMC@NLO

---------------------------------------------------------------------------------------------------------------

E R R N




Benjamin Fuks: New Developments in MC Tools for New Physics

Automating NLO-QCD calculations Phenomenology Conclusio




Benjamin Fuks: New Developments in MC Tools for New Physics

Introduction Phenomenoclogy Conclusions

{ 4 Leading-order (LO): do = do®©®
® Easily calculable

* Automated for any theory and any process

% Very naive
* Rough estimate for many observables (large uncertainties)
* Cannot be used for any observable (e.g., dilepton pr)

............................................................................................................

P LI LI

+ Next-to-leading-order (NLO): do = do'® + a;s d6" | The Drell-Yan E,mp|e:
. Representative virtual

* Two contributions: virtual loop and real emission 1

* Both divergent
* The sum is finite (KLN theorem) g é X e~

#* Reduction of the theoretical uncertainties

i
* First order where loops compensate trees Representative real
% Better description of the process R SN
* Impact of extra radiation q
* More initial states included : ! P
* Sometimes not precise enough T Eriryra

Mew developments in Monte Carlo tools for new physics

25



Benjamin Fuks: New Developments in MC Tools for New Physics

Introduction Phenomenoclogy Conclusions

— Taevatran Data

I — Leading order
Maxi-to-leading order

= Resummalion

4 Problems with NLO (fixed-order) calculations :
¥ Soft and collinear radiation > large logarithms “‘é .

¢ Spoil the convergence of the perturbative series >

e

=

o

Parton showers

L

# Resummation of the soft and collinear radiation

< Predictions for a fully exclusive description of the collisions

-

* Suitable for going beyond the parton level (hadronization, detector simulation) |

MNew developments in Monte Carlo tools for new physics Benjamin Fuks - 08.05.2017 - 5
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Introduction Fhenomenology Conclusions

----------------------------------------------------------------------------------------------------------------

% Calculations to be done in d=4-2¢ dimensions
* Divergences made explicit (1/£2, |/g) ky ka
* Numerical challenge

% Rewrltlng loop mtegrals Wlth 5c*1|1r‘ mtegrwls

N{(£) d 1
f’d EDDDI D —ZCL; ':lg”—“:

* Involves mtegrals Wlth up to four‘ denc:mm'{t::r‘s |
* The decomposition basis is finite .

i+h+. . +h=l+m
]
The basis integrals can be kg

calculated once and for all

s ssssssss eSS s S ESS S eSS S S S S SE E e EE s EEEEE Eee

velopments in Monte Carlo tools for new physics Benjamin Fuks - 08




Benjamin Fuks: New Developments in MC Tools for New Physics

Introduction Phenomenoclogy Conclusions

Mew

‘4 The loop momentum lives in a d-dimensional space

'3'The reduction should be done in d dlmensmns and not in 4 dimensions

N(e ¢

ddr—— (&5 with / = ¢+ ¢
DoDs -+ Dm—1 "4

D-dim__4-dim (-2£)-dim |

'}Numerlcal methods works in four dimensions: need to be compensated!

................................................................................................................

m
s ssssEsssssssssEEE ==

{4 The R, terms originate from the denominators
EEEURTAN Y ;
. DD\ D) :
-E'These extra pleces can be calculated generically (3 integrals in total)

4 The R, terms originate from the numerator

¥ Process-dependent contributions proportional to
% In a renormalizable theory, there is a finite number of such R; pieces
* They can be calculated once and for all for a specific model (3> NLOCT) [Degrande (crc15)]
> R; counterterm Feynman rules

-

g -
CrssssssssssEeE ="

developments in Monte Carlo tools for new physics Benjamin Fuks - 08.05.2017 - 7
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Benjamin Fuks: New Developments in MC Tools for New Physics

Introduction Phenomenoclogy Conclusions

% The structure of the poles appearing at NLO is known > subtraction methods
* ¢ subtracted from the reals > makes them finite

* ¢ integrated and added back to the virtuals > makes them finite
* |ntegrals can be made numerically (in four dimensions)

Oxro =[d4@n S+fd4'bn+1 [’R—C] +fd4'b“U1c. ddw+fdd@1f:]
op !

---------------------------------------------------------------------------------------------------------------

mEssEssssssssssssssssssE ="

............................................................................................................. -

T4 Double counting when matching with parton showers: another subtractlon

Parton shower's

E Born and virtuals >VVV\/ Z‘M E\M s

“* Two sources of double counting that compensate each other {shd.;ver unitarity)
% Radiation: both at the level of the reals and of the shower
% No radiation: both in the virtuals and in the no-emission probability

MNew developments in Monte Carlo tools for new physics Benjamin Fuks - 08.05.2017 - 8
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Benjamin Fuks: New Developments in MC Tools for New Physics

Introduction Phenomenoclogy Conclusions

#

. Simulated Event

L collisions analysis
MADGRAPHS Parton showers Detector
aMC@NLO Hadronization Reconstruction e e
UFO (with Automatic
counterterms) matching

4 From Lagrangians to analyzed NLO simulated collisions
'i. FEYNRULES iS I|"kec| tD th'e NLOCT mOdUIE [ Allgul, Christensen, Dregrande, Dubr & BF (CPC'14) ]

. [ Degrande (CPC'15) |
* Calculation of UV and Rz counterterms [ Degrande, Duhr, BE Mattelaer & Reither (CPC'12) ]

rande, Duhr, BE Hirschi, Mattelaer, Shao et ai. (in prep.
* Export of the information to the UFO o t e )]

4 Matching with parton showers within MG5 aMC@NLO
% Monte Carlo subtraction terms automatically handled

[ Abwall, Frederte, Fricione, Hirschi, Mattelaer, Shao, Stelver, Torrielli & Zaro (JHEF"14)

e mmEEEEEETEEEEEEEEEEEEEEEEEEEEEEEEEEE S TS S SR EEE SRS EEEE ST EEEEEEEEEEEEEEEEEEEEEEEEE SR EEEEEEEEEE ST EEEEEEEEEEEEEEEEEm .S *

j

T E W W mmE W EE M W Om OmmE
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Introduction Automating NLO-QCD calculations Conclusions

Supersymmetry

In this talk: focus on the MSSM

[ Degrande, BF, Hirschi, Proudom & Shao (PRD’15; PLB’16) ]
[ Frixione, BF, Hirschi, Mawatari, Shao, Sunder & Zaro (to appear) ]

New developments in Monte Carlo tools for new physics Benjamin Fuks - 08.05.2017 - 10




Introduction

4 Impact of the NLO corrections
% Strong processes: cross section enhancement of 50%-100% (genuine NLO effects)
% Scale uncertainties of 10-15% (strong) or a few % (electroweak)

** Huge PDF uncertainties in the high mass region (expected to be self cured)

s
[
L]
]
(]
]
(]
]
]
L]
(]
]
]
(]
]
*
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Benjamin Fuks:
Automating NLO-QCD calculations

Conclusions

[ Frixione, BF, Hirschi, Mawatari, Shao, Sunder & Zaro (to appear) ]

105 _ SUSY pair-production at the LHC, 13 TeV]
¢ \ Total cross section at NLO _
10 E L
E Q. Q. —
108 %% —
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& —

MadGraph5_aMC@NLO
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100 -
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* Parton densities: NNPDF 3.0
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< Mixed effects: origin of the third jet
* Sometimes a decay jet (hard)

* Sometimes a radiation jet (soft)
> not for the Ist and 2nd jets

o Constant K-factors not accurate
< NLO effects

* Crucial for a precise signal description
* Normalization modification
* Distortion of the shapes

* Reduction of the theoretical uncertainties

New Developments in MC Tools for New Physics

Conclusions
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Introduction Automating NLO-QCD calculations Conclusions

\s=13TeV
(the matrix element drives the shape)

3rd jet pr % Parton showers populate the low-pr region
_ . * Emitted partons often not reclustered back
'E ----- T o e % * Extra softer jets
2w e % Distortion of the spectrum
2 2. x Effects milder for hard pr
2
& i

. % Mixed effects: origin of the third jet
% Sometimes a decay jet
* Sometimes a radiation jet
* Entanglement of the two effects: two peaks

______

e R R R e

L= = i
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Introduction Automating MLO-QCD calculations Phenomenology

§ NLO-QCD simulations for new physics are now the state of the art
*Via a joint use of FEYNRULES and MADGRAPH5 aMC@NLO
* Divergences (UV, Ry, IR) and MC subtraction terms are automatically handled
% Loop-induced processes can be studied as well
* The same machinery can be used for resummation calculations (jet vetoes)

# Many models are already publicly available (on the FEYNRULES website)
% Supersymmetry (MSSM and simplified models)
< BSM Higgs models
% Dark matter simplified model
% Higgs and top effective field theories
% Vector-like quark models

% Z'/W’ models (with a right neutrino) ——»  S¢¢ &lkbyR-Ruzfora
phenomenological example

................................................................................................................
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CIRCUMSTANTIAL EVIDENCE
FO NATURALNESS
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NEW COLLIDERS NEEDED
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