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Recent IPPP Preprints
Multiparticle production in the large
lambda n limit: Realising
Higgsplosion in a scalar QFT
(http://arxiv.org/abs/1705.04365)
Valentin V. Khoze

Precise predictions for V+jets dark
matter backgrounds (http://arxiv.org
/abs/1705.04664)
J.M. Lindert et al.

Total  cross section extracted
from the leading neutron spectra at
the LHC (http://arxiv.org
/abs/1705.03685)
V.A. Khoze, A.D. Martin, and M.G. Ryskin

Implementing NLO DGLAP evolution
in Parton Showers (http://arxiv.org
/abs/1705.00982)
Stefan Höche, Frank Krauss, and Stefan
Prestel

NLO QCD+EW predictions for 
diboson signatures at the LHC
(http://arxiv.org/abs/1705.00598)
S. Kallweit, J.M. Lindert, S. Pozzorini, and
M. Schonherr

News
Previous news is available in our archive
(/news-archive)

Applications are invited for two PhD
studentships funded by MCnet.
Deadline: June 1 (/applications-
are-invited-two-phd-studentships-
funded-mcnet-deadline-june-1)
Two 3-year PhD studentships at IPPP,
Durham are available starting from October
2017.

Students for the IPPP summer
internships chosen (/students-
ippp-summer-internships-chosen-0)
We have chosen 12 students for an IPPP
summer studentship (out of 41
international applications)

New summer projects available at
the IPPP (/new-summer-projects-
available-ippp)
The IPPP will offer again this summer the
possibility of working on a project in
theoretical particle physics for about three
weeks in Summer 2017.

The deadline for the application is 27th
March 2017.

Forthcoming Workshops
(https://www.ippp.dur.ac.uk
/workshops)

22/05/2017 to 24/05/2017
HEFT 2017
(http://conference.ippp.dur.ac.uk
/event/590/)
26/06/2017 to 28/06/2017
D-mixing
03/07/2017 to 08/07/2017
Summer School on Amplitudes
(https://higgs.ph.ed.ac.uk
/workshops/amplitudes-2017)
04/07/2017 to 05/07/2017
Physics and Scale- IAS Workshop
(https://www.dur.ac.uk/ias/events
/events_listings/?eventno=30260)
10/07/2017 to 14/07/2017
Amplitudes 2017
(https://higgs.ph.ed.ac.uk
/workshops/amplitudes-2017)

Forthcoming Seminars
(https://conference.ippp.dur.ac.uk
/category/15/)

Thursday, May 18, 2017
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Outline   

		The Large Hadron Collider (LHC) (1990 to 2017) 

		The Standard Model(SM) discovery (1897 to 2012) 

		The theory of the SM in a nut-shell 

		Recent results from the LHC  (2017)  
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The Large Hadron Collider 
 1990 to 2017  
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34th	Interna@onal	Conference	on	High	Energy	Physics,	Philadelphia	3rd	August	2008	

34th International Conference on High Energy Physics, Philadelphia 3rd August 2008 

LHC Machine Startup 

 

Lyn Evans 
 

The history and status of the LHC   

The	LHC	in			
August	2008	
aCer	14	years	
construcFon	

Dipoles	of	15	m	length	

		The	superconducFng	dipoles	provide	8.3	T	magneFc	fields	when	at	1.9	K	.	
		A	27	kilometer	ring	consists	of	1232	dipole	392	quadrupole	magnets.	

		The	counter-rotaFng	proton	beams	are	focused	to	collide	at	a	design	
					proton-proton	center	of	mass	energy	of	14	TeV.	
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Lynn Evans in August 2008 
“The whole machine is now cold and in the       
  final stage of  commissioning. 
  Approximately one month from now the first  
  beam will be injected into the full machine  
  and beam commissioning will begin.” 
  The machine will be trained to 14 TeV during     
  the winter shutdown. 
 
 

The history and status of the LHC   

The best laid plans …    



7	

 

  During LHC start up in September of 2008 a  
    junction between two magnets carrying a current  
    of 7kA failed resulting in a cascade that  
    damaged a chain of ~ 30 magnets.  
    Repairs and re-commissioning took over a year.   

 

  LHC operation re-started in 2010 and ran through 2012 with proton-proton 
    collisions at a reduced center of mass energy of 7 (latter 8) TeV.  
   This is referred to as “Run 1”. 
   The Higgs boson was discovered using this data. 
 

  A shutdown of two years (2013-2014) was required to install new junctions  
    between magnets and many new safety features to finally allow the LHC  
    to operate near the design CM energy.  

The history and status of the LHC   
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  Operation at a cm energy of 13 TeV started in April 2015, with a plan 
    to run for ~ 3 years.  This is referred to as Run 2. 

 

  The increase of cm energy from 8 à 13 TeV plus higher integrated 
     luminosity in Run 2 results in a large increase in sensitivity over Run 1  
     for new particles that have masses in the multi-TeV range. 
This has opened a new window for challenging predictions of the Standard Model. 

 

  A sample of 13 TeV data (40 fb-1) delivered  
    in 2015+2016 is currently being analyzed.  
   The full Run 2 data set after 2017+2018 LHC  
    running is projected to be about 130 fb-1 . 
 

The history and status of the LHC   

130th LHCC Open session - 10th May 2017

2016 Data taking conditions
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Comparison to previous accelerators 

ability	to	
produce		
rare		

parFcles	

ability	to	create	massive	parFcles	
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The history and status of the LHC   



The Standard Model  
(1897 to 2012)  
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ATLAS

H	à	γ γCERN Accelerating science Sign in Directory

Nobel laureate
François Englert
signs ATLAS detector

This image

was posted on

27 Feb 2014,

11.41.

(http://home.cern/sites/home.web.cern.ch/files/image

/featured/2014/02/englert-atlas.jpg)

François Englert signs part of a LEGO model of the

ATLAS detector on his first visit to CERN since

winning the Nobel prize for physics last year

(Maximilien Brice/CERN)

For more information about this image

visit the CERN Document Server

FrançaisEnglish

Nobel laureate François Englert signs ATLAS detector | CERN http://home.cern/images/2014/02/nobel-laureate-francois-englert-s...

1 of 3 2/25/16, 12:44 PM
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12	Graduate	Seminar	September	2014	

The Standard Model  
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Many speculations about  
theories beyond the Standard Model (BSM) 

BSM 
theories 

experimental  
confirmations 

The take-away  message: the SM has proven to be very durable 



Structure of the Standard 
 Model 
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SM theory in a nut-shell … 

15	

 
  Demand that kinematics be Poincare invariant of course …  

  

  Then speculate that the dynamics must be invariant under 
    simple special unitary symmetry groups: U(1) SU(2) SU(3) 
    But symmetry of what ? 
  

 At this point a combination of experimental input and 
   theoretical insight (resulting in Nobel prizes) must enter:   

Ø  U(1)Q à quantum electrodynamics (QED) 
Ø  SU(2)L x U(1)Y à electroweak (EWK) 
Ø  SU(3)C à quantum chromodynamics (QCD) 

 

  The choice of “L” for a left-handed (V-A) weak interaction is driven 
     by experiment (to introduce parity violation). This requires (if the theory  
     is to be renormalizable) that the number of quark and lepton generation 
     must be equal. 



SM theory in a nut-shell … 
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  At this point you are stuck as the unbroken symmetries of the SM 

     require the W and Z boson (and the fermions) to have zero mass. 
    This was a problem since the W and Z boson with masses 
     near 100 GeV and the zero-mass photon are companions in the  
     electroweak sector.  
  

  Enter many theoretical speculations on how to introduce electroweak 
     symmetry breaking into the basic dynamic structure of the SM. 
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			In 1964 several theorists working independently (1-4)  
    postulated a new ubiquitous field carried by a spin zero boson   
    with an unusual interaction potential.   

				One	of	the	theorists	was	Peter	Higgs		
					from	the	University	of	Edinburgh.	
	

(1)  P.W.	Higgs,	Phys.	Le^.	12	(1964)	132.	
(2)  F,	Englert	and	R.	Brout,	Phys.	Rev.	Le^.	13	(1964)	321.	
(3)  P.W.	Higgs,	Phys.	Rev.	Le^.	13	(1964)	508.	
(4)  G.S.	Guralnik,	C.R.	Hagen	and	T.W.B.	Kibble,	Phys.	Rev.	Le^.	13	(1964)	585	

			His	first	publicaFon	a^empt	was	
				rejected	as	not	warranFng	rapid	
				communicaFon	to	the	science	community.	

SM theory in a nut-shell … 

higgs-potential.gif (GIF Image, 327 × 212 pixels) http://sites.uci.edu/energyobserver/files/2013/02/higgs-potential.gif

1 of 1 2/27/16, 4:44 PM

V (φ) = µ2φ†φ + λ(φ†φ)2 µ2 < 0 λ > 0
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SM theory in a nut-shell … 
			Over the years experimental information required that the 

    SM be extended (but not broken) by introducing three 
    families of quarks and leptons, along with the ability to 
    to introduce CP violation. 

Families.
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How many parameters are required in the SM? 
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  Number of masses = 12 

 
  Number of coupling strengths = 2 

  Number of quark mixing parameters = 4 

  One QCD CP violating parameter ( ΛQCD )  = 1  (seems to be ~ zero ?) 
à		19	parameters	to	be	determined	from	experiment	

			Once the 19 parameters are fixed the SM theory makes 
    predictions. But the calculations are difficult and now 
    require theoretical teams (read IPPP) that are of the 
    size of (early) experimental teams.   



Could the SM be super-sized? 

20	

 
  There are known features of elementary particles that are 

     not included in the “standard” SM. 
 

  What about massive neutrinos ?  Could you add these? 

à		26	parameters	to	be	fixed	by	experiment	

 
  Adding an additional symmetry proposed by Peccei and Quinn U(1)PQ  

     allows removal of the the strong QCD parameter, and when broken leads 
    to the prediction of a light weakly interacting particle  
   (a Goldstone boson in this case called an axion) that 
    could provide a candidate for dark matter. 
  
    

(	+	3	massive	neutrinos)	
(	+	4	for	neutrino	mixing)	

ΛQCD	
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SM tests at the LHC 

First	p	+	p	collisions	recorded	in	ATLAS		in	2017	
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			The SM’s structure and the experimental parameters  
     required for making predictions are known. 

Challenging the predictions of the SM 

1.   Experiments at the LHC (and elsewhere) providing data 
      that allow high precision measurements.  

Ø  now scanning distance scales down to ~ 10-4 fermi 
Ø  now probing mass scales in the multi-TeV range 
     ( masses ~ 20x those of the most massive particles in the SM)    

			To test the SM ( theory) against experiments (Nature) requires: 

2.  Theory calculations done with high precision using the theory  
      provided by the SM. The IPPP is a world leader in providing these. 
       



In	the	good	old	days	…	

  The	current	“resonance”	searches	at	the	LHC	are	similar	–	just	up	the	
energy	scale	by	~100-1000,	analyze	the	data	with	a	1000	cores	of	modern					
computers	and	use	root	for	calculaFons	and	plolng.	 23	

	
Ø  Data analysis done on an IBM 705 computer 

(vacuum tubes). 
Ø  Data analysis and calculations done from scratch 

not canned programs (IBM punch cards). 
Ø  Plots made using pen-and-ink. 
	

  When the SM was being developed, searches 
for resonant states of hadrons were all the 
experimental vogue. These provided the first 

     evidence for quarks. Here is  the study of an  
     excited state of the K meson. 

K*(892)	

Mass (Ko π+ )  (MeV) 
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And	now	…		p	+	p	à	Z(e+	e-)	+	≥	1	jet	at	13	TeV	

Mass (e+ e-)  (GeV) Number of jets with Et > 30 GeV 

arXiv:1702.05725	

				SM	



25	

Measuring	the	W	mass		
from	p	+	p	à	W(l	ν)	+	X	at	7	TeV	

Transverse mass e+ ν  (GeV) 

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

Submitted to: EPJC CERN-EP-2016-305
26th January 2017

Measurement of the W-boson mass in pp collisions
at
p

s = 7 TeV with the ATLAS detector

The ATLAS Collaboration

A measurement of the mass of the W boson is presented based on proton–proton collision
data recorded in 2011 at a centre-of-mass energy of 7 TeV with the ATLAS detector at the
LHC, and corresponding to 4.6 fb�1 of integrated luminosity. The selected data sample
consists of 7.8 ⇥ 106 candidates in the W ! µ⌫ channel and 5.9 ⇥ 106 candidates in the
W ! e⌫ channel. The W-boson mass is obtained from template fits to the reconstructed
distributions of the charged lepton transverse momentum and of the W boson transverse
mass in the electron and muon decay channels, yielding

mW = 80370 ± 7 (stat.) ± 11 (exp. syst.) ± 14 (mod. syst.) MeV
= 80370 ± 19 MeV,

where the first uncertainty is statistical, the second corresponds to the experimental system-
atic uncertainty, and the third to the physics-modelling systematic uncertainty. A meas-
urement of the mass di↵erence between the W+ and W� bosons yields mW+ � mW� =

�29 ± 28 MeV.

c� 2017 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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Figure 28: The measured value of mW is compared to other published results, including measurements from the
LEP experiments ALEPH, DELPHI, L3 and OPAL [25–28], and from the Tevatron collider experiments CDF and
D0 [22, 23]. The vertical bands show the statistical and total uncertainties of the ATLAS measurement, and the
horizontal bands and lines show the statistical and total uncertainties of the other published results. Measured
values of mW for positively and negatively charged W bosons are also shown.
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Figure 29: The present measurement of mW is compared
to the SM prediction from the global electroweak fit [16]
updated using recent measurements of the top-quark and
Higgs-boson masses, mt = 172.84± 0.70 GeV [117] and
mH = 125.09 ± 0.24 GeV [118], and to the combined
values of mW measured at LEP [119] and at the Tevatron
collider [24].
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of the top-quark and W-boson masses. The determin-
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0.24 GeV [118].

The determination of the W-boson mass from the global fit of the electroweak parameters has an uncer-
tainty of 8 MeV, which sets a natural target for the precision of the experimental measurement of the mass

60

arXiv:1701.07240	
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Production of the SM Higgs boson sqr_m6summary_fitmu.png (PNG Image, 567 × 544 pixels) http://cms-higgs-results.web.cern.ch/cms-higgs-results/Comb/HIG...

1 of 1 2/25/16, 4:23 PM

 
   The Higg’s boson mass from combined ATLAS and CMS measurements:    
 

   125.09 + 0.21 (stat) + 0.11 (syst) GeV 

				SM	
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Higgs Properties from ZZ*  
(4 leptons) 

15/05/17 J. Butler, CMS Status, LHCP 15 

Cross sections

ATLAS, CMS Run 1 Combined:
MH =125.09± 0.21(stat)± 0.11(syst) GeV
CMS 2016, 4 lepton:
MH =125.26± 0.20(stat)± 0.08(syst) GeV
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September 13, 2011 – 02 : 33 DRAFT 3

1 Introduction95

This note is a follow up of the support document ATL-COM-PHYS-2011-774 and EPS conf note ATLAS-96

CONF-2011-107. The changes in this note are summarized below: the k-factor is corrected to 1.41 whic97

treats particle status code 10920 as stable particle. A mistake of error propagation of the statistical un-98

certainty of QCD fake estimate is fixed to ±0.3. The probability density funciton of fake background is99

replaced by gamma distribution function. The Neyman construction results are deployed to cross-check100

profile likelihood fit results. There are more miscellaneous studies of object e�ciency, event trigger101

e�ciency, acceptance, next-to-leading order ZZ monte carlo generator studies and comparisons to HZZ102

analysis ATLAS-CONF-2011-131.103

The underlying structure of the electroweak sector of the Standard Model (SM) is the non-abelian104

S U(2)L ⇥ U(1)Y gauge group. This model has been very successful in describing currently available105

experimental data. Features like vector boson masses and their coupling to fermions have been precisely106

tested at LEP2 and Run II of the Tevatron. However triple gauge boson couplings (TGC) predicted by107

this theory have not yet been determined with the same precision.108

In the SM the TGC vertex is completely fixed by the electroweak gauge structure and so a precise109

measurement of this vertex, through the analysis of diboson production at the LHC, is essential to test the110

high energy behaviour of electroweak interactions and to probe for possible new physics in the bosonic111

sector. Any deviation from gauge constraints will cause a significant enhancement to the production112

cross section at high diboson invariant mass (anomalous gauge boson couplings) [1]. Furthermore, for113

Higgs boson masses above ⇠ 2mZ the H ! ZZ decay becomes an important Higgs boson search channel.114

At the LHC, the dominant ZZ production mechanism is from quark-antiquark initial states and to115

a lesser extent from gluon-gluon fusion. Figure 1 shows the leading-order Feynman diagrams for ZZ116

production with qq̄ initial states.117

Figure 1: The SM tree-level Feynman diagrams for ZZ production through the qq̄ initial state in hadron
colliders. The s-channel diagram, on the right, contains the ZZZ neutral TGC vertex not existing in the
SM.

This note presents a measurement of the ZZ! ```` production cross section by the ATLAS detector118

in LHC proton-proton collisions at
p

s = 7 TeV. The analysis and results are based on an integrated119

luminosity of 1024 pb�1collected by ATLAS in 2011 with a fully operational detector and stable beam120

conditions.121

The note is organized as follows: Section 2 briefly describes the theoretical ZZ cross section. An122

overview of the analysis is given in Section 3. Sections 4 and 5 list data as well as signal and background123

MC samples used for this analysis; Section 6.1 describes the ZZ cross section definition and signal MC124

normalization; Section 7 discusses the ATLAS trigger e�ciency; Section 8 defines the important physics125

objects needed for the event selection, which is listed in Section 9 together with results for the selection126

cuts acceptance. The experimental signature of the ```` final state can be split into three channels: eeee,127

eeµµ or µµµµ (including e or µ leptons that are the decay products of ⌧ leptons from the ZZ decays).128

A	SM	electroweak	survey	in	one	measurement		
			Recent CMS result on 13 TeV p + p à  4 charged leptons + X 

				SM	
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   ATLAS has made a detailed study of the production of a 
     Z boson with one or two high energy photons. 
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		Precision	tests	of	SM	theory	calculaFons	at	
higher	order	in	perturbaFon	(NNLO).	

		Search	for	SM-forbidden	triple	gauge	couplings	

Production of a of Z boson plus a photon 
Phys.Rev.	D	93	112002	(2016)	
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Figure 7: The di↵erential cross sections as a function of E�T for the pp ! `+`�� process in the inclusive NJets � 0
(left) and exclusive NJets = 0 (right) extended fiducial regions.
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Figure 8: The di↵erential cross sections as a function of E�T for the pp ! ⌫⌫̄� process in the inclusive NJets � 0
(left) and exclusive NJets = 0 (right) extended fiducial regions.
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Figure 9: The di↵erential cross sections as a function of M`+`�� for the pp! `+`�� process in the inclusive NJets � 0
(left) and exclusive NJets = 0 (right) extended fiducial regions.
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Figure 10: The di↵erential cross sections as a function of NJets for the pp! `+`�� process in the extended fiducial
region.
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   p + p à Z  +  γ  + X   √s  = 8 TeV   ATLAS  

Production of a of Z boson plus a photon 

				SM	
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Top	quark	pair	producFon	at	the	LHC	
			Yesterday’s big discovery, Nature’s most massive 

    elementary particle, is today’s calibration … 
Top Pair Cross Sections

15/05/17 J. Butler, CMS Status, LHCP 12 

Factory$ Quark$ Cross$
SecUon$(nb)$

Luminosity$
(cmI2sI1)$

B$(KEKb)$ Bo>om$$ 1.15$(Y(4S))$ 2.11x1034$$

LHC$ Top$$ 0.82$(incl$t:t)$ 1.51x1034$

Top$pair$rate$is$>$10$Hz,$enabling$us$to$
address$much$more$precise$ques9ons$
•  Single$and$double$differen9al$cross$

sec9ons$$
•  Rare$(FCNC)$decays$
•  CP$viola9on$(a$beginning)$
•  Width$and$more$complex$methods$

for$measuring$the$mass$
::::::::::::::::::::::::::::::::::::::::::::::::::::$
Top$pair$produc9on$$at$13$TeV$CM$
energy$is$mainly$(80%)$produced$by$
gluons,$providing$important$
informa9on$on$the$$gluon$distribu9on$
at$rela9vely$high$xF,$up$to$$~0.25$

CMS:$$$$$$835$±$33$pb$
Theory:$$816$±$42$pb$

Top	quark’s	
discovered	
by	CDF/D0	
at	the	

Tevatron		
In	1995	

Top	quark	pairs	
produced	at	a	10	Hz	

rate	at	the	LHC	
In	2017	Top Pair Cross Sections
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Check of SM particle production cross sections  
vs pp collisions cm energy 

				SM	
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Production of dijets and search  
for quark sub-structure 

  Di-jet mass (TeV) 

arXiv:1703.09127	

  No excited quark state 
  with mass < ~ 6 TeV 
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Production of muon pairs and search  
for new gauge bosons 

ATLAS-CONF-2017-027	

M(µ+ µ- )  (TeV) 

  Exclude simple models of neutral 
 gauge boson with mass < ~ 3.7 TeV 
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Search for dark-matter production using 
high Et photon with missing energy arXiv:1704.03848	

  Et
miss  (GeV) 

  Mass of dark matter particle (GeV) 
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Summary and what’s next 

 

   A next challenge will be provided by  
    13 TeV LHC data that will accumulate to   
    ~ 130 fb-1 by the end  of 2018. 

12	

Many speculations about  
theories beyond the Standard Model (BSM) 

BSM 
theories 

experimental  
confirmations 

The take-away  message: the SM has proven to be very durable 
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Smiley - Wikipedia, the free encyclopedia
https://en.wikipedia.org/wiki/Smiley
A smiley (sometimes simply called a happy or smiling face) is a stylized representation
of a smiling humanoid face, an important part of popular culture.

Wikipedia

Smiley Face (film) - Wikipedia, the free encyclopedia
https://en.wikipedia.org/wiki/Smiley_Face_(film)
Smiley Face is a 2007 comedy film written by Dylan Haggerty and directed and
co-produced by Gregg Araki. It stars Anna Faris as a young woman who has a ...

Narrated by: Roscoe Lee Browne Music by: David Kitay
Box office: $179,381 Release dates: January 21, 2007 (Sund...
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the Smiling Face With Open Mouth emoji by the fact that these eyes are ...

Smiling Face With Smiling Eyes Emoji - Emojipedia
emojipedia.org/smiling-face-with-smiling-eyes/
A smiling face, with smiling eyes and rosy cheeks. Showing a true ... Also Known As. ^^
Emoji; Happy Face Emoji; Smiley Face Emoji; Smile Emoji ...

Facebook Smiley Faces - Facebook Symbols and Chat ...
www.symbols-n-emoticons.com/p/facebook-smiley-faces-codes.html
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to use on Facebook, so you have certainly come to the right website!
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Smiley face Free vector for free download. We have about (138) smiley face Free
vector in ai, eps, cdr, svg format. free smiley face graphics, smiley face, smiley ...
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www.webopedia.com › Quick Reference
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  It took from 1897 to 2012 to gradually reveal the particle content  
    and structure of the Standard Model. 

 

  This is a wonderful  opportunity to 
explore if the SM will survive in its 
present form.  
 

  Or perhaps put a smile on our 
hard working theorists …. 
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…		anyone	willing	to	bet	?	

 

   Current data from the LHC  
    finds no  discovery-level   
    deviations from  SM predictions.  


