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Congratulations	  once	  more,	  LHC	  &	  ATLAS	  &	  CMS	  
	  

Not	  just	  a	  new	  particle!	  
	  

We	  have	  now	  5	  “fundamental”	  forces	  in	  Nature	  	  
mediated	  by	  spin-‐0,	  spin-‐1	  and	  spin-‐2	  bosons!	  

	  
We	  must	  study	  this	  new	  force	  	  
with	  intensity	  and	  persistence	  	  
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•  Mass	  where	  favoured	  by	  EW	  precision	  tests	  
•  Couplings	  to	  vectors	  and	  fermions	  as	  in	  SM	  
•  No	  signs	  of	  exotic	  states	  in	  γγ	  or	  gg	  loops	  
•  No	  signs	  of	  mixing	  with	  other	  states	  
•  No	  signs	  of	  invisible	  decay	  channels	  
•  No	  signs	  of	  additional	  Higgs	  bosons	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  …all	  with	  still	  large	  errors…	  
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Processes with 0, 1, 2, ... Higgses now related

Q: What is already constrained by experiments w/o Higgs ?

In total:   59  dim-6 operators Grzadkowski et al. JHEP 1010 (2010) 085

17  involve the Higgs

8  affect Higgs physics only

Elias-Miro, Espinosa, Masso, Pomarol 
JHEP 1311 (2013) 066 

Pomarol, Riva JHEP 01 (2014) 151

shifts all couplings

shift

All other operators probed 
already by LEP + mW + TGC

only 2 
operators 
un-probed

Contino	  La	  Thuile	  2014	  	  

…but	  SM	  precision	  tests	  cannot	  be	  ignored…	  
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LHC	  bounds	  already	  above	  1	  TeV	  for:	  	  
•  sizeable	  couplings	  to	  quarks	  and	  gluons	  
•  viable	  signatures	  in	  the	  LHC	  environment	  
e.g.:	  gluino,	  W’,	  Z’,	  …	  
	  
Still	  many	  loopholes:	  
•  Compressed	  spectra	  
•  Non-‐resonant	  weakly	  interacting	  particles	  
•  …	  
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An example: Bs è µ+ µ-	  
BRLHCb+CMS=(2.9±0.7)x10-‐9	  	  	  BRSM=(3.65±0.23)x10-‐9 

Can receive sizeable NP contribution, e.g.  
MSSM @ large tan βand light CP-odd A0 
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*so	  far*:	  	  
4/7	  of	  design	  energy	  

<	  1/10	  of	  design	  integrated	  luminosity	  
<1/100	  of	  achievable	  integrated	  luminosity	  

	  
ê 
	  

We	  are	  eager	  to	  learn	  more:	  	  
just	  the	  start	  of	  a	  major	  programme	  of	  work	  	  
may	  take	  several	  decades	  for	  completion	  

may	  need	  other	  machines	  beyond	  the	  LHC	  	  	  
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Naturalness	  seems	  *so	  far*	  to	  fail:	  	  
No	  quantum	  SM	  symmetry	  recovered	  for	  mHè0	  
(scale	  invariance	  broken	  by	  quantum	  corrections)	  
SM	  unnatural	  unless	  New	  Physics	  at	  the	  TeV	  scale	  

Λ	  <	  O(500)	  GeV	  

We	  were	  expecting	  to	  see	  some	  new	  particle,	  and	  we	  
have	  not	  seen	  it	  yet!	  EW	  and	  flavor	  precision	  tests	  are	  
also	  pushing	  for	  Λ	  significantly	  above	  the	  TeV	  scale	  

‘t	  Hooft	  Cargese	  1979	  	  
Naively	  (too	  naively?):	  
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Technically,	  there	  is	  nothing	  forcing	  us	  to	  extend	  the	  SM	  	  
before	  1010	  GeV	  or	  so	  (perhaps	  even	  before	  MP	  according	  	  
to	  some	  models	  of	  ν	  masses,	  DM,	  BAU	  and	  inflation)	  
[νMSM	  or	  “nightmare	  scenario”	  of	  Shaposhnikov	  et	  al.]	  

Buttazzo-‐Degrassi-‐Giardino-‐Giudice-‐Sala-‐Salvio-‐Strumia	  arXiv:1307.3536	  	  
[Linde,	  Weinberg,	  Cabibbo-‐Maiani-‐Parisi-‐Petronzio,	  Froggatt-‐Nielsen,	  Sher	  …]	  
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Many	  other	  important	  questions:	  
Neutrino	  masses/Flavor/Unification	  

and,	  after	  including	  gravity:	  
Dark	  Matter/BAU/Inflation/Dark	  Energy/QG	  

	  	  
Their	  solution	  may	  be	  put	  in	  perspective	  by	  
what	  is	  found	  or	  excluded	  by	  the	  full	  (direct	  
and	  indirect)	  exploration	  at	  the	  TeV	  scale	  	  
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Insist	  on	  naïve	  criterion:	  	  sub-‐TeV	  particles	  	  
produced	  at	  LHC-‐8,	  they	  could	  hide	  so	  far	  

	  
Relax	  naïve	  criterion:	  accidental	  cancellations	  	  
at	  %	  level,	  must	  go	  beyond	  before	  giving	  up	  	  

	  
More	  radical	  revisions	  of	  theory	  (still	  absent):	  
Have	  we	  missed	  some	  more	  subtle	  naturalness	  
(perhaps	  in	  connection	  with	  gravity	  and	  DE)?	  
Puzzle	  might	  be	  solved	  only	  in	  the	  full	  theory	  
(mysterious	  IR-‐UV	  connection	  missed	  by	  EFT)	  

	  
[??environmental	  selection	  in	  landscape	  scenario??]	  
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Insist	  on	  naïve	  criterion:	  	  sub-‐TeV	  particles	  produced	  

at	  LHC-‐8,	  they	  could	  hide	  so	  far	  
	  

Relax	  naïve	  criterion:	  accidental	  cancellations	  	  
at	  %	  level,	  must	  go	  well	  beyond	  before	  giving	  up	  	  

	  
More	  radical	  revisions	  of	  theory	  (still	  absent):	  
Have	  we	  missed	  some	  more	  subtle	  naturalness	  
(perhaps	  in	  connection	  with	  gravity	  and	  DE)?	  
Puzzle	  might	  be	  solved	  only	  in	  the	  full	  theory	  
(mysterious	  IR-‐UV	  connection	  missed	  by	  EFT)	  

	  
[?environmental	  selection	  in	  landscape	  scenario?]	  
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WIMP	  =	  Weakly	  Interacting	  Massive	  Particles	  
considered	  for	  long	  the	  leading	  DM	  candidates	  
because	  of	  the	  link	  with	  the	  naturalness	  problem	  

	  
Still	  very	  plausible	  new	  physics	  at	  the	  TeV	  scale:	  

searching	  for	  WIMP	  dark	  matter	  is	  a	  	  
benchmark	  of	  the	  LHC-‐14	  programme	  	  

	  
not	  compelling	  if	  disconnected	  from	  naturalness:	  	  

DM	  could	  well	  be	  axions	  or	  keV	  neutrinos	  
or	  could	  be	  WIMPs	  out	  of	  reach	  for	  LHC-‐14	  	  
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1.  Study	  the	  Higgs	  boson	  properties	  with	  the	  

highest	  possible	  precision	  

2. 	  Keep	  searching	  directly	  for	  new	  particles	  at	  TeV	  
	  scale	  (small	  visible	  σBR,	  challenging	  kinematics)	  

	  
3.  Even	  more	  precise	  tests	  in	  flavor/CPV	  physics	  
	  
4.	  	  Heavy	  ion	  collisions	  and	  quark-‐gluon	  plasma	  

	  
in	  addition,	  possible	  but	  not	  guaranteed:	  	  

	  
?. 	  Explore	  the	  properties	  of	  the	  new	  particles	  

	  discovered	  in	  Run	  2	  and/or	  Run	  3	  
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•  Increased	  precision	  on	  existing	  channels	  
Fit	  to	  couplings	  (w.	  assumptions),	  coupling	  ratios	  

•  Study	  of	  rare	  Higgs	  processes:	  
Hèμμ	  first	  window	  on	  2nd	  generation	  fermions	  
HèZγ	  large	  deviations	  possible	  in	  part.	  compos.	  
	  
•  Higgs	  boson	  pair	  production	  
First	  window	  on	  the	  Higgs	  self-‐coupling	  
Unconstrained	  operator	  in	  effective	  Lagrangians	  

•  Longitudinal	  vector	  boson	  scattering	  
Higgs	  alone	  in	  unitarizing	  the	  SM?	  	  
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Salam-‐Weiler	  	  

Rule	  of	  thumb	  
(very	  very	  rough):	  

	  
	  
	  
	  
	  

But	  2σ	  to	  exclude	  	  
5σ	  to	  discover,	  then	  
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Isabell Melzer-Pellmann           ECFA Workshop 1.-3.10.2012 

Supersymmetry –  
Cross sections @ 14 TeV 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Neutralino/chargino cross sections (here assuming Wino states) are very small  

!  need high luminosity!!! 
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Direct Searches for BSM Particles

• HL-LHC luminosity needed to discover 
certain BSM scenarios

• E.g. SUSY through direct production of 
charginos/neutralinos

5.5 Chargino-Neutralino Production 23

the same as for the 8 TeV analysis, except for the statistical uncertainty on the fake prediction,
which is scaled down by the square-root of the luminosity and cross section increase, as this
uncertainty is driven purely by the fakeable object count in the isolation sideband. For Sce-
nario B, the signal extrapolation is done in the same way, but the systematic uncertainty on
the rare SM background is reduced from 50% to 30%, as it can be assumed that the cross sec-
tions and kinematic properties of these processes will be measured and better understood. The
systematic uncertainty on the fake background is reduced from 50% to 40%.

Figure 19 shows the topology of the investigated simplified model and the 5s discovery region,
which is extended up to sbottom masses of 600–700 GeV and LSP masses up to 350 GeV.

5.5 Chargino-Neutralino Production

With higher luminosities, the searches for the electroweak SUSY particles may become increas-
ingly more important. Charginos and neutralinos can be produced in cascade decays of gluinos
and squarks or directly via electroweak interactions, and, in the case of heavy gluinos and
squarks, gauginos would be produced dominantly via electroweak interactions. Depending
on the mass spectrum, the charginos and neutralinos can have significant decay branching
fractions to leptons or on-shell vector bosons, yielding multilepton final states. Here the pro-
jections of the discovery reach for direct production of c̃

±
1 and c̃

0
2, which decay via W and Z

bosons into the LSP (c̃0
1) [37], are presented. This production becomes dominant if sleptons are

too massive and c̃

±
1 and c̃

0
2 are wino-like, which suppresses neutralino-pair production relative

to neutralino-chargino production.

The analysis is based on a three-lepton search, with electrons, muons, and at most one hadron-
ically decaying t lepton. In order to get an estimate for the sensitivity at 14 TeV two different
Scenarios (A and B) are considered, as discussed earlier. The results are shown in Fig. 20. The
chargino mass sensitivity can be increased to 500–600 GeV, while discovery potential for neu-
tralinos ranges from 150 to almost 300 GeV.
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Figure 20: The simplified model topology for direct c̃
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Figure 8: 5 s discovery reach for the simplified model describing the direct production of
charginos and neutralinos, that decay to 100% via a W and Z boson for 3000 fb�1 (left), for
a mean of 140 pileup events with the upgraded Phase II detector (solid magenta line), and also
for zero pileup with the Phase I detector (black solid line). Results for 300 fb�1 with zero pileup
are displayed as dashed lines. A c0

2 ! Zc0
1 branching ratio of 100% may be not realistic. To

illustrate the migration of the discovery reach due to a smaller branching ratio, we show here
for illustration the result for a branching ratio of 50% as well (right).

Figure 9: Diagrams of c̃0
1c̃0

1 production via VBF process.

the major background in this search. The tt̄ production is also considered. The signal model314

considered is the pure Wino dark matter scenario with mc̃0
1
= 112, 200, and 500 GeV.315

The Phase II Conf4 option of the upgraded detector, with the extended tracker coverage up to316

|h| < 4, can benefit this search mainly in the following two ways:317

• The improved lepton acceptance reduces W and tt̄ backgrounds, major background318

sources in this search, through the lepton vetos.319

• The improved pileup mitigation (pileup charged hadron subtraction) in the forward320

region based on tracking is expected to improve the VBF jet tagging and ET/ resolu-321

tion, two main aspects in this search.322

For the first point, one can see the benefit from the lepton h distribution, which is shown in323

Fig. 10. A significant amount of leptons fall outside the current geometrical acceptance of |h| <324

2.5. The lepton efficiencies in the Delphes simulation, which are verified against the CMS full325

simulation [35], are shown as functions of h in Fig. 11. The lepton selection efficiency is crucial326

in order to achieve high efficiency for lepton vetoes to reduce W and tt̄ backgrounds. The effect327

6Thursday, October 3, 13

Hill’s	  talk	  at	  ECFA	  workshop	  	  	  
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Precise	  studies	  of	  	  transitions	  between	  quarks	  of	  
different	  flavours	  can	  be	  a	  window	  on	  new	  physics	  	  
beyond	  the	  kinematical	  reach	  of	  direct	  searches	  

Historical	  examples:	  
K-‐meson	  mixing	  è	  charm	  quark	  mass	  
Bd-‐meson	  mixing	  è	  top	  quark	  mass	  

	  
Some	  flavor	  measurements	  with	  high	  potential:	  
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E.g. Bs,d to µ+µ-

• Measure Bd and Bs

• NP effects can be different
• CMS and LHCb can make precise measurements 

or BRs with HL-LHC 

Heavy Flavours at HL-LHC 01 October 2013 8 

CMS 300 fb-1 CMS 3000 fb-1 

improved inner tracker system and 
removal of the endcap candidates 

Motivation 
•  Precision measurements of CP asymmetries and rare 

decays 

Dec 
•  Precise predictions from the SM and/or control 

measurements using data  
•  A game of coupling and scale : 

Heavy Flavours at HL-LHC 01 October 2013 2 
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Heavy Flavours at HL-LHC 01 October 2013 9 

But also : measurement of the Bs!µ+µ-  effective lifetime (clean 
test of NP) with ~2000 events !

&theory ~5 % 

Precision computed assuming the SM BR 

Expected precision on BR(Bd!µ+µ-)/BR(Bs!µ+µ-)  

2012 

9Thursday, October 3, 13

Hill/Schune	  	  
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Factor	  10	  (triggerable	  probes)	  to	  100	  	  
(minimum	  bias	  events)	  in	  statistics	  

	  
ê	  
	  

Exploration	  of	  rare	  probes	  of	  the	  QGP	  
	  

New	  observables	  with	  low	  cross-‐sections	  
(heavy-‐flavor	  baryons,	  b-‐jet	  correlations)	  
or	  low	  ratio	  S/B	  (low-‐mass	  dileptons)	  

	  
Key	  distributions	  as	  functions	  of	  	  
several	  variables	  simultaneously	  



28	  

c)	  The	  discovery	  of	  the	  Higgs	  boson	  is	  the	  start	  of	  a	  major	  
programme	  of	  work	  to	  measure	  this	  particle’s	  properties	  
with	  the	  highest	  possible	  precision	  for	  testing	  the	  validity	  
of	  the	  Standard	  Model	  and	  to	  search	  for	  further	  new	  
physics	  at	  the	  energy	  frontier.	  The	  LHC	  is	  in	  a	  unique	  
position	  to	  pursue	  this	  programme.	  	  
Europe’s	  top	  priority	  should	  be	  the	  exploitation	  of	  the	  full	  
potential	  of	  the	  LHC,	  including	  the	  high-‐luminosity	  
upgrade	  of	  the	  machine	  and	  detectors	  with	  a	  view	  to	  
collecting	  ten	  times	  more	  data	  than	  in	  the	  initial	  design,	  by	  
around	  2030.	  This	  upgrade	  programme	  will	  also	  provide	  
further	  exciting	  opportunities	  for	  the	  study	  of	  flavour	  
physics	  and	  the	  quark-‐gluon	  plasma.	  

	  



29	  

First	  collisions	  in	  1985,	  first	  physics	  in	  1988-‐9	  
	  
Top	  discovery	  after	  10	  years	  (end	  of	  Run	  1,	  110	  pb-‐1)	  
	  	  
Still	  a	  lot	  of	  	  physics	  in	  Run	  2	  (2001-‐2011,	  10	  }-‐1):	  	  
mtop	  and	  mW,	  BS	  oscillations,	  CPV	  in	  Bèψ	  KS,	  	  
BSM	  and	  Higgs	  limits/evidence,	  QCD	  dynamics	  
	  
Higgs	  (and	  BSèμμ?)	  could	  come	  with	  more	  luminosity	  &	  
upgraded	  detectors:	  10	  }-‐1	  @	  2	  TeV	  as	  500	  }-‐1	  @	  14	  TeV	  ?	  
	  
Stopped	  in	  2011	  because	  of	  LHC	  (higher-‐energy,	  new	  
detectors),	  will	  VHE-‐LHC	  play	  the	  same	  role	  one	  day?	  
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Run	  1	  exploited	  a	  powerful	  no-‐lose	  theorem	  
	  

either	  the	  Higgs	  or	  New	  Physics	  at	  TeV	  scale	  
	  

We	  won’t	  be	  again	  in	  such	  a	  condition	  for	  a	  long	  time	  
	  

Diversify	  efforts	  to	  maximise	  chances	  
We	  must	  be	  patient	  and	  persistent!	  

	  
Not	  obvious	  that	  next	  positive	  BSM	  input	  will	  come	  
from	  the	  LHC,	  but	  a	  negative	  one	  equally	  important!	  

	  
High-‐energy	  frontier	  essential	  for	  long-‐term	  progress	  


