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The Big Questions when the LHC was
“born” (ca. 1984), from the Lausanne report ... Tz Omo State

UNIVERSITY

11
What is the deep origin of mass and what are the relations between

masses and symmetry breaking processes, such as those which are at work in MaSS

the Higgs mechanism?

Why is there a repetition of the quark and lepton families which our
present theory can merely only accommodate but not explain? The origin of F:l
the different flavours is still a riddle. So is the origin of CP Ei\/C)r

violation.

What is gravitation and how does it relate to the other interactions ( iréi\/itS/

as presently described in the framework of the standard model?...

While drawing up such a list probably takes us beyond what we may

reasonably hope to learn by studying in detail physics at LEP and in the

multi-TeV range, there is one question which one thinks one can approach EWSB

with success there: what is the nature of the symmetry breaking mechanism

b}
which is at work in the standard electroweak model?




Nearly 30 years later, we have significant
progress on at least one of these (maybe two) Tz Omo smae

UNIVERSITY

¢ \Ve have discovered a new particle
that certainly appears to have
something to with the origin of mass,
and

CMS Preliminary {s=7TeV,L<5.1fb"' Vs=8TeV,L<19.6fb"
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A or (g/2v)"?

¢ [t seems to have spin O

* |t seems to be positive parity

¢ [t seems to couple to the EW
gauge bosons as expected from

EWSB due to the Higgs
mechanism 102
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¢ [t seems to couple to fermions
proportional to their mass
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e The new particle looks very much like mass (GeV)
the Higgs boson of the SM

—




But what, if anything, is stabilizing the Higgs
mass at 125 GeV (aka the Hierarchy problem)? Tz 0mo staz

UNIVERSITY

. 7 h
* If we have discovered ) h W2 -
Nature’s first fundamental Q T o
. h h h'o  h
scalar field, then P S A
e in QFT, scalar fields get loop ) 5 tree y W,Z

] ; miy =my  + 5m?—{t0p +omy T+ (5m%{56lf ~ O(125) GeV
corrections that diverge

quadratically, so

e Either there is some new ARTICLES e >
(LHC accessible) physics | y J
which “naturally” solves this A

Yoo tt—ﬂ L
problem J S
o SMPH « Ncutoft = LLL .
: e Tmingg: Hoo , Ty

- Or the universe is fine , Uil e (Mz) (Tyi”)
tuned, i.e. it is a coincidence S & (_5m2H) — 0 Natural SUSY needs to

e (Or QFT is wrong) show up soon (or maybe

it’s been missed)




This is not a new problem Tig OmIO STATE

UNIVERSITY

€ Is the Higgs a fundamental field and if so why is the Higgs mass so
light, when one might expect it to be driven up close to the GUT energy
scale or even the Planck mass by radiative corrections? The answer may lie
in the presence of supersymmetric particles, some of them, however, then
with masses comparable to the energy scale characterizing the symmetry

breaking of the electroweak interactions (say, the weak boson mass, or
1
9

GF2 ~ 250 GeV).

e S0 this argument, while still valid, is older than the LHC itself

e T[he “solution” via supersymmetry just as old

e Some alternative solutions (e.g. ED) developed in intervening years, but there
are no evidence for these either (yet)

s there anything new since the Higgs Discovery?




Here’s one thing - now know all the

parameters of the SM

¢ Now that we know the Higgs mass, we
can calculate the Higgs potential

e And people have done this (recently to
NNLO)

e Point lies along critical line
between stable/metastable phases

e T[he vacuum (in the SM) is
apparently a false minimum

Top mass M, in GeV
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To me, however, the fate of the universe is
not the point here RSy

arXiv:1307.3536v1 [hep-ph]

’ ° o . n.e [ o o
Will our universe end in a 'big slurp'? Higgs-like L i
° ° ° =

particle suggests it might - :
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e Firstly, the universe will likely die in other ways

e See above

e The point (for me) is that apparent criticality is
interesting in physics

e Because its investigation (often) leads to

An artist's conception visualizes the beginning of the universe in the big bang — or could it be the end of the universe? new ,OhyS/CS

e Supersymmetry or other BSM ...




But LHC is still an early hominid

THE OHIO STATE
UNIVERSITY

2009
2010
2011
2012
2013

LSt
2014
2015
2016
2017
2018 LS2
2019
2020
2021

2022 LS3

2023
20307

LHC startup, Vs 900 GeV

Vs=7+8 TeV, L~6x10%cm?s™, bunch spacing 50ns Run 1

~25 fb"!

Go to design energy, nominal luminosity - Phase 0

Vs=13~14 TeV, L~1x10*cm?s”, bunch spacing 25ns
~75-100 fb™
Injector + LHC Phase | upgrade to ultimate design luminosity

Vs=14 TeV, L~2x10*cm?s”, bunch spacing 25ns

~350 fb"
HL-LHC Phase Il upgrade: Interaction Region, crab cavities?

Vs=14 TeV, L~5x10*cm?s", luminosity levelling

Fully
evolved
LHC

2X
increase
in E

100x
increase
in int. L




Two Distinct Stages of Operation

THE OHIO STATE
UNIVERSITY

Phase 1 upgrade —
13-14 TeV collision energy

8 TeV

\ injector \
splice upgrade cryolimit HL-LHC '
interaction ; :
consolidation cryogenics regions installation —
Point 4

2, dispersion Sy
button collimators, 1 x10* cm%s™! supgression 2x 10* cm%s! 5 x 10**|cm™2s!
R2E project collimation,
R 25 ns, (PU)~25 R2E project 25 ns, (PU)~50 25 ns, (AU)~128
e experiment beam o t experiment 2 x nominal luminosity expenn:jem
unal nominal luminosity upgrade — upgrade
luminosity i — hase 1
70% \p— radiation
—_— ‘ ' ‘ ' damage ‘ '
_ LS2: 2018 LS3: 2022 - 2023 '

Long Shutdown 1

(LS1): 2013 — 2014

LHC

Reach 1034cms! by LS2,
double by LS3 and integrate
300fb-! by 2022

<PU> =50

HL-LHC

Lumi-level 5x 1034cm=2s""
and integrate 3000fb'after

L3

<PU> =140

Data: 2015 - 2017 (Complete Phase l) Data: 2019 — 2021 (Phase 2 Upgrade) Data




What are the experimental challenges that
this means for ATLAS + CMS? TiE 01O STATE

UNIVERSITY

¢ The large factor in

integrated luminosity comes
at the price of high
instantaneous luminosity

e Higher trigger rates
e Higher particle densities

e More rapid radiation
damage

e Larger data volumes

e A large increase in the
number of overlapping
collisions (“pileup”)

CMS event with 78 pileup

e More confusing

events Which vertex is the correct one?

10



riggering becomes more challenging

e At a hadron collider, triggering
capabilities can make or break the ,

THE OHIO STATE

UNIVERSITY

Simulation checked with data at high—PU

success of the physics program Nio'k- E?nefamf
[ :* ¢
o Ataminimum, wanttorecord s [a™ . L2
. 1= O L2 +isolation (calo)
as many /e,otomc decays of 10°EL . Toy e L3
W.Z H as ,OOSSIb/e i ._- i®— d = L3 +isolation (calo + tracker
e Maintain relatively low | A,
thresholds :
e Challenge is with the highest )
pileup, it appears that for 10
some triggers
e No threshold, no matter how 10 g

high, that provides adequate
rate reduction

e Need game-changing Strateqy

10 20 30 40 50 60
p’ threshold [GeV/c]

1 1 I 1 1 1 1 E
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Three Phases of Upgrades to Experiments

THE OHIO STATE

UNIVERSITY

. Phase O g 860 (84[3 )(776 )(7/3'1 )(;77 );25 );75 )/(52 8)/(484) (442) (404 ) 8 (3.68') ‘ (3?5) E(Bj.;:)
& 65 MB4) | - é

* |nstallation Underway wheel O RECS oA RS 2 ; -

600 ! : ME1/3 ; i

: ME3/ : %

¢ Repairs & Completions 0 e —— ~ ' ; H

p P CMS ) = ME2/3

 ATLAS IBL (new pixel layer) Phase O . ;,W@‘;'e"ﬁ‘“) o

HCAL i ME2/1ME3/1

e Phase | TEEEG] Yo

100 mon ?“ - .................... ............. ..(33"55.)

* Mature designs e S S

e CMS TDRs (pixels, HCAL, L1)
e ATLAS TDRs (NSW, FTK)
e Phase |l
* Plans being finalized
e ATLAS LOI (2013)
e CMS Technical Proposal (2014)

12



Upgrades to Tracking Detectors Crucial THE OHIO STATE

UNIVERSITY

2E34 cm™“s™
e Charged particle tracking S e comet ot stcr
detectors have to be replaced Upgrade G L
(inoperable by HL-LHC) TEWER et -
S i
- - WWMM
" . E ﬂﬁ“ﬁ
* Finer granularity 5 . 7 .
> » Upgrade
e All silicon
-3
e Smaller pixels vt "
. 3 barrel layers C M S ™ b't agg | ng
 Shorter strips Ph Y . R R, DU TS TS SRR SUUR POV PO
ase 1 01 02 03 04 05 06 O[-)?Jes[).gﬁigizn(;;
e Radiation hard devices
, r(m)
e Improved front-end chips etg=00 cta=1.0 -
! Ve
e [ow mass (c-fiber) e > ota =20
. Strip Detector . -
mechanics & (COy) | d -
cooling o | ~ N =
c | | ~ - ! em=27
e Expanded angular | 7 5 S
P g : 2 //I’/;[l,l,ilfj”Oﬁter Pixels
coverage ATLAS o | m=—=———— "~ Inner Pixels
| A o
I | I | I | I |
Phase 2 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
z(m)
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Upgrades to Calorimeters & Muon Systems
aISO planned THE OHIO STATE

UNIVERSITY

Colors indicate longitudinal segmentation
e (Calorimeters 15 14 B L ]

CAL - HO

e Add longitudinal segmentation \\\\AAGNET com\\
(CMS HCAL Phase 1) N\ \\\

e New photodetectors -SiPMs
(CMS Phase 1) yi

HCAL - HB

3 barrel layers >

‘ 4-5 endcap layers
s \/ P y

e [£ndcap/Forward detector u
replacements (Phase 2) i T

e Muons

e fast track segment finding at L1
(ATLAS NSW Phase 1)

e Higher prt resolution

e [ossibilities of extending
pseudorapidity coverage

e Options to add redundancy

14



Upgraded detectors will aid in Triggering THE OO STATE

UNIVERSITY

¢ All upgrades are being designed A R / i}
with goal of providing additional e F,/\

L/ I~200pm

information to trigger system / Y
* Possibility of tracking }-2 mm / Pas/ 100um
information at L1 . =
e significant reduction in / //

rates if tracks can be
linked to electrons/muons

> ¢

* Increased of granularity of 0.1 % 0.1 0.025 % 0.1 0.025 x 0.025
towers available at L1 ¢

e Possibility of precision timing n
in calorimeters

> ik =

e Could mitigate effects of
pileup (spread in time as Current 7 LOCalo L1Calo

well as space) L1 Calo Current LO Calo Upgrade L1 Calo Upgrade

15



Difficult forward region critical for HL-LHC
Physics Program THE O8I0 STaTE

UNIVERSITY

* At hadron colliders, increased forward S ”
coverage often yields diminishing returns in -~ ™ — [ [ [

r [mm]

. e ol I | | 20

terms of signal acceptance = ”:: ”:: ||:: ”:: ”::

' ' e oy Ihy I Ihy 25

e Heavy (signal) particles tend to o e |,
produced centrally N LI (A A

e Backgrounds (e.g. pileup) increasingly
difficult as approach beamline

CMS Phase 2
e However, for HL-LHC, VBF is a crucial option being T
production mode for the particles (e.g. studied - extra ;

Higgs) we want to study pixel disks in far

e Need to be able to “tag” VBF jets forward region 10
q q Longitudinal position 10_3? Muons with:
Ww,Z K.z resolution of ~few mm - pr=1GeV
........ B 104} =10 GeV
W,Z H or better out to M| =4 ; ET — 100 GLY
q q 10-57||||||\|||\||||||\||||||\|||\||||||\||




What Physics will an evolved LHC do?

e Projections complicated by fact that
(Phase Il) upgraded experiments are
not fully specified yet

e Fven where geometry IS decided,
reconstruction may not be ...

¢ Also, for systematic limited
measurements must make
assumptions about their evolution

e Experiments have taken two
approaches (so far)

e Parametric simulations of detector
performance (ATLAS)

e [Cducated scaling of existing
measurements (CMS)

2013

1307.7135v1 [hep-ex] 26 Jul

THE OHIO STATE
UNIVERSITY

Latest projections, just
released last week

CMS NOTE-13-002 PN

o
BN The Compact Muon Solenoid Experiment "
CMS Not @
n v CMS CERN, CH-1211 GENEVA 23, Swizerand

ATLAS NOTE

ATL-PHYS-PUB-2013-007

&)

N7

A
T
L
A
s

Physics at a High-Luminosity LHC with ATLAS

Projected Performance of an Upgraded CMS Detector at the
LHC and HL-LHC: Contribution to the Snowmass Process

CMS and ATLAS white papers:
arXiv:1307.7135 and 1307.7292

17



The first order of business - find the NP THE OHIO STATE

UNIVERSITY

e [or reasons old and new, we must try to find new physics that we hope will appear
when the LHC turns back on

e Several possible scenarios of how this program might evolve:
e New physics appears early in Run 2
e HL-LHC will study the BSM physics

e BSM not discovered after 300 b but ~30 hints in direct searches or precision SM
measurements (e.qg. Higgs couplings)

e HL-LHC needs to finish the job and

e Nothing but Higgs after 300 b
e HL-LHC continues direct NP search, accessing smaller cross-section processes
e HL-LHC to push Higgs precision to hopefully reveal discrepancy with SM

e HL-LHC enables search for rare decays in SM (enhanced in BSM scenarios)

Whitepaper focused on 3000 fbo' projections of this program

18



Searches for Squarks & Gluinos THE OHI0 STATE

UNIVERSITY

e Discovery of strongly produced SUSY
particles (squarks/gluinos) should
come quickly if Naturalness is to hold

e Mass limits already > 1 TeV

e Discovery reach improves up to

~2.5 TeV with 300 fb-! Squark-gluino grid, m __ = 0. Vs =14TeV METAHT>15GeV"?
] > 4000 T T T T T T T T T R
* Increases to ~3 TeV with HL-LHC & - e B0
, , EZ@ 3500__ \ ““ lllsooofb"exclusion95°/QCL: _E 10-2
e (More than) covers the interesting B s, " - wov szt ]
range for Natural SUSY 3000 4 =10°
e Caveat to this, there are loopholes ... o500F- 4 o4
e Diluted/compressed spectra, 3rd - . 11
. 2000 £n. sys=30% 1 <10
generation, stealth, RPV SUSY, C ATLAS Preliminary (simulation) 1
etc. O s N RO
15003000 2500 3000 3500 4000 1O

m; [GeV]
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Search for Low Mass Stops

My = Moot (o )+ ) (2

My ~ 125 GeV/c? l

o 2
m% Mz
__BUENS

p M

physical

e Stop mass can’t be too far from mi
in order for cancellation to work

e Natural SUSY requires “low”
mass stops

e Already with 300 fb’', discovery
sensitivity for direct production
mode up to ~900 GeV

e More than covers* Natural
SUSY range

*there are of course similar loopholes in this coverage too

e />

tree

THE OHIO STATE

UNIVERSITY
Xt
Xt

1 1 | I IR'I.’ I’J LI | LI LI | LI | LI | LI | L=
[ pp—ttt, t—ty 8 TeV, 20 fb' 1
- 1-lepton channel = --eeee 14 TeV, 300 fb' (scenario A) ]
-~ Based on SUS-13-011 - === 14TeV, 300 fb' (scenario B) :
L Estimated 50 discovery reach —
- o <°*~ ~=7TTN ]
| // /,/ \ _
. > Py \Y ]
B & & PRe < \ ]
B (Q‘v' (0’\ 1 i
— "¢' ' ‘ 1
| ’ K '¢ Le=an i —
[ "' ,&' - .“ i 7]
[ Lo /¢’ Lo S, i ]
- R Al % -
[ Rt ol TGRS : LI
R Rt : v
[ T e : P
_,"', ,"'¢ /"¢’ : ] 1
7/ /t;' '/’0’ L i :
V S ///\\ . (I
o 0 H ]

;,.I"ltl' L" L | L1 1 1 | L1 1 1 | L1 1 | L1 1 1 | I L | | L1 1 1 | L II Ll

20 300 400 500 600 700 800 900 1000

m- [GeV]
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Unnatural Supersymmetry

e [he universe could be
supersymmetric

e But could have
nothing to do with the
solving the hierarchy
problem

e Maybe sparticles
not accessible to
LHC

e EW fine tuning is a
feature of our world

e Or could be “split”
SUSY, wherein
squarks are heavy, but
gauginos are light

THE OHIO STATE
UNIVERSITY

5 PLIT SUSY

A\

Ei“i}'&ka |

-g' \ons
oy R,

’
woDs |°

r
\0O < > -1

SC—"ttN‘S Jl’ﬂ ('(_ Tc\/ -

S

gm\“s Un'\_f:iailﬁon /

Deck Ul

No Flavor,
73 woduli, -

Fecmiong problems

Retains many of the other
motivations for SUSY
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Electroweak Production of SUSY

o (pb)

I L A
—§g, 14 TeV
--- 139, 8 TeV

10° —T1*Bp, 14 Te
--- T, bp,;, 8 Tev
10 7, 14 TeV

1
10
10
10

1 I 1 1 ﬂ 1 1 . -l L

500 1000 1500 2000
m [GeV]

¢ |n this case, one may need to search for
SUSY through direct production of
charginos/neutralinos

e (Cascades via squarks not accessible
e Much lower cross-section

e HL-LHC luminosities necessary

~0

e

Mass (GeV)

700

600

500

400

300

200

100

THE OHIO STATE
UNIVERSITY

~0
Py Xz..‘,.. T Xa
P P %
W
T T T T T T T T T T T T I T T T T T T T T T T T T T T T T ]
ATLAS Simulation ]
s=14 TeV 7
winn 3000 fb', 95% exclusion limit -
== 3000 fb", 50 discovery reach —]
------ 300 fb™', 95% exclusion limit ]
—— 300 fb", 56 discovery reach ety
"

Dol ke 0Y

T NN /T R
100 200 300

T T B R B
500 600 700
X, and )’ZZ Mass (GeV

Ll
400

(0]
VO
(@)
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Long-lived Gluinos THE OHIO STATE

UNIVERSITY

e Or can search for strongly If the split is Igrge, sensitivity from heavy
produced gluinos that would be stable particle searches to > 2 TeV
|Oﬂg -lived CMS Projections at \s = 14 TeV

= 10—~ 1 1T T

. o} = Gluino (f=10%) 3

e Decay via squarks > Th pred. (NLONLL)

1 —e— 300 fb" - dE/dx+TOF _|

SUppr essed S ~--©--- 3000 fb'! - dE/dx+TOF 3

- —a— 300fb"-TOFonly 7

10_1;_ 7 3000fb7-TOF only ]

Predicted range for the Higgs mass E E

E T T T T T T T T T T m| -2 = =

. 16Oi — tanf =50 Split SUSY ] 10 E E

o oIl al -

2 s . 107 & e

— 3 : :

= LEZ 140 7 1044 -

.~ £ SR E

N £ i - ko 09° -

\% go 130 - ] 10-5 E_ 0-6..000° _E

lg = ] - ]

L 0 ; -6 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |
ST ! 107500 1000 1500 2000 2500
> , Mass (GeV/c?)
'>2' 110 L) ]

= oo e e e e B9 However, Higgs data suggest more of a “mini”

Supersymmetry breaking scale in GeV

split with cT << radius of detector
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New Heavy Particles THE OHIO STATE

UNIVERSITY

e Of course, CMS & ATLAS will take advantage of the jump in energy and
luminosity to look for new heavy particles on the energy frontier

e [.qg. dilepton resonances (Z’, RS gravition, etc)

e CMS projects discovery sensitivity to ~5.5 TeV with HL-LHC

e*e’ channel
I T T T T I T T T T I T T T T I T T T T
—— discovery 300fb™

—e— discovery 1000fb™

10°
10°

CMS Projection, 14 TeV
I T T T T I T T T T I -

(Simulation)

" ATLAS Preliminary g . -
IZ/y —ll

J L dt = 3000 fb™

Events / Bin

o) =

ST

7 § B
10 7 T0E NN e discovery 1000fb™, EB-EB only 5
10° §5 TeV Z’ ™ - —e— discovery 3000fb'1 .
107 7 I N discovery 3000fb™, EB-EB only |
10* B ]
10° 10 =
1o 5 i Z'<oy (LO) ]
10° s — Zissu - S T =
10 = Z, (Lo % -
1 - —Z,(LO) N N N
i 10° s 2 (lLO) | | | | E
10 0.06 0.1 0.2 0.3 1 2 3 4567 1000 2000 3000 4000 5000 6000 7000

m(Z') [GeV]

m, [TeV]
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Measurements of Higgs Boson’s Properties 7z omo star

UNIVERSITY

- _ _ P ) )
e Much of what is known about CMS Preliminary Vs=7TeV,L=5.1f";Vs=8TeV,L=19.6 b

I I > 20 _I T | T T | T 17T | T T | T 17T | T 17T | T T | T 17T |_
the properties (mass, spin, 8 e Data .
parity) of the Higgs is based o 18 Bz E
on high resolution H to ZZ ~ 16 . —
deca 2 7y 2z -
ysS S ., 1 .
O p
=126 GeV
e \ery few events collected ? T ©
) 12
in Run 1
, 10
e Obviously, much larger

datasets of Run 2 and HL- 8
LHC will greatly improve the
precision of these
measurements

I_I .I

I VI B A i . 2 i s A AR N AR

IIII,IIII‘I|III|,III|III|III|III|III|II

e 50 MeV precision
achievable with 3000 fb’

o N OB~ O

110 120 130 140 150 160 170 180
my, [GeV]
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Precision Higgs Physics

mu =125 GeV
Process Diagram Cross Unc.
g section [fb]| [%]
9'“1?“‘.9'”“ """ 19520 15
usion | ..
vector boson
fusion 1578 3
WH , 697 4
ZH : 394 5
ttH 130 15

THE OHIO STATE

UNIVERSITY

e \Want to test if Higgs particle couples as expected in the Standard Model

myx = 125 GeV
Decay BR [%] Unc. [%]
bb 57.7 3.3
TT 6.32 5.7
cc 2.91 12.2
pu 0.022 6.0
WW 21.5 4.3
gg 8.57 10.2
Y4 2.64 4.3
YY 0.23 5.0
2y 0.15 9.0
H [MeV] 4.07 4.0

* uncertainties need improvements for future precision measurements

26



Projected precision on the “signal strength”

THE OHIO STATE
UNIVERSITY

¢ The simplest thing you can do is to measure the
cross-section x BR to a given decay and compare it
with that expected from the SM

e \We call this the signal strength:

\s=7TeV,L<51fb" {s=8TeV,L<19.6fb"

CMS Preliminary m, =125.7 GeV
Py, = 0.65
H— bb
n=1.15+0.62 : =
H- 1t .
u=1.10+0.41 ;
H— vy
n=077+0.27 " :
o ~ Current
u=0.68+0.20 -
H- 2z -
n=0.92+0.28 ;
11 I 11 i 1 | 1 1 1 1
0 0.5 1

15 2 25
Best fit G/GSM

w=o/osy

CMS Projection

Expected uncertainties on
Higgs boson signal strength

T T T T T T T T T

H—=yy

H— WW

H—ZzZ

H— bb

H—1tt

T { T T T T I T T
—— 3000 fb"at s =14 TeV Scenario 1
— 3000fb"at Vs =14 TeV Scenario 2

000 005

Il l Il Il Il Il I Il Il
0.10 0.15
expected uncertainty

ATLAS Simulation

s =14 TeV: J.Ld’[=300 fol; JLdt=3000 fo'!
[Ldt=300 fb! extrapolated from 7+8 TeV

H—puu
ttH,H—uu
VBF,H-1t
H— Z2Z
VBF,H—> WW
H— WW
VH,H-yy
ttH,H—>yy
VBF,H—yy
Hoyy (+)
H—-yy

?éi%i 1 ; | ; - ; -

0 02 04 06 0.8

Ap
o
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Couplings

e \We look for deviations from the
SM by adding coupling modifying
parameters, K

e Each explores different physics
® Kg, Ky, Kzy: loop-effects
® Kw, Kz: vector-bosons
® Ki Ko. Up/down-type quarks
® Kr, Ky: charged leptons
e Assume no BSM decay modes
* K2 =2kl /My

e alternatively a free
parameter

® Then assume kw, Kz < 1 to allow
absolute coupling measurement

THE OHIO STATE
UNIVERSITY

0ii - Lyy
'y

(c-BR)(it - H— ff)=

g G
“0000000) \VAVAVAV
H 0
Y -+ — — = A
g t %4 )
7000000Q" LOAVAVAV,

(0 -BR)(g9 — H = YY)
K
- BRsy (H — )

2
= r,0sm(99 — H) - 2
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Projected precision on Higgs couplings THE OHIO STATE

UNIVERSITY

e Using this framework, CMS and ATLAS have projected their sensitivity to each of
these couplings to the end of the HL-LHC run (3000 fbT)
CMS Projection

{s=7TeV,L<5.1fb" \s=8TeV,L=19.61b" 1 T T - 1T - 71 T 1
. Expected uncertainties on F— 3000 b at 1s =14 TeV Scenario 1
CMS Preliminary " 68% CL Higgs boson couplings 1 3000fb™at Vs =14 TeV Scenario 2
' == 05% CL
Y == K, : |
! : K ! |
Ko ——=m=——— (Current W
: K5 : :
K‘C ':*' I_H C Kg : :
Ky -I* Kb } |
Ky | |
. K } |
KY .|+. Pey = 0.78 L L oy IR T R R
......................... SO U PR SOPSOPPTPRTTPORPPPPTRPRPNE = 1\ '{ FETSRRSPRTR OOO 005 O 1 O 0 1 5
BR T__ [k,<1] p. =0.88 expected uncertaint
BSM IIII|IIII|IIII|IIII|IIII|IIIIII\{IIIIIII|SINI|II|IIII p y
005115 225335445 5 L(fb:i) o - = s Kb . . Xz
parameter value 300 | [5 71|14 6]]|146]]16 8] 1[10,13] | [14,15] | [6,8] | [41, 41]
3000 |[[2,5]1 125124135 [47] | [710] |[25]]1[10,12]

2-10% precision on couplings with HL-LHC
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Arbitrary precision is not the goal ...
discovery is

¢ |s the precision achievable by the
HL-LHC good enough to make a
discovery?

Depends on what the new
physics is!

Some models induce larger
deviations from SM than
others

Many models being
investigated in this light

For some BSM scenarios
e HL-LHC is good enough

If Nature is not cooperative,
greater precision needed

THE OHIO STATE

UNIVERSITY
arX1v:1206.3560v3 [hep-ph]
ARVV  Ahtt Ahbb
Mixed-in Singlet 6% 6% 6%
Composite Higgs 8% tens of % tens of %

Minimal Supersymmetry < 1% 3% 10%%, 100%°

Ry Kb Koy
Singlet Mixing ~ 6% ~ 6% ~ 6%
2HDM ~ 1% ~ 10% ~ 1%
Decoupling MSSM | ~ —0.0013% ~ 1.6% < 1.5%
Composite ~ —3% ~—0B8-9% | ~—9%
Top Partner ~ —2% ~ —2% ~ —3%

S S
) K j K ...

Brock/Peskin Snowmass 2013

To discover x% at 50: need x/5% measurement.
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How much of this is due to theoretical

uncertainties?

THE OHIO STATE
UNIVERSITY

¢ To test the importance of theoretical uncertainties we show the effect of removing them

e Theoretical uncertainties dominated by QCD scale and PDF uncertainties.

e (Uncertainty on BRs become relevant at few % precision

CMS Projection
I I | I I I I | I I I I | I I I I | I I

Expected uncertainties on F— 3000 at Vs = 14 TeV Scenario 1
Higgs boson signal strength = 3000 fb™ at Vs = 14 TeV No Theory Unc.
H—yy l l
H— Ww : A theory / 2,
H—zZ : . rest oc 1/\/L
H— bb
H—rt<
! P R T R NN S SO SO AN SO SO S S IR
0.00 0.05 0.10 0.15

expected uncertainty

CMS Projection

Expected uncertainties on
Higgs boson couplings

L
[ 3000 b at Vs = 14 TeV Scenario 1
— 3000 fb"at Vs =14 TeV No Theory Unc.

A theory = 0,
rest unchanged

000 005

Il Il | Il Il Il Il | Il Il
0.10 0.15
expected uncertainty

Motivation for theoretical colleagues!
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Can mitigate this somewhat with ratios

THE OHIO STATE
UNIVERSITY

¢ Using appropriate ratios can eliminate some

theoretical uncertainties

e production cross-section

e branching ratios

¢ Also some experimental ones

® [uminosity

300 fb~! 3000 fb~!
w/theory uncert. | wo/theory uncert. | w/theory uncert. | wo/theory uncert.

I'z/T, 0.52 0.48 0.28 0.22
I;/Ty, 0.52 0.49 0.23 0.15
/T, 0.67 0.66 0.25 0.23
I'; /T, (extrap) | 0.59 0.58
/7 0.45 0.45 0.14 0.14
/Ty 0.42 0.40 0.21 0.18
I';/Tz (extrap) | 0.28 0.26
I'w/Tz 0.25 0.25 0.23 0.23
I, /I'z 0.11 0.11 0.029 0.029
I,elz/Ty 0.16 0.093 0.13 0.047

ATLAS Sim
\s = 14 TeV:

ulation

[Ldt=300 fbo'; [Ldt=3000 fb
[Ldt=300 fb extrapolated from 7+8 TeV

T T |||||||||
K H

b0%s
04 H
o
]

XT|||||i|||i|||i|

0

But sizeable uncertainties remain for some modes

02 04 06 0.8
AT JTy) Al /Ky)
/T, © /K,
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Higgs Self-Coupling

¢ [f the observed Higgs particle is really
the quanta of a field with non-zero
expectation value responsible for
EWSB

e MNlass of the particle must be
related to Asm of the potential

M3 = \v?

e | HS is being measured directly by
H to ZZ to 4l etc.

e RHS can be accessed by studying
rate of di-Higgs production

e (Contributing diagram involving
Higgs self coupling, guuH

e Negative interference with other
diagrams

THE OHIO STATE

UNIVERSITY
- u2< 0,A>0
=
V= u20'd
) +%)\(<I>T )
Ghhh = 3AU = 3Mj;

=
a
|
2

9 00500 //H g > ____H
g H g Ll -_H
Preliminary expectation of ~30% precision,
studies ongoing (bbtT,bbyy,bbWW modes)
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Rare Decays of the Higgs

THE OHIO STATE
UNIVERSITY

e With HL-HLC, rare Higgs decays become
accessible

e (H to yu, small coupling due to my,
e BR~2x10*
e 50 observation expected

o Will allow study of ratio of 2" to 3
generation lepton couplings (probe of
flavor structure)

o Htosy
o (tH, Htoyy
e Important mode for top Yukawa, NP

e High S/B

Events / 0.5 GeV

Events/GeV / 3 ab-1

10"
10°
10°
107
10°
10°
104
10°
102

300F

250

200F

150

100

(s =14 TeV
| Ldt = 3000 fb”

L L L B
ATLAS Simulation

—Z-pp

B o vxuvx

— WW— pvuv

- 99 > H—pp, m =125 GeV

“ f tt ]
0* } + ¥ LN i
S 5000F 3
4 "op T0 120 10 40 15

Lo
80 100

120

P I
160 180 200
m,, [GeV]

1
140

- ATLAS Simulation

C f L dt = 3000 b

CtH
CWH
CJzH
[CJVBF
199
[z
Caw
diphoton
[ ttbar

00 110

-In.'..ﬂﬁ.‘..;”
130 140 150
diphoton mass [GeV]
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Invisible Decays of the Higgs

e As discussed, detection of any
deviation in expected Higgs BR
would be interesting

e Even more interesting if these
deviations come at expense of
some Higgs decaying to
undetected particles

e Direct indication of BSM
physics

e Many BSM scenarios predict
“Invisible” particles

e SUSY LSP
e Dark Matter candidates

e Might be able to extract DM-
nucleon cross-section

THE OHIO STATE
UNIVERSITY

Current limit is BR < 65% (ATLAS)

1-CL

107

— Observed -

----- Expected -

i ATLAS Preliminary

\Vs=7TeV, [ Ldt=4.7fb"
- \'s=8TeV, [ Ldt=13.0fb™ E
C I 1 1

ZH-slI(inv)

P BT | 1T

0

L (b~ ") | H— inw.
300 [17, 28]
3000 [6, 17]

1 l 1 1 1 1 1 l 1 1
0.2 0.4 0.6 0.8 1
BR(H—inv)

CMS Scenario 2
HL-LHC projection
is BR < 6%
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Vector Boson Scattering (VBS)

e Must experimentally
verify Higgs’s
presumed role in
canceling divergences
in V V scattering
processes

o Neasure
differential cross-
sections

e [ 00k for
deviations coming
from extended
EWSB sector

e HL-LHC needed for
such measurements

Entries

q
f
Vv 4 f
v 14 / RS
f HO |

THE OHIO STATE
UNIVERSITY

T T T I
. VBS ZZ (SM)
~ SMVBSZZ +
77 Gy =15TeV2

ATLAS Simulation Preliminary
I L = 3000 fo'

GII ISP IIIIIIIID
PP PP I IPP IS IIN,

SM Z2Z QCD

N

\
N\
O\
O\

e
NN
NN
N
N
N

% 7
I
L,

/S
/S 7

‘NN TN

BN
N

N\

\

N

N\
l

05 06 0708 1
m, [TeV]

0.2 03 04
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Other Rare SM Processes

e The large HL-LHC dataset also allows
searches for other rare processes .
(besides Higgs) 'S

T

e F£.9. flavor changing neutral currents F
in top decays

e ftoqy
e ttoqgZ
e ttoqg
» Heavily suppressed in SM, BR ~1074

e Significantly enhanced in SUSY, other
BSM (up to ~1074)

e CMS/ATLAS project sensitivity to
~10°

107

103

10

THE OHIO STATE

UNIVERSITY

EII'H“ 0 T RN I T TTTH | II'|II| I IIIIII| | L IIIII%
i 95%C.L.
- EXCLUDED -
L LEP REGIONS _
- CDF \‘ .
L DO i
- ATLAS (2fb™) :
- CMS (4.6fb") .
- ATLAS Simulation Hstenl o
— extrapolated to 14 TeV: 1
= Lo 1 , ZEUS =
= ' 1—3 300fb (g=u only) =
cTTtTT ; : (sequential) N
- 1 : 1 3 ab'1 -
L b : E (sequential) |
- L1 5 3ab g
- :: | (discriminant) 1
_IIIIIII|: I:I IIII:I| | 1 IIIIII| || I|l_|||| | |III||| I 1 |III|T
107 i 10+ e 10 1
BR(i— qy)
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THE OHIO STATE
UNIVERSITY

Is HL-LHC the evolutionary end of the line?

e Possibility for HE-LHC
being examined

80 to 100 km*Very High Enérgy LHC VHE-

Y

e

Pre-Feasibility Study for an 80-km
e Same tunnel

tunnel at CERN
John Osborne and Caroline Waaijer,
CERN,ARUP & GADZ
o Magnets
upgraded to 20 T
e Ecn=33TeV
80
I Nb;Sn || Nb;Sn Nb;Sn
60 r lowj || highj highj
E 40 I Nb,Sn || Nb;Sn beTi
; | HTS 10\’\'j hlth Nb-T1
20
I Nb;Sn |[Nb,Sn .
\ HTS low] I‘;jlighj Nb-Ti
0 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120
X (mm)

New 100 km tunnel with Ecm = 100 TeV also being studied (more revolution than evolution though)
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‘¢ However, as happily always in physics, these brilliant successes
should not be considered as only the end of an important chapter. They are
also definitely the opening of a new one. Indeed, the standard model, with
all its brilliant successes, does not explain enough. It merely describes

interactions among actors which Nature presents with many different

. . . )
properties for whose origin we presently have very few clues.

e There is much left to do at the LHC

e Upgrades to the LHC accelerator will open up a new regime in energy (x2) and luminosity (x100)
e Substantial upgrades to ATLAS & CMS needed to exploit this opportunity

e Broad discovery physics program

e Continue direct search for SUSY or other solutions to the hierarchy problem
e Enter era of precision Higgs physics

e Search for rare SM processes
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Additional Material
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European, US, and Global Planning

THE OHIO STATE
UNIVERSITY

European Strategy for Particle Physics

« Update formally adopted by CERN council at the European
Commission in Brussels on 30 May 2013

» 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 h

physics and the quark-gluon plasma.

European Strategy
Update

DPF
Snowmass
Process

concluding
in US

DOE P5
prioritization
panel to
follow
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Heavy lons also part of LHC future program 7z oo st

UNIVERSITY

e As this is a DPF (and not DNP) meeting, | have mainly spoken about pp operation
e [However, continuation of the HI program is also foreseen in the HL-LHC era
e Goal collect ~10 nb-! PbPb collisions at Ecm = 5.5 TeV by ~2025

e Significant increase in precision (60x larger dataset)

OMS Simulation

| CMS Experiment at LHC, CERN U L L L [

QA
| [s2)
:| Data recorded: Mon Nov 8 11:30:53 2010 CEST m

g i ot 02 01~ 0-10% Centrality §
[ \Syy=9:5TeV ]
0.08 — 8
ZfLolt=1.5nb'1 | * -
0.06 :— = w/o L1 upgrade + S —:
- e with L1 upgrade I ]
004:— * * ‘ 7]
0.02— y b % -
i X §
B v i
an o, JOtR 2 100GeVEE, T

00 120 14OII 160 180 200 220 24d
(pT1 + pT2)/2 (GeV/c)
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How realistic are assumptions? nivensiry |

¢ There is historical precedent at hadron colliders to be optimistic about
these ...

A Mtotal) GeV/c’

CDF Top Mass Uncertainty ~ ———— ———rr — r
(I+I'and I+j channels combined) _ m D@ Run1a(e) Single Experiment Sensitivity -
10 1.1 wp =
1" 2fb" 4fb" 8fb" G V - -
e 200— —
v o ?S- - CDF Run 1a (e+p) 1 9
® Z
‘g 150 —
¥ CDF Resul Y s F M@V
esults ."“-4.4/4’% ) 2 ol D@ Run 1 (e) —
At % - 2 - _
1 % Run llagoal (TDR 1996) - CDF Run 1 (e+y) -
Scale A(stat) /\L, Fix A(syst) oL -
cale A(sta , FIX A(sys : + -
(assumes no improvements) — 10 MeV syst limit COF Run 2a (e +y) — -
oLl 1 L1l 1 T 1 |
""""" Scale A(total) / NL 10 10° 10° 10
(improvem ents requ'lred) Integrated Luminosity (/pb)

—r T
2 4

10 10° 10
Integrated Luminosity (pb )
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