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Hadron-hadron interactions

Hadron-hadron interactions

protons complex objects:
partonic A
substructure:

quarks & gluons

hard scattering
processes (large
momentum transfer):

ve) AR

quark-quark
quark-gluon scattering or annihilation

s XY
OO

however: hard scattering (high p; processes) represent
only a tiny fraction of the total inelastic pp cross section.
e.g. total inelastic cross section ~80 mb at Vs = 13 TeV.

Dominated by events with small momentum transfer, in
particular by two event types: diffractive (colourless
exchange with the quantum numbers of vacuum between
the two protons) & minimum-bias (exchange of colour).
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Minimum-bias events

Inelastic low py hadron-hadron collisions

Most interactions due to interactions at large distance

between incoming protons where protons interact as
“a whole” — small momentum transfer (Ap = i /AX )/

large impact parameter b — particles in final state
have large (small) longitudinal (transverse) momentum.

® %
</‘

<pr>=>500MeV (of charged particles in final state)

<

AN 6 ~6 charged particles per pseudorapidity
dn "~ unit in central region of experiment
(uniform distribution in azimuthal angle)

(LHC numbers)

most energy escapes down the beam pipe.

Called minimum-bias events (“soft® events) & constitute
a large fraction of the total cross section e.g. ~ 60 mb of
~ 110 mb at Vs = 13 TeV. Perhaps not very interesting in
themselves but needs to be understood. Cross section
large that they occur multiple times per bunch crossing
(e.g. 2023: ~ 50 times) = overlap interesting collisions
(“pile-up”) & change the measured event quantities.
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Diffraction

Diffractive processes

another large part of the total cross section are diffractive
processes, where non-colored object(s) are exchanged
refered to as "Pomeron(s)”’. Pomeron is described by a
system of two (or even number) of gluons or gluon ladder

diffractive events characterized by "rapidity gaps”
(= regions of pseudorapidity without primary particle production)
e.g. elastic scattering

elastic scattering ~ 30 mb p P
single diffraction 10 -16 mb %zij
double diffraction 5-10mb Pomeron
central diffraction ~1mb gj::é
in total ~50 mb @ Vs = 13 TeV. /P p/p
C
5 (1.8 TeV) (13 TeV)
-~ [,
Elastic Scattering ) P 0| 17.8+06 mb ~30mb
B e |
=10 -0 o L] 10 I‘]
D S
.'Ssilé)gsle Diffwcion © ™) P' "o | . !f‘...'°. o | od6404tmb 10-16mb
' 91\?_' M | \* )
- =10 -0 0 5 0
2 :
Double Diffraction © ?} o A N gfq An _'I‘ o §'3+'1'7 mb S0 mb
(DD) I el | . (for An > 3)
oo == | |
g -10 -5 0 L] L
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Hadron-hadron interactions

charged particle

g o
S LE & energy flow
® s E harge flo ,
i3 in an average
4 E proton-proton
E CMS, ATLAS collision at LHC.
1 E .
o E YT T AN P I S TheacceptanCIeS
_g y ; L]EC, 1nelastlcfclzolhs1ons of baseline ATLAS &
= E nergy riow CMS experiments
P B are also indicated
0.8
0.6 ;— < CMS, ATLAS > RP = Roman POtS
0.4 | (detect protons)
0-2 pRP, ZDC RP.ZDC|  ZDC = Zero Degree
O L1t 1“1 l 1111 l 111 111 l 1111 l 1111 l 111 .
-10 -7.5 =5 -2.5 o . Calorimeters (detect
neutral particles)
Particle production N_ ~lnVs/m
ﬂ | \
dn
100 TeV
|| | -
pseudorapidity M=-lntg®/2 3 5 7 8910112 n
| | 1
polar angle 0 100 10 1 0.1 0.1 0.001 mrad
_ 1 . 1 . 1
average particle <p>_o.5 cev 0.005 0.05 0.5 s 50 TeV
momentum 0 |
distanceto IP @ L= " (:‘; cm) 0.3 3 30 300 3000 m
LHC vacuum chamber radius IP = interaction point
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Hard scattering processes

Inelastic high pt hadron-hadron collisions

proton beam can be seen as a beam of quarks & gluons
with a wide band of energies. occasionally occurs hard
scattering between constituents of incoming hadrons.

constituents carry only a fraction 0 < x < 1 of proton momentum.

p = momentum of incoming hadron

* effective centre-of-mass energy v/§ smaller
than +/s of colliding beams: if x, ~ X,

J§ = 1/Xaxbs\z x~/s

to produce at LHC a mass of:
100 GeV: x ~0.007

1 TeV: x ~ 0.07

5TeV: X ~0.36

these are interesting physics events but they are rare.

u
eg.u+d—->W- W-

o (pp > W)~ 150nb =10, (pp)
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Hadron-hadron interactions

Photon, W, Z etc.

/

v 4

Underlying
event

specific features:
¢ hard scattering o averaged over pdf's

¢ initial and final states can emit gluons

¢ colored final states fragment to form “jets”
¢ underlying event from proton remnants

Jet

fragmentation (hadronization): at hadron colliders
¢ quarks/gluons produced give raise jets usually formed
to lots of radiation (o is large!) & using simple cone

recombine to form colorless spray algorithms (R~ 0.7)

of almost collinear hadrons: a jet =(An)’ +(Ad)°
¢ jets = experimental signature of I’%
quarks/gluons & observed as locali- Jet
zed energy deposits in calorimeters.
¢ jet energy = parton energy due to >” colorless states
calorimeter response, missing (v's, | hadrons
low pr & out of cone) particles & : outgoing parton
overlapping particles (from min. bias
events). average corrections applied.

|

| s
|
|

%8

Hard scatter
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Hadron-hadron interactions

e Cross-section :

0, = hard scattering cross-section

f; (x, Q%) = parton distribution function

SCALE BREAKING A=0.4 GeV/c
parton distribuﬁon (oigge;:g?g;oduchon Structure Function (b) Gluon Distribution in Proton
functions Jretadeitl 5& e
measured in DIS & e e % et o,
hadron-hadron collisions
0.2

quark & gluon
fragmentation functions
measured mostly in ete-
collisions; modeled by
fragmentation MC

X

TABLE 1. Cross sections for the various constituent
quark-quark, quark-gluon, and gluon-gluon subpro-
cesses. * The differential cross section is given by dc/dt 2
=1a(Q%|A|*/5?%, where ay(Q? is the effective coupling zD(z,Q°) VERSUS z
given by Eq. (3.1).

¢ TR T T ]
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Parton fragmentation functions

Parton fragmentation function D/ (x, 0?) describes
probability to produce certain hadron h from parton i
(=q, g ... g). Analogous to pdf's obtain from DIS.

In fragmentation function, x represents fraction of
partons momentum carried by produced hadron h <>

In pdf, x represents fraction of momentum of original
hadron carried by interacting parton. O0? describes here
the energy (scale) of the original parton when produced
instead of the momentum transfer as for pdf’s in DIS.

Fragmentation functions D/ (x, 0?) exhibit similar scaling
violations as pdf’s f(x, 0?) from DIS. The (2 evolution
described by similar "DGLAP”"—equations:

aDi(xan) ldz . . z )
81nQ2 ZL ji( ’as)Dj(ZaQ )9

a
where P, (z,a,)=P) (z,a,)+ ﬁpj(il)(zaas) t...

Lowest—order functions P;(%)(z) same as those for pdf’s in
DIS but higher—order terms different. NB! Splitting function
P; (& not P;) since D, describes fragmentation of final
parton. P; = probability for parton / to transfer into parton .

Effect of Q2 evolution same as for DIS pdf’s: x—distribution
shifted towards lower values for larger Q*’s. P;’s contain
singularities at z = 0 & z =1, which have important effects

on fragmentation at small & large x, for details see
O. Biebel, P. Nason & B.R. Webber, hep-ph/0109282.
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Parton fragmentation functions

Parton fragmentation function D/ (x,s) usually
determined from e*e~ fragmentation functions F"(x,s).

F 5 =20 e > m0) =Y [ L (52,0000
~Jx 7 z

Gtot dx

C,(s;2,a,)=g,(5)0(1-2)+0(,) & C,(s;z,a,)=0(a,)

& gi(s) appropriate (e.g. q) electroweak coupling.

[ ! T e e e e s

TS (@) -
The e*e 10° ENLESS o .
fragmentation 10" :%%%igﬁigi ep—o— , &
functions for S
all charged
particles for
different s.
The influence
of scaling
violations can
be seen.
Larger \'s
shifts the
x—distribution
towards
smaller x’s.

1/, do/dx x c(s)

0.1 o .

0.01c

0 0.10203 04050607 0809 1

X
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Parton fragmentation functions

In e*e- — y/Z° — hX, differential distribution w.r.t. to x

& angle @ between hadron h and incoming e*:

1 d°c
o, dxdcosl

(e'e” > hX)= %(1 +cos” @) F,(x,s)+ %sinz 0 F,(x,s),

500
where F (x,s) & F{(x,S) 2005'-,
longitudinal & transverse '} ’@@'\ Vs=91 GeV
fragmentation functions 2018 %,
: e 10£9 e ® LEPF,

representing contributions st % e,

. I —a— O LEPF_
from virtual bosons 2 %

1
having longitudinal or :

0.5 T
transversal polarization il 1L .
(w.r.t. direction of motion | T

0.02r

FT’L(X)

of hadron). 001F
0.005¢
107 rrTTyrTTTTyTTTTTTTTTTTTTT T T T T T T T T T T T T T T 0002:
0.001 ¢
106 \/8291 O'OOOSE..,.|....|....|....|....|....|....|....|....|....
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. Neang
S 10 C ]
SNt .
S 10y Py e ] Gluon fragmentation
5 Epae VW g T f :
%30 U= ug==—==—1 function Dy(x) can be
- 30 LEP@ZH_O._ =¢=_)T_ —= extracted from measured
S 7 —a— E .
S N | F(x) & F_(x). Coefficient
03 v'e;,%g?‘—‘?? % : functions C'sof g & g
e j . . comparable at O(«,).
001 ., .., . T

X

F,(x,8)=Cg asj%|:FT(Z,S)+4[£—1ng(z,s):|+O(asz) &Cin
2 X 3

Ty z
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Hadron-hadron interactions

Most interesting processes are rare processes:
* involve heavy particles
« have small cross-sections (e.g. W production)

loo T Il L] T T L] T 'll T T Ll T T Il L] L] L] 100
2 2
10 S, 10
19 Tevatron LHC op) 1 1°
10° (pP) | 25— 10°
5 / 5
10 10
G, — L
4 4
10 2010612 / 10 -
10’ | 100 g
o) j=t J / - =
10° Gja(ETJ > Vs/20) > ;/ 100 =
I
3 ]_0l (83 / L —
= e pp 1o .
< = 7 e
o 10° . 10° ©
o (E.~' > 100 GeV) >< %
10" / 10" 5
o
102 B / ] 102
pp
107 o, / d 107
-
107~ csjm(ETJ > s/4) 107~
10-5 GnggS(MH = 1&) GeV) 10'5
- B
10 S hge(M,, = 500 GeV) / AN 10
10'7 L1 1 ll 1 l L L L L L ll 10'-"
0.1 1 10

Vs (TeV)

main background: QCD jets — lepton & photon signatures
important trigger signatures: a) W (charged particle beyond cal.),
b) y/e (em. shower) & C) neutrinos (missing transverse energy).

note: pay a prize for branching ratio i.e. BR(W — Iv) = 30%
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Hadron-hadron interactions

e tfrigger: much more difficult than in e*e- collisions
(LHC numbers given)

bunch crossing rate: ~ 4 - 107 events/second
can record ~ few kHz (event size ~1 MB)

= trigger rejection ~ 104
trigger decision = us — > interaction rate (of 25 ns)

store massive amount of data in

pipelines while special trigger
processors performs calculations

trigger

\ YES
AEALY

107
4-107 evts/s few 10

at LHC: evts/s

— low level (1%Y) trigger based (mostly) on calorimetry &
muons chamber info = change for high lumi LHC

— high level trigger (HLT) software based using cruder
event reconstruction.

— exceptions: LHCD triggerless (online analysis)

detector || PIPELINE
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Pileup

Typical of LHC:
protons grouped in bunches (of ~ few 10" protons)
crossing each other at the interaction points every 25 ns

25 ns
%)@{/

detector

— at each beam crossing ~ 50-60 minimum-bias events
are produced at L ~ few 10%** cm=2s~". these overlap with
high p; physics events, giving rise to so-called pile-up

~ 1600
charged
particles in
the detectors
however most
particles have

low pr

example:
a H->ZZ; Reconstructed tracks
Z—sutu- at with pt > 25 GeV
L =10%34
cm2s
trick: focus
on high pt
particles
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Pile-up

Pile-up, a very serious experimental difficulty at LHC

Large impact on detector design:

- LHC detectors must have fast response, otherwise
integrate over many bunch crossings — too large pile-up

Typical response time : 15-50 ns — integrate over 1-2
bunch crossings — pile-up of ~ 50-60 minimum bias =
very challenging readout electronics

» LHC detectors must be highly granular to minimize
probability that pile-up particles are in the same sensitive
detector element as interesting object (e.g. y from H — yy)
— large number of electronic channels = high cost

« LHC detectors must be radiation resistant: high flux of

particles from pp collisions — high radiation environment
Fluence of different type of ATLAS - Inner Detector
particles in 1 yearat10*34 s~
2 o ‘Pixel |
cm2 s1in ATLAS ] Ol4cm'2—£ o
silicon tracker as function .| \\
of distance to collsion ~ — |
vertex. Innermost pixel 5 1obl

layer (at 4 cm) survives =

;‘—.:
i SCT - barrel |
; : total D,

— neutrons Dy

. | — pions O
~3 years with current ol
N N - . { other charged
technology. Some definitions | i <= [ hdons o,
- fluence: @ = Npai/A [cm-2] 0 10 20 30 40 50 60
- dose: D = E/m [Gy = J/kg] R [em]
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Event rates at LHC

Keyword: large event statistics

Expected event rates in ATLAS & CMS for

representative (both known & new) physics processes
at current high luminosity running (£ = 2 - 10%* cm= s™)

Process Events/s | Events/year | Other machines
(total statistics)

W-> ev 300 109 104 LEP / 107 Tev.
Z-> ee 30 108 107 LEP
tt 16 5107 104 Tevatron
bb 108 few 102 | 108 B-factories
gg 0.02 5. 104 —

(mgluino =1 TeV)
H ~1 few 106 104 Tevatron
(my =125 GeV)

QCD jets 103 few 10° 107 Tevatron
pr > 200 GeV

High lumi LHC (~ 5 - 10%° cm=2s7"): statistics 2.5 times larger

— LHC is a B-factory, top factory, W/Z factory, Higgs
factory, etc.... (the difficult challenge is to extract the signal)
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Higgs physics

proton - (anti)proton cross sections

T, T
‘hovi\—f STap,

] 9
10 T v ey ’ T g T il lf_PTost‘v’r QUARKS
ok et {1 € Ve~ u,d
J ] ] 4 = 'V . %
107 Tevatron  LHC: 310 - AR LRy
10° E : I T / e by b
: e T BoSoNs DE JayGe
10° | / T ' | |
5 : : : 1 y y
10 [ . : g 4t /@ ¥ |
10° / 110° i
@b (E" > Vs/20) Bl :mz

10 [ o

33 -2_-1
events/sec for . =107 cm™s

by

Francois Engler’i‘."", ; BN
Peter Higgs

—_— 3
g \s=8TeV iE
o < g
86% 10 e
T |
1 ]
g 1 -
gluon-gluon Fusion ] E
107 SE
7% 10* 3
L | . L . P ]
80 100 200 300 400 500 1000
M, [GeV]

Vector Boson Fusion
a.q
H 5% <2%

“Higgsstrahlung”
Vector Boson associated

W/Z
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Higgs production & decay

-4 -
107 90 200 300 400 500 1000
M, [GeV]

ggH - [
3 ~
86% X 10 ggH
3 g
""" H 1 a
g 1N
gluon-gluon Fusion 5 ﬁ VBF
0= [
. 1072 VH
Cross sections bbH/tH
* Tevatron 1.96 TeV 80 100 200 300 400 500 1000
1.2 pb M, [GeV]
o LHC BTeV
23 pb Typical theory uncertainties
* ggH 15%
¢ LHC I3 TeV * XAl 2%
5] pb e VH 5%
: e ttH 15%
Decays of the Higgs Boson
Decays to fermions ‘ Decays to EVV vector bosons
l’)7 C T_: /'L_ W/Z
| i < ¢ G < H -
b, Y W/Z
Decay to gluons g ® 1 y §
! = ; :
...... £
H g10 =
p N
Decay to photons g %10‘2
g ¢ £ 5
| 10° 1
44 ¢
H ----—-- H---- N
’\}/ Y

20
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Higgs decay

| Higgs decay branching ratiosl

“Higgs couples to mass”

t 1 N TR ) L )
o 1= i 43
O - J WW Eg
> i i
_9 1z
O 1ot “i‘ zz S
— :
E —— N\ f
n
.ghozi E
L F ]
107 ! -
: 125 :
108900720 720760180 200 ©
M,, [GeV]
BR(%) | Higgs125 GeV Zboson
qq 70
bb 58 15
cC 3 12
gg 8 0
A 0.02 (1) 10
i 6.4 3
YY 0.2
WH*W+ 29
P 2.7
f 2 where [ is the

at Istorder: T(H — ff)= N—
| INGY

m,f,, Termion velocity

in the decay.
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Higgs discovery

The

CMB Vs=7TeV.L=51fb" s=8TV,L=531"
3 = I ) ! 5 : E = EFET "L "ol rr oy
3 5 ATLAS 4 DataS/B Weighted ] © [ 4 Data B sf 11
~ 100 ) ) — & 16 15} Kpp05 i
=g B —— Sig+Bkg Fit (m =126.5 GeV) - e r Bz a5 i1
£ o S Bkg (4th order polynomial) B ~ 14:— Ezr. zz w 4F .
2 F . N F[m=125GeV €4 3
S C ] c 12f g 1
v 60— =] o r m 2f ]
- - ] > - 3 ’ [: !
C ] w10 i ]
40— - E B 120 140 160 ]
E 1s=7 TeV, [Ldt=4 81" - 8F m,, (GeV) ]
20E" 158 Te, [Lat=5.910" Hoyy = oF E
- 8 : 1 L I 1 I : E
& 4 E = 4
.‘}’_ 0er—r——tt 22 7 5 o»
5 4 3 - 4
g -8 E 0 = Byl | a 1 £ £ o
100 110 120 130 140 150 160 80 100 120 140 160 180
PLB 716 (2012) 1 m,, [GeV] PLB 716 (2012) 30 m,, (GeV)
my = 126.0 + 0.4 (stat) + 0.4 (syst) GeV my = 125.3 £ 0.4 (stat) + 0.5 (syst) GeV
Combined signiﬁcance: 590 Combined signiﬁcance: 5.00
Five decay modes analysed but no
Three decay mode WV, ZZ and YY - Y . . Y
significance signal in H = TT and bb
25
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Higgs discovery

N0 120 180 140 150
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i

a
Fl]

201112

5=7-8TeV
NV T

H—bb

HoTT

H—=>WW

H—ZZ

Not an exhaustive table!

H—YY

H=2UH | = H-oxx

Physics at hadron colliders

g
2
>
2
™~
¥ ¥ ¥ B g %
=%
G(my) O(my) G(myw) O(m;;) a(m,)
~20% 10-20%  ~16% 1-2% 1-2%
Run-1 (25 fb' at 7 and 8 TeV):
Approximate number of Higgs boson decays
before selection cuts (mn = 125 GeV)
® 9,000 H > WW* - fyy
900 H -» vy
60 H - ZZ* - 4¢
27
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CMS
A Two-Photon Candidate

ATLAS

PRD 90 (2014) 112015

> — - : .
S 180 [Lat=45M"vs=7Tev ATLAS =
= = L Vs 3
% 160 'g/LBdt_'Z:Sd'b Ns=8TeV 4 Data =
g e — Signal+background =
140 Signal strength categories gy |
N C ===+ Background |
120 — Signal =
E m,, =125.4 GeV 3
100f— 3
80
60— = |
40— =
20— =
o 1 L Il L =
g F i
o 10F 3
2 E = |
s s =
g E 3
£
k=] E
2 sf
M E L s . s " E|
110 120 130 140 150 160
m,, [GeV]

Significance
* observed:5.2 O
* expected: 4.60

my = 126.02 * 0.43 (stat) + 0.27 (syst) GeV

S/(S+B) weighted events / GeV

CMS

EPJC 74 (2014) 3076 19.7 167" (8 TeV) + 5.1 1b™ (7 TeV)

x10

CMS
EH=
3@

S/(S+B) weighted sum

¢ Data

3.5

S+B fits (weighted sum)
SEil, o 0 o B component

fo=1140%
0.5[ i, =124.70 = 0.34 GeV

PRI

P B

LN B B e

Lﬂu B component subtracted __
e L R CeET
T TTYT¢T ]

i 08 L 4 00 s 43 22644
P B g
-1007“[.|.‘.....|‘H|.H...lul.“i
110 115 120 125 130 135 140 145 150
o m.. (GeV)
Significance

* observed:5.7 0
* expected: 5.20

my = 124.70 £ 0.3 (stat)  0.15 (syst) GeV
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PRD 91 (2015) 012006

ATLAS CMS

CMS f5=7TeV. L= 511" ;vs=8TeV,L=1971b"
> R R R N RN RN AN RN LR > :I ‘ LR T | | T | ECa | |.I [ [ 1 1 :
8 35 ATLAS P oa ] 8 35__ pata ]
Lf? C H-oZ7Z" = 4, |:| Sgnal[m 125GeV p = 151) o E .Z+X g
N 30 } G Iw!-45lb: - Background 2Z* 7_ ; 30: ~ .
; E B 520 g0und 2.ets, 1 a = r DZY e J
= E \s=8Tev Ide-eoam‘ : G ] O o5 2l
g 25 j Y systematic uncenainty *: Lﬁ r |:| mH=126 GeV 1
" 2ol k 20 =
15F - 15 £
10F - 10F -
5 5 ;
0 Of o I + 1 o [a|
80 90 100 110 120 130 140 150 160 170 80 100 120 140 160 180
m,, [GeV] my, (GeV)

mu = 124.51 £ 0.52 (stat) + 0.04 (syst) GeV  mu = 125.59 + 0.45 (stat) = 0.17 (syst) GeV

Both experiments observe signals with > 60
33
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H - WW*/ H mass

The Discovery Channels
A discovery channel of a different kind: the WW

WW(lvlv) candidate event Regu|re§ good simulation of backgrounds and control
regions in the data.
Uses the V-A nature of the W coupling that transfers the W spin
correlation to the electrons.
w- H W+
>
> (a) ;< 1, ep+ee/up . . 9 G 9 . »
g 800 |- + Obststat
= — Exp v, e~ Vs ok
= 600 = Higgs 4—«—9—«» 4—«)—9—»—»
o ww
o 400F O Misid
®mvv Momentum direction m——-
200 + E' _IE_)Y angular momentum direction  se——
op
= o . . CcMSs 35.91b" (13 TeV)
> F (b) Background-subtracted — T T T
S 150F S 05 wanan o E
° F + Obs - Bkg 8 s i =% E
5 F — Bk = — v
2 100f B Higgs EmBie. ., T= 4
5 F Z E
o 50 E 500 R — Run2
E 40 E
Channel where each of the W decays to leptons, the mass ok e | E
resolution is spoiled by the neutrinos! c . 0E=— :‘ E
1 1 1 1 1 10 R |
50 100 150 200 250 L — I
3 4 E
Large event rate, but also large backgrounds from the my[GeV] | St S b
WW and top production. 8 ok 3
20 40 60 80
m, [GeV]

First Precision Measurement at the

ATLAS and CMS —4~ Total [ | Stat. [ Syst

Higgs boson mass measurement 7 TeV, 8 TeV and 13 TeV Tot. Stat. Syst.

ATLAS H —yy Run1 -E- 126.02 = 0.51 (= 0.43 = 0.27) GeV

- Measurement done exclusively in the diphoton and 4-
leptons channel.

CMS H —yyRun1 124.70 = 0.34 (= 0.31 = 0.15) GeV

ATLAS H — 41 Run 1 124.51 =+ 052 (= 0.52 = 0.04) GeV

- Optimizing the analysis in categories with best mass CMS H — 4l Run 1 125.59 = 0.45 (= 0.42 = 0.17) GeV
resolution (photon, electron and muons energy iy ! 125,07 = 0.25 (= 0.25 = 0:14) GaV
response).

ATLAS-CMS 41 Run 1 125.15 + 0.40 (= 0.37 = 0.15) GeV

- Reached at Run 1 a precision of 0.2%. ATLAS-CMS Comb. Run 1 125.09 = 0.24 (= 0.21 = 0.15) GeV

i . ATLAS H —yy Run2 125.11 = 0.42 (= 0.21 = 0.36) GeV
- Among (if not the) most precise measurement done at

the LHC in 2013. ATLAS H — 41 Run 2

CMS H —4lRun2

124.88 + 0.37 (+ 0.37 = 0.05) GeV

125.26 + 0.21 (= 0.20 = 0.08) GeV

| N - | | I - | 111 111 | I — | I — | 1
118 120 122 124 126 128 130 132
m,, GeV
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Higgs width

Upper limits on the width can be obtained from the mass

peaks (at the level of the experimental resolution )

Width of the Higgs boson

103§w

Iy [GeV]

11 VH‘ b
LHC HIGGS XS WG 2010

10
M4 < 1.7 GeV (95%CL) CMS limit

10-1?. i

The width of the SM Higgs boson ¢, 102}

is of the order of 4MeV —*E , ‘ L

100 200 300 500 1000
M, [GeV]

O.ﬂ"-.Shell Higgs Boson

PRTITT B SRR TTTT BN T ITT BN RTIT

Y4 PrOdUCtion =qq - 77 10 % T T T T T T T T 1]
= 4-lepton production, CMS cuts, Vs=8 TeV
but also 10—1_E 7 T :Z ; t;leftzll'xesptons 5
p gp =¥ L L 7 = gg - 4leptons(cont) 1
10_2 g » 4leptons(total)
E b
';' = 3
8 10°f -
& = , i o
Eé qq — 44 3
q Z o 10—4 o =
s % gg — H — 40 ™ -
and . 10°F off-shell X -
— - - ™ 3
g, 58 7 u on- ) .
107 \
E gg — 40>
H ( :
-------- 10711 | | 1 1 L v v B
100 200 500 1000 2000
my[GeV]
g Z destructive interference
off-shell +2.4
T999H22 CMS: Ty =3.2 MeV
on-shell LEH ' —1 7
o on-s .
g9g—H—~ZZ
Nature Physics 18 (2022) 1329 38
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Higgs decays

Run 2 Higgs Headlines

Run 2 Higgs Physics major milestones reached: Third Generation (Charged) Observation Completed!

Yukawas at LHC tau b top
Exp. Sig 540 ' 550 ' 510
ATLAS | Obs.Sig. | 640 | 540 | 630
e | 109+035 101+020 | - 134+021%
"""""" . Exp. Sig. 590 | 560 | 420
oMs | obs.sig. | 590 | 550 | 520
mu | 1.00 £0.27 * 1.04£0.20 1.26 +£0.26™

*13 TeV only derived from cross section measurements
** Lower uncertainty (upper uncertainty 31)

+ evidence for coupling to second generation: H —» u*u~

Higgs boson decays to Taus & Muons

q q Special VBF process

H With two forward jets and a large rapidity
T gap between the jets (due to the color
q q singlet exchange in the t-channel

Background is Z production with two jets, in this
region of phase space it is difficult to predict!

CcMS 138 fb™' (13 TeV)
b Hott ¢ Data B
100 — Signal =
r B uncertainty:

CMS 138 fb™' (13 TeV) : [J#1sD ]
8 Ho ¢ Data K 1
S/(S+B) Weighted — Signal 50l i

sk

B uncertainty:

} +18D

(AR

IS

N

o

3

»
»
-
<

Background-subtracted data / 5 GeV

Background-subtracted data / 1 GeV

P R PR
100 150 200

-4 I I | | L L L 1 M., (Gev)
110 115 120 125 130 135 140 145 150
m,,. (GeV)
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Higgs couplings

ttH Analyses at LHC: Massively Complex!

- ttH(bb)
‘%gnlw L Y 0 Higga 86 N\ “W‘“” A ) Vi | back ds of
" ery large backgrounds o
R (o = = top pair production

. ¥ || 977 e procuction
t t H S‘"’ A Y 4 « o pon Pl associated with b jets
AN - - T Dominated by background
I I \ " o modelling uncertainties
D kS K
)

! W[ ot 2| . ttH(WW, ZZ and tau tau)
+ S S NG So-called multi-lepton
[ 0 [} // ) channel
S - . ” Large number of topologies
intricate reducible
- Large number of final states which are typically very — — — —  backgrounds of jets faking
complex (mixture of b-jets, leptons, taus and leptons.
photons) : (N
- But, many different channels, also means different 3 v
backgrounds and different systematic uncertainties S . . 4 S " N
and therefore also a strength! o e ot
=) NS
- With the new Run at close to double centre-of-mass “ N\ \ 4\ N
energy and increased statistics, changes in leading - -,

channels.

T T
ATLAS Preliminary ¢+ Data Data ATLAS Preliminary

Events

\5=13 TeV, 139 fo" — i . Continuum Background |s = 13 TeV, 139 fb”"
. S Cont. Bkg. 25 Total Background m, = 125.09 GeV

. ~——— Signal + Background All categories

Had categories Lep categories

tt H|

E In(1+S/B) weighted sum

T T T A |

Sum of Weights / 1.375 GeV
N
o

ol b b b b

g — ttH (u=1.4) £,
: s RO M
Had4 Had3 Had2 Had1 Lep3 Lep2 Lept o 11'0 1é0 1:‘30 1“‘0 15‘)0 160
my, [GeV]
Cross section dominated by statistical uncertainties:
Currently most sensitive channel
0.38 0.15 0.15
o 1.59%) 3¢ (stat.)| 7513 (exp.) Ty (theo.) fb
D
S 'S Expected (4.20)
A Observed 4.9¢
‘ ‘ » In combination with the other channels:
va va Expected H.lo
Observation!!
Observed 6.30
Phenomenology 2024 .
Kenneth Osterberg V/ 27

Physics at hadron colliders



Higgs decays & couplings

b-quark decay channel of QATLAS
Higgs solidly confirmed
CMS 138 fb™ (13 TeV)
: H—)bb‘ | [} Dat‘a
£ 6001 S/(S+B) Weighted Ej:i’::aimy:
2 +1SD ,
3T e | 70 _, ¢ ...butc-quark decay channel
£ | I | of Higgs still elude searches
5200* B . i . . . . .
% I Ii» 100 B \A B subtracted |
I o - e -
m F b NI INN IS TN SN o wme -
1 0= . _+__+_—?f_+__
’ | 50— - - - - - -
200 60 80 100 120 140 160 180 200
60 80 100 120 1431b,, (Ge\}?o Higgs boson candidate mass [GeV]

Combination Procedure and Master Formula

What is done in Higgs boson couplings analyses is to count number of signal events in
specific production and decay channels.

i, = E E pioba, x pwf Bri x AV x 9% x [
iC {pI‘Od} f - {deca’y} Same formula as the total cross section measurement formula

These « mu » or signal strength factors cannot be fitted simultaneously, typical fit models include:

0 [if = Hifbf pi (pgp=1) by (pe=1)
Extrapolated total Cross section Cross sections Branching fractions
cross section times branching

Manifest in this formula why absolute couplings cannot be measured with this procedure: L5, f cannot be
fitted simultaneously.
Introducing simple scale factors of the Standard Model couplings in a « naive » effective Lagrangian.

2 2
LD kz=LZ,2" + kw — LW, WH + hoy o Ay A —l—;/ﬁfof

()
Simply reparametrise the mu values using the kappas!  For a complete description see (link) - Chapter 10
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Higgs couplings

CMS 138 fb™ (13 TeV) CMS 138 tb™' (13 TeV)
=> 1_'" AL L L T
e |D m,=125.38 GeV wZ t. E ® Observed |:|J_r1 SD (stat)
E °’ ] =11 SD (stat @ syst) [ ] +1 SD (syst)
= 107k | — +2 SDs (stat @ syst)
c 107 E - ; Stat Syst
E‘.—|D F - ] Kw —-— 1.02:008 005 005
Q_ b o B :
-2 L Y i Ky + 1.041007 $005 $0.05
1077 P ;
¢ Vector bosons K, i— 1.10:008 <006 005
1073 _ i 3¢ generation fermions _ ~
l;. ¢ 2 generation fermions Kgi _!'_ 0:020m o e
e SM Higgs boson Ky + 1.01ng13 007 008
1074:—“' - I - " - " - 3 B i +0.17 +0.12
s apEeee e = ——-—— 0999 o 22
(g 1.2F 1.05F E -
"5 1'05... ........................ }...{\ .................... 1_00....}{....?....; K _*;_ 0.92:008 006 +0.06
= 08fF oss E B ‘
-y WUV HE B R — 11258 4
10° 1 10 10 - :
Particle mass (GeV) *z — T ————— 16553 0% ‘oo
o o5 1 15 2 25 3 35 4
Higgs boson is Standard Model like ! Parameter value

Run 2 Couplings Measurements

Choosing suitable assumptions to probe interesting new physics scenarios scenarios

Probing new particles in the loops Probing the Gauge bosons vs fermions
s Ziisl ATiAS Runs | % oot ]
g 1.0 f5=13TeV. 361109 0" 5 oeened 05 01 ] B S Conened 55 0L ]
H [ my=12509GeV,|y,|<25 ¥ Standard Model ] 1.10F A SM prediction -
o e 1.15? ;ruproiiled,pw:es% 7; 1.05; é
g9 n ] £ B
110 E 1.00F E
1.051 7 0.95[ 3
C £ 1 £ 1
P 1.00 ? E 0.90 ? E
e 0.95 E 0.85F E
K v £ ] C 1
090 v vl L 0'80:7‘ | | o0
090 095 1.00 105 110 1.15 .95 100 108 o 715
K K\/
All couplings are set to their Standard All fermion couplings are fixed to one
Model value except the effective parameter and similarly for all boson,
couplings to the photon and the gluon the couplings to the gluons and the
(probing new physics in the loops). photons are resolved.
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Higgs self-couplings

+ Higgs self coupling

0 Measurable through double Higgs production

Ouny = 3 M2V
g \ #H g WS ;

_ﬁ—"’ —_— A Q Y

g R ) g s J

A

(accidental) negative interference between the two diagrams
reduces cross section and hence sensitivity to gyyy coupling

Rule of thumb: event yield ~ 1000 smaller than for single H

Most sensitive channels: H (= bb) + H (= t*17|bb|yy)

CMS 138 b (13 TeV)
L L B I IR EELANL L RN I IR B
bR =Ry =Ky =1 —— Observed ~ ----- Median expected . . .
= Theory predicion BB esoneced 1 L_IMIS ON Self_couplmg
----- 95% expected b
N /

10°F

IS,

Limits on quartic coupling

|

107 F

95% CL limit on o(pp — HH (incl.)) / fb

N ]
N ]
§ \ , CMS 138 b7 (13 TeV)
N 1FT T T T T T T T T T T T
N E E

Excluded § E r K=K =K, =1 — Observed ~ ----- Median expected ~ {
§ N\ £ Theory prediction [EE8 68% expected
Yy Y= pEmm 95% expected

0, i ] [P N )
-6 -4 -2 0 2 4 6 8

107

Not yet enough sensitivity!

95% CL limit on o(pp — HH (incl.)) / fb

10

Most likely need high
luminosity LHC to discover |
double Higgs production b

VIS
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Future colliders

« 2012-24: The Higgs boson era
D 2012: Discovery of the standard model Higgs boson at the LHC (ATLAS, CMS)
+ my = 125.4 £ 0.5 GeV (ATLAS), 125.0 + 0.3 GeV (CMS)
<+ Mass, couplings, spin, width in agreement with Standard Theory predictions
( 2012-24: No new physics found at the LHC Runl at the TeV scale
0 2014: Nobel Prize to Englert and Higgs

I 3 R L BT
> E
8 40__ e Data 2011+ 2012 ATLAS
[l SM Higgs Boson *
% o m,=124.3 GeV (fit H—>Z7"—4l . 0
g \s=7TeV |Ldt=461b ) A
w E [l Background Z+jets, ff 1558TeV JLdt: 20.7h Lr;
30~ 4 Syst.Unc. 5
2 e 0
251 o
r (o]
201 0]
- g 8
15:7 o)
u -
10 Q,
r ()
5F H
B ;
100 150 200 250
m,, [GeV]
And now, what ?
+ The Standard Model has become the Standard Theory
o It explains/describes all observations and measurements from high-energy colliders
+ It is also able, in principle, to predict all measurements at future colliders
= As well as the fate of the Universe ...
200 7 Instability 1
> , <P
& 150 - ﬁ@)\}ﬁ zZ
R= N\@@// =| 7
= | R
2 100 iy Stability g |
: g
5 [ =
= 50§ o |
0 50 100 150 200
Higgs mass M), in GeV
o On the theory side, no new physics is needed beyond this Standard Theory
+ Is this the end ?
Mogens Dam / NBI Copenhagen Physics at Future Colliders 2-3 August 2017 1
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Future colliders

It is (most likely) not the end ...

+ There seems to be something beyond the Standard Theory
o Many unanswered fundamental questions all based on experimental observations, e.g.

+ Why 3 generations of fermions ?
+ Why is the Higgs boson so light (so-called “naturalness” or “hierarchy” problem) ?
+ What is the origin of neutrino masses and oscillations ?
+ What is the composition of dark matter (5 times the mass of baryonic matter) ?
+ Why is gravity so weak ?
+ What is the origin of the matter-antimatter asymmetry in the Universe [BAU] ?
<+ What is the origin of the Universe’s accelerated expansion ?

+ New Physics?

| N ——
u Many diverse theoretical ideas... SBU:‘\‘ W%c(‘c_ / = //\wj%’;
/,//”' = o e

S

o Is new physics at larger masses ? Or at smaller couplings ? Or both ?
<+ Only way to find out: go look, following the historical approach:
= Direct searches for new heavy particles
= Need colliders with larger energies
= Searches for the imprint of new physics on W, Z, top, and Higgs properties
= Need colliders / measurements with unprecedented accuracy

Precision vs Energy (1)

+ The Standard Theory is complete ? Obviously three pieces missing !

Three Generations Three Generations
of Matter (Fermions) spin % of Matter {Fermions) spin %
| n mn I n 1]}
maz o[ ey 127 Gev 1733 Gev mazz- [ Zawev 12 ey 326
cherge = |3 u % C » t charge - |34 u % C £ t
narme w cham top name - up charm wp
- [ 104 e 420 104 v “zaev
= [ -3 -5 b 3% -4 b
:f*d S s
= down ‘mrange bottom s¥ange botton
2 156GV — = T
oy o\ V¢ # o Y] Ve & o
€ e M 0 o ? o
] 4
L £
& 0511 Nev. 105.7 Nev 1777 Gev spin 0 108.7 wev 1777 Gev = spin 0
Ela 1 1 g 5 | 4 1 g
= e it 2 s e iC 2 2
- alactron miuon e @ ~ B von P &5 a

a Three right-handed neutrinos ?
+ Extremely small couplings, nearly impossible to find but could explain quite a bit !
= Small m, (see-saw), DM (light N,), and BAU (leptogenesis)
<+ Need very-high-precision experiments to unveil
= Could cause a slight reduction (increase) in the Z (H) invisible decay width
= Could open exotic Z and Higgs decays: Z, H = v,N;
- Possibly measurable / detectable in precision e*e collisions
- Most likely out of reach for hadron colliders (small couplings)

Mogens Dam / NBI Copenhagen Physics at Future Colliders 2-3 August 2017 13
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Future colliders

Precision vs Energy (2)

+ Others lean towards higher-energy replicas of the standard theory

Extra- 29
S 2

You

Nname

o Direct searches at larger energies may be the key — but how much larger ?
+ Rare decays and precise measurements may also unveil these extension’s imprints

Short-term perspectives (2025-2040)

+In 2020 , European Strategy said (very similar statements from US)
u Exploit the full potential of the LHC until ~2040 as the highest priority
+ Get 75-100 fb! at 13- TeV by 2018 (LHC Run2: completed)
+ Get ~300 fb! at 13.6 TeV by 2025 (LHC Run 3: on-going)
« Upgrade machine and detectors to get 3 ablat 14 TeV by ~2040 (HL-LHC: Approved)
= A first step towards both energy and precision frontier

Mogens Dam / NBI Copenhagen Physics at Future Colliders 2-3 August 2017 16
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Future colliders

Long-term perspectives (2045-2080)

«In 2020 European Strategy said (very similar statements from US)
o Perform R&D and design studies for high-energy fr02n7tier machines at CERN
+ HE-LHC, a programme for an energy increase to 2§ TeV in the LHC tunnel
|z _FCC, a 100-km circular ring with a pp collider long-term project at Vs = 100 Tev_| favoured!
« CLIC, an e*e™ collider project with Vs from 0.3 to 3 TeV

Similar circular projects
(50, 70, or 100 km) in China
pp collisions at +/s ~ 50 or 70 TeV

+ M 1

FRANKREICH
Qinhuangfjao (FER)
. b rd
& S m
\
\ ,/ FCC (100 km)
» . 7 sce  [Future Circular Colliders]
TS =l Ultimate goal: FCC-hh (100 TeV)
ol s = [Access to highest energies]

10 Kiomeser

+In 2020 European Strategy said (very similar statements from US)
o Acknowledge the strong scientific case of ete~ colliders with intermediate Vs
< Participate in ILC if Japan government moves forward with the project
+ In the context of the FCC, perform accelerator R&D and design studies
= In view of a high-luminosity, high-energy, circular e*e™ collider as a first step

FCC (100 km)
First step: FCC-ee (91-400 GeV)
[Use the tunnel ultimately aimed at FCC-hh]

Akitap) Akita » oMorioka

Iwate

ILC (31 km) |

e*e : 250-500 GeV

Miyagi
Sendai
o s
Yamagata

Yamagata

Nii%a(a'
Fukughlma

Niigata )
Fukushima

Tochigi
Utsuneomiya
Gunma
b Mnoo
Maebashi

Na%ano

Ibaraki

Naga )
A0 Saitama

Sai(amaorokyo g = < % I
Tokyo A5 Chiba i

e Note: CLIC can also run at Vs ~380 GeV in ~2035-2040

Kofu
°
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Future colliders

Can / should we do everything ? (1)

+ The cost (10’s BS) and challenges of these projects are paramount
o A choice will have to be made at one point, but it would be too early to make it now
+ The LHC, indeed, is still rather in its infancy

LHC startup, Vs 900 GeV

2009

2010

2011 Vs=7+8 TeV, L~6x10*cm*s”, bunch spacing 50ns Run 1
2012 25 fiy
2013 -
2014 2 : T

Sbis Lst Go to design energy, nominal luminosity - Phase 0

2016

2017 .

2018 Vs =13 TeV, L~1x10%cm?s", bunch spacing 25ns «—Runa - We are here
2019 ~75-100 fb*!
;g;‘;’ Ls2 Injector + LHC Phase | upgrade to ultimate design luminosity

2022

2023 Vs'=13.6 TeV, L~2x10%cm?s", bunch spacing 25ns
2024 ~350 fb* Run3
2025

J006 S8 HL-LHC Phase Il upgrade: Interaction Region, crab cavities?

2041 I Vs=14 TeV, L~5x10%cms", luminosity levelling

a The 13.6 TeV Run3 is under way: new data might bring a whole new light on the process
« Next check point after LHC Run2 for the next European strategy update in 2025-26

Can / should we do everything ? (2)

+ Hand-waving anticipation: With the 13.6 TeV Run3 data, we may
0 Find a new heavy particle (or new heavy particles)

+ The (HL-) LHC will study this (these) particles to some extent

<« If m < 3 TeV, CLIC becomes interesting (if copiously produced in e*e™ collisions)

+ Larger energies might be needed to find & study the whole new spectrum (FCC-hh)

3

+ An e*e” Z factory (FCC-ee) might be useful to study the underlying quantum structure
= Note: m, and m,, were predicted correctly with no new physics
- New physics will probably be very difficult to find anyway

o Find no new particle, but find a hint for non-standard Higgs properties
« The (HL-) LHC will improve the precision on these measurements to some extent
+ e*e” factories for Higgs (ILC, FCC-ee) become very interesting machines
+ Push the energy frontier to its limits (CLIC, FCC-hh)

o Find no new particle, and standard Higgs properties
+ Push precision measurements to their limits (FCC-ee)
+ Possibly push energy frontier to its limits (CLIC, FCC-hh)

+ Let’s now try to quantify the respective merits of all options

Mogens Dam / NBI Copenhagen Physics at Future Colliders 2-3 August 2017 20
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HL-LHC

Physics prospects with HL-LHC (3)

+ Physics programme at the LHC in a nutshell (cont’d)

0 The energy increase from Runl (7/8 TeV) to Run2 (13/14 TeV) is very exciting

100 ———— " VA S T ] Basod on partonic uminssitios 7N o
L ratios of LHC parton luminosities: / ] 80 NS TGO corvra, g
8TeV/7 TeVand 14 TeV /7 TeV dusy ] : : 5
qup’rkslGIumos ] : g9
1.5 TeV -« : g
X p 1 /¥ 3000 fb™'
e = FEAOT N G TR £
= ----Zqq E; :
= =
2 10 i{ E
£ £
1S £
> 2
_— w
&
— fee? 1
R i i e MSTW2008NLO
i | ! i | L Y L
100 1000
M, (GeV)

o More energy buys a lot, both for precision and new physics reach
<+ Cross sections multiplied by 3, 5, 10, 100 at m = 0.1, 0.35, 1 and 3 TeV
+ Mass reach for new physics roughly doubled

Precision Higgs physics (3)

+ Higgs couplings projections (cont’d)

Coupling LHC Runl LHC (300 fb) HL-LHC (3000 fb%)
Ky 12% 4-6% 2-5%
Kz 15% 4-6% 2-4%
K 30% 14-15% 7-10%
K, 30% 10-13% 4-7%
K, 16% 6-8% 2-5%

0 HL-LHC would bring a factor 1.5 to 2 on top of 300 fb!
<+ Limited by systematic uncertainties

> T T T T T
8 ATLAS Preliminary (Simulation)
0 F=14Tev : 7w

e Ldt = 3000 fb’

o Becomes sensitive to, e.g., H = pp % : B X
b S WW s pvpy
2
w

« Expect 35K signal events with 3 ab?
= S/B ~ 0.3% -> 100 significance

<« Coupling measured to ~ 10%
= 20-30% with 300 fb!

-gg »H > pp, m =125 GeV

-5000)
105 WO 320 130 10 i

.
160 180 200
My [GeV]
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HL-LHC

Precision Higgs physics (5)

+ Higgs self coupling g : — :
o Measurable through double Higgs production £ 10¢ S"v' s
.
g 9 wvooo—>— - - - - H 10'1%‘ E
= Q 102 , L , 3
10 5 0i, 5 10
g g wosTe——" - - - - H O e R
———————— CMS_ ‘ ‘ ‘
102% bb bb bb tt E
Double Higgs boson  : Mt wisramm ™77 Fo- o
. . S ‘7-55" V=14 TeV, 3000 fb-! E = F 3
production discovery s} e i E o]
seems to be within IR Ay 1 fo e
HL-LHC reach 1
. . F ! <.3 3 E
(especially if ATLAS & ;  EE e

CMS data combined)

& Thi, AL —e- Observed
ar/y“‘/clquaher LHe |- Median exp.
"2 [ 68% exp.
[C195% exp.
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Precision Higgs physics (6)
+ Invisible Higgs decays
%J ‘04 CcMS —8— Crasrved
q VEF m, = 125 el
q O Vs=8TeV,L=1951b" — snimi-sas
¥ & [y
e smneilil VBF H(inv)
> v e ovenens vy
\Y% g ‘
q q >
w
T T T T T T T
10° = ATLAS *
\s=8TeV,[Ldt=2031b" B zz- covviineln
ZH — ££ +inv. I vz - cveciveln

10?

—

e

>
[
0}
Q
®
~
2
[=
7]
>
1

Data / Expected

B v ciep i w2

W jets, multijet, semilep. top
ZH — £4 +inv, BR(H — inv.) = 1

IIlIlI IIIIII[II lIlIlIIII llIIlIlII

o Improves DM search at low mass

150 200 250 300 350 400 450 500
ET** [GeV]

BR,, (95% CL)

LHC Runl 40-50%
LHC 300 fb? 20-30%

350 400 45(
ET [GeV] HL-LHC 10-15%
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HL-LHC

Supersymmetry (2)

+ Search for third generation squark (cont’d)

o Today : Projections with 300 and 3000 fb!
T, production, T b1 17 /i c 7, T> Wb T, 1 Tt 7, Status: May 2017 —1000 s e e
[~ L B L B B L B L I LI LR L LR B > = . . . =
E 700{— ATLAS Preliminary Vs=13 TV . o 920 :_A TLAS élmUIauon Preliminary =
2L B wiowst 0L 36.1 fb! [CONF-2017-020] i O, Eys=14 TeV =300 fb"! (<u>=60) 5¢ discovery =
E“'?* [ =1 wori-biry 1L 36.1 fb”' [CONF-2017-037] ] o E \s= =300 fb™ <u>=60) 95% CL exclusion =
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o Mass reach extended by a factor 2 with LHC at 14 TeV (300 fb!): covers the 1 TeV region
+ Further 20% extension with HL-LHC
o If no excess is seen with 300 fb!
< The HL-LHC discovery potential vanishes entirely
+ Search for other squarks and gluinos
o Can be heavier than the lighter stop — already excluded up to 1 TeV in Runl
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o Mass reach extended by a factor 2 — 3 with LHC at 14 TeV (300 fb!) © oL
i = - »
+ Further extended by 20% with HL-LHC < &7 4
. " . ’ . . < <
o Discovery potential of HL-LHC vanishes if no excess is seen with 300 fb?
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HL-LHC

New gauge bosons: W’, Z’

« Look for heavy di-lepton resonance: Z' - e*e”, p*p~, or W* - e'v,, pu'v,
o 2’ and W’ masses up to 2-3 TeV excluded at LHC Runl
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o Mass reach extended by a factor 2 with LHC at 14 TeV (300 fb)
+ Further extended by 20% with HL-LHC

o Discovery potential of HL-LHC vanishes if no excess is seen with 300 fb
+ (Not visible in the graphs above)

Top quark mass (2)

+ The top quark mass at HL-LHC
a There is still much more to come: systematic uncertainties are statistically limited

<+ And there are more methods out there to try
Today: 6m,,, = 0.5 GeV

+ Projected uncertainties

% ____________ g CMS Q R.eductlon by ajactor 2
O, 3¢ 1 Preliminary Projection ] = After 300 fb
E~2 5 wawe I, arXiv:1S08.03860 ] + Again after 3000 fb? @ HL-LHC
e " E === o (i), JHEPOS (2016) 020 1 + Ultimate reach: ~ 200 MeV (exp.)
o r i sec. vtx, PRD 93(2016)2006 ] 5
Be  peEsREES ... single t, PAS-TOP-15-001 1 o Theory uncertainty: ~ 500 MeV
-% ’ 5: i I+jets, PRD 93(2016)2004 <+ What is the quantity that is being
T ~— P ' 1 measured? “MC top mass”
2 1 ‘." .............................. g - o Must answer this very question
= : L . A— - + Otherwise 3000 fb'* won’t do
g 0.5¢ \ Sunansunanerad E much better then 300 fb*
= O: N

Run I 0.3/ab, 14 TeV ~ 3/ab, 14 TeV
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