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LHC Status After ~10 years

M. Mangano, CERN Courier ‘20

The Higgs exists... and nothing else Beyond the Standard Model
showed up!

But we have learnt a lot (the biggest discovery is that
supersymmetry was not discovered) and the spectrum of physics
emerged from the LHC is far richer than expected !

The future is bright and promising.

Christophe Grojean INFIERT-UAM, Auqust 202


https://arxiv.org/abs/2003.05976

Which Machine(s)?

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

gHadronsigs
. 0 large mass reach => exploration? 0S/B ~ | = measurement?
> S/IB ~ 10-10 (w/o trigger) o polarized beams

©S/B ~ 0.1 (w/ trigger)
O requires multiple detectors
(w/ optimised design)

(handle to chose the dominant process)
. 0 limited (direct) mass reach

only pdf access to Vs o identifiable final states

© => couplings to quarks and gluons = EWV couplings

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

O easier to upgrade in energy

: O several interaction points O easier to polarize beams

: O“greener’: less power consumption at low E : 3 - . . :
: : O“greener’™: less power consumption at high E:
: O precise E-beam measurement L :
( O(0.1MeYV) via resonant (transverse) depolarization) : ;| Iarge beamsth ralung

> Vs limited by synchroton radiation .+ one IP only

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

*energy consumption per integrated luminosity (and Higgs produced) is lower at circular colliders but the energy consumption per
GeV is lower at linear colliders; cross-over at ~ 365 GeV(running costs: 255 EUR/Higgs at FCC-ee240, >7°000 EUR/Higgs at ILC250)
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Future of HEP

ECFA Higgs study group ‘19

0.5/ab 1.5/ab 1.0/ab 0.2/ab 3/ab
ILC 250 GeV 250 GeV 500 GeV 2Meop 500 GeV
5.6/ab 16/ab /zag SppC
CEPC 240 GeV M, | om, ?
1.0/ab 2.5/ab 5.0/ab => until +28
CLIC 380 GeV 1.5 TeV 3.0 TeV
FCC 150/ab 10/ab 5/ab 1.7/ab hh
ee, M, ee,2My | ee, 240 GeV ee, 2my,, =
LHeC 0.06/ab 0.2/ab 0.72/ab
HE- 10/ab per experiment in 20y
LHC
FCC 20/ab per experiment in 25y
eh/hh
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Future of HEP

ECFA Higgs study group ‘19

Subject to large uncertainty
|) need a scientific consensus
2) political approval

0.5/ab 1.5/ab 1.0/ab 0.2/ab 3/ab
ILC 250 GeV 250 GeV 500 GeV 2Meop 500 GeV 2032
5.6/ab 16/ab . SppC
ab
CEPC 240 GeV M, | o, » 2030
1.0/ab 2.5/ab 5.0/ab => until +28
CLIC 380 GeV 1.5 TeV 3.0 TeV 2030
FCC 150/ab 10/ab 5/ab 1.7/ab hh 2037
ee, M, ee,2My | ee, 240 GeV ee, 2my,, =
LHeC 0.06/ab 0.2/ab 0.72/ab 2030
HE- 10/ab per experiment in 20y
LHC 2040
FCC 20/ab per experiment in 25y
eh/hh 2045
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What is the scale of New Physics!?
—

] B »
: small FCNC: gF, WHo!
: e
| NP
' 2
. tiny neutrino masses: (LH)
| My
. slow proton decay: UUDE
] M2
NP
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What is the scale of New Physics!?
—

: F. bHoM QM+SR basic rules
: small FCNC: 0 WMQ ? § are such that models with heavy scale
' AL cannot accommodate
tiny neutrino masses: (LH)* a light Higgs boson nor a small vacuum energy.
‘ Mnp Need to have additional structures/selection rules
: UUDE for it to happen
: slow proton decay:
: Mgp
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What is the scale of New Physics?

. small EDMs: argdetY < 1010
' (» axion?

small FCNC:

* tiny vacuum energy: A & Mo > (10_36\/)4

&7
light Higgs boson: ~ m% ~ MZp > (125GeV)’

: tiny neutrino masses:

. slow proton decay:

( light susy?

Christophe Grojean INFIERT-UAM, Auqust 202



What is the scale of New Physics?

. small EDMs: argdetY < 1010
' (» axion?

small FCNC:

* tiny vacuum energy: A & Mo > (10_36\/)4

&7
light Higgs boson: ~ m% ~ MZp > (125GeV)’

: tiny neutrino masses:

. slow proton decay:
( light susy?

Where is everyone?
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What is the scale of New Physics?

small EDMs: argdetY < 10710
: ( axion?

small FCNC:

* tiny vacuum energy: A = Myp > (10_36\/)4

Z G ?

. light Higgs boson: my ~ Mgp > (125GeV)2
( light susy? :

: tiny neutrino masses:

. slow proton decay:

Where is everyone?

even new physics at few hundreds of GeV might be difficult to see and could escape our detection

compressed spectra
P P #—susy

displaced vertices
Neutral naturalness

no MET, soft decay products, long decay chains (twin Higgs, folded susy)

uncoloured new physics Relaxion
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What is the scale of New Physics?

small EDMs: argdetY < 10710
: ( axion?

small FCNC:

* tiny vacuum energy: A & Mo > (10_36\/)4

&7
light Higgs boson: ~ m% ~ MZp > (125GeV)’

: tiny neutrino masses:

. slow proton decay:
( light susy?

Where is everyone?

even new physics at few hundreds of GeV might be difficult to see and could escape our detection

need for a versatile machine
capable to adjust to very different nhew physics scenario
(i) guaranteed deliverables
(ii) exploration potential

Christophe Grojean n INFIERT-UAM, Auqust 202




(i) Guaranteed Deliverables

— Exploration of the Higgs Sector —

Christophe Grojean n INFIERT-UAM, Auqust 202



M: Once-Now

EW known at 0.1%

TGC known at | %
Higes known at 10%

Many thanks to J. De Blas et al. (HEPfit)
LHC for the analysis of current data,
Correlation < 50%  esssmmmm Correlation > 50% and to A. Paul for plotting the results
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Higgs programme at Future Colliders

more energy + more luminosity = more Higgses

.il # of Higgses in 3 ab"! @ 100 TeV s N/ I0ab-!
“ gg—H | 740 pb 74G
100 TeV > 2 billion
VBF 82 pb 0.8 G o o
33 TeV > 500 million WH | lepb | l60M Statistical precision:

ZH Il pb 110 M - O(100 - 500) better w.r.t Run |

| 14TeV > 150 million ttH 38 pb 380 M - O(10 - 20) better w.r.t HL-LHC

gg—HH .4 pb 14 M
In comparison, O(million)j
- Higgs at Higgs factories | M. Mangano, HXSWG '15

® better measurements of Higgs properties: mass, width

® precision measurements of Higgs couplings

® access to rare decay modes

® access at rare production modes/kinematical distributions
® discovery of extended Higgs sectors

Christophe Grojean n INFIERT-UAM, Auqust 202


http://indico.cern.ch/event/350628/contribution/3/attachments/1128006/1611304/Mangano-HXSWG.pdf

H production @ FCC-hh

o(14 TeV) R(33) R(40) R(60) R(80) R(100)
ggH 50.4 pb 3.5 4.6 7.8 11.2 14.7
VBF 4.40 pb 3.8 5.2 9.3 13.6 18.6 relative importance of
production modes
ZH 0.90 pb 3.3 4.2 6.8 9.6 12,5 | VBFandttH
ttH 0.62 pb 7.3 11 24 41 61
HH 33.8 fb 6.1 8.8 18 29 42

:FCC-hh = H+X factory:

Higgs-diboson associated production Higgs-pair associated production
lip

10’ E HH production at pp colliders at NLO in QCD

5 | M=125 GeV, METW200E MLO pal [6R%:c]) H H
3 == P —— ——

[ HVV production at pp colliders at NLO in QCD

1000 b
100 fb

MadGraph 5 aMCENLO
HadGoaphnd  aMow HLO

—
F-'9
I
LE1]
L]
L
i
L=
-
L
—

]

e =
&n
2

V[ Ta] B 1314 i 33 S0

(Plots from P. Torrielli and MLM, CERN’14)
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https://indico.cern.ch/event/304759/contribution/35/material/slides/0.pdf

Higgs Programme at Future Colliders

Producing one Higgs is good. Producing H+X is better

@ 14 TeV Higgs multiplicty
>
Single h Double h Triple H
§ h  ~s50pbee hh  ~34mee hhh -~ 44 abes
§ h+j ~2poP7% hh+
g | b R e

- also roughly indicates possible initial states/related kinematics
- Jet multiplicity might be replaced with V=W,Z, top, etc...

(adapted from M. Son@Planck2014)
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http://indico.cern.ch/event/272860/session/12/contribution/178/material/slides/0.pdf

Higgs Programme at Future Colliders

Producing one Higgs is good. Producing H+X is better

@ 14 TeV Higgs multiplicty
>
Single h Double h Triple H
P ,, LH ?2012
2 h ~ 50 pb8e ) hh ~ 34 fb88 hhh -~ 44 apes
"\; h+J ~ 2 pb pt(j)>100 h h+J
& . .
Y h+JJ ~ 4.2 pb VBF hh+” ~ 2 fbVBF
™ v

- also roughly indicates possible initial states/related kinematics
- Jet multiplicity might be replaced with V=W,Z, top, etc...

(adapted from M. Son@Planck2014)
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Higgs Programme at Future Colliders

Producing one Higgs is good. Producing H+X is better

@ 14 TeV Higgs multiplicty

>

Single h Double h Triple H

> )
- e
é | ‘ " ~ 34 fb58 L
L; h+J ~ 2 pbPr()>100  h h+.|
S
.o VBF - )

Ej njj 42t hh+jj ~2b

v

LHCrun 11-111

- also roughly indicates possible initial states/related kinematics
- Jet multiplicity might be replaced with V=W,Z, top, etc...

(adapted from M. Son@Planck2014)
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Higgs Programme at Future Colliders

Producing one Higgs is good. Producing H+X is better

@ 14 TeV Higgs multiplicty

>

Single h Double h Triple H

hhh -~ 44abee

h+JJ ~ 4.2 pb L4218 N
LHC un 11-111

- also roughly indicates possible initial states/related kinematics
- Jet multiplicity might be replaced with V=W,Z, top, etc...

Jet multiplicty

<€

(adapted from M. Son@Planck2014)
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Higgs Programme at Future Colliders

Producing one Higgs is good. Producing H+X is better

@ 14 TeV Higgs multiplicty

>

Single h Double h Triple H

h+JJ ~ 4.2 pb L4218 n
LHC un 11-111

- also roughly indicates possible initial states/related kinematics
- Jet multiplicity might be replaced with V=W,Z, top, etc...

Jet multiplicty

<€

(adapted from M. Son@Planck2014)
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http://indico.cern.ch/event/272860/session/12/contribution/178/material/slides/0.pdf

Rare Higgs production/decay

two important handles to access rare/exotic channels

: FCC-hh = !

:probe extreme kinematic regimes:

1010 R

I I I | I I I I I I I I

| _
N=0(Pra>Prmin) X 20 ab

Light dots: 10° events/H final state (l=e,u)
AR |

o000 1000
pT,min (GeV)

Lesson: Hierarchy of production channels
changes at large pt(H):

® (o(ttH) > o(gg—H) above 800 GeV
® o(VBF) > o(gg—H) above 1800 GeV

CAhAristophe érq/‘ean

:FCC-hh = H+X factory:

¥
Process onLo(8 TeV) [fb] onLo(100 TeV) [fb] P
: 1 +2% +2% 3 +3% +1%
— 3% +2% 5% +2%
pp — HWTW™ (4FS) | 4.62-10° 752 *22 | 1.68-10* 70 712 | 36
+ 0 +4% +2% 1 +6% +2%
pp — HZW 2.17-10 L 4% 20 9.94-10 Cr J1% 46
+ 0 +3% +2% 1 +7% +2%
p — HW*y 2.36- 100 3% 2% | 7.75. 101 T7E T2 | 33
0 +3% +2% 1 +5% +2%
0 +2% +2% 1 +4% +2%
wp — HZZ 1.10- 100 2% F2% 14 90 101 T 2% 1 38
e.g.
g h — 2a — 4b
h = ZpZp — 4] or even h = jets
Br sensitivity for | Br sensitivity for
E lumi Nhiggs Nhiggs very very
(Tev) (/fb) (all) (clean) | conspicuous difficult
decays decays
LHC run | 7,8 25 500k 0 10 O(l) or worse
LHC run 2 14 300 10 million 0 10> O(0.1) - O(I)
HL-LHC 14 3000 100 million 10-¢ 4
ILC 0.25-1| 7000 I million 40k 104 - 107 10-2
TLEP 0.25ish | 10000 3 million 300k 10~ 103
100 TeV 100 3000 few billion 0 107 - 108 102 222
“ INFIERT-UAM, Auqust 202



Why going beyond inclusive Higgs processes?

So far the LHC has mostly produced Higgses on-shell
in processes with a characteristic scale 1 = mH
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Why going beyond inclusive Higgs processes?

So far the LHC has mostly produced Higgses on-shell
in processes with a characteristic scale 1 = mH

w L L | I B | I B | o I | I B (N _I T 1 | T T 1 | T T 1 | T T 1 | T T 1 1 T 11 ||||_
“  2F ATLAS and CMS ' 4 " 1.6~ ATLAS and CMS -
- LHC Run 1 - " LHC Run 1 -
1.5 Preliminary - - L .
C [JHo vy C . 1.4 Preliminary -
1= [(H->2zz N - - -
- [ JH->WW . 1_2‘_ N
0.9 [TH-bb . - )
- [JH-> s B l
O:_ [] Combined e N B
0o @ o ER Y -
" L :
150 - 0.6 [ ATLAS g
- xSM  —68%CL ] | *SM  —68%CL [ ]cMms Z
—2F + Best fit ---95% CL ¥ - 0.4 + Bestfit --95% CL [CJATLAS+CMS
B | | | | | | | | | | | | | | | | | | ] ] ] | ] | I | I I | I I | L1 1 1 | I I | I I | L1 1 1
0 0.5 1 1.5 2 0.7 08 0.9 1 1.1 1.2 1.3 1.4
K, Ky
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Why going beyond inclusive Higgs processes?

So far the LHC has mostly produced Higgses on-shell
in processes with a characteristic scale 1 = mH

N Y

access to Higgs couplings @ mH

Producing a Higgs with boosted additional particle(s)
probe the Higgs couplings @ large energy

(|mportant to check that the Higgs boson ensures perturbative unltarlty)

Examples of interesting channels to explore further:

|. off-shell gg = h* = ZZ — 4
2. boosted Higgs: Higgs+ high-pr jet
3. double Higgs production

Christophe Grojean INFIERT-UAM, Auqust 202



Boosted Higgs

Grojean, Salvioni, Schlaffer, Weiler ‘13

Vs [TeV] | pp™ [GeV] | o5 [fb] | 0 ¢ |99, a9 [%]
q g g g 100 | 2200 | 0.016 | 0.023 67, 31
~~~~~~~ 150 830 | 0.069 | 0.13 66, 32

¢ N h g - h
200 350 | 0.20 | 0.31 65, 34
0 min (K, Kg) 250 160 | 0.39 | 0.56 63,36

b N9 2 5 2
o = (K¢ + kg)” + 0 Ky kg + €K 300 75| 0.61| 089 61,38
O pmin 350 38| 086 13| 58,41
400 20| 11| 1.8 56, 43
large pT, small rates 14 450 11| 14| 23 54, 45
need to focus on dominant decay modes 500 63D 17| 29 52, 47
550 | 7\ 37| 20| 3.6 50, 49
7 Q 600 22| 23| 44 48,51
h — bb,WW, T o
+ q)& 650 14| 26| 5.2 46,53
9
< olated “ditaucicts” & 700 0.87| 30| 6.2 45,54
~ hon-isolate 'tau-jets q}\\(\ 750 )0.56 33| 72| 43,56
(separation between the 2 tau’s: AR ~ 2my,/pr < 0.5) 20| =037 37| 14 42,57
500 970 ) 1.8 3.1 72,28
100 '

2000 1.0 14| 78 56, 43

€0t = BR(h — 77) Z BR(rT — )¢ | ~ 2 x 1072

L=T¢T¢, T¢Th,ThTh

FCC-hh is the machine
to decipher the gg—h process

Christophe Grojean INFIERT-UAM, Auqust 202


http://arXiv.org/abs/13012.3317
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0.8

1.2

1.4

Are the NLOn QCD corrections (not known) going to destroy all the sensitivity?
Frontier priority: N3LOw for inclusive xs & NLOn, for pT spectrum?

high pr tail discriminates
short and long distance physics contribution to gg => h

Vs =14 Te\/',/dt[, — 3ab™ Y, pr > 650 GeV

(partonic analysis in the boosted “ditau-jets” channel)

see Schlaffer et al ’14 for a more complete analysis
including WW channel

10-20% precision on K

\[? \[?

vV vV

competitive/complementary to htt channel
for the measure the top-Higgs coupling

INFIERT-UAM, Auqust 202


http://arXiv.org/abs/13012.3317
http://arxiv.org/abs/arXiv:1405.4295
http://arXiv.org/abs/1309.5273
http://arXiv.org/abs/1309.5273

Boosted Higgstjet
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Azatov, Grojean, Paul, Salvioni’16

INFIERT-UAM, August 202

CAhAristophe ér?/‘ean
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Light stop searches from Higgs+jet

Natural susy calls for light stop(s)

One good example where large statistics opens up new search strategy

Christophe Grojean INFIERT-UAM, Auqust 202



Light stop searches from Higgs+jet

Natural susy calls for light stop(s) that can affect the Higgs physics

I'(h < gg) 5 I'(h — ) N , m? ( 1 1 X2>
1+ A = (1 — 0.28A JAWIPS —
['(h <> gg)sm LA L(h = y7)sm ( ) with 2 4 \mj ’ mg, mg

One good example where large statistics opens up new search strategy
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Light stop searches from Higgs+jet

Natural susy calls for light stop(s) that can affect the Higgs physics

I'(h < gg) 5 I'(h — ) N m? [ 1 1 X7
1+ A = (1 — 0.28A i AW — L
I'(h < gg)sm L+ A7 ['(h = vy)sm ( 2 with & 4 (mfl i m? m%)

...or not if A=0 = light stop window in the MSSM
(stop right ~200-400GeV ~ neutralino w/ gluino < 1.5TeV)

There are various arguments that favour this light stop region

+ flavor constraints (€, B—Xs+Y)
4+ RG evolution

+ DM
Delgado et al 12

One good example where large statistics opens up new search strategy
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http://arxiv.org/abs/1212.6847

Light stop searches from Higgs+jet

Natural susy calls for light stop(s) that can affect the Higgs physics

I'(h < gg) 5 I'(h — ) N , m? ( 1 1 X2>
1+ A = (1 — 0.28A JAWIPS —
['(h <> gg)sm LA L(h = y7)sm ( ) with 2 4 \mj ’ mg, mg

...or not if A=0 = light stop window in the MSSM
(stop right ~200-400GeV ~ neutralino w/ gluino < 1.5TeV)

Inclusive Higgs measurements cannot rule out light stop

There are various arguments that favour this light stop region

+ flavor constraints (€, B—Xs+Y)
4+ RG evolution

+ DM
Delgado et al 12

One good example where large statistics opens up new search strategy
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http://arxiv.org/abs/1212.6847

Light stop searches from Higgs+jet

Natural susy calls for light stop(s) that can affect the Higgs physics

I'(h < g9) > I'(h = v) > mp (1 1 X7
1+ A ) = (1 —-0.28A ith A= t( ™ - t)
['(h < g9)sm ( % L'(h = v7)sm ( % v 4 mg o omg o mg
...or not if A=0 = light stop window in the MSSM
(stop right ~200-400GeV ~ neutralino w/ gluino < 1.5TeV)
CMS 359107 (18 TeV) _ . Inclusive Higgs measurements cannot rule out light stop

©
S
S
|
—
o

> .

8 pp = TELT—t% NLO+NLL exclusion

= 700[ =Observed = 10y,

éx === EXpeCted + 1 0experiment = 10
600 ]

There are various arguments that favour this light stop region

+ flavor constraints (€, B—Xs+Y)
4+ RG evolution
+ DM

Delgado et al 12

95% C.L. upper limit on cross section [pb]

Difficult direct searches (trigger on stoptextra jet)

/Oﬁ‘?ﬁ 200 600 800 ioloé' 200 107
t
redacted? . m. [GeV]
(stealth stop) f--momeee
N,

One good example where large statistics opens up new search strategy
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Light stop searches from Higgs+jet

Natural susy calls for light stop(s) that can affect the Higgs physics

I'(h < gg) 5 I'(h — ) N , m? ( 1 1 X2>
1+ A = (1 — 0.28A JAWIPS —
['(h <> gg)sm LA L(h = y7)sm ( ) with 2 4 \mj ’ mg, mg

...or not if A=0 = light stop window in the MSSM
(stop right ~200-400GeV ~ neutralino w/ gluino < 1.5TeV)

Inclusive Higgs measurements cannot rule out light stop

but O(10%) sensitivity on boosted h+;

! can close up the light stop window
14 ;
130 ]
. T T — PLimtl=395, m2=2412, At=2420, At=0.002
S il 1 — P2:mtl=192, m2=1224, At=1220, At=0.01 ,
£ ’ Light stop benchmark
: == P4: mt1=226, mt2=484, At=532, At=0.015 but predicts different tail in pr
Lop W distribution
0.97 \\\\\\\\\\\\\\\\\\\\\\\\\\\
100 200 300 400 500
Pr™[GeV]

Grojean, Salvioni, Schlaffer, Weiler ‘13

One good example where large statistics opens up new search strategy
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http://arXiv.org/abs/13012.3317

Light stop searches from Higgs+jet

Natural susy calls for light stop(s) that can affect the Higgs physics

I'(h < gg) 5 I'(h — ) N , m? ( 1 1 X2>
1+ A = (1 — 0.28A JAWIPS —
['(h <> gg)sm LA L(h = y7)sm ( ) with 2 4 \mj ’ mg, mg

...or not if A=0 = light stop window in the MSSM
(stop right ~200-400GeV ~ neutralino w/ gluino < 1.5TeV)

Inclusive Higgs measurements cannot rule out light stop

but O(10%) sensitivity on boosted h+;

! can close up the light stop window
14 ;
130 ]
. T T — PLimtl=395, m2=2412, At=2420, At=0.002
S il 1 — P2:mtl=192, m2=1224, At=1220, At=0.01 ,
£ ’ Light stop benchmark
: == P4: mt1=226, mt2=484, At=532, At=0.015 but predicts different tail in pr
Lop W distribution
0.97 \\\\\\\\\\\\\\\\\\\\\\\\\\\
100 200 300 400 500
Pr™[GeV]

Grojean, Salvioni, Schlaffer, Weiler ‘13 LOW rate < Iarge Ium|n05|ty needed

One good example where large statistics opens up new search strategy
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http://arXiv.org/abs/13012.3317

The missing beast: Higgs self-coupling
The Higgs self-coupling plays important roles

) is tight to the Hierarchy problem, i.e. stress-test basic principles of QFT/EFT

2) dictates the dynamics of EWV phase transition and potentially conditions the
generation of a matter-antimatter asymmetry via EW baryogenesis
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The missing beast: Higgs self-coupling
The Higgs self-coupling plays important roles

) is tight to the Hierarchy problem, i.e. stress-test basic principles of QFT/EFT

2) dictates the dynamics of EWV phase transition and potentially conditions the
generation of a matter-antimatter asymmetry via EW baryogenesis

Does it need to be measured with high accuracy?

difficult to design new physics scenarios that dominantly affect the Higgs self-couplings
and leave the other Higgs coupling deviations undetectable

9 7O000000000) — T -~~~ IO h,

t 7/
t | |t _ t _h__(/ O(pp — hh) N 10_3
o(pp — h)
g OO00000000 - (e y A
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The missing beast: Higgs self-coupling
The Higgs self-coupling plays important roles

) is tight to the Hierarchy problem, i.e. stress-test basic principles of QFT/EFT

2) dictates the dynamics of EWV phase transition and potentially conditions the
generation of a matter-antimatter asymmetry via EW baryogenesis

Does it need to be measured with high accuracy?

difficult to design new physics scenarios that dominantly affect the Higgs self-couplings
and leave the other Higgs coupling deviations undetectable

Under the assumption of heavy/decoupling new physics (i.e. analytic EFT Lagrangian)

deviation of Higgs cubic self-coupling can be a priori large

Perturbativity: k3 = Jhhh 4 < 600& where § is the typical deviation in single Higgs couplings

= SM
Ynhn
Stability of EW vacuum: K3 < 70§
O(1) sensitivity in Higgs self-coupling is competitive to 5% sensitivity in single Higgs couplings
Relevant for particular models, e.g. Higgs DM-portal models, not for composite/susy

DiVita et al,: 1704.01953 Falkowski, Rattazzi: 1902.05936
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https://arxiv.org/abs/1704.01953
http://arxiv.org/abs/arXiv:1902.05936

HH@FCC-hh

10*

Gluon Fusion (GF)

___h g //h 10°
Ly t - <’
g ---h g ~h

HH production at pp colliders at NLO in QCD
M,;=125 GeV, MSTW2008 NLO pdf (68%cl)

!
A

Y

Vector Boson Fusion (VBF) tthh associated production g
102 | — §
10° 8 1I31I4 215 3IS 5I0 7I5 100
Vs[TeV]
increase of xs by O(40)

process precision on ogys | 68% CL interval on Higgs self-couplings

HH — bbyy 3% A3 € [0.97,1.03]

HH — bbbb 5% A3 € (0.9, 1.5]

HH — bb4l O(25%) Az € [0.6,1.4]

HH — bblt e~ O(15%) A3 € [0.8,1.2]

HH — bbbl — —

HHH — bbbbyy O(100%) M\ € [—4,+16]
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HH@FCC-hh: probe of HE couplings
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Azatov, Contino, Panico, Son ’15
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http://arxiv.org/abs/arXiv:1502.00539

HH@FCC-hh: probe of HE couplings

10; - al
I o
50 . j
L 4j
63 : Co o
0 i j
I O
I ol
-5 | :
I i
I 03 -02 -01 00 o1 02 03
-0 v v _
~1.0 ~05 0.0 0.5 1.0 Cu L
Co; h T —
Azatov, Contino, Panico, Son 15
see also Goertz, Papaefstathiou, Yang, Zurita ’14
{ Remarks:

e statistically limited @ HL-LHC, not at FCC-hh
=> access to distribution (mnp)
=> discriminating power €3 vs. C2; VS Cg

C%/h&i‘ophe Grejean n INFIER. I—MZM, Aegust 202


http://arxiv.org/abs/arXiv:1410.3471
http://arxiv.org/abs/arXiv:1502.00539

Higgs Self-Coupling

Higgs@FC WG November 2019

HL-LHC

HE-LHC

FCC'ee/ eh/ hh ARHRRRRARARARRRRRNEEN

ALHRARARERRRRRRRRRRRN

under HH threshold

FCC-ee

ARERRRRRRRRRRNRRNN
ARARARRRRRRRRRRAARN

di-Higgs  single-Higgs

AN/

ILC
under HH threshold
CEPC
cLIC
0 10

CAhAristophe él‘o‘jean

20 30 40 50
68% CL bounds on k, [%]

HL-LHC HL-LHC
..... 50%. ..o B0% (47%), .
HE-LHC HE-LHC
..... 1.0..29].(..............50/..(40../.).....
. FCC-eeleh/hh FCC eeleh/hh
25/ (18%)
LE-FCC LE FCC
15% n.a.
FCC-eh3500 FCC-ehSEO0
17424%

33% (19%)
FCC-ee

240

21 369 (25%)
ILC,,, N\ ILC,,,

27% 38% (27%)
ILC,,
............................ 49%.(29%)....
CEPC
............................ 49% (17%).....
CLIC, 4, n CLIC, 4,
-7%+11% 49% (35 /o)
CI_IC1500 CLIC1500
36% 49% (41%)
CLIC,,,
50% (46%)

All future colliders combined with HL-LHC

ECFA Higgs study group ‘19

Don’t need to reach HH threshold
to have access to h3.
Z-pole run is very important
if the HH threshold cannot be reached

The determination of h3 at FCC-hh
relies on HH channel,
for which FCC-ee is of little direct help.
But the extraction of h3
requires precise knowledge of y:.
% y. <> 5% h3
Precision measurement of y; needs ee

50% sensitivity: establish that h3z0 at 95%CL
20% sensitivity: 50 discovery of the SM h3 coupling
5% sensitivity: getting sensitive to quantum corrections to Higgs potential
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Higgs Fit (Future Collider Alone)

ECFA Higgs study group ‘19
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assumption needed for the fit to
close at hadron machines
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https://arxiv.org/abs/1905.03764

Higgs Fit (HL-LHC+Future Collider)

ECFA Higgs study group ‘19
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CAhAristophe érok/.edn

Kappa-3, May 2019

— Important synergy
— HL-LHC — low energy lepton colliders
OT : @Top/Charm Yukawa

@. Statistically limited channels: Yy, mumu, Zy
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https://arxiv.org/abs/1905.03764

Synergy ee(Mz)-ee(Mn)

interplay of runs at different energies change the correlation pattern

ev ev
693t 693t
9z.r 69l 693 9z.r 69y o9y
ogff / 6gff
695{1R \ 5 gzg éggflR -~

~ gy’
695%, OKy S /’ ~695° OKy J/
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. '\\ / £
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sgu ZL S, T ZL \
; ' \ 1
™~ uu I 6gzy ‘qu 6gzy
697, R H 69z, R\‘ H
dd dd
697°% 697'r
’ Az . ‘ Az
w/o Z-pole run aT GO w/ Z-pole run

minimising correlations essential to lift flat directions in coupling fit
e.g. Higgs coupling sensitivity improves by 50% with new Z pole data
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https://arxiv.org/abs/1907.04311

Synergy ee-hh-eh

Brip (< %, 95% C.L.) Br,y (< %, 95% C.L.) : .
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CLIC}500+CLICsg HL-LHC (&v| < 1) nothin g about BRyn¢

00 06 1.2 1.8 2.4 3.0 0 1 2 3 4 All future colliders combined with HL-LHC

FCC-ee needed for absolute normalisation of Higgs couplings

K (%) FCC-hh is determining top Yukawa through ratio tth/ttZ
i . .
— So extraction of top Yukawa relies on the knowledge of ttZ from FCC-ee
o - [ with_FCCee
_ _ ttH 1 iwo_FCCee
= o (HEH) [pb] o (t17)[pb] % e
001530 436075 13 TeV | 047555 (g S0ty 07850 S0 06067560y o S0 2 0
Manganos 15 100 TeV | 33970000 a0 579 5 hh0 sy 058505000 0 Tiry <
uncertainty drops in ratio .
éghtt/gfsbi\f
o[- EVIEFoCee
[ e fOCes Plots by J. de Blas, ‘19
3 Subsequently, the |% sensitivity on tth is essential 25
to determine h3 at O(5%) at FCC-hh R
So.f @ W
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https://arxiv.org/abs/1507.08169
https://indico.cern.ch/event/789349/contributions/3298726/attachments/1806157/2947778/Global_EFT_fits_FCC.pdf

Synergy High-pT - Higgs Threshold

The global Higgs fit focused on inclusive measurements
They don't do justice to richness of kinematical distributions accessible
at high-energy hadronic machines

¢+
H= ( h+ig° )
modified Top-Yukawa ky <= |H]?QHtpg
Riva @ Higgs P
2020

|H|? = % (v* H 2hv + h* + 20797 + (6°)°)

Often the energy growth is cancelled in too inclusive observables.
Need to resurrect the interference by looking at angular and energy distributions

What are the measurements to perform at HL-LHC to be fully exploited
later at HZ factory?
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https://indico.cern.ch/event/900384/contributions/3998906/attachments/2133231/3592647/H2020_Riva.pdf

(i1) Exploration potential

— New Physics —

e.g. susy searches, vector resonances, extended Higgs sectors, searches for new interactions

Christophe Grojean INFIERT-UAM, Auqust 202



The power of PDF

Direct exploration of an unexplored energy territory

Salam & Weiler “cern.ch/collider-reach” ’14
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http://collider-reach.web.cern.ch/collider-reach/

The power of PDF

Mass Reach compared to HL-LHC 3 ab™
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http://collider-reach.web.cern.ch/collider-reach/
http://indico.cern.ch/event/438866/timetable/%23all.detailed

l. Probing natural SUSY

2 2
t i \; t dimiy ~ ‘%%mﬁlumo (log mgimo) light stops, light gluinos!
N well tested @ LHC
fimm--= oo h but most questionable predictions
PR (RG effects)
\I : \l Smay ~ —iyfmgto log A
\ / 82 b Mstop
h=-=-=-3=»%-——- ]
light Higgsinos!
N . P amd } very low sensitivity @ LHC |
? ILC needed to probe the other side
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l. Probing natural SUSY

CL Discovery CL, Exclusion

_ 10
L — — Boosted To — ]
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2 | Coyssig = 20% e = e =20% : ©
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Fig. 12: Left: Discovery potential and Right: Projected exclusion limits for 3000 fb™! of total integrated lumi-
nosity at v/s = 100 TeV. The solid lines show the expected discovery or exclusion obtained from the boosted top
(black) and compressed spectra (blue) searches. In the boosted regime we use the Fir cut that gives the strongest
exclusion for each point in the plane. The dotted lines in the left panel show the +10 uncertainty band around the
expected exclusion.
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l. Probing natural SUSY

s 1~ 1 = C L L B A BN
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Fig. 16: Results for the gluino-squark-neutralino model. The neutralino mass is taken to be 1 GeV. The left [right]
panel shows the 5o discovery reach [95% CL exclusion] for the four collider scenarios studied here. A 20%
systematic uncertainty is assumed and pile-up is not included.
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Fig. 12: Left: Discovery potential and Right: Projected exclusion limits for 3000 fb™! of total integrated lumi-

nosity at v/s = 100 TeV. The solid lines show the expected discovery or exclusion obtained from the boosted top

(black) and compressed spectra (blue) searches. In the boosted regime we use the Fir cut that gives the strongest

exclusion for each point in the plane. The dotted lines in the left panel show the +10 uncertainty band around the

expected exclusion.
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l. Natural SUSY: beyond standard searches

Searching for light stop from heavy stop decay
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1l. Vector resonances

Precision /indirect searches (high lumi.) vs. direct searches (high energy)

NP SM

typical mass scale EW scale v=246GeVv
M=g-t 9.9, Y1

2 /g

9.79
LH& Projlectionl .3I00 fbl'1 I3000Ifb'1 . . . L 5 g U2
O Precision Higgs study:{ = PR

WZ resonance

Which one is doing best?

vector-like quark _ it depends on value Of g+

Mass (TeV)

LHC direct search

O Direct searches for resonances:» =~ 9«
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1l. Vector resonances

Precision /indirect searches (high lumi.) vs. direct searches (high energy)

l.}

Mass reach: 0.5
a deviation in Higgs Hioos counlin SO-Z I
couplings also teaches us on &8 pung 0.1 |
the maximum mass scale to O ]
search for! 0.05 ]
e.g. 10% deviation => '3 | |

my < |0TeV i.e. resonance
within the reach of FCC-hh

0.02

0.01;

0.005|

' 0.002
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Rattazzi, BSM@100TeV, CERN '14 .
direct searches
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https://indico.cern.ch/event/284800/session/2/contribution/9/material/slides/0.pdf

1l. Vector resonances

Precision /indirect searches (high lumi.) vs. direct searches (high energy)

1.: ]
Mass reach: 05
a deviation in Higgs Hicos counlin SO'Z |
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direct searches
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https://indico.cern.ch/event/284800/session/2/contribution/9/material/slides/0.pdf

1l. Vector resonances

Precision /indirect searches (high lumi.) vs. direct searches (high energy)

1.: ]

Mass reach: 0.3 |
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direct searches

Christophe Grojean INFIERT-UAM, August 202


https://indico.cern.ch/event/284800/session/2/contribution/9/material/slides/0.pdf

1l. Vector resonances

Precision /indirect searches (high lumi.) vs. direct searches (high energy)

DY production xs of resonances decreases as |/g2
Torre, Thamm, Wulzer ’15 P 8p

/\

enhanced by large
couplings from the
composite sector

suppressed by large couplings from the
composite sector

di-lepton searches — ¢ di-boson searches

Collider Energy Luminosity ¢ [1o]
LHC 14 TeV 300fb " 6.6 —11.4 x 102
LHC 14 TeV 3ab~ ! 4—10 x 1072
—
ILC 250 GeV | 250 flo_1 L8378 %103
+ 500GeV | 500fb
CLIC 350 GeV | 500fb~ "
1+ 14TeV | 1.5ab"" 2.2 x107?
+3.0TeV | 2ab™! Recasts of CMS run-1 W’, Z’ searches
TLEP 240 GeV 10ab~ ! 5 % 10-3 CMS-PAS-EXO-12-061
+350GeV | 2.6ab~t 8 arXiv:1407.3476

Christophe Grojean INFIERT-LUAM, 41/13/,(5# 202


http://arxiv.org/abs/1502.01701

1l. Vector resonances

Precision /indirect searches (high lumi.) vs. direct searches (high energy)

DY production xs of resonances decreases as |/g2
Torre, Thamm, Wulzer ’15 P 8p

» complementarity:
> direct searches win at small couplings
> indirect searches probe new territory at
large coupling

e.g.

- indirect searches at LHC over-perform direct searches
for g > 4.5

- indirect searches at ILC over-perform direct searches
at HL-LHC for g > 2

Recasts of CMS run-1 W’, Z’ searches
CMS-PAS-EXO-12-061
arXiv:1407.3476

di-lepton searches — ¢ di-boson searches
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1l. Vector resonances

Precision /indirect searches (high lumi.) vs. direct searches (high energy)

DY production xs of resonances decreases as |/gp?

Torre, Thamm, Wulzer '15
Collider Energy Luminosity ¢ [1o]
LHC 14 TeV 300 bt 6.6 — 11.4 x 102
LHC 14 TeV 3ab " 4—10 x 1072
—1
IL.C 250GeV | 250 ﬂo_1 4878 %103
+ 500GeV | 500fb
CLIC 350GeV | 500fb~ !
+ 1.4 TeV 1.5ab~ ! 2.2 x1073
+ 3.0TeV 2ab~ !
—1
TLEP 240GeV | 10ab - 55103
+350GeV | 2.6ab

» complementarity:
> direct searches win at small couplings
> indirect searches probe new territory at
large coupling

di-lepton searches — ¢ di-boson searches
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1. Fermionic top partners
(aka vector-like quarks)

B ¢+ e?s is not a background [except for charge mis-ID and fake e]

Search in 2SI dllepton events B the resonant (Z4/) invariant mass can be reconstructed

Pa//‘ /ﬁl‘oo/acZ‘/on [ Tv

(mode/ independent)

I B e e
S ! ! f f f f 3 f
e [mowTe]
— q F . . . . : ' : :
q
q q
\ Wi/ Wy,
) \'\: /\I > T5/3/B
t
g 7 an /e J dac Z(/‘OI‘) 600 800 1000 1200 1400 1600 1800 2000
3 p M [GeV]
(rrode/ dependent) [Contino, Servant '08]
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1. Fermionic top partners
(aka vector-like quarks)

B ¢+ e?s is not a background [except for charge mis-ID and fake e]

Search in Sl =- N dllepton events B the resonant (Z4/) invariant mass can be reconstructed

/pCZ/‘I‘ pl‘oalacz(/‘on l+ v

(mode/ independent)

Moriond’| 7 bound: | 160 GeV

Right Handed X_, CMS Preliminary, 35.9 fb™ (13 TeV)
I E L | L | L | L | L | L | L | L it
o - -
I B —e— 95% CL observed ~  ----- 95% CL expected |
'8_ 1 __ = 1 s.d expected + 2 s.d expected __
_q ’?\) g X, Signal Cross Section E
4 <o | i
o - |
><L0 107 =
q q/ \6 — E
o Wi/ Wi :
) \I\: /\’ > T5/3/B 10—2 E_ """""""""""""""" -_é
t - &
g 7 ‘ ‘ i
S/ ng/e ﬁroc{acz, On | 1 1 1 1 | 1 11 1 | 1 11 1 | 1 11 1 | 1 11 1 | 1 1 1 1 | 1 1 1 1 | 1 11 1 |
(rode! dependent) 700 800 900 1000 1100 1200 1300 1400 1500
X, mass [GeV]
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b/

W/Z

Moriond’| 7 update
bounds above | TeV!

CAhAristophe érok/.edn

Fermionic top partners
(aka vector-like quarks)

® Z‘-’ + 4b ﬁnal state Aguilar-Saavedra 09

TT — HtW b — HW bW ™
TT — HtVEi— HW b VW™

b
b

H —bb, WW — fuqq ,
H — b, WW — lvqq,V — qf/vi

® {+ + 6b final state Asuilar-saavedra 09
TT — HtHt — HW b HW b

® v final state
thbW /thtZ [thth, h — v

® £ + 4b final state  vignaron e
pp— (B = (h = bb)b)t+ X

BR(T — Ht)

1505.04306

JHEP11(2014)104

Ht+X,Wb+X comb.
arXiv:1505.04306

ATLAS
’ Vs =8TeV, 20.3fo" Summary results:
. Same-Sign dil.
arXiv:1504.04605
0.7 Zb/t + X

0 010203040506 0.7 08 09 1
BR(T — Wb)

950
900
850
800
750
700
650
600

" 1550

500

(*) Not a combination. Only most restrictive

individual bounds shown.

Azatovetal’ld

Observed 95% CL mass limit [GeV]

H — b, WW — bvqq

1509.04177
19.7 fb™ (8 TeV)
T(bW)
1

CMS

Observed 95% CL T quark mass limit (GeV)

T(t2)

T(tH)

Combined limits
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1V. Searches for extended Higgs sectors

Extended Higgs sectors are a prediction of many BSM scenarios.
They may play a role in the following open questions:

Modified scalar potential can lead

- (EW) Baryogenesis >

- Identity of Dark Matter

Scalar DM with TeV mass
- Smallness of the neutrino masses

Scalar mediators in hidden-sector
DM coupled to Higgs portal - Naturalness of the EW scale \

to a 1st order EW phase transition

j Type-ll see-saw through extra scalars

Extended scalar sectors follows in natural theories:

i) SUSY
ii) Neutral Naturalness

==~ A 100TeV pp collider offers the unique opportunity to discover EW-charged
or SM-singlet scalars with a few TeV mass

Contino FCC@Rome ’16

just one example

for illustration:
charged Higgs 95%CL exclusion

J. Hajeretal ’15

CAhAristophe ér?/‘ean

tan &

50. ¢
40.f

30.¢

20t

10. ¢

. 5. 10, 20.
my+ [TeV]
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http://indico.cern.ch/event/438866/timetable/%23all.detailed
http://arxiv.org/abs/1504.07617

V. Particle or not Particle?

 Nima: “If you do particle physics with the goal of
discovering a new particle, better you think what to do with
your life now.” (in the context of “direct discovery” vs
“indirect/precision physics” at future colliders) LHCP 2017
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discovering a new particle, better you think what to do with
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“indirect/precision physics” at future colliders) LHCP 2017

New physics doesn’t necessarily mean new particle,
it could also mean new dynamics.
And it could reveal through precision measurements
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V. Particle or not Particle?

 Nima: “If you do particle physics with the goal of
discovering a new particle, better you think what to do with
your life now.” (in the context of “direct discovery” vs
“Indirect/precision physics” at future colliders) LHCP 9017

New physics doesn’t necessarily mean new particle,
it could also mean new dynamics.
And it could reveal through precision measurements

g« weak g« strong
resonances before interactions: interactions before resonances
energy helps accuracy Farina et al ’16

— o E° 0 precision of 0.1% @ 100GeV = precision of 10% @ |TeV
same sensitivity to new physics

at high energy, you can be sensitive without having to be precise
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V. Particle or not Particle?

q [~
Z,7

q [+

e.g. measurement of p* EW oblique parameters

LEP LHC 13 FCC 100 | ILC | TLEP | CEPC | ILC 500 | CLIC 1 | CLIC 3
luminosity | 2 x 107 Z | 0.3/ab | 10/ab 107 | 1027 | 10107 3/ab 1/ab 1/ab
W x10% | [-19,3] | 0.7 +0.02 | +4.2 | +12 | +36 || +0.3 +0.5 | +0.15
Y x10% —17,4] | +2.3 +0.06 | +1.8 | +1.5 | +31 || +02 J|\~+05 | ~+0.15
energy helps accuracy Farina et al ’16
A0 ~ 2 0 precision of 0.1% @ 100GeV = precision of 10% @ |TeV
O same sensitivity to new physics

at high energy, you can be sensitive without having to be precise

CAhAristophe érq/‘ean
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V. New force: Composite Higgs

Assuming composite Higgs, elementary gauge bos.:

1 1
£BSM — g E[Q*H ngwa ]
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V. New force: Composite Higgs

Assuming composite Higgs, elementary gauge bos.:

I 1

[£4=6 _
BSM 2 9
m* g*

E[Q*Ha ngua a,u]

S-parameter

Juy’ o puv
- H o HW, B iy § = =

T

<1074

: [De Blas et. al.] (LEP: 10~

W

g
T m T

m, [TeV]

CAhAristophe él‘o‘jean

Grojean-Wulzer @ FCC physics week 17
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V. New force: Composite Higgs

Assuming composite Higgs, elementary gauge bos.:

I 1 ~
mz gz E[Q*H7 ng/JJaM]

£BSM —

S-parameter : [De Blas et. al.] (LEP: 1077 _
gwg a DUV - i
o, HW,, B ) - _ He

Higgs Couplings 1 [ee Report] (HL-LHC: 5%) |
2.9 3
g O, |HP?0" H* wl Sy, = g;’; <310% & |8

2
T *

Grojean-Wulzer @ FCC physics week 17
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V. New force: Composite Higgs

Assuming composite Higgs, elementary gauge bos.:

I 1 ~
mz gz E[Q*H7 nguaa/L]

£BSM —

S-parameter @ee: [De Blas et. al.] (LEP: 10~°)

gwg B
aaHW“ BHY » S = <1074
m2 m2 - Hc@ee

Higgs Couplings @ee: [ee Report] (HL-LHC: 5%) |

3_
& 7Ol H 0" H i sy o = 2 5  |S@eé
W @hh: (energy + accuracy) HL-LHC<10~%)
2
(D.W,,)> Wy W = D 105 11 We@hh

g*m?

g*m2

Grojean-Wulzer @ FCC physics week 17
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V. New force: Composite Top

Composite tR, comp. Higgs, elementary tL and gauge
1 1

[’[g*tRa ytqr, g*H ng,ua 0 ]
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V. New force: Composite Top

Composite tR, comp. Higgs, elementary tL and gauge

1 1
£BSM - 75 E[Q*tR,Z/tQL,Q*H ngM,c? ]
m g*
: 0f———T———— T
ttH coupling @hh/ee: R HL-LHC:10%
R ) ttH@hh/ee
ytg ‘H‘Z LHtR » Yt g:n2 <210—2
lef oper.s comb. |n ee and hh!!
*x 3_
(o))
1
5 10 15 20
m, [TeV]

Grojean-Wulzer @ FCC physics week 17
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V. New force: Composite Top

Composite tR, comp. Higgs, elementary tL and gauge

_ I 1
Lngle\i/[ — 9 L[g*tRathLag*H ng,uva ]

ttH@hh/ee

ttH coupling @hh/ee: [Reports] (HL-LHC:10%) 1

Y1 g2 5y _ gev’ _
*|H|7, Htp o <2107

lef oper.s comb. |n ee and hh!!

ttv coupling @ee/hh: [Janot / Farina et.al.]

g* T 5gtV g* —2 *
H D HtR’yMtR » < 10 (o))
grv

Same hh reach from en. + acc.?

m, [TeV]

Grojean-Wulzer @ FCC physics week 17
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V. New force: Composite Top

Composite tR, comp. Higgs, elementary tL and gauge

1 1
d=6
£BSM — 5 L[g*tRa ytdqr, Q*H ng,ua 0 ]
m* g*
: WF—————————————T——————
ttH coupling @hh/ee: [Reports] (HL-LHC:10%
Ping 5 | i@‘i . ) ttH@hh/ee
ytg*\H\Q  Hip » d 9;2 <2102 :
lef oper.s comb. |n ee and hh!! - ttV@ee/h
ttv coupling @ee/hh: [Janot / Farina et.al.]
3_
5;11*13 Hipy'tn W (;gttvv g* <1072 >
Same hh reach from en. + acc.?
Zbb coupling @ee: [ee Report] (LEP:10~?)
ié HTﬁMHGLv“qL%.» 5ggbb — Z% <210°* 1 : ZbbQee
5 10 15 20
m, [TeV]

Grojean-Wulzer @ FCC physics week 17
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V. New force: Composite Top

Composite tR, comp. Higgs, elementary tL and gauge
1 1

[’[g*tRa YtqrL, g*H g’wv,uv 0 ]

ttH@hh/ee

ttH coupling @hh/ee: [Reports] (HL-LHC:10%) 1

Y1 g2 5y _ gev’ _
*|H|7, Htp o <2107

lef oper.s comb. |n ee and hh!!

4-top contact interactions @hh: 4t[3TeV]

* 3 1 x 3_
i Crvtr) 25 < S
* * 4t
2o ] P 4t[6TeV]
. (@ v0ar) Eryutn) W nZ < A2,
4
Ui Y 1
g T wts) W i <37 1|
No study available (?) i
5 10 15 20

m, [TeV]

Grojean-Wulzer @ FCC physics week 17
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Conclusions
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Discovering New Physics: the way forward

so far new discoveries followed from
> Disagreements between theory predictions and experimental data

S e.g. Newton mechanics and constant speed of light
> Apparent fine-tunings
S charm quark to screen the Kaon mass difference
> Theoretical inconsistencies
S W boson to regularize Fermi theory, Higgs boson to unitarize WW scattering
> Serendipity
S CMB discovery
> Surprises

S muon
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Discovering New Physics: the way forward

so far new discoveries followed from
> Disagreements between theory predictions and experimental data
S e.g. Newton mechanics and constant speed of light
> Apparent fine-tunings
S charm quark to screen the Kaon mass difference
> Theoretical inconsistencies
S W boson to regularize Fermi theory, Higgs boson to unitarize WW scattering
> Serendipity
S CMB discovery
> Surprises
S muon

Need powerful machines to explore the unknown
through the intensity and energy frontiers.

Data always bring nhew understanding.
We need facts and data: physics is a natural science!

We have profound questions and
we heed create opportunities to answer them!
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Thank you for your attention.
Good luck for your studies!

if you have question/want to know more
do not hesitate to send me an email

christophe.grojean@desy.de
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