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Future physics challenges?

* Very interesting title potentially involving a broad range of topics
* High-p; physics
* Flavour physics
* Neutrino physics
* Dark matter searches
* Heavy ion physics
* Astrophysics
* Gravitational waves
* Future accelerators

* Not sure | would be able to cover all of this in the proper way,
but certainly not in a single lecture and not today...



Standard Model: how stubborn is it?

* Why three generations of leptons and
quarks?

* Why such a huge difference in the masses
of fundamental particles?

* What's the origin of the structure of flavour couplings?
* Why is the universe made of “matter” and not “antimatter”?
* What stabilises the Higgs mass?

5 The Standard Model is

certainly incredibl
* And what about gravity? ey ,
stubborn, but it can’t be

e What’s the nature of dark matter

°.. the ultimate theory... .



First thoughts on BAU: Dirac dixit...

L £ 1f we accept the view of complete symmetry between positive and
negative electric charge so far as concerns the fundamental laws of
Nature, we must regard it rather as an accident that the Earth (and
presumably the whole solar system), contains a preponderance of
negative electrons and positive protons. It is quite possible that for
some of the stars it is the other way about, these stars being built up
mainly of positrons and negative protons. In fact, there may be half the
stars of each kind. The two kinds of stars would both show exactly the
same spectra, and there would be no way of distinguishing them by

present astronomical methods. Yy

* Excerpt of Dirac’s Nobel lecture in 1933

* At the time we were starting to wonder where had antimatter
gone... 4



Matter-dominated universe

History of the Universe

e We observe that there’s no
evidence of primary antimatter
on the scale of the observable

universe today

* What led to the disappearance
of antimatter assuming an

initial symmetric state?

* How big the asymmetry should

have been to lead to
what we observe?

Symmetric matter-
antimatter initial state?

Symmetry broken soon
after inflation?




Mainstream explanation

* Antimatter and matter particles annihilated
massively in the early universe, but a tiny
fraction of matter was | ‘

~ “Kupnary
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left over

* The radiation produced by the initial annihilation is

what we see today as the big bang afterglow: the

cosmic microwave background (CMB)

* By measuring photon and baryon number densities in
the universe we can determine how much matter

survived the annihilation with respect to matter-
antimatter annihilations

Planck data



Mainstream explanation

* Antimatter and matter particles annihilated
massively in the early universe, but a tiny

fraction of matter was
left over

nY;
Multipole moment, ¢
Planckdata | e The ratio of baryon to photon number
| densities is nowadays very well known,

Temperature fluctuations [ 1t K? |
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Can we explain the asymmetry by
Standard Model physics?

* Qualitatively: yes
* The Standard Model in principle contains all the necessary ingredients

* [t is possible to derive an expression of the ratio n

s B o, [ Y mg =om J ity oo Yo — vl <o oy =gl
B N~ M12

where J=3x10™ is the Jarlskog invariant®* quantifying the size of

CP violation in the Standard Model and M=100 GeV is the

electroweak scale at which the baryon asymmetry freezes out
*Phys. Rev. Lett. 55 (1985) 1032



Can we explain the asymmetry by
Standard Model physics?

* Quantitatively: no

*The previous equation gives n=10'°, which is off by
10 orders of magnitude with respect to the
experimental observation

e CP violation in the Standard Model is too small

*Either we are missing something subtle and
fundamental, or there should be new sources of CP
violation in some beyond-the-SM physics...



What else we learn from the CMB

Spatial curvature
Ordinary matter Dark matter and dark energy

1000

1000

1000

Increasing the density of If we increase dark matter If we increase space
ordinary matter, odd peaks density, the amplitudes of curvature and dark energy
increase with respect to all peaks decrease density, the peaks move
even peaks to the right or to the left

Wayne Hu, University of Chicago 10



Abundance of ordinary matter, dark matter and dark
energy from CMB

* Ordinary matter is just ~5% of the total energy density
in the Universe

Dark matter
26.8%

Dark energy
68.3%
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New Physics is out
there, but “where
is everybody”?
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NP general considerations

* We are living a stunning contradiction in modern days: we have
developed the most successful theory of reality ever made and checked
it in a wide number of ways for decades, but we have at the same time
developed the awareness that it can’t be complete

* Incidentally, have you ever reflected on why the Standard Model has been
named a “model”, even without the full awareness of its incompleteness that we
have reached today?

* | don’t want even to discuss about the multiverse hypothesis, for how
brilliant and ingenuous, and worth speculating, simply because that is a
way to escape the contradiction

* [t’s not time to give up, and in general | believe that in fundamental
research it’s never a good idea to give up, if you want a metaphore of life

* Explore new routes, build new tools

13



Complementarity between low-energy and

high-energy measurements

* Experiments like ATLAS and CMS look for
the direct production of new heavy
particles

* Obviously, they can be produced and then
revealed if the LHC energy is large enough
with respect to their masses

* Dedicated flavour-physics experiments,
like LHCb, operate instead in a low-energy
regime, studying processes involving
beauty, charm and strange quarks

* Looking for indirect effects of virtual new
physics particles entering Feynman graphs




The most powerful tool we have got today
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* It took 20 years of design, construction and commissioning

* It has been in operation since 15 years, and will remain in operation for
another 15 years or more after a major upgrade at the next long shutdown



We have never seen anything like this!

EWK
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The High-Luminosity LHC

* This will be a major machine
upgrade to increase the peak
luminosity = implies a larger
number of simultaneous pp
collisions (pileup) at each
crossing of the LHC proton
bunches

 The ATLAS and CMS detectors
will also need immediate major
upgrades, so-called Phase-l|
upgrades, to cope with a pileup
of about 200 simultaneous
interactions per crossing at 40
MHz collision rate!

Peak luminosity [1 034cm'23'1]
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Phase-Il upgrades of ATLAS and CMS now being
in the production phase, to be installed during
Long Shutdown 3. Further upgrades of ALICE and

LHCb foreseen for Long Shutdown 4
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What about supersymmetry?

. : :
The known world of The hypothetical world of SUS.Y predlcts Massive shadow.
Standard Model particles SUSY particles copies of Standard Model particles
‘ 0 on the basis of a spacetime
Higgs Higgsino Symmetry
A T * It’s a long-shot and very elegant
Vel Vil Vs . . . .
S idea developed since long time in
(2] .
- the context of GUTs, attempting to
k .
quarks sqHarie unify EM, weak and strong forces
® leptons ® sleptons
Resolution [m] Resolution [m]
® force carriers ® susY force carriers TR K S ol S S U Sl S

Strength

100

* This was for long considered as one of the ™|
holy grails of the LHC beyond the Higgs
* But there are dozens of SUSY models, and /
searches must be very specialised CE N




ATLAS SUSY Searches* - 95% CL Lower Limits

But unsuccessful searches so far...

ATLAS Preliminary

March 2022 Vs =13 TeV
Model Signature  [£dt[fb7'] Mass limit Reference
44, G—q¥ Oepu 2-6jets  ER™ 139 1.85 m(¥})<400 GeV 2010.14293
Q mono-jet  1-3jets  EP™S 139 g [8x Degen.] 0.9 m@)-m(¥})=5GeV 2102.10874
S 2 3-qdl) Oe.p 26jets EP™ 139 |z 2.3 _m@E)=0Gev 2010.14293
S {1 Forbidden 1.15-1.95 m(¥})=1000 GeV 2010.14293
3 1eu 2-6 jets 139 |z i m(¥})<600 GeV 2101.01629
o z ee, pp 2jets  Emis 139 |z 2.2 m(¥})<700 GeV CERN-EP-2022-014
B 33, 5oqqWZH) Oen  7-1jets EPS 139 |z 1.97 m(E3) <600 GeV 2008.06032
= ; 2 _ M
2 SSeu 6 jets 139 |2z 115 m(g)-m(¥})=200 GeV 1909.08457
= gt 0-1eu 3b  EMS 798 |z 2.25 m(¥})<200 GeV ATLAS-CONF-2018-041
SSe,u 6 jets 139 z 1.25 m(g)-m(¥1)=300 GeV 1909.08457
b1b Oe,u 2b Ep= 139 By 1.255 m(¥})<400 GeV 2101.12527
by 0.68 10 GeV<Am(b X1)<20 GeV 2101.12527
BN 7.5, b —bYs — bRTY Oe.pu 6b RS 139 | By Forbidden 0.23-1.35 Am(F3,70)=130 GeV, m(¥})=100 GeV 1908.03122
—é S 27 2b B 139 | & 0.13-0.85 Am(¥3,¥7)=130 GeV, m(¥})=0 GeV 2103.08189
§-§ fi, i,—»p?‘,’ 0-1e,pu > 1 jet 139 7 1.25 2004.14060,2012.03799
< S Af,HoWhY tepu  3BjetsAb EPS 139 |7 Forbidden = 0.65 2012.03799
S5 Al i—Tiby, T1—>1G 127 2jets/1 b EXS 139 | @ Forbidden 1.4 m(7)=800 GeV 2108.07665
= L ff, Aock) /e, eoek) Oe.u 2¢ EPS 364 @ 0.85 m(7))=0Gev 1805.01649
Gm 1) Oe,u mono-jet  EF™® 139 A 0.55 m(f,&)-m(¥))=5 GeV 2102.10874
iy, [0y, ¥3—Z/h¥) 12epu 1ab  EPS 139 | & 0.067-1.18 m(¥3)=500 GeV 2006.05880
iy, o) +Z e 1b Eiss 139 |7 Forbidden 0.86 m(¥})=3860 GeV, m(7;)-m(¥})= 40 GeV 2006.05880
XX via wz Multiple ¢/jets EE?SS 139 i;/ig 0.96 m(#?)=0, wino-bino 2106.01676, 2108.07586
ee, up >1ljet EpS 139 | ¥i/K 0.205 m(¥i)-m(¥))=5 GeV, wino-bino 1911.12606
XiXT viaww 2eu Ems 139 | & 0.42 m(¥9)=0, wino-bino 1908.08215
VEYS via Wh Multiple ¢/jets Episs 139 | ¥i/¥; Forbidden 1.06 m(¥})=70 GeV, wino-bino 2004.10894,2108.07586
=38 XEXT vialZL/v 2e,pn Eps 139 [ 1.0 m(Z,7)=0.5(m(¥})+m(¥1)) 1908.08215
o2 7ol 27 ERs 439 | T [fL, R, N0HE03] 0.12-0.39 m(7%)=0 1911.06660
Bl 7l Poel] 2eu 0 jets Ezf“ 139 7 0.7 m(rY)=0 1908.08215
ee, pup >1ljet EP™ 139 z 0.256 m(?)-m(¥})=10 GeV 1911.12606
HH, H-hG/ZG Oe,u >3b Ei?“ 36.1 J:4 0.13-0.23 0.29-0.88 BR(¥) — hG)=1 1806.04030
4ep Ojets ~ Efis 139 i 0.5 BH()?}] - ZG)=1 2103.11684
Oe,u  =>2large jets Eﬁ“s“ 139 )74 0.45-0.93 BR(Y} — ZG)=1 2108.07586
Direct X1 X7 prod., long-lived X7 Disapp. trk 1 jet E'T"“S 139 ’Zi 0.66 Pure Wino 2201.02472
E X 0.21 Pure higgsino 2201.02472
1] F
= O Stable g R-hadron pixel dE/dx Episs 139 g 2.05 CERN-EP-2022-029
S Metastable z R-hadron, g—qqt) pixel dE/dx EMs 139 | g @ =10ns] 2.2 mEE)=100 GoV CERN-EP-2022-029
S 8 U166 Displ. lep EPS 139 |&n 0.7 (?)=0.1ns 2011.07812
— ) T 0.34 7(7)=0.1ns 2011.07812
pixel dE/dx ERS 139 | # 0.36 (D) =10ns CERN-EP-2022-029
X/,‘l»-:l;/-(‘) ,X/fﬂzfﬂt’f’f 3epu 139 Pure Wino 2011.10543
XEXT XS — wwyzeeeevy 4epu Ojets  EP™ 139 1.55 m(¥))=200 GeV 2103.11684
28, 8-q91, X0 — qqq 4-5 large jets 36.1 1.9 Large A, 1804.03568
S i iR R o bs Multiple 36.1 m(})=200 GeV, bino-like ATLAS-CONF-2018-003
& i7, i—b¥7,XT — bbs > 4b 139 Forbidden m(¥})=500 GeV 2010.01015
fh, hi—bs 2jets +2b 36.7 0.61 1710.07171
hih, h—qt 2e,pu 2b 36.1 0.4-1.45 BR(f) —be/bu)>20% 1710.05544
T DV 136 1.6 BR(7, —qu)=100%, cos6,=1 2003.11956
XERO IR, ,\'/?'2~>tbs, X1 —bbs 12e,u >6 jets 139 b7 0.2-0.32 Pure higgsino 2106.09609
*Only a selection of the available mass limits on new states or 107! 1

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.

Mass scale [TeV]
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But the HL-LHC is at the gates and the quest continues

°
HL/HE-LHC SUSY Searches N L et iod Simulation Preliminary Rea ¢ h d b I € Mass SCd | €

HE-LHC, [£d: = 1587 5ar Y (95% CLexch Vs = 14,27 TeV . .
Model ety Jets Mass limit Section will be raised by roug h Iy
2, Bt 0 4jets 29 (3.2) TeV] m{f})=0 211
; - a factor 2-ish
2 -
g i, ,i’—'lﬁ'lll 0 Multple 2.3 (2.5) TeV| m[f'll)-;o 213
2 R 0 Muliple 2.4 (2.6) Te| miF})=500 GeV 213
o s * You may correctly argue
i, Tk 0 Muitiple 25 1.4 (1.7) TeV] mifl)=0 212,213
© Co e el TR that the increment in
@
iy, Ti—bE* 0 55 0 Multiple 25 3.16 (3.65) Tej 242
P TR 200 0-1jets 0.66 (0.84) TeM mif!)=0 221 I . I . . d d
g§ £1¥: via Wz 3ep 0-1 jets 0.92 (1.15) TeM] m{¥})=0 222 l I laSS Sca e IS I l I I Ite a n
g8
§§ V14) via Wh, Wi (vbh Tep 23 jets/2h 1.08 (1.28) TeM] m{f})=0 223
i o] supsamew £ we would need to be
o MBI +BH Bzl Howh  2ep 1jet 0.25 (0.36) TeV] m(F1)=15GeV 2251
g Vi + Y, V=28 X = Wi 2e.p 1jet 0.42 (0.55) TaV| mif})=15GeV 2251 | k . f . t . I | b
T o L e 2p 1jet 0.21 (0.35) TeV] Am(#, £1)=5GeV 2252 U C y I I WI e SO
o cach j "
] . . 2e. 0.86 (1.08) TeV] 242
§ Y244 via same-sign WW ep 0 (1.08) Te {io_"° I V44 t t b
Py 0ty g, Pek) 27 0.53 (0.73) TeV] mif|)=0 231 S I I I I p e n O O e
3 2r, vle. ) 047 (065 TeV]  m(#})=0, m(2.)=m{) 232
: excluded though)
Y147, XX\, longdived X} Disapp. trk. 1jet 0.8 (1.1) TeV| Wino-like X'| 4.1.1
VIRT, XX, longHived ¥ Disapp. trk. 1jet 0.6 (0.75) TeM Higgsino-ike 1| 4.1.1 ® A d h o
MSSM,Hecrwek DM Degp. 8 058 09 7o WeoeOM 413 na this means we must
° MSSM, Blectroweak DM Disapp. trk. 1jet DM mass 2.0 (2.1) TeV] Wino-ike DM 413
:gg MSSM, Blectrowaak DM Disapp. trk. 1jet 0.28 (0.3) TV Higgsino-ike DM 4.1.3 re a re fo r fu rt h e r
T
§ S MSSM, Blectroweak DM Disapp. trk. 1jet DM mass 0.55 {0.6) TeV] Higgsino-ike DM 4.1.3 p p
i R-hadron, g—ggf) 0 Muitiple % [r(# =0.1-3ns] 34 TeVi m{{\}=100 GeV 421 ° .
s L efforts if nothing pops
GMSB ji—uG displ. u 02 TeV| er =1000 mm 422
el arXiv:1812.07831 u p at th at Sta ge 20

107! 1 Mass scale [TeV]



There’s not only supersymmetry

Other “exotics”
oeing looked for,
ike heavy gauge
00SONS,
eptoquarks,
extradimensions,
dark sector, ...

CMS

36 fb~1 (13 TeV)
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1806.00843 (2j) |
1802.01122 (ew) |

1803.11133 (£ + E{*)
1806.00843 (2j) 1

1807.11421 (T + EJ'™5)
1803.11116 (2¢ + 2j)
1811.00806 (27 + 2j)

2.4

4.5

4.4

S

Bi)

52

6.1

1811.01197 (2e +2j)
1811.01197 (2 +2j; e + 2j + Ej's*
1808.05082 (24 +2j)
1808.05082 (24 + 2j; p + 2j + E§'*5)
1811.00806 (27 + 2j)

1806.03472 (27 + p) 0.74
L

1.02

1806.00843 (2) |
1711.04652 {y + )}
1711.04652 (y +j)|
1811.03052 (y + 28)
1611.03052 (y + 2ja)

18

3.9
38

543

. |1803.08030 (2))

- . |1812.10443 (27)

Mo,
Maan
Moan

Mgy

. |1812.10443 (21)

e e s et

i)

20

il

L

1

1

1

R 1
. |rsoz.08030 (2 |
i

L

[

1

1802.08030 (2j)
1812.10443 {2y, 26)
1712.02345 { = 1j # E7™5)
1503.08030 (2j)
1802.01122 (ep)
1806.00843 (2j)
1803.06292 (21)
1809.00327 {2y}
1803.08030 (2j)
1802.01122 {ep) |
1805.06013 { = 7j{#, y))
1803.11133 (£ + Ef'™)

L

18

2]

4.25

3.6

5.6

59

9.1

8.2

9.9

1
1712.02345 (= 1j ¥ Ef™)

1806.00843 (2j) 1

1501.01553 (0, 11:1— = 3j+EY™) 0.29
1901.01553 (0, 10 = 3j+EY™) 0.3
1712 02345 (= 1j f EF'™)

1810 10069 (4j1

1.8
26

14
1.54

, [1708.07962 ( = 3¢

1806.00843 (2j)

T AN S

0.84

sttt e e e e e e

7.7

0.1

1.0
mass scale [TeV]

S IR P S

Heavy Gauge Bosons

Excited
Fermions Leptoquarks

Contact

Interactions

Extra Dimensions

Dark Matter

Other

SSM Z'(¢¢)

SSM Z'(gG)

LFV Z', BR(eu) = 10%

SSM W'(#v)

SSM W'(qq)

SSM W'(tv)

LRSM Wr(INR), My, = 0.5My,
LRSM Wr(TNR), My, = 0.5My,
Axigluon, Coloron, cotf =1

scalar LQ (pair prod.), coupling to 1% gen. fermions, =1
scalar LQ (pair prod.), coupling to 15t gen. fermions, 8 =0.5
scalar LQ (pair prod.), coupling to 2™ gen. fermions, B =1
scalar LQ (pair prod.), coupling to 2" gen. fermions, = 0.5
scalar LQ (pair prod.), coupling to 3™ gen. fermions, f=1
scalar LQ (single prod.), coup. to 3@ gen. ferm., B=1,A=1

excited light quark (qq), A=m,

excited light quark (qy), fs=f=f=1,A=m,
excited b quark, fs=f=f=1,A=m,
excited electron, fs=f=f=1,A=m,
excited muon, fs=f=f=1,A= mu’

quark compositeness (qq), Nurr = 1
quark compositeness (#f), nusg =1
quark compositeness (gG), Nurr = — 1
quark compositeness (££), Numr = — 1

ADD (jj) HLZ, ngp = 3

ADD (yy, ##) HLZ, ngp =3
ADD Ggg emission, n =2
ADD QBH (jj), negp =6
ADD QBH (ep), ngp = 6

RS Gxk(qq, 9g), k/Mp = 0.1
RS Gkl(ff), k/Mp =0.1

RS Giklyy), k/Mp =0.1

RS QBH (jj), nep =1

RS QBH (eu), ngp=1
non-rotating BH, Mp = 4 TeV, ngp = 6
split-UED, u =4 TeV

(axial-)vector mediator (xx), gq = 0.25,gom = 1, my = 1 GeV
(axial-)vector mediator (qg), gq = 0.25,gpom =1, m, =1 GeV
scalar mediator (+t/tt), gq =1, gom = 1,m, = 1 GeV
pseudoscalar mediator (+t/tt), gq =1, gon =1, m, =1 GeV
scalar mediator (fermion portal), A, =1, m, =1 GeV
complex sc. med. (dark QCD), m,,, =5 GeV, ¢k, =25 mm

Type Ill Seesaw, B, =B, =B
string resonance
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And also here, the HL-LHC will improve further

Model

Section

HL/HE-LHC

KK — 4b

95% CL L 5 o Dis
r 1T T l LI . LI

covery (dash)
LI l LI | LI

6.1.1

HVT - VvV

G,qs—> w*w-

Ggrs — tt
Z,Tcz -t
Zssm = t
Z,>

Zssm— £'¢”

; s
Zsgy = T'T

Wesu = v

Wy - th - bbev

6.44 644
6.4.6
6.2.2 6.2.2
6.2.3 6.4.6
6.4.6
6.2.5 6.2.5
6.2.5 6.24
6.2.4
6.2.7
6.2.6
6.2.6

Q" - ji

VMajorana N qu,
Heav,
viEEY (my = mg)

-ty

6.4.6
5.1.3 5.1.3
5.1.1 5.1.1
6.3.1

LQ(pair prod.) -» bt

LQ > tu
LQ - tT

H*H™™ - 1,£%¢%¢% (NH)0 J7= "%
HYH™ ™ > 1,*¢%¢% (IH) 0 {7

(f= e’”)

L HE-LHC.
Vsi=27TeV,L=15ab”

HL-LHC

Vsi= 14 TeV, L =3 ab"

10 12
Mass scale [TeV]

5.2.3 5.24
5.2.1
5.2.1
5.1.1 5.1.1

R AR AR
1 4 arXiv:1812.07831

E.g.,Z upto6TeV, W upto 8
TeV, leptoquarks up to 2 TeV,
charged Higgs up to 1 TeV
Similar considerations on the
increase in mass scale hold,
although one also needs to
consider continuous progress in
analysis techniques which can
easily transform a factor 2 into a
factor 4!

If you are interested on the
subject, a comprehensive review

is available here
https://arxiv.org/abs/1812.07831
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First pit stop



The indirect way to New Physics

W- Feynman diagrams with closed loops : new-physics virtual particles can circulate
i ok PP — ]
7/ \ ‘

Ve Vi

il e 1 1
BOJ g&<sJ Bq ty 4t l_3q A — AO CSM - 4+ ('NP :
-\ S\l —C—NAA‘;\\//\/\M—<— - MW /\

b e Wy 9

+ NP? B B

* General decomposition of a transition amplitude in terms of couplings and
scales

@l
|
S~——-—
<

* Must know the Standard Model contribution precisely, otherwise it could hide
small new-physics effects

* Need to go to high precision measurements of observables that can be calculated in the
Standard Model with the smallest possible uncertainty

* The plus is that new-physics virtual particles of arbitrarily large mass can enter
loops in Feynman diagrams and produce observable effects = the existence of
particles with much larger masses than the energy made available by the LHC
could be unveiled
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Consistency of global CKM fits

¢ EaCh COIOUFEd band http://ckmfitter.in2p3.fr http://www.utfit.org
L % ] 1= F
° . L excluded area has CL > 0.95 d "/%_ 7 1 __ ’Y Amd
defines the allowed region i // =
/
#

of the apex of the unitarity * |

triangle according to the

measurement of a specific a4 4 :

* Tremendous success of the CKM paradigm!

— All of the available measurements agree in a highly profound way to the current level
of precision

— In presence of new physics affecting the measurements, the various contours would
not cross each other into a single point

* The quark flavour sector is generally well described by the CKM mechanism,
but there’s still room for new physics contributions at the ~10% level
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What’s the aim?

0.5}
0.4

03}

_0.1 -I 11 ‘ L1 1 1 I 1 1 I L1 1 1 I IIIIIIII I L1 1 1
-0.1 0 0.1 0.2 0.3 04 0.5 0.6

Dream scenario, for illustration only
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Main players in flavour physics today
e LHCb and Belle Il: ‘ 3 3
dedicated detectors for
flavour physics with wide
range of measurements

]

N
/—\:\
fu, AP

4

BESIII: mainly charm |
and charmonium

Tl Hsc spectroscopy, but
ke e not only

LKr

* NAG62: measure the SM
branching fraction of
K*->m*vv with 10% precision

Target KTAG GTK (cHANTI

Decay
Region

* ATLAS and CMS : measure some
relevant B-physics channels,
mainly with muons in the final
state 2 but also new prospects
eagerly awaited with parked data
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Future challenges at LHCb

e European Strategy Update 2020: “The full physics potential of the LHC and the
HL-LHC, including the study of flavour physics, ... should be exploited”

. Upgrade | Upgrade i
 LHCb Upgrade | was designed to collect  run1  run2 Run 3 Run4a  Run5 Run6
. — 16
50 fb-1 by end of Run 4, but there is I o @ SR R e
. E F - - - - = =300
the opportunity to operate the 3 12 i fiamoZ
experiment until the end of HL-LHC S  — == 77 o
s> SE S
* With this in mind, the LHCb Upgrade Il g E / 150’5
detector is being designed to é af // 1°°§
accumulate the maximum possible 3 2F e 50 &
0 Cltte ey, I R T T

integrated |U minOSity 2010 2015 2020 2025 2030 2035 2040 0
Year

* The proposed baseline is to achieve 50 fb! per year and reach at least 300 fb* at
the end of Run-6

* That will allow for unprecedented samples and a compelling physics programme
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LHCb Upgrade Il in a nutshell

* Unique scientific programme with BSM discovery potential with
unprecedented sensitivity for B and D physics

* Furthermore, broad programme on spectroscopy,
EW precision measurements, top and Higgs
physics, dark sector searches, heavy ions and
fixed target, all made with a unique and fully
instrumented forward acceptance

* Besides the luminosity increase and the necessary
detector modifications to allow for higher
multiplicity and radiation damage, it is also proposed
to add further sub-detectors to expand the original programme

* Technology-wise, it provides an exciting technology roadmap with
novel detectors and electronics
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LHCb Upgrade Il: approval steps so far

Eol Physics case

Physics Case
for an
LHCDb U rade

Opportunities in flavour physics,
and beyond, in the HL-LHC era

Expression of Interest

LHCC-2017-003 LHCC-2018-027

CERN Research Board September 2019

“The recommendation to prepare a framework TDR for
the LHCb Upgrade-Il was endorsed, noting that LHCb
is expected to run throughout the HL-LHC era.”

LHCb
UPGRADE!lI

Technical Design Report

FTDR approved on March 2022

* Detector design and
technology options

 R&D program and schedule

* Cost for baseline and options
National interests

LHCC-2021-012

"The LHCC recommends that LHCb continue the R&D
necessary to complete technical design reports on the
proposed schedule, ...”

"The LHCC recommends the continued investigation
of descoping and other cost-saving possibulities. ...”

"The LHCC recommends that a well-defined process to
establish the financial envelope prior to the preparation of
TDRs be set up and notes that close coordination with
funding agencies will likely be required in this process.
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The new detector

* Targeting the same performance, or even better in certain areas, as in
Run-3, but with an increased pile-up of an order of magnitude

Side View

* Same footprint of the spectrometer, but with Magut & . i

innovative technology for sub-detectors and
data processing

* Key ingredients
* High granularity
e Fast timing (few tens of ps)
* Radiation hardness (up to few 10'® neq/cm?)

Run 3: pile-up ~6

Q

Upgrade II: pile-up ~42
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New tracking detectors

VELO pixel

e Add Timing
New RF-foil
3D silicon, 28nm

side View

Stave

Magnet Station new!

UT pixel
* MAPS, radiation tolerant

Mighty Tracker
* MAPS pixel and Scintillating fibers

iF

]
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New PID detectors

RICH1 and RICH 2
« Reduced pixel si TORCH new!

« Add timing infofmation * TOF — quartz

* SIiPM, MCP Side View il

RICH M

'RICH2

TORCH
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New PID detectors

ECAL
* Space & time, longitudinal segmentation
» SPACAL with radiation hard crystals

 uRWELL for inner regions
 MWPC for outer regions (recycles)

Side View ECAL HCAL

........................

...............

M2

Fomos ., Fomos

: |

" — |
........
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The importance of precision timing

* Timing capability with a resolution of a few tens of picoseconds is a key to
reduce background and associate signal decays to correct p-p primary vertices

Side View
Magnet & s WMo precision timing in -
Magnet Stations TORCH N a -
__RICH2 = calorimeter
t=-300 ps —>
: ' ; > Z
so0 - Upgrade II E;>25GeV

—— w/o time cut

—— At/ot(comb) < 3
0 ++*+' t=0
300 - P

- ”’QH 4

_ " > Z
zz ;mm m‘o.’m”’t Nm o (™ MW’W“’
: IR Bl t=+300 ps
R~ S 7/\[\ S
MEK*7y) MeV/c?] >z
Example: interactions happening are at
precision timing in VELO same z but separated by 300 ps in time
track density with plle up ~40 20 ps time window applied
N WA Aligned time [ns] 5 .
\ - Aligned time [ns]
1. N/ =Ry The programme requires strong R&D on
Io E o —— oo sensors, already ongoing, and dedicated
-0.5 x = AN S -u. .
10 N o efforts for the design of new FEE ASICs
150 0 150 o 36



LHCb Upgrade Il Physics Case:

CP violation
e o(y): 0.4°
* o(,): 4 mrad
* o(sin2f3): 0.003
* o(Charm CPV): O(10~)

Impressive precision on
CP violation phases

[ Current LHCb

23fb~!

3 300fb~!

1.02

52
<
—3-
—4
—5-
61 Solid (dashed) contours contain 68.3% (95.4%)
0.96 0.98 1.00
l9/p]

LHCb Upgrade Il is the only planned facility with the
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Signal yield asymmetry
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Unitarity Triangle improvements after Upgrade Il

LHCDb Upgrade Il will test the CKM paradigm with unprecedented accuracy

0.7

06 |-
0.5
0.4

0.3

0.2

0.1

0.0
-0.4

| TTTT
CL>0.95

lllIIlllIlIlllllI/I

"I"'!"'IY' 1
o sin 2B E 4 & Am LHCb 2018

excluded area ha

lllllllllIllllllllllllllllllllll

1
1 | 1 1 1 1 1 | 1 L 1 1 | L 1 1 | I
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0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

y
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1

Two independent measurements of triangle apex: (Amq/Ams, sin 2f) and (Vub, 7)

Both pairs require Upgrade 2 for statistics (sin 2 and y) and time for theory

improvements (Amd/Ams and Vup)

* Permit tree-level observables (SM benchmarks) to be assessed
against loop contributions (new physics sensitive)
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What have we learned from the LHC (so far)?

*The SM works ®

* The Higgs boson, and then the Higgs field and the
mechanism for generating particle masses, is real, and
now we know its mass

* Huge amount of LHC data fits SM predictions at am
amazing level of accuracy with no real hint of BSM

* Bounds on new heavy states predicted by many BSM
models widely extended

* Flavour physics has strengthened constraints, but with
no clear evidence of discrepancies from the SM
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Let’s focus on the Higgs

H-tt  Howws

(x0.25)

H-ZZ*

o
Hoyy Horr
(x0.15)

o 0
H=yy Hoyy

A& 05

H— 4t

ttv ttH

tot.

40



What’s so interesting about the Higgs
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eIt is the only fundamental scalar particle
* s it really fundamental or composite?

* It has too many different couplings, fixed by the
experimental masses of the fundamental particles

* Proliferation of free parameters with a wide hierarchy, who
ordered that?

*The A parameter determines the shape and the evolution
of the nggs potential, and has consequences on the
stability of the electroweak vacuum




Electroweak vacuum stability

180 | Instability region B f
Higgs % L Ry .
potential % oo I v
O 178 [ b
B ey Meta -stability .
= 176 F
i\:‘ k. - -Tm; = 1016 GeV anais L
5174: ------- & = +1000 — y
v p g=0 S | [ | —
Zarzb--"" WS auiE
o, EE my = 173. 1GeV
: : S a70f e my, = 125.18 GeV;
* If the Higgs potential develops — T
a different lower minimum, T © oz T T T
a transition from the “false” Higgs mass, my,/GeV

III

minimum to the “real” one can happen somewhere in the Universe with a finite
probability
e According to the measurements of the Higgs and top masses, and assuming the

SM, we live at the border between metastable and stable regions 42



Time to worry?

Probably not... and in any case the true vacuum bubble would expand at
the speed of light, and we could never notice the end while approaching
But more seriously, as quantum and thermal fluctuations in the Higgs
field were much larger when the universe was a baby and much hotter
than today, most of the Universe would have had to be falling into the
true vacuum minimum and not the present one

On the other hand, we exist as we are, and the question is why?
(forgetting about multiverse and anthropic-principle explanations)

More interestingly, this argument constitutes a hint of BSM physics, that
could drastically change the stability regions, rendering the picture of the
SM incorrect

Stated otherwise, we need to find BSM if we want to sleep well!
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What’s so challenging about the Higgs

Very difficult to study experimentally!

The very small cross-sections for direct production from light states

(that we have at our disposal with accelerators) call for the need to
excite heavy states (t, W, Z), which then radiate a Higgs boson

These processes have small cross-sections anyway, so it’s difficult to
make measurements due to large background pollution

Still the Higgs boson is one of the best portals that we have to New
Physics as of today



How to proceed beyond the HL-LHC?

* Colliders are still the most powerful instruments that we
know to probe physics at smaller length scales

* Four main strategies

* Explore the characteristics of the Higgs sector to possibly spoil
the SM picture

* Keep searching for new heavy states coupled to the SM

* Look for new “dark” states, meaning new states which are not
coupled to the SM at tree level, either producing them or
looking for them in heavy-particle decays (Higgs, top)

* Try harder with indirect searches, read flavour physics
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ESPP and P5

ESPP 2020

“An electron-positron Higgs factory is the highest-priority next collider. For the longer term, the European particle
physics community has the ambition to operate a proton-proton collider at the highest achievable energy.”

“Europe, together with its international partners, should investigate the technical and financial feasibility of a future
hadron collider at CERN with a centre-of-mass energy of at least 100 TeV and with an electron-positron Higgs and
electroweak factory as a possible first stage.”

“Such a feasibility study of the colliders and related infrastructure should be established as a global endeavour and be
completed on the timescale of the next Strategy update. Which is now coming in January 2026

“The timely realisation of the electron-positron International Linear Collider (ILC) in Japan would be compatible with
this strategy and, in that case, the European particle physics community would wish to collaborate.”

P5 Panel 2024

“In the area of colliders, the panel endorses an off-shore Higgs factory, located in either Europe or Japan, to advance
studies of the Higgs boson following the HL-LHC

“The panel recommends dedicated R&D to explore a suite of promising future projects. One of the most ambitious is a
future collider concept: a 10 TeV parton center-of-momentum (pCM) collider to search for direct evidence and quantum
imprints of new physics at unprecedented energies.”

“This process will establish whether a proton, electron, or muon accelerator is the optimal path to our goal.”

* You may notice that the two visions are not perfectly aligned, but still both push for a next generation machine



Can the four main strategies be followed together?

* At our present level of comprehension, each of the four are of the
utmost important to make further progress

* In particular, e*e™ colliders can have great opportunities in all
sectors, thanks to the clean experimental and theoretical
environments and to the experimental precision achievable

* There’s quite a good consensus that an ete™ Higgs factory should be
the next collider, also considering involved costs

* This can be an intermediate step towards a hadron machine at a later
stage, to achieve 100 TeV physics within this century, following the
example of LEP/LHC

* By contrast, some others think it would be better to bet
immediately on a new hadron collider, although not reaching 100
TeV as a first stage

* But neither way is sp.easY, these toys cost billions and the obvious
objection at the political level is that we are living a period of other
planetary emergencies...
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NEWS | 06 June 2024

CERN'’s $17-billion supercollider in
question as top funder criticizes
cost

Germany has raised doubts about the affordability of the Large Hadron Collider’s
planned successor.

By Davide Castelvecchi
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Plans for a 91-kilometre European particle accelerator are facing a serious challenge after the

German covernment said that the nroiect was unaffordable
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would dwarfLHC

Next-generation LHC: CERN lays out
plans for €21-billion supercollider

US particle physicists want to build a
muon collider — Europe should pitch
in
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BMBF’s take on a future collider at CERN

and Research

% Federal Ministry
\ of Education

FCC: Alternatives and Plan B

“The cost estimates in the feasibility study are subject to a large number of
uncertainties, the effects of which are still largely unknown. The financing plan is
extremely vague and requires a high level of commitment from external partners,

which is neither assured nor even in prospect at the present time.

Under the current economic conditions, Germany is not in a position to provide the
planned funding. In view of all these points, the FCC has to be considered as not

affordable.

Hence, CERN has to diversify its efforts and prepare for different scenarios including

one without the FCC-ee.”

If FCC planning does not show significant
changes, it cannot become succesfull.

- German community should prepare for
alternative scenarios!

Last ESPP: ,,Full exploitation of HL-LHC"

- Primary goal might be: finish HL-LHC work
and start physics

— Watch for the Chinese decision on CEPC first
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And with a scary prediction...

% Federal Ministry
\ of Education

and Research

Outlook

Michael

Adrienne W. KOLB

Source:

Tunnel Visions

The Rise and Fall of the Superconducting Super Collider
Michael Riordan, Lillian Hoddeson, and Adrienne W. Kolb
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Second pit stop



The exponential growth of colliders’ energies
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Colliders and discoveries
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What’s next?

* Many options in consideration beyond HL-LHC
* Precision studies with Higgs Factories
* Discovery physics on the >TeV scale

- veryhighenergy  FCChl

H
L e oo gamma
~ HltHe e/t

2030 2040 2050 2060
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Linear versus circular

Linear e*e” colliders: ILC, C3, CLIC

Reach higher energies (~TeV),
and can use polarized beams
Relatively low radiation
Collisions in bunch trains
Single collision point

Circular e*e  colliders: FCC-ee, CEPC
Higher luminosity
Limited by synchrotron radiation
above 350 — 400 GeV
Beam continues to circulate after

collision R
. . . . ) Collider ring
Multiple collisions points possible

55



Reminder: synchrotron radiation

dr y* Ar tahcy E*
AFE (energy loss per turn) = — (ahic) — = [ ]
(energy loss per turn) = —= (afic) = %
E4
e*  AE (GeV/turn) = (8.85 x 10%) — (EinTeV,R in km)

E4
ut  AE (GeV/turn) = (4.84 x 107°) —

E4
p,D AE (GeV/turn) = (7.78 X 107°) —



Higgs Factories being proposed
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International Linear Collider (ILC)

Damping Ring

e+ Source

—

e- Main Linac

Interaction point
[E—

e- Source

Parameters Value

e+ Main Liinac

Detectors
g 3 Beam Energy 125 + 125 GeV
— —
Luminosity 1.35/ 2.7 x 101 cm?/s
~20 km
Beam rep. rate 5 Hz
A f ILC Candidate Location: Kltakaml Area | Pulse duration 0.73/0.961 ms
* A few years ago TS il
t | kyd Ik gt 4: # bunch / pulse 1312/ 2625
I 100KE I €l Beam Current 5.8/ 8.8 mA
wWas ve l‘y I|ke Iy Beam size (y) at FF 7.7 nm
tO be bU | It, bUt o Jamaishi | SRF Field gradient < 31.5 > MVim (+-20%)
. X A:;‘ ' Q, = 1x1010
then it lost B ;
e N #SRF 9-cell cavities (CM) ~ 8,000 (~ 900)
momentum s AT
e |l eI AC-plug Power 111 /138 MW



European XFEL (Hamburg)
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The Compact Linear Collider (CLIC)

. e+e- linear collider at CERN
. Two-beam accelerating technique with high-
gradient room temperature RF cavities
. Staged programme from 380 GeV (Higgs and top
s production) up to 3 TeV

COMBINER AINGS
ORIVE BEAM INJECTOR \

. BYPASS TUNNEL

DRIVE BEAM LOOPS

MPING RINGS

f Legend

emme CERN existing LHC
Potential underground siting :

esee CLIC 380 Gev
* seee CLIC1.5TeV
ese CLIC 3 TeV

Mature project, but at the
moment it is not CERN’s

first choice
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The FCC programme
* Long-term progrpammegmaximising physics opportunities
« Stage 1: FCC-ee (Z, W, H, tt) as Higgs factory, electroweak and top factory
e Stage 2: FCC-hh (~100 TeV) for energy frontier exploration
* Building on and reusing CERN’s existing infrastructure
* Plan to start it a few years after the end of HL-LHC

transfer lines proposed to be
installed inside FCC-hh ring tunnel

Injection

Azimuth = -10.2*

_____________

, - Injection into collider wapciion - | =1 —~— Injection
Beam dum
Technical site LSS = 2160 | Technical site P Technical Technical sit
° LSS = 2160 m LSS = 2160 m
g8 P8 Beam dump
Booster RF N -e e ’ F - h h
N\
\ | I
\ | |
N\
= |
Arc length = 9616 sssm\ ‘ booster
= 144 N7
PJ S_s S__ _oof' ______ Y __________ PD PIED i et s e - - A o e e e e el PD
(Optional 70N $8S = 1400m T (gptional (Secondary 7N $SS=1400m | (Secondary
& % / 1 N » experiment experiment
xperiment Experiment sito) site)
site) site)
| N\
Technical sité |
PH | LSS = 2160 m Jf” [echnical sito Technical ste (LSS = 2160 m ; Lss = 2160m Jof Technical site
Collider RF Momentum Betatron collimation
collimation
PG (Experiment site) PG (Experiment site)

2045 - 2060 2070 - 2095
* A similar project CEPC/SPPC is being studied and proposed in China 61



FCC’s challenging civil engineering




FCC-ee developments

* Strong R&D programme, as for example
Superconducting

RF power sources cavities Nb/Cu, 4.5 K
(400 & 800 MHz)

cavh tuner
(new)




FCC-hh: highest collision energy

e Order of magnitude performance increase in
both energy and luminosity wrt LHC

100 TeV collision energy vs 14 TeV for LHC

e 20 ab! per experiment over 25 years
of operation vs 3 ab! for LHC

* Similar performance increase as from
Tevatron to LHC

* Key technology: high-field magnets

from vid
LHC technology HL-LHC technology
8.3 T NbTi dipole 12 T Nb3Sn quadrupole
- “._;% =£ ’ FNAL dipole
f demonstrator
g 145T Nb3Sn

(2019)
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Muon Collider concept

* Exploiting m, ~ 200 m,, P, &< 1/m* = can reach high energies with limited radiation!

* Leading concept is a proton driven target for muon production followed by cooling to
reduce the beam emittance (read: area occupied by the beam in a position-momentum

phase space)

* Would be easy if the muons did not decay after a lifetime of y x 2.2 us

Proton Driver

—OOA

Front End

Cooling Acceleration Collider Ring

5.3 5 5|2 8
S 5 § & |P3EL Bl T g S
= s S5 5 |Cf.f 2 5|8 8 = 5 o
S S €S € |56 32| @ 8 s 8 2o
R E 22 5§ [822 2 g[g 92 S g2 S8 o
3 © k_l)§§ © = o Q3 — Q 8 Accelerators: AT K
< = o al= 2 b Linacs, RLA or FFAG, RCS
S £ O
Short, intense proton bunch lonisation cooling of muon  Acceleration to collision Collision

in matter energy
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Big challenge: muon cooling

Magnet

2~
Absorber [y RF "~ MUONS
i —> =
I

« Technology requirements for MuC cooling:

Large bore solenoidal magnets: From 2 T (500 mm IR), to 14 T (50 mm IR)
Normal conducting rf that can provide high-gradients within a multi-T fields
Absorbers that can tolerate large muon intensities

Integration: Solenoids coupled to each other, near high power rf & absorbers)
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Target parameters for Muon Collider

e Accelerator R&D areas

* High power proton driver

Short lifetime of muons in injector (~us)
Cooling to reduce emittance
Injection and acceleration

Mitigating radiation

Parameter Symbol Unit Target value
Centre-of-mass energy Ecm TeV 3 10 14
Luminosity L 10%em™2s1 | 1.8 | 20 | 40
Collider circumference Ceoll km 45| 10 14
Muons/bunch N 10+ 22| 1.8 | 1.8
Repetition rate fr Hz 5 5 5
Beam power P.ou MW 53144 | 20
Longitudinal emittance €L MeV m 75| 75 | 7.5
Transverse emittance € pm 25 | 25 25
IP bunch length o mm 5 1.5 | 1.07
IP beta-function 5] mim 5 1.5 | 1.07
IP beam size o um 3 0.9 | 0.63

* Interesting and innovative concept,
Y/l allowing high energies to be
/ reached with limited ring sizes, but

Tidaitos s Muon C ollider Acce{erator ] ]
— e | % ¥ still early to predict when the
F ™ J  technology could be ready
......................................... Tl - F
-l | . 1) 4 , .
VL e ¢ It's probably not the first future
* Source  Channel ; ‘t‘m“"

collider to be built 67



What if we could make a pocket accelerator?

* This is even farther to come, at least at the energy frontier, but wakefield
acceleration promises to achieve acceleration strengths that are up to a
thousand times greater than what could be provided by today's most
powerful machines, enabling much more compact systems

* The technique of wakefield acceleration accalaac T
consists in using a laser or a particle beam K
to create a plasma wave inside a fine O
capillary O

* The laser or beam pulses strip electrons
from the molecules, and electrons in the
wake of the pulse can be accelerated by
the positively charged plasma wave in front
Of them Plasma wave

 Ultra-large gradients achievable 1-100 GeV/m! 68




Progress in plasma-based accelerators

* Demonstrators have
achieved energies of
several GeV in a few cm
of space, equivalent to
electric fields of 10
GV/m!

* Still very far to reach
guality, intensity and
energy of a traditional
accelerator, probably 50
years behind, but
interesting to watch out
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R&D on SC magnets

ESPP 2020

“The particle physics community should ramp up its R&D effort focused on advanced accelerator technologies, in
particular that for high-field superconducting magnets, including high-temperature superconductors”

Nb;Sn in an intermetallic compound of Nb and Tin which is superconductor below 18 K and
30T

State of the art Nb;Sn strands can carry up to J(16 T, 4.2 K)=1200 A/mm?
12 T dipoles are close to demonstration (TRL 6-7), while 14-16 T dipoles still need ~5 years

of R&D (TRL 4-5)

* To compare with NbTi 8 T LHC dipoles .
70

It is conceivable that if the HEP community
settles for 12 T, magnets for FCC-hh
could be ready by 2045-2050

; i
owever, the question is not on i ! !! j j !{! i
:Io make ’;szm?buttalso to retduclgl j f j é A{i ,5’ !j

production costs

d
Magnet Techno\ogy Rea



SC magnets timeline for FCC/HE-LHC

Decision Y/N on Project

FCC/HE-LHC approval

2025 <----i>2029 2030 <$---->2034 2035 <----->2039 2045 < >2054
! l
12Tdip (2K) FalconD 12T Findl Models :
LHC @20TeV : Prototyn'ing
FCC @70TeV : Industrialization Series Construction " Installation-commiss.
: |
14T dip (4K?) CERN-INFN {4 T Final Models
LHC @24 TeV : | Prototyping
FCC @80TeV : : Industrialization _ Installation-commiss.
' I

HTS15T(20K)  BasicR&D !Demonstrators jModelsin

LHC @ 25 TeV Prototyping

FCC @ 86 TeV Industrialization _ Installation-commiss

Decision on

technology &
field-energy -




Roadmap to this century’s particle accelerators

HL-LHC (Runs 4-6)

LHC Run 2 2029-2041 13.6 - 14 TeV and 2x
2014-2018 13 TeV Nominal Luminosity, PU 140 - 200
100% to 2x Nom. Lumi, PU 40 Int. Lumi. 3000 fb-1

Int. Lumi.190 fb-1
di-Higgs boson production

Higgs couplings to and Higgs self coupling and
Fermions of the third precision Higgs physics!
generation (top, bottom
and taus)!
LS2 CLIC 380 GeV- 3 TeV

2018-2022
Experiments Phase-| ILC 250 GeV - 1 TeV

and accelerator

upgrades Cool Copper Collider 250 - 550 GeV

2010 2020 2030 2040 2050 2060 2010

> Q) > T ) > > >
LS3
Ls1 2026-2029 HL-LHC FCC-ee 90 - 265 GeV FCC-hh 100 TeV

e installation and major ex
Consolidation of LHC y p.

interconnections upgrades CepC 90 - 240 GeV _

LHC Run 1
2009-2012 7-8 TeV LHC Run 3
75% Nom. Lumi, PU 30-40 2022-2026 13.6 TeV
Int. Lumi. 30 fb-1 2x Nom. Lumi., PU 60
plR Muon Collider
Discovery of the Higgs Higgs couplings to
Boson, measurements of Fermions of the second
Higgs Boson couplings to generation (muons) and
bosons (gluons, photons, more rare decays
W and 2)

LHC Ultimate Precisﬁon ete” Ultimate Energy (pp, ,u+é42 )






