Standard Model and Beyond at colliders
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Open Questions on the “b 2i%ture” on

1
fundamental physics circa § (P

e why QCD does not violate CP?

* how have baryons originated in the early Universe?
e what 1s the dark matter in the Universe?

e what originates flavor mixing and fermions masses?
e what gives mass to neutrinos?

e why gravity and weak interactions are so different?

. . end of “The Boltzmann Way”
» what fixes the cosmological constant?




How we got there

AS PROBES OF THE MICROSCOPIC CHARACTER OF NATURE
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ow we getout of there?

AS A FUNDAMENTAL CHARACTER OF NATURE

Coincidences ?
L=c+u* H +AH*

Fermi constant
(periodic table)
Higgs boson mass
Cosmological Constant (meta-)stability of the Universe
(galaxy formation)

Steven Weinberg Phys. Rev. Lett. 59, 2607 - If ¢ > 200 cmisurato galaxies would ne be able to form (matter-domination phase too short)
arXiv:hep-ph /9707380 Agrawal et al. - If u> 5-usm periodic table disappears! (neutron decay too fast)

arXiv:1205.6497 - Degrassi et al. - If mpiges grew by 1%, Universe would be unstable (in the SM)
Rev. Mod. Phys. 68, 951 - Cahn, Robert N. - The eighteen arbitrary parameters of the standard model in your everyday life


https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.68.951
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Beyond LO all the way

Standard Model Total Production Cross Section Measurements
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CURSE OR BLESSING?

= 96 07 +0.18 +O 91 mb (data)

I'I'I ||||||I'I'| LA

COMPETE HPR1R2 (theory)
= 95.35+ 0.38 + 1.3 mb (data)
COMPETE HPR1R2 (theory)
o =190.1+0.2 + 6.4 nb (data)
DYNNLO + CT14NNLO (theory)
o =98.71 + 0.028 + 2.191 nb (data)
DYNNLO + CT14NNLO (theory)
o = 58.43 +0.03 + 1.66 nb (data)
DYNNLO+CT14 NNLO (theory)

ATLAS Preliminary

Run1,2 /s=7,8,13TeV | ©

o = 34.24 + 0.03 + 0.92 nb (data)
DYNNLO+CT14 NNLO (theory)

= 29.53 +0.03 + 0.77 nb (data)
DYNNLO+CT14 NNLO (theory)

= 818 + 8 + 35 pb (data) u
top++ NNLO+NLL (theory)

r=2429+1.7+8.6 b (data) A
top++ NNLO+NN theory

oc=1829+3.1+6.4 b (data) o
top++ NNLO+NN theory
o = 247 + 6 + 46 pb (data)

NLO+NLL (theory) D

r=289.6+1.7+ 7.2 6.4 pb (data)
NLO+NLL (theory)

= 68 + 2 + 8 pb (data)
NLO+NLL (theory)

= 142 + 5 + 13 pb (data)
NNLO (theory)

=68.2+ 1.2 + 4.6 pb (data)
NNLO (theory)

r =519+ 2+ 4.4pb (data)
NNLO theoryg)

r =5746-5.944 3.3 pb (data)
LHC-HXSWG YR4 (theory)
r=27.7+3+2.3-1.9 pb (data)
LHC-HXSWG YR4 (theory)

r=22.14+6.7-5.34 3.3 2.7 pb (data)
LHC-HXSWG YR4 (theory)
=94 + 10 + 28 — 23 pb (data)
NLO+NNLL (theory)
r=23+1.3+4 3.4-3.7 pb (data)
NLO+NLL (theory)
=16.8 + 2.9 + 3.9 pb (data)
NLO+NLL (theory)
r=51+0.8+2.4pb (data) n
MATRIX (NNLO) (theory)
=24.3+0.6+ 0.9 pb (data
MATRIX (NNLO) (theory
oc=19+4+1.4-1.3+1pb (data)
MATRIX (NNLO) (theory)
o =17.3+0.6+ 0.8 pb (data)
Matrix (NNLO) & Sherpa (NLO) (theory)
oc=73+0.4-+0.4-0.3pb (data)
NNLO (theory)
r=6.7+0.7+ 0.5 - 0.4 pb (data)
NNLO (theory)
r=4.8+0.8+ 1.6 -1.3 pb (data)
NLO+NNL (theory)
r=15+0.72 + 0.33 pb (data)
Madgraph5 + aMCNLO (theory)
o =369 + 86 — 79 + 44 fb (data) u
MCFM (theory)
0 =0.92+0.29 + 0.1 pb (data) n
Madgraph5 + aMCNLO (theory)
o =176 4 52 — 48 + 24 fb (data) u
HELAC-NLO (theory)

= 620 + 170 + 160 fb (data)
NLO+NLL (theory) l:'
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>MN* q’/jw %\/\J*

Standard Model calculations have been |mproved
beyond lowest order and can lbe automated in basically
all cases at NLO (EW may still resist though).

General agreement confirms SM In total rates

Differential distributions may need NNLO, not easy but
slowly coming

In any event, amplitudes in a gauge theory beyond
lowest order:

Ybecome too many

»develop complicated divergences structure

play with/remove gauge principle seems to help to
simplify these issues (the “too many” problem for sure)



Degrassi et al. - 1702.01737, 1607.04251

Beyond LO all the way

OF THE HIGGS BOSON

= Lo — Z C2n CI)TCI))

n=3
21v? Y AN
o1 L, Kk =1 5 E conn—1)(n—2) | —
o1 @ . P P14 D1 P14 91 2mH —1 P
W // \\ W W // | \\ W W , // \ W W . // W n—
W 91 - AVAVAVAVAVAVAVAVA
|
more reasonable BSM
W W W
a) b) c) d) 4 Y
g — <~ H g < g t g t g9 t
< N t ~ - : } \ “ 2 L
k ® - - - ‘ ) "® - — - - ” - - . 10 - _
/ P ; ) o S . \ B - MW+Slneff
/ P e _ ) o - KN / \ “ L
/ g N om / L .
g L -7 g . g L \ 5 o = ggF+VBF+M, +Siflesy
Shea = |
® ‘\\\ ? “
. . )
ATLAS Preliminary ® Oveorvec \ |
(s=13TeV, 27.5-36.11b Expected 1o s
gy (PP — HH) =33.41fb  [Phys. Rev. Lett. 117 (2016) 012001] \ e
[Phys. Rev. Lett. 117 (2016) 079901] (Err.)
obs.  exp. \
bbTH T ® 12.7 14.8 Excluded Y
[CERN-EP-2018-164] | :
bbb ®0 13.0 20.7 L
[arXiv:1804.06174] —20 ~10
[CERN-EP-2018-130]
CERN EQ/\ZIOX;V&’] i oe 230 160 We conclude remarking that this range of %;0btained using information coming from loop
- - - 'R roa ol Ll ol sl L1
1 10 102 10° 10 10° effects irSingle Higgs processes and precision physics is actually very competitive with the present

95% C.L. upper limit on ¢ (pp — HH) normalized to O

pounds obtained from the direct searches of Higgs pair production.
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SYMMETRY OR ENERGY SCALE

ATLAS SUSY Searches* - 95% CL Lower Limits
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ATLAS Preliminary

March 2019 Vs =13 TeV
. i ..
Model Signature  [Ldt ™) Mass limit Reference
T T T T L] L] T L] l T L] L] L] T
4, §—g¥) Oepu  26jets EpX™ 361 |IGINEXIEXIDEGE] 0.9 1.55 m(E})<100 GeV 1712.02332
0 mono-jet  1-3jets EF*  36.1 G [1x,8x Degen.] 0.43 0.71 m(g)-m(¥})=5GeV 1711.03301
2 23, 3—qaX) Oe,u 2-6jets EMS 361 z 2.0 m(¥})<200 GeV 1712.02332
g g Forbidden 0.95-1.6 m(¥})=900 GeV 1712.02332
B 33 g-eaOx 3eu 4 jets , 361 |2 1.85 m(¥)<800 GeV 1706.03731
o ee, jijt 2jets  EP™ 36.1 z 1.2 m(g)-m(¥})=50 GeV 1805.11381
§ 28, 3-qqWZx) Oe,u 7-1jets  EP™  36.1 g 1.8 m(¥}) <400 GeV 1708.02794
S 3epu 4 jets 36.1 g 0.98 m(g)-m(¥)=200 GeV 1706.03731
= 3 . ) N
= gz 0-1e,p 3b EP™S 798 | & 2.25 m(¥})<200 GeV ATLAS-CONF-2018-041
3epu 4 jets 36.1 z 1.25 m(g)-m(¥})=300 GeV 1706.03731
byby, by—bi) it Multiple 36.1 b Forbidden 0.9 m(¥?)=300 GeV, BR(h¥")=1 1708.09266, 1711.03301
Multiple 36.1 by Forbidden 0.58-0.82 m(¥})=300 GeV, BR(h¥})=BR(t¥})=0.5 1708.09266
Multiple 36.1 by Forbidden 0.7 m(¥})=200 GeV, m(¥})=300 GeV, BR(t{T)=1 1706.03731
8 S biby, b—b¥s — bhY) 0e.u 6b Eps 139 | B Forbidden 0.23-1.35 Am(FS,72)=130 GeV, m(¥?)=100 GeV SUSY-2018-31
§ b by 0.23-0.48 Am(¥5,¥7)=130 GeV, m(¥})=0 GeV SUSY-2018-31
S A
@S i, ii—->WbY or it 0-2e,u 0-2jets/1-2b EF'™  36.1 4 1.0 m(¥%)=1 GeV 1506.08616, 1709.04183, 1711.11520
qc" S #, Well-Tempered LSP Multiple 36.1 A 0.48-0.84 m(¥})=150 GeV, m(¥})-m(¥})=5GeV, ;, ~ 7, 1709.04183, 1711.11520
®§ hi, h—fby, #1516 Tr+teur 2jets/tb EPS 361 | 1.16 m(#1)=800 GeV 1803.10178
= t - - . -
SOl ST P S 7 4 0e.p 2¢  EMS 361 |@ 0.85 m(E%)=0 GeV 1805.01649
_ i 0.46 m(f,,&)-m(¥})=50 GeV 1805.01649
Oe,u mono-jet  ER™  36.1 i 0.43 m(f,&)-m(X})=5GeV 1711.03301
by, bt +h 1-2ep 4b EPs 361 |4 0.32-0.88 m(¥1)=0 GeV, m(7,)-m(¥})= 180 GeV 1706.03986
XiX3 via wz 2-Bep EP's  36.1 )?i /)?g 0.6 m(¥Y)=0 1403.5294, 1806.02293
ee, (i > 1 EP™S 36.1 X. /%, 017 m(¥T)-m(t})=10 GeV 1712.08119
VT via WW 2e. Ems 439 | @ 0.42 m(¥})=0 ATLAS-CONF-2019-008
T via wh 01 e, oh EMs 3e1 | R 0.68 m(t})=0 1812.09432
g XXl vialy/v 2e.p EMs 139 | ¥ 1.0 m(Z,7)=0.5(m(¥} )+m(E)) ATLAS-CONF-2019-008
E L BT, X v, B (v 27 EP™ 361 | KK, 0.76 m(E%)=0, m(#, #)=0.5(m(¥%)+m (")) 1708.07875
© peviG 0.22 m7)-m(¥})=100 GeV, m(%, #)=0.5(m(¥7)+m(¥})) 1708.07875
lirlig, =8 e Ojets  Eps 139 |7 0.7 m(¥Y)=0 ATLAS-CONF-2019-008
2epu >1 EPS 361 7 0.18 m(?)-m(¥!)=5 GeV 1712.08119
HH, H—hG|ZG Oe,p >3b  EFS 361 H 0.13-0.23 0.29-0.88 BR(| — hG)=1 1806.04030
4e,u Ojets  EMs 361 |@ 0.3 BR(! — zG)=1 1804.03602
8 » Direct Y] X, prod., long-lived ¥ Disapp. trk 1 jet EPis 36,1 X 0.46 Pure Wino 1712.02118
=3 ¥; 015 Pure Higgsino ATL-PHYS-PUB-2017-019
8’ g Stable g R-hadron Multiple 36.1 g 2.0 1902.01636,1808.04095
S 2 Metastable z R-hadron, §—gqt) Multiple 36.1 |& [7(® =10ns,02ns] 2.05 2.4 m(¥%)=100 GeV 1710.04901,1808.04095
LFV pp—v. + X, V. —ep/et/ut efLet,ut 3.2 Vr 1.9 A5,,=0.11, A132/133/233=0.07 1607.08079
XX 10 — wwzeeetvy 4e.p Ojets  EP'™ 361 |WGis a0z s0] 0.82 1.33 m(°)=100 GeV 1804.03602
22, 3—qq¥), ¥ = qqq 4-5 large-R jets 36.1 |z [me1)=200 GeV, 1100 GeV] 1.3 1.9 Large 17, 1804.03568
i Multiple 36.1 & (4] ,=2e-4,2e-5] 1.05 2.0 m(X1)=200 GeV, bino-like ATLAS-CONF-2018-003
O 7 i), ¥ - ths Multiple 36.1 g [4,,=2e-4,1e-2] 0.55 1.05 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
f1f1, f1—bs 2jets+2b 36.7 71 [qq, bs] 0.42 0.61 1710.07171
fify, fi—ql 2e,u 2b 36.1 i 0.4-1.45 BR(7, —be/bu)>20% 1710.05544
1u DV 136 & [te-10< 4, <1e-8,3e-10< 4, <3e-9] 1.0 1.6 BR(7; —q)=100%, cosf,=1 ATLAS-CONF-2019-006
L L L 'l L L L L I 1 L L L L
*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]

Tuning often quoted, but beware tuning is a plastic material
shrinks under heat (unlike “normal” solid)




EFT from heavy new physics

EXAMPLE FROM WEAK INTERACTIONS
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EFT from heavy new physics

EXAMPLE FROM HIGGS&WEAK INTERACTIONS
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EFT from heavy new physics

EXAMPLE FROM HIGGS&WEAK INTERACTIONS
6? // /
Tl /
/
, | /
3 + g
\\ N\
\ G+ \ +
f 5 - G

_ 2 4,2
O = Ogp T Ogsyr ~ Ospyp (1 + L GBSM + LGy

—




EFT from heavy new physics

EXAMPLE FROM HIGGS&WEAK INTERACTIONS
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‘Light exceptional cases

AND ITS SUBTLE CONSEQUENCES

March 2018 d_@
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2¢ compressed, arXiv:1712.08119, m(x3) = m(x?) + 2Am(x7, X9)
Disappearing track, PHYS-PUB-2017-019, m(x3) = m(x9)

LEP2 y; excluded

20 == Theoretical prediction for pure Higgsino
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How to move forward?

FUTURE COLLIDER~*

*of any shape

the least well known
* the highest mass scale
the most central to the origin of EW scale




How to move forward?
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“The si1ze of the Higgs boson™

it matters because being “point-like” is the source of all the theoretical questions on the Higgs boson and weak scale

..and if itis not ... well, that is physics beyond the Standard Model!



The size of the Higgs boson

Looking ahead

LOW ENERGY CIRCULAR COLLIDER

LOW ENERGY LINEAR COLLIDER



The size of the Higgs boson

king ahead

Higgs ™ f_

LOW ENERGY CIRCULAR COLLIDER

LOW ENERGY LINEAR COLLIDER



1812.02093 - The CLIC potential for new physics - CERN Yellow Rep. Monogr. Vol. 3 (2018)

Lots of material from

Yellow Report

The CLIC
Potential for
New Physics

CLIC detector&physics + Theory community

Editors: J. De Blas, R. Franceschini, F. Riva, P. Roloff, U. Schnoor, M. Spannowsky, A. Wulzer, J. Wells, J. Zupan
http://clicdp.web.cern.ch/content/wg-physics-potential
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Lumivs. Energy

New Physics may fit well in a EFT (new contact interactions)

LESSON FROM LHC effects grow at larger energies like ve-—ve- In Fermi Theory
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measurements dominated by a smgle mass seale

dominant energy scale is low
measurement is simple to grasp
progress Is easy to measure (in)significant digits
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sensitive to a range of energy scales
measurement of a spectrum (not so”?!?) simple to grasp
progress Is easy to measure: bounds on new Fermi constants
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New Physics may fit well in a EFT (new contact interactions)

LESSON FROM LHC  « effects grow at larger energies like ve-—ve- In Fermi Theory

HIGH-LUMI PROBES

HIGH-ENERGY PROBES
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* dominant energy scale is low .
* measurement is simple to grasp .

* progress Is easy to measure (in)significant digits .

sensitive to a range of energy scales
measurement of a spectrum (not so”?!?) simple to grasp
progress Is easy to measure: bounds on new Fermi constants

as NP effects may grow quadratically with energy




Eflects of the size of the Higgs boson
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Challenges we can see already from here

A BALANCING PROBLEM
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MUON COLLIDER CHALLENGE
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EP Seminar

Positron driven muon source for a muon collider

by Mario Antonelli (INFN), Pantaleo Raimondi (European Synchrotron Radiation Facility (ESRF))

Tuesday 2 Jul 2019,11:00 — 12:00 Europe/Zurich
Q 222/R-001 (CERN)

Description Muon beams are customarily obtained via K/nt decays produced in proton interaction on target. In this paper we investigate the possibility to
produce low emittance muon beams from electron-positron collisions at centre-of-mass energy just above the py+ p- production threshold with
maxi- mal beam energy asymmetry, corresponding to a positron beam of about 45 GeV interacting on electrons on target. We present the main
features of this scheme with possible performances that could be achieved by a multi-TeV muon collider.
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p— new physics?

Muon Source
Goals

Neutrino Factories: Rate > 10%* u/sec within the acceptance of a u ring

Muon Collider: luminosities >103%/cm2s1 at TeV-scale (zNM2 1/¢,)

Options

Tertiary production through proton on target: cooling needed, baseline
for Fermilab design study

production Rate > 103u/sec N, = 2:10*2/bunch (5 108 p/sec today @PSI)

e*e  annihilation: positron beam on target: very low emittance and no
cooling needed, baseline for our proposal here

production Rate = 10" u/sec N =5-10°/bunch  10-20Hz cycle

by Gammas (yN—-u*uN): GeV-scale Compton ys not discussed here
production Rate = 5-10°° u/sec N, =10° (Pulsed Linac)

production Rate >10'3 u/sec N, =few-10* (High Current ERL)
see also: W. Barletta and A. M. Sessler NIM A 350 (1994) 36-44 (eN—-u*u e N)
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Even higher energy colliders can exploit “precise” measurements at the 10% level
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£"2"— hh

High-Energy lepton collider has large flux of “partonic” W bosons

{

less powerful than Zh in general on m* but tests different operators, e.g. OH

& (95% C.L. exclusion)

1309.7038

\* WW — hh, CLIC 3 TeV
0010 N :
- CLIC ™M\
0.005| Rk
~~~~~~~~~ ‘L — 3 ab—l
[o-3|singlen, FCC-ee N, TTTe=-
» f p—collider

5.x 1071 14 TeV, 20 ab™!

need large prt HIggs bosons
1

BV

= upper bound on & ~

2
Vs=3TeV £ =3ab"! 5:1‘2—2<0.01

£E<2-107*at4/s =30 TeV

m, 2 14.-g, TeV
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EFT EPOCH LESSON FROM LHC

Even higher energy colliders can exploit “precise” measurements at the 10% level

Reach on ¢y = S/m?,

Amplitude

High-energy primaries

Low-energy primaries

urdr, — WrZr,, Wrh

v2a$¥

2

g
V2, o= leow (99l — 09d1)/9 = €, 561

N
N I I

urur, — WrWrp,
CZLdL — ZLh

a + a —
q q m2

(Y1t3,, 0k + T g7 + co,, 0977,/ 9]

S

CLIC

=

JLdL — WLWL
urur — Zrh

m2

[YLtgw Skiy + Tyt 897 + co 092,/ g}

frfrR — WLWy, Zrh

[Ythgw(S/ﬁ:7 + TchSng + cewég?R/g}

I
|

ww

Cross-Section @ 30 TeV

non trivial c&c analysis
oTW>7.5TeV: 180 ab
inclusive: 13 ab

angular analysis

All-round progress up to m* ~ 102 muiggs (call it 16 12 MHiggs)

< [ab™ ]
Order of magnitude improvement of the bunds on mass scale of new physics Is possible
m* 95% CL
60 TeV (g*/4)
84 ® 76 TeV =113 TeV
120 TeV
120 TeV (4/g*)

On

W, Y

}<— Muon Collider?

o(up — Zh) better than 65 = 6. x 107°

o(up — Zh) better than 65 = 1. x 107°
B o(up — Zh) better than 65 = 2. x 1077

1 target £ - 2%



The size of the Higgs boson

Looking ahead

Leuua
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The size of the Higgs boson

Looking ahead

nggS (Y f Leuua

LOW ENERGY

HIGH ENERGY gIORLCL?[I)-QE
CIRCULAR
COLLIDER

HIGH ENERGY LOW ENERGY -

- ._ ||
I LINEAR COLLIDER LINEAR COLLIDER ,’b




Buttazzo, RF, Wulzer

+ —
L —hvv
o ~ log(s) ~ const

10
S 10°
107
10

1

107"
1072
107°
10

[1D]

He'e

Luminosity [103* cm2-s-1]

14.00

12.00 fF€Cee

—
o
o
o

8

o))
S8

~
S

+——LeptonCollider

2
Z ~E°

Total (100%) ¢

[
LumanSltV . MuonCollider ¢

(MAP) °
° PWFA
o /

Circular "
/ M

o| Linear

CLI

rLL ee .
5% e Muon Collider
, Muon Collider x (LEMMA)
% (MAP)

o —

Muons

0.00

2007 FCCee
C
| Delahaye
Collider https://indico.cern.ch/event/719240
oo (MAP)

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00

Center of Mass Energy [TeV]

c-% ~10°H

e ultra-rare Higgs decays
» differential distribution
« off-shell Higgs bosons
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£¢"—bbh

CrossSection in ab

PRODUCTION MODES

102

ol t1/~-bbh) Vs =3.0TeV

~

107
minimum mpp/V's

1ot

CrossSection in ab
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67 100
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£7¢”— new physics

LEPTONS

Can produce heavy new physics (colored or not) Compares pretty well with a pp collider

I o(pp)=0.10( u)

L1 4 TeV pu roughly equivalent tT 1O

IN principle can probe directly new states at O(10) TeV scale!




CONCLUSIONS PRECISION AND MASS REACH

»+ Standard “targets” such as vanilla SUSY, compositeness
of Higgs and other states, sub-1leV WIMPs are all being

probed and are under a tair amount ot pressure

- Motivations for new physics to be out there are stronger

than ever



CONCLUSIONS PRECISION AND MASS REACH

Searches for new physics at colliders are shifting towards

increasingly /eavier and subtler signals (both direct and indirect)

multi-TeV leptonic colliders can cope well with the ever subtler

heavy and light new physics signals

multi-1eV leptonic colliders, e.g. CLIC, can deliver high-energy and

high-luminosity = prowvide both precision and mass reach for BSM



CONCLUSIONS PRECISION AND MASS REACH

- amulta-10-TeV muon collider appears as a tantastic
chance to put high energy physics on a fast lane towards
substantial advancement of our understanding of
fundamental properties of constituents ot matter and

theilr imnteractions



Thank You!



