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Electroweak Interactions
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G. Giudice: “Essentially all problems or unsatisfactory aspects of the Standard Model are
ultimately related to the structure of Higgs interactions” 3



Higgs Boson: 2012 vs 2019
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Differential H Cross Section Measurements
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Higgs Couplings Today
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* Gauge bosons and 3" gen fermions: 6=10-20%



Current Results vs High-Luminosity LHC

High Luminosity LHC (HL-LHC)

{s = 14 TeV, 3000 fb™' per experiment
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Comparison of Future Colliders
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Requires also significant improvements in theoretical calculations



# of “largely” improved H couplings (EFT)

NB: number of seconds/year differs: ILC 1.6x107, FCC-ee & CLIC: 1.2x107, CEPC: 1.3x10
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Run ee HE-LHC 1 0 0 20
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hh CLIC3000 11 7 7 28
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13 quantities in total



# of “largely” improved H couplings (EFT)

NB: number of seconds/year differs: ILC 1.6x107, FCC-ee & CLIC: 1.2x107, CEPC: 1.3x10’

CLIC380 9 6 4

Initial FCC-ee240 10 8 3
run CEPC 10 8 3 10
ILC250 10 7 3 11
FCC-ee365 10 6 15
2nd/3rqd | CLIC1500 10 7 7 17
Run ee HE-LHC 1 0 0 20
ILC500 10 8 6 22
hh CLIC3000 11 7 7 28
ee,eh & hh FCC-ee/eh/hh 12 11 10 >50

13 quantities in total

About half the couplings improved by factor 5 already in initial run 10




Electroweak potential

Standard Model Alternative idea

+ Electroweak phase transition (EWPT) Fdﬁggﬁr\wl\ée%t%hrg?ttrraar?sslltﬁlc())r? e
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— Two phases co-exist

* Electroweak symmetry restored for « Electroweak baryogenesis possible if
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Electroweak potential

Standard Model Alternative idea

+ Electroweak phase transition (EWPT) ) Eﬁggﬁ’%‘ﬁﬁ%ﬁggﬁ ttrraar?:ilttilc())r? via
Is a “smooth crossover”

— Two phases co-exist

* Electroweak symmetry restored for - Electroweak baryogenesis possible if
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Measuring the Higgs self-coupling: LHC

Hadron collider

-~ h

" HH production at 14 TeV LHC at (N)LO in QCD
My=125 GeV, MSTW2008 (N)LO pdf (68%cl)




Events / Bin
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Di-Higgs Production: LHC results

HH—>bbTT search result
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Sensitivity to k,: future colliders

Higgs@FC WG September 2019
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The Strong Interaction

Higher order . ﬂ'n;:; ,s
processes 3 . 6% ee. et .
Factorizaton o ey T B Conceptional aspects of QCD
seete LT Wi T (closely related to nuclear physics)
Parton | — Long-distance phenomena (e.g.
. & ' e Initial & Final confinement)
L. ' "9 State Radiation . . .
- B — Collective behaviour at high
Hard Scater = temperatures or densities
cross-section oo, Functions — Transition of high to low
SEreE energies (e.g. hadronisation)
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Practical aspects of QCD predictions
— Soft interactions constitute “noise” in high-pileup environment
— Parton flux in proton determined by parton distribution functions (PDFs)
— Strong coupling constant governs rate jet production at pp collider
— Precise predictions at hadron colliders require ever higher order calculations 16



Soft QCD processes

Equivalent c.m. energy \/Epp (GeV)
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Relevant for understanding of pileup at LHC, for high energy astrophysics and
for non-pertubative calculations
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Neutral particles: forward n and y production

Phys. Lett. B 780 (2018) 233
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« LHCf: dedicated experiment measuring production of neutral
particles in forward direction

« Data measurements discriminate between different models



Anti-proton production in p-He collisions

AMS and PAMELA spectrometers measure fraction of antiprotons in space

* Indirect probe for dark matter annihiliation
* Uncertainties on antiproton cross sections in pp and pHe collisions important
LHCb uses fixed-target mode (p+He gas) to measure antiproton production in pHe collisions

AMS data, M. Aguilar et al., PRL 113 (2014).
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Perturbative QCD at the LHC
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* Multi-differential measurements of QCD production processes
— Test MC generators and higher order QCD calculations (NNLO+beyond)

o Data, dof=15
NLO

NLO fit, x2=24
m°°=170.5 GeV

71---NNPDF3.1, ¥?=27

m°°=172.5 GeV

- ABMP16, y2=24
mP?°=172.5 GeV

- ABMP16, x2=18
mP?°=170.5 GeV

arXiv:1904.05237

— Determine strong coupling constant o, and/or parton distribution functions
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Parton distribution functions

o .
5107;— A < 10‘;:E nuclear DIS - F, ,(x,0%)
o [ 1 rFec-he . 8 E |Proposediailies:
© 06l = 1nec ABM| o g | e
¢ [ HERA : E | [ erHC
:_ = C Fixed-target data:
10°F ¢z 10'g |C_Iwwe
£ = g772
ih =
o 10°E | I eses e-Pb (LHeC)
- = Toeed EMC (70 GeV - 2.5 TeV)
] -
10 F
10°
102f C
E 10
10 ¢ -
;_ 1
1 E r
Fo. 10"
10 L PRI D _ 71 BT BT ATTY MPETTTT BPRTTT B g vl vl s
3 X % 3 : 3 )
10" 10 0% 107 10t 10 10 0! 10 10° 10* 10° 102 107 x1
X

Full exploitation of pp data requires precise knowledge of PDFs
— New ep colliders (LHeC, EIC, FCC-eh) can provide important input
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Parton distribution functions

qq luminosity
Illl T T lllllll T T IIIIIII
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Relative PDF uncertainty

III1I02 - IlIII1I03 10* |
M, [GeV]

* Full exploitation of pp data requires precise knowledge of PDFs
— New ep colliders (LHeC, EIC, FCC-eh) can provide important input
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Leptons Quarks

Flavour Physics

Who
ordered

Quark mixing Neutrino mixing

Flavour puzzle today (adapted from Y. Nir):

— Why is there so much structure in the quark sector?
— Why is there no structure in the neutrino sector?
— Why are there no flavor-changing neutral currents?

What is source of CP violation explaining lack of anti-matter?

Flavour is also excellent probe of high-scale physics
— New physics tends to break accidental symmetries of SM
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Electric Dipole Moment

“Has killed more SUSY models than anything

” . : MeV/c2 5 ] H
else” (1. Hinchliffe) Simglisticbiow] ;
10¢ : : : assume dq =dn | : O imeasurements
§ tau 5 . e iphan
‘&; O : ‘. : : : H : :
§7 7 103 : 2 t
© i charm du
w -7~ % ; z i i i
L i’ N o o0
q 9 q ! \ q S strangeness : muon H { muon { :
> > — — 5 100 : : direct : : 99Hq : :
3 % ';o: pr(:>t9n dy proton d: neutton dg neutrbn dy :
e - i S0 0 ; @ — & proton d,
¥ 8 . .
g & 100 : :
£ : :
0 i e—
10! elef:tron

1016 1017 101 1019 1020 1020 1022 1022 1024 102 10726 1027 10?2 10?¢ 103 e-cm
EDM upper limit

e Current limits: 3.6x1072° for neutron, 1.1x102° for electron
— Lepton and quark EDMs are complementary tests of new physics

* Advancements planned in future experiments: factors ~10-1000
* Observation would be clear evidence for new physics .



Lepton Flavour Violation: y - eand 7t - ¢

Figures from A-K Perrevoort v *

w+ : Z wH+ —
SM: BR<1054 * 7, 7, et 7, 7 <’

(a) i — ey via neutrino mixing.

_ 7 wt
H ‘Xx\ﬁ e~
: R z
BSM s o N
(&
() — ey in SUSY. ()i — eee witha Z/.

Several dedicated experiments coming
online in near future for u — e decay
or transition in Europe, US and Japan

Searches for Charged-Lepton Flavor Violation in Experiments using Intense Muon Beams 1812.06540

| mae e 1 vith PP

(7x107) COMET Phase-1 DMET Phase-1I ISM >

|| Sensitivity: 10" 10" 10" 10"

woe'ee ‘Mu3e Phase-l e-11 ]

5 a2y

(1x107) || Sensitivity: 10™ 10" 107 10" or smaller

p ety “ * Pursue options for a follow-up experiment

13 .
(42x10™) |y sitivity: 10 10™ or smaller
20 0P 2030 20%°

- Data Taking
(Approved Experiments)

26
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90%-CL bound

Lepton Flavour Violation: u =» eX and 7 =» £X

m A
A &
L 4
ie MR
TEC I LT
®u— 3e A A‘. A
A UN—eN oA A ue MEG
& Ty (] AR
SINDRUM SINDRUMI ™
A T—3u
O
MEG II
Mu3ePhaseI O
Mu3ePhasel O
Comet/Mu2e A
T T T T
1940 1960 1980 2000 2020

Year

Muons: Expect to improve
sensitivity by factor 10%!

90% CL UL

B(T - 3u)
1074+ JS\}‘)
107+ g‘ ey N
4 “‘,03‘0' A
101 3L o 5°
N s‘d P
¢ =W
Al
1079+ A3 Coeea'
<
lo—u 1 1 1 1 1
1°°° 1“*0 1‘9’0 1°3° 1°°9 1“"0
Taus:

* Next decade (LHCb, Belle-Il): ~107?
* Beyond next decade (Tera-Z): ~103
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Rare Kaon decays

20

—
v—lc 15p

[a)

=

T_\

R 10}
=

S

g A; or Ap only:

— 5F NP 2 2
e lex [ oc Im A7y /| My

QGeneral NP w
M,
0 ! ! !

B(KT — ntvp) [1071]
* Charged and neutral kaon decays important probe of new physics
 Major focus: K* — wtvv (NA62) and K — n°v¥ (KOTO, KLEVER)
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[GeVZ/c]

miss

2

m

Recent Result by NA62

o 2007 datz . aua VAG62
I s T I SMKToTvY A
B ®
0.05 —
B ®
S 2016+2017 data
0; | _
- : ..-...o..-.mM * Nyaa=3
x ° = +
—0.05 — Two events observed in signal region Nbackground 1.65£0.31
_ I S (NS S Y RS SR NN RN R
0'110 15 20 25 30 35 40

" momentum [GeV/c]

BR(KT = 7nTwr) < 1.85 x 1071 @ 90 % CL

BR(KT — ntww) = 0471072 x 10710



[10—11]

B(Kp — nvp)

[
ul

Future Prospects

AL or AR Only:
NP 2
e 7 oc Im ALy / Mo

General NP 2
M2,
20 25

5 10 15
B(K* —nfvp) [1071]

30
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KOTO
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Future Prospects
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General NP

A or Ap only:
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Heavy Flavour

* Major improvements in the next
decade expected
— Super-KEKB and Belle-ll
e Data taking started: towards lumi goal

— LHCb detector upgrade

T T T |.| T T T I T T T T | T T T T | T T T T I T T T T I T
PEP
_,|_SPEAR n
107E . e LEP, BEPC VEPP-2000 Phase 2.0 E
PETRA e ® © (LER)
TRISTAN  cpsp.c BEPCII
= . PEP-II o
= o2 CEsR s . _
* > = ° ]
Koy - DAFNE o : Phase 2
mm-world KEKB 0‘ FCC-ee
CEPC
10_3:_ Vk /i _
3 we are here \\})hase 3
}nn—world ® Final design :
P L A I VRN I I B I
1970 1980 1990 2000 2010 2020 2030 2040
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* Lepton flavour violation probes in B-decays

 Define:
Ry =

e Several BSM explanations proposed, e.g.

— Leptoquarks

— Z’' with LFV couplings

Anomalies in flavour physics

qgnax dF[B_> HM+M_]

d 2
qr2nin dq2 q
4wax A0[B— HeTe] |
> dg
qr2nin dq

X
<

20

r LHCb
15_—
10F

[ —4—

[ m BaBar
05 4 Belle

E e LHCD Run 1 + 2015 + 2016
0.0.. PR [T TR ST TR TR (NN TR SR TR SR SN SR SR SN S N S

0 5 10 15 20

g2 [GeV?/c4]

Ao F I e — I 1
0 D HFLAV average AZ" = 1.0 contours ]
04— —

0.35

03

02
-

E BaBarl2
g ic
C LHCbIS

I
o k) Belle15 3

Ay B
+ Average of SM predictions HFLAV
R(D) = 0.299 + 0,003 paring 2019 |

R(D*) = 0.25K £ 0.005

1 PR — PR R S R—

02 0.3 0.4 05 Rp
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Is flavour anomaly explained by leptoquark or Z'?

U’:
W & 7'
LQ
2
N —H -LHC, pp—>uu |§ IIIIIIIIIIII

5 HRE bR ' ) .
1 15 2 25 3 35 4 45 5 55 6
M, [TeVl

1 Fit(1903.11517):

1 [ 1-c region
[]2-c region
rojections: '
= CLIC
m HL- Lm PP — uu* European S’trateg»
= HL-LHC, pp — t*T

Complementary: direct searches at hadron colliders



CKM Unitarity Triangle

Expect huge improvements in
parameters of CKM unitarity
triangle by ~2025

* Even higher precision
expected by ~2035

0.7 — | I

= | titt L
- 1 er
06 == “Simmens
05 — sin 2
04 —
1= C
03 —
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Can Higgs tell us about Flavour?

10°
3x107
10?
30

10

3

1

03
01

* Higgs is the only boson that cares
about flavour!

— Could it tell us something?
* Fermion couplings
— 3rd generation observed
* Now: 10% precision
* Future colliders: ~1% precision
— 2nd generation:

* Muons: HL-LHC
* Charm: requires new collider

— 1t generation: very difficult
— LFV couplings
* HL-LHC sensitivity 103-10

Ok (in %)

Br upper bounds

1072
3x1073
1073
3x107*
1074
3x107°
1073

103
3x102
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10

03
01
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3 1072
3 1073
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41073

h—7u

h—-re

{3x10

[ present

[ HL-LHC

[ 1IL.C250+500
B CLIC3000
B CEPC

B FCC—-ee(365)
B LHeC

13107

[[] present
[ HL-LHC

3 4
13x107  m Fcc-hn

[ CLIC380
[l ILC500

36



Neutrinos: Many Questions

What is the mass ordering?

Is CP violated? Vs

What is the absolute mass scale?
Are neutrinos Dirac or Majorana
particles?

Are there heavy neutrinos? g

Vi

/.

0,5/

\S}b

&

7



Tackling the neutrino sector experimentally

[ Atmospheric neutrinos

HK, ORCA,
lceCube Gen?2,
INO

N

LBL exp:
DUNE, T2HK,
(ESSnuSB, ???)

_“
. CPV
Y
Reactor
: Cosmology
neutrinos: Masses Direct search
JUNO
Neutrinoless
U nature double beta decay
\ _J

Coherent nu-nucleus scattering

S. Pascoli Granada 2019
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Fit to World Neutrino data

6 free parameters in fit

with SK atmospheric data

Normal Ordering (best fit)

Inverted Ordering (Ax* = 10.4)

bfp £1o 30 range bfp £1o 30 range

sin? 012 0.31075-913 0.275 — 0.350 0.31075-913 0.275 — 0.350
012/° 33.8215-78 31.61 — 36.27 33.8215°78 31.61 — 36.27
sin? 63 0.563175-91% 0.433 — 0.609 0.56575-917 0.436 — 0.610
023/° 48.6719 41.1 — 51.3 48.8719 41.4 — 51.3
sin? 013 0.0223710:50065  0.02044 — 0.02435 | 0.0225979:09055  0.02064 — 0.02457
013/° 8.607015 8.22 — 8.98 8.647013 8.26 — 9.02
dcp/° 221139 144 — 357 282123 205 — 348

Am%1 +0.21 +0.21
05 o2 7.3979-21 6.79 — 8.01 7.3970-2% 6.79 — 8.01

2

% +2.5287005) 42436 — +2.618 | —2.510700%  —2.601 — —2.419

e
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2
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I. Esteban et al. , see 1811.05487
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CP violation and Mass Ordering

Inverted ordering

Normal ordering

IIIII|IIII

R

.
-
.

I | I

T

OSmMm T 11

0 |/|| L1 | [ |\|‘+4.1|4—0—4—|_|_|'1_|"
90 180 270
)

CP

360 0

— R + Minos
R + NOvA v
—— R+NOvVAV

R + T2K
R + LBL-comb

6CP

IIIIIIIIIIIIIIIII

R + NOVA (v & V)]

NuFit 4.1 (2019)

* Mass ordering

— Combined T2K & Nova data
prefer normal ordering (~30)

e CP violation:

— CP violation (6.p # 180°)
favoured by T2K data (~20)

— NOVA data show no preference
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Constructlon of future Long Basellne Experlments

ProtoDUNE SP cryostat |

* CERN neutrino platform plays pivotal
role

— Test & understand protoDUNE single-
and dual-phase detectors

— Critical input for TDRs
* Hyper-K construction starting in 2020

6,000

5,500

5,000

Sample No

Run 1154 Event 3526 13.09.2019, 12:17:57 GMT + 424751136 ns

— 71 T T T
20C

—
30C
Channel No

w200
- 150

r >
100 ©
+ (o]
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Sensitivity of future experiments

- - DUNE Sensitivity (Staged) R
10 | Normal mass hierarchy HK ftank 10years - 14[ Normal Ordering 5 :;sou 8ep valuGS
If“?‘< - 8in°20,5=0.1 N i ""ff.'::;.: :::6&02. , [ 75% ot .s: values
= 3 - 8in°B85=0.5 . 12 iy R — sin'h, = 0.441 1 0.042
. — — -
D B . "
- - 10~
o E :
r -
2 —
¥ A | | |

150 -100 50 0 50 100 150
Ocp[degree]

Different technologies of Hyper-K and DUNE (Water Cherenkov vs LAr TPC)
=> somewhat complementary



Absolute Neutrino Mass Scale

3 - - X a ‘
AT 4 0% r T T T :
p o > 4L ,.r" / d % 2) t KATRIN data with 1 o errorbars x 50
ShL € i ~ X o — Fit result
&IO F
]
E
g 10°F
O
18535 18555 18575 18595 18615
4 b T o T T T T
e ' > 2fb) Stat. [ Stat. and syst. 1
‘ ER e
3 - = 2 .
N S~ Lol
4/ n ‘\;& g 2k : . . L]
S ! = 18535 18555 18575 18595 18615
z [ '
(] L
e F lts from KATRIN (S 2019 £ '
Irst results tro ept =

o

18535 18555 18575 18595 18615

— Upper limit: m,<1.1 eV @ 90% CL T
+ Based on 28 days of data taking Lo BRRNTE o
— 5y sensitivity: m_<0.2 eV
e Future cosmology missions (Euclid,
DESI) will also have sensitivity




Is the neutrino its own anti-particle?

Wy, Vo
1, i €,
V4
x
V4
gL _ nerg ns (MeV)
‘;’1{1' eL
t‘fL €l
Fxcluded by KamLAND-Zen,
n P GERDA, EX0-200, CUORE
gL
e Several experiments of next INVERTED

. €Ns10VITy g0al o1 next generaton g
generation planned | w

* Should probe inverted NORMAL

hierarchy allowed region

44



Dark Sector

Dark sector

Visible sector

“--F-->
Dark Matter
Dark Energy
Zoo of particles Why not in the
w/structure dark sector too?
SU(3)x SU(2), x U(1), New gauge symmetries?

—_— e e e e e e e e - ——— - -

Y. Hochberg, LP ‘19

YH @ Lepton Photon, Toronto 2019
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l )
European Strategy,

Too small mass
= won’t “fit”
in a galaxy!

Dark Sector

Dark Matter Candidates: Very little clue on mass scales

zeV aeV feV peV neV ueV meV eV keV MeV GeV TeV PeV 30Mg

<l oy oy From MACHOs
| | | | | | | | LA L LA L AL LR B (O searches
<€ > >
QCD Axion WIMPs
<€ . > € . >
Ultralight Dark Matter Hidden Sector Dark Matter Black Holes
—> < >
Pre-Inflationary Axion Hidden Thermal Relics / WIMPless DM
<> € >
Post-Inflationary Axion Asymmetric DM

v

&
€

Freeze-In DM

<>
SIMPs / ELDERS

graphics by M. Carena
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How to search for WIMPs?

thermal freeze-out (early Univ.) AMS satellite

indirect detection (now)
-

XENONIT in Gran Sasso

Q

direct detection

DM SM
B ——————
production at colliders




Dark Matter processes with Higgs

DM\ /D.:\[

N/ ,.
D‘\[\ SM Y /D;\[
N pSM ' M d
>_ 1_ | hb.\[ h.‘v. L {

/ | \ |
DM, SM /\ DM
N N
<(T‘l'> ONDNM-_N j";",'.'s-"'u
DM annihilation DM-N Scattering DM production
early Universe & (XENONIT etc.) early Universe &

satellites LHC
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“Invisible” Higgs decays?

Does dark matter () interact with the Higgs?
— Higgs can decay to dark matter candidates if my > 2 m,

FCCee/ch/hh | E Dt S

FCCeesss [l Higgs@FC WG
FCCeeryp :]

CeEPC I |
CLIC0: [
CLIC;5m) j__]

ILCsap

ILCas

LHeC
HE-LHC [

HL-LHC

0 0.5 1 1.5

ra
b
N



Comparing direct detection and Higgs constraints

Dark Matter can be scalar, vector or fermion:

3 — XENON{T

PRL 121 (2018) 111302
— PandaX

PRL 117 (2018) 121308

3 = DarkSide-50

Scalar DM 0™

= PAL 118 (2017) 021303

4 = DarkSide-Argo (proj.)

. DarkSide-Argo EPPSU sutmission
~— DARWIN-200 (proj.)

= JCAP 11 2018) 017

4 =—HL-LHC: BR<2.6%

- Higgs PPG, a0Ov-1905.05784

1] = HL-LHC+LHeC: BR<2.3%

BRinv = F(H — XX) — O->S<§?
ORI ATH = xx) TR r+os

107°¢

ag, (x-nucleon) [cm’)

1074

va“da*

_45 -_ - Higgs PPG, anOv-1905.05764
10 E 3 — CEPC.FCCes,,,. ILC,,:BR03%
. S I 3 Higgs FPG, an0v-1905.05764
— ] — FCC-eeleh/hh: BR<0.025%
with 7y = T'(H — xx) /0oy, el | Ec e
109 E | DarkSide-Argo (proj.) E
E Higgs Portal model
" - Direct searches, Scalar DM . b
10~ E Coliider limits at 95% CL, direct detection limits at 90% Ct.~ ~ = a
C 1 Lo a gl " b ™l 1 ae T 44 gl . |
1 10 102 10° European Slrateq)

m, [GeV]

* Approaches are complementary

— Higgs more sensitive at low mass, direct detection more sensitive at high mass
* Comparison is mode—dependent

— This is good: if we see signal we will learn physics from it!
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Monojet search

T ~— CRESST i

ariv 1304 00430
—— XENON1T
PR 121 (3080) 11002

PRL 117 (3004) 131200

CRESST Il it aend

)
Tg (x-nucleon) [Gfﬂ

JOAP 11 (2018 017

~——HL-LHC, 14 TeV, 3 ab™

HMUAE-LHC Report: arive 1608 10899

Al\'\'\'\lw/ XDM
P
\y_‘. __—— S\ | § TTHELHC.27TeV. 15ab"

( MATLMO Report: ariive 1000 10859
\ \ — FCC-hh, 100 TeV, 1ab™

\ PRD ) (3094 064200
p 107 o, 100 Te\, 1254 ~——FCC-hh, 100 TeV, 30 ab™
- Fmacaling of PRD 80 (2016) 054000
\ YDM 10~ E—ccnn, 100 TeV ‘3.,30 N . - '_:—_——___
. ‘ : N -:\,‘Q X ‘,f,‘;;_[;a-r‘ksnde-Argo(proj)
jet, or v+ EI 10 ¥ Scatar model, Dirac DM
107 b Tpu = 1+ 9y, =1
Collider limits at 95% CL, direct detection limits at 90% CL \
10-51 P | P | e s a sl
1 10 102 103 Curopean Stratedqy
m, [GeV]

Can fully probe thermal WIMP with FCC-hh
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Other Dark(ish) Particles: FIPs

. . o D
Feebly interacting particles (FIPs) 102
M (O " Nposereatsn CERG.Z0
10_4 S Tera Z‘
Portal Coupling 107 | SRR L RS
_6 —
Vector (Dark Photon, A,,) — o % F, ,ﬁv BHY } 8_7 . U ey
Scalar (Dark Higgs, S) (1S + AysS VH 'H 107} 1= e e
Fermion (Sterile Neutrino, N) | yyLHN oo — i
. ~ = dya__ —11 o k T amamns et
Pseudo-scalar (Axion, a) fiaFm,F By %Gi’ﬂvGﬁ‘v, %,, vy }8_12 |
o . S
107 1 10 10
mg (GeV)
e Scalar portal very interesting! Beam
— Electroweak phase transition dump
— Dark matter
— Finetuning problem H —untagged
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Axion-Like Particles (ALPs)

Axion originally proposed as solution to strong CP problem (Peccei, Quinn)
— Could also be relevant for Dark Matter, stellar evolution..

Many complementary searches for Axion-Like Particles
— Dedicated experiments (ALPS, CAST, IAXO), beam dump facilities (e.g. SHiP) and colliders
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L S —
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A
| 1 [ 1 | 1 1 |
-9 -6 -3 0
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Is our world natural?

* Large quantum corrections to Higgs mass:

Am? = _%[Agv +..]. ~Mp?if no new physics with A<M;,

* Unnatural that my < Ayp => “hierarchy problem”

2

° QU a ntlfy €= My 5 Method | Dependence | Current Constraint
( Am H) Direct searches: soft models Amy; ~ my S 1%

Direct searches: super-soft models Amf{ ~ 3)',2 / (47r2)m% e S 10%

Direct searches: hyper-soft models Am}", ~3A,/ (167:2)"1% € < 100%

Higgs couplings m%;/Am}", ~ 8gn/gn e < 10%

Oblique parameters (CH models) m%, /Amg, ~ 80 x3 € < 30%

Oblique parameters (SUSY models) 111}2_1 /Amf, ~80x%10° n.a.
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Simplicity vs Naturalness

R. Rattazzi The two Chief Systems

I. The SMisvalidupto A, > TeV

¢ B, L and Flavor: beautifully in accord with observation
® Higgs mass & C.C. hierarchy point beyond naturalness

* multiverse
¢ cosmological relaxation, Nnaturalness, ...

¢ failure of EFT ideology (UV/IR connection)

I1. Naturalizing New Physics appears at Ay, ~ 1TeV

* Constraints on B, L, Flavor & CP met by clever model building

Simplicity

Naturalness
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Is our world natural?

[Higgs g7,
[JewpO

102

finetuning parameter ¢

107°

Mg gy e, UG, CeRe

HL-LHC

All Colliders: Top squark projections

(R-parity conserving SUSY, prompt searches)

Model Jrdnw) yF o)

Mass limit (95% CL exclusion)

e

L 3 "
WA i-ody3body 3 M
T AecdiMbody 3 "

g0
Amif, 1) mig
A, T3)~ 5 GeV, monojet (%)

L]

i, b GG 15
Ty, h—&y3body 15 z
Qi Aodilebody 15 7

LE-FCC | HE-LHC

T, iy 15 IS5
Wi, Ae@y3bedy 15 TS5
W Bodhlebody 15 75

miE}-0
Amif, )~ mi9 ()
Amif, £}~ 5 GeV, monojet (')

miE}-0 ()
miE}) upto 35TV ()
Amifi, 1)~ 5 GaV, moncjet (*)

g A-bEE 25 15 0757V mE}-0
S aa-sul 25 15 075 %V Amig,, #)- miy
©  nnebuE 25 15 BT 9%V A, )50 GV

g i AoBEE 5 30 15%V 11350 GeV
g R A-BEEG 5 30 15%V Amf, T)- mig

16y, T—bE e 5 30 (s-g®v Am@i, )~ 50 GV
T, Ry 30 100 108 TV miEs)-0
§ Wi hody3body 30 100 100 %V i) up o 4 TeV
I, h-ciilebody 30 100 50%V | Amis, #)~ 5 GV, moncjet (')
10! 1 Mass scale [TeV]
C searches
() exwapolased from FCC-hh prospects ILC 500: inall up to fimit V5/2

» Will probe naturalness to levels of 103 with Higgs couplings

— Down to 102-10* with direct searches
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Conclusions

* Amazingly exciting world of particle physics
— So many questions... so many experiments to do...so many challenges!

* Hard to know where the next breakthrough is....
— But let’s break through ... even if it is difficult... and takes a while!
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-3 c|l ® ey @® Z|~av e €
= | Anv Qe =1 e o

O o & ele o

i XX L= .80 £
v © — a

o ~ @ | An e
—

years —»
T T T T T T T
Time 1ns 1s 380,000 500 million 5 billion 13.7 billion
years years

from Selva Inek
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Conclusions

* Amazingly exciting world of particle physics
— So many questions... so many experiments to do...so many challenges!
* Hard to know where the next breakthrough is....

— But let’s break through ... even if it is difficult... and takes a while!

Eliud Kipchoge, Oct. 12t 2019
“No human is limited”
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Is there a Singlet?

e Scalar singlet
— May or may not mix with H boson
— Mass below or above m,

95% C.L. limit on 7,

* Could address several questions:

— Order of electroweak phase transition
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* Future experiments will probe very

. . Two-step phase transition
interesting parameter space s = e e
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S and T parameters
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Measurement of Higgs Self-Coupling: Lepton Colliders

* Di-Higgs processes at lepton colliders = 5 e
L 455 — ee > vvHH 1400 GeV (/L_i
— ZHH or VBF production complementary 4 e s e E
‘ _ 356 — ee > ZHH 1400 GeV ]

¢ Z aE-

W H 2.5

+ h - %

>'\Z‘\< W H.\ . 25_

¢ h h 15;_

e 1=

0.5F

I

 Single-Higgs production sensitive through loop effects, e.g. for k; = 2:
— Hadron colliders: ~3%

e’ VA
— Lepton colliders: ~1% ;
\' 4
) ‘\ h 64



AMS positron flux
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 AMS sees increase in positron flux as function of energy
* One possible explanation: DM annihilation to T5T~ or u*u™ pairs

— These subsequently decay to electrons

* Another explanation: astrophysical sources, e.g. pulsars



Dark Matter searches compared
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Comparing direct detection and Higgs constraints

Dark Matter can be scalar, vector or fermion:

1

1 1
Scalar: AcLs= —§m§S2 — ZASS‘* - Z)\hssHTHSQ :

ag, (x-nucleon) [cm?]

1 1 1
Vector: ALy = omyVuVi+ Ay ViV 4wy HUHV, VY,
1 1\,
Fermion: ALs = —gmeff — = HTHff+hc. . (5)
SI
_ TH —=xx) Typ

BRinv = —
TR HTH =) TR+ o,

with r, =I'(H — X_x_)/(f%9
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; Higgs Portal model
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Higgs PPG, anOv-1905.05764

4 = HL-LHC+LHeC, BR<2.3

Higgs PPG, anOv-1905.05784

] = cerc. Focee,, . ILC, - BRO.3

Higgs PPG, aniv-1905.05784

S — FCC-eeleh/hh, BR<0.025

Higgs PPG, anOv-1905.05784
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Let there be a singlet

1 mg 5 Uso3  As 4 T Q2 t
[1 == ESM + §<8MS)<8'MS> — 78 — gs — ZS — )\hsq) (I)S — 2ahs<I> (I)S
Mixing between S and H: Z, symmetry:  aps = vs =0
: 4v(aps + Ansvs) .
sin 260 = MZ = M2 => No mixing between H and S

If Mg<M,,/2 =>H->SS decay possible
* Z,symmetry: S — invisibly
* sinB@ #0:

— S ff with Vf,s = Sinfyy y => direct searches
— § — undetected is also sensitive in global fit

(@) = (0,v/v2),

(S) = vs
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Let there be a singlet

2
L= Lo+ %@S)(am) - %52 - %53 - %54 s ®TBS? — 20, dTBS (®) = (0,0/V2), (S) =,
Mixing between S and H: Z, symmetry:  aps = vs =0
) 4v(ah5 + )\hsvs) . .
sin 260 = MZ = M2 => No mixing between H and S
If Mc>M,,/2 and sin@ # 0 ——C
> 7
s>My/2 and sin now 7.8
— all H couplings modified => BR unaffected
Piing HL-LHC 1.5-3
— Total production cross section modified
f > ILC 0.7
w; =~ cos” 0.
FCC-ee 0.5
st 141
For 15t order ewk phase transition Mf — 1> 0.6%. CLIC 0.24

(Katz, Perelstein, arXiv:1401.1827): " °*



arXiv:1904.05237

Perturbative QCD at the LHC

CMS 35.9 fb (13 TeV) N Cms v cms
T T [ L F12-  xu(x 12=30000GeV? NLO - £12- xd(x) u2=30000GeV? NLO | -
[N, SM(t),y(tD)] 3 | 3 Hera ¥ | [ Hera

+ ocs(m ) with total unc.

| [ HERA +
—— data unc. r /

— PDF unc

—— upunc. L %
pole L ]

— m;  +1GeVunc.

I ) HERA + 1t

0.8 4 o08F
| Lol Lo Lol Lol
ABMP16 '_%_' 10°° 1072 107 1 10°° 1072 107" 1
HERAPDF20 X X
= _ cms ,cms
CT14 =2 £1.2F xg(x) 42 =30000 Gev2 NLO §1.2— XE(x) 2 = 30000 GeV? NLO 4
2 :lHERA % |3 HERa
HERA + tt | 0 HERA + 1t
World average [PDG2018] o+
PR T N T A [N S NS AN S Y S AN N S S S N =
0.09 0.1 0.11 0.12 0.13
og(m.)
0.8
10'3 T 162

Important consistency check
— Actually some tension between tt data and other data seen in QCD fits



Long-Baseline Experiments in Japan and USA

7 INGRID +
ND280

T2K

Hyper-Kamiokande

Super-Kamiokandes
E, ~0.7 GeV, (ICRR, Univ. Tokyo)

A _1:27:00025eV?- 295 km _ 7
- 0.7 GeV T2

Near
Detector

WWLBNF beamline => DUNE

Fermilab

E, ~2 GeV, NOVA Far Detec A : Wi
A _1:27:0.0025¢V? - 810 km _ 7
B 2 GeV T2
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LHC Roadmap

2010
2011 Run 1: Vs=7-8 TeV, [Ldt=25 fb, pileup p=20

2012

2013 :
5014 LS1: phase 0 upgrade
;812 Run 2: Vs=13 TeV, |Ldt=120 fb™!, y=43

2017 We are here! ]
2018 e

28;3 LS2: phase 1 upgrade

2021

2022 Run 3: Vs=14 TeV, [Ldt=350 fb"!, u=50-80
2023

2024

2025 LS3: phase 2 upgrade

2026

2027

HL-LHC: Vs=14 TeV, |Ldt=3000 fb"!, u=140-200
2037




Future Colliders

Proposed colliders:

* Linear e+e-: ILC, CLIC

* Circular e+e-: FCC-ee, CePC
pp: HE-LHC, FCC-hh, SppC
* ep: LHeC, FCC-eh

tune-up dump

10-GeV linac comp. RF .

Planned location and artist’s rendering of IL'G!

(VR

0.12 km
comp. RF

) 7 20, 40, 60 GeV
6 Iwate k-
N Prefectul}e

Kitakami 4
) Mountains £
. /5

i

10, 30, 50 GeV

total circumference ~ 8.9 km

<+ 10-GeV linac
0.03 km

e- ﬁnul focus

Artist's rendering provided by the Linear Collider Collaboration
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Future Colliders: Vs and tentative timescales

ﬂlﬂllﬁllllﬂllllﬁllllﬂllllﬁll
wc N 250 GeV B 500 GeV & 350 GeV
rccee T z W 240Gev | | 350-365GeV



Sensitivity to K, at HL-LHC

* 50% sensitivity at HL-LHC....
» Sensitivity very relevant for probing

order of phase transition!

ATLAS and CMS

3000 fb™' (14 TeV)

12

-2AIn(L)

10}

* HL-LHC prospects

—e— ATLAS
—— CMS
\ —e— (Combination

2 1

arXiv:1902.00134

Cllllllllll

95%

68%
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New physics with heavy quarks

B(BS — u* 1) [10°7]

0.2

0.0~

2 5 6
B(B] — u* 1) [107]

Sensitive to many models of new physics

(33

0( ) q

Bs QC
(¢
b
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What about right-handed neutrinos

Minkowski (77); Gell-Mann, Ramond, Slansky; Yanagida; Glashow; R. N. M., Senjanovic (1979)

* Seesaw mechanism could explain m,, K m,

* Requires heavy RH neutrino: Mp/g > v

— typically at GUT scale but could be lower but could
be lower if g very small

from Symmetry magazine

UP?

Of =

Probed by e.g. beam dump &
collider experiments
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140
130
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Total, Inelastic and Elastic Cross Sections

& pp (PDG 2010) < ATLAS, ATLAS-ALFA

v pp (PDG 2010) > CMS

o  Auger (+ Glauber) < LHCb

% ALICE e TOTEM
Otot fits by COMPETE I S S N
(pre-LHC model RRP¢L.2y)

- - - — 0, fit by TOTEM o 5

(11.84 — 1.6171n's + 0.13591n2s) | - bt

arXiv:1712.06153
and refs therein

Single Dissociation

Central Diffraction

X

Double Dissociation

Non-diffractive Dissociation
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