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Overview

Chapter 1.

Chapter 2:

Introduction:
The Standard Model and its open problems

Heavy New Physics

3k The hierarchy problem (SUSY and EFTSs)
3k The SM and the NP flavor puzzle, EFT

Chapter 3:

3k NP flavor puzzle, UV models
3k The origin of neutrino masses

Light New Physics
sk Dark Matter and the dark sectors in the MeV-GeV range

3k Axions and axion-like-particles
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Goal: Some basics + overview of what | find exciting about BSM theories + pheno
Disclaimer: not comprehensive!
Please interrupt to ask questions! We do not have to go through all slides! :)
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List of references for BSM

Obviously, this is a very vast topic...

One can start with these TASI, TRISEP, ESHEP lectures:

A. Wulzer, https://arxiv.org/pdf/1901.01017
ESHEP 2015 (hierarchy problem and SUSY)

M. McCullough, https://inspirehep.net/files/dbd74aa24943e72752778f0bb7e5656d
TRISEP 2018 (hierarchy problem and strong CP problem/axions)

A. Hook, https://arxiv.org/pdf/1812.02669
TASI 2018 (strong CP problem and axions)

T. Lin, https://arxiv.org/pdf/1904.07915
TASI 2018 (light Dark Matter)

W. Altmannshofer, https://inspirehep.net/files/4522a7c318aaec/fffb5de3321b62501
TASI 2022 (flavor physics)

Please send me a message,
if you have questions!

sgori@ucsc.edu
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https://inspirehep.net/files/dbd74aa24943e72752778f0bb7e5656d
https://arxiv.org/pdf/1812.02669
https://arxiv.org/pdf/1904.07915
https://inspirehep.net/files/4522a7c318aaec7fffb5de3321b62501

Let us start!

. Introduction:
Chapter 1: The Standard Model and its open problems

see lectures
by N. Blinov
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What we klfbw
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First: what is the Standard Model (SM)?

The SM Is

» a remarkably successful description of nature
* a Quantum Field Theory

» based on symmetry principles

* ~minimal

* a model with an enormous predictive power
But we do not understand why it works so well. . .

S.Gori



First: what is the Standard Model (SM)?

The SM Is

» a remarkably successful description of nature

” 1% «
QUARKS

* a Quantum Field Theory

» based on symmetry principles

* ~minimal

* a model with an enormous predictive power
But we do not understand why it works so well. . .
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Fundamental principles of the SM

We write down a Lagrangian based on

* minimality: only observed and/or unavoidable objects

» unitarity

» renormalizability: finite predictions for the physical observables
% symmetries

Symmetries:
% Lorentz symmetry

» Gauge symmetries: SU(3)c x SU(2)L x U(1)y

» we do not impose global symmetries. They are "accidental”: e.g.

v SU(3)” flavor symmetry broken by the Higgs interactions with fermions
v Lepton and baryon number
v ... We will introduce this in the context of

the New Physics (NP) flavor puzzle
S.Gori



Free parameters of the SM Lagrangian

I: E 1/ 4%51\;1:#‘)
+ LlPTRBY + .t
S I)E .0
i W%LJUJJCD +'w
Dol - VO
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Free parameters of the SM Lagrangian

I: & 1/ 4ﬁ1vF/W

‘D ¢ - )U\"
ilnlqu;ii;ﬁ;ﬁ = L/ 4’1::;[1 VF

thol-ve
LURY + .C.

- Describes the gauge
interactions of
quarks and leptons

- Parametrized by
3 gauge couplings
9,9, 9,

- Stable with respect to
quantum corrections

- Highly symmetric
Gauge sector
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Free parameters of the SM Lagrangian

L= o/ m "
+UBY 41t < Hv = e
:L%FJJ@\;;; a 2 4F,qu + |]>’ucD "* B \/(@)
LURY + h.C.
- Describes the gauge - Breaks electro-weak
interactions of symmetry and
quarks and leptons gives mass to the
- Parametrized by BN < DOSONS
3 gauge couplings - 2 free parameters:
9.9, 9, Higgs mass
, Higgs vev
- Stable with respect to .
quantum corrections - Not stable with respect
_ , to quantum corrections
- Highly symmetric (hierarchy problem) @
Gauge sector Higgs sector
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Free parameters of the SM Lagrangian

L= o/ m "
+LPBY + 0o E 1 uv - » .
el |, 4ot e - V(o t Yy W@ + 1
LU Y + n.C. - |
- Describes the gauge - Breaks electro-weak - Leads to masses and
interactions of symmetry and mixings of the
quarks and leptons gives mass to the quarks and leptons
- Parametrized by Wand Zbosons - 10+10 free parameters
3 gauge couplings - 2 free parameters: in the quark+lepton (17 (€]
9,9, 9, Higgs mass sector (12 in the lepton (flavor
' Higgs vev sector in case of puzzle)
- Stable with respect to _ Majorana masses)
quantum corrections - Not stable with respeCt
Highly symmetric to quantum corrections Stable with respect to
(hierarchy promem)@ quantum corrections
Gauge sector Higgs sector Flavor sector

S.Gori 6



Open problems/questions for the SM

Let us re-write the SM Lagrangian allowing also for operators
up to dimension 6 in the SM fields

LSM ~J A4—AiIH2+)\H4
+ DY + (DuH)® + (Fu)”
+ F;u./F/u./ + YHIZ”J)

1,1 .
+ X(LH) +Pzi:0,,-(dlm6)

S.Gori



Open problems/questions for the SM

Let us re-write the SM Lagrangian allowing also for operators
up to dimension 6 in the SM fields

Loy ~ A — Aisz 4+ \H*4 1. Cosmological constant problem

— A : —120

+ ¢mw + (D’J’H)z + (FI-“/)2 (MPlanck> ~ 10

-+ t',,,_f',,,_, + Y Hyvp 2. Hierarchy problem
1 1 m 2

2 ' B h —36

— — i ~ 10

+ A (LH)” + e Z O;(dim6) (J\-“I’planck>

5. SM Flavor puzzle 3. Vacuum stability problem

Yt _5 6. Origin of
— ~ 10 neutrino masses
T © _
QFHVF#V’ © S 10_10
7. New Physics flavor puzzle 167

Beyond the Standard Model (BSM) physics?
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Open problems/questions for the SM

Let us re-write the SM Lagrangian allowing also for operators
up to dimension 6 in the SM fields

~ AL _ A2 172 4 1. Cosmological constant problem
Lsm A AH” + AH \ )
— —120
+ ,lpmw + (D"LH)Z + (Fl““/)2 (MPIanck> 10
- t',,,_f',,,_, + Y Hyvp 2. Hierarchy problem <}:|
1 1 | my 2
2 AT t ~ 1036
+ X(LH) + F Z OVI (dlan) (A'Iplanck> 10
5. SM Flavor puzzle <}:| 3. Vacuum stability problem
Yy . 6. Origin of <}ZI
" ~ 10 neutrino masses <}ZI
(7 @ ~

QFHVF#V’ © S 10_10
7. New Physics flavor puzzle <}:| 167

Beyond the Standard Model (BSM) physics?
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More open problems for the SM

Nature of Dark Matter «

= Stars, Planets, etc.
Interstellar,Gai@s 3.6%
- -

Dark Energy ==

We do not know (if and) how it
interacts with the Standard Model

See lectures by C.Wagner —
Baryon-antibaryon asymmetry

The observable universe contains matter, but almost no antimatter.
From CMB + BBN measurements: ng = "B NB  g.10710
Ny
Early universe: baryon + antibaryon in equal amounts » they should
completely annihilate

Today: ~Only matter survives # requires a mechanism to generate the asymmetry

S.Gori 8



Principles to build a “good” BSM theory

FOME (i
* Take a local, lorentz invariant, unitary field theory; w0 -
% Preserve gauge invariance (SU(3)c x SU(2).x U(1)y), % —— S
anomaly free; -

O

v

% (Typically) do not introduce too large sources of
breaking of the accidental / approximate symmetries of
the SM classical Lagrangian

S.Gori 9



Principles to build a “good” BSM theory

: : . : FOME RECIPE 4
% Take a local, lorentz invariant, unitary field theory; ot
%* Preserve gauge invariance (SU(3)c x SU(2)Lx U(1)y), & — A
anomaly free; 'Qi
% (Typically) do not introduce too large sources of “’

breaking of the accidental / approximate symmetries of
the SM classical Lagrangian

- baryon and lepton number
Bquark =1/3, Banti-quark =-1/3, Blepton =0 (Llepton =1, Lanti-lepton = -1, Lquark = O)

- Individual lepton families
Le, Ly, Lt (these are broken by neutrino masses in the SM (tiny))

- Custodial symmetry: SU(2). x SU(2)r — SU(2)v (diagonal)
(this is broken by hypercharge and Yukawas in the SM)

- SU(3)° flavor symmetry (this is broken by the Yukawas in the SM)

S.Gori 9



Principles to build a “good” BSM theory

: : . : FIOME KECiPE _4
% Take a local, lorentz invariant, unitary field theory; ot
%* Preserve gauge invariance (SU(3)c x SU(2)Lx U(1)y), & — A
anomaly free; lai
% (Typically) do not introduce too large sources of “’

breaking of the accidental / approximate symmetries of
the SM classical Lagrangian

- baryon and lepton number
Bquark =1/3, Banti-quark =-1/3, Blepton =0 (Llepton =1, Lanti-lepton = -1, Lquark = O)

- Individual lepton families
Le, Ly, Lt (these are broken by neutrino masses in the SM (tiny))

- Custodial symmetry: SU(2). x SU(2)r — SU(2)v (diagonal)
(this is broken by hypercharge and Yukawas in the SM)

- SU(3)° flavor symmetry (this is broken by the Yukawas in the SM)

%k Not be ruled out by experiments!

S.Gori 9



The scale of New Physics

Very unknown

Axions Thermal WIMP or Sterile
DM hierarchy neutrinos for
problem seesaw

| )

&0

107° 107" 10°

° t

b \W

Z

VeV v 0003

10°2GeV 107”° 10’ 10" 10" 10"

Primordial
blackholes

We need to keep searching as broadly as possible!
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The scale of New Physics

Very unknown

Axions Thermal WIMP or Sterile
DM hierarchy neutrinos for
problem seesaw
sl ool voond vcovnd voomd voond vonnd vt v cond ool ot ool vomd vod comd ot o v ool oot vl cowed vod comd comd oo o cod voond ol vl o o
107°GeV 107’ 1075 107" 10° 107 10" 10 10"

&G Primordial >
blackholes
V1 vz V3 0000

We need to keep searchin‘c_;,E as broadly as possible!

We will include here NP
at the ~electro-weak (EW) scale

Heavy New Physics
# SM effective theory (SMEFT)

Chapter 3 ' Chapter 2
S.Gori 10
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. Introduction:
Chapter 1. The Standard Model and its open problems

Heavy New Physics

. 2k The hierarchy problem (SUSY and EFTs)
Chapter 2. 3k The SM and the NP flavor puzzle, EFT

3k NP flavor puzzle, UV models
3k The origin of neutrino masses

Heavy New Physics

S.Gori



‘ 3k The hierarchy problem (SUSY and EFTs) \
The hierarchy problem

Let us take a generic theory of scalars, ¢, and fermions, y:

L = |0,¢)* + Pidy — mPy — yopbp + pilo|® — Algl*

S.Gori
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‘ 3k The hierarchy problem (SUSY and EFTs) \
The hierarchy problem

Let us take a generic theory of scalars, ¢, and fermions, y:

L = |0,¢)* + Pidy — mPy — yopbp + pilo|® — Algl*

2= pd +Ap? = O((100 GeV)?)

S.Gori 11



‘ 3k The hierarchy problem (SUSY and EFTs) \
The hierarchy problem

Let us take a generic theory of scalars, ¢, and fermions, y:

L = 10,0| + Pid — mpyp — yopyp + pglo)® — A|p|*

Ap® ~ = pg +Ap® = O((100 GeV)?)

1672

Scalars are very sensitive to the highest scale of the theory

Generically, we would expect A—oO (47" ) mh~ 125 GeV

some New Physics at the scale ?mh Mpiane ~ 1019 GeV

~TeV scale New Physics?

This argument has been motivating NP searches at the LHC

S.Gori 11




Putting it in perspective...

Solar eclipse

<

Earth

The distance 1 : 400 should be precise at the ~ 0.05 level

o The precision needed to predict the measured
to Compare HiggS mass:. 0.000000000000000000000000000000001

S.Gori 12



Addressing the hierarchy problem

Most studied
Supersymmetry
Composite Higgs models or, equivalently, extra-dimensional models Signals
A bit more recently: at the LHC
Neutral naturalness models (twin Higgs, Chacko et al, 0506256),
Relaxation models (Graham et al, 1504.07551),
Nnaturalness (Arkani-Hamed et al, 1607.06821), ...
S.Gori 13



Addressing the hierarchy problem

Most studied
Supersymmetry

Composite Higgs models or, equivalently, extra-dimensional models

A bit more recently:

Neutral naturalness models (twin Higgs, Chacko et al, 0506256),
Relaxation models (Graham et al, 1504.07551),

Signals
at the LHC

Nnaturalness (Arkani-Hamed et al, 1607.06821), ...

SUSY (basic principle)

' Introduce new scalar degrees of
freedom that are related to the
fermions of the SM

y2_A 2

A 2N 1\“ .«
H 672 - "

Cancel the quadratic sensitivity of the
Higgs mass to the New Physics scale

|
i
[

Neutral naturalness (basic principle)

Introduce new fermionic degrees
of freedom that are related to the
fermions of the SM but not charged
under the SM gauge symmetries

Cancellation of the quadratic
sensitivity is ensured by a
global symmetry (e.g. SU(4) x Z>).

S.Gori
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Minimal Supersymmetric
Standard Model
(MSSM)

S.Gori

ujd cid ta
w_,/ &—/" - -/
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) Quarks @ reotons @ rorce particies
Standard particles

Squarks o Sleptons 0 E:Jns;cY;?ce
SUSY particles
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Supersymmetry

Minimal Supersymmetric
Standard Model
(MSSM)

Quarks @ Levons @ rorce particies Squarks O steptone @ SUSY force
particies

Standard particles SUSY particles
SUSY is broken

(in fact, we know that e.g. the sbottom cannot have the same mass as the bottom quark)

Log sensitivity of the Higgs mass , C? A
to the New Physics scale: Apy, ~ A2 ISUSY log (mt) TeV-scale SUSY?
2
2 y — A / 2 L
AR~ e A

cancel because of SUSY

S.Gori 14



Supersymmetry

Minimal Supersymmetric
Standard Model
(MSSM)

Quarks @ Levtons @ rorce porticies Squarks () sleptons D ggg force

Standard particles SUSY particles

SUSY is broken
(in fact, we know that e.g. the sbottom cannot have the same mass as the bottom quark)

Log sensitivity of the Higgs mass R c? A
to the New Physics scale: Apy, ~ A2 ISUSY log (E) TeV-scale SUSY?

Additional remarkable properties:
%k Gauge coupling unification: if SUSY particles are not too heavy, gz~ g2~ g1 at Mcur
%k If we impose R-parity (sparticles with R-parity = -1, SM particles with R-parity = +1),

the lightest SUSY particle can be WIMP Dark Matter (see lectures by C. Wagner)

S.Gori 14



The SUSY mass scale

The “natural spectrum”:

m3 2 2 t | |
_T:# +mHu+... (ree eve)

Higgsinos

S.Gori
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The SUSY mass scale

The “natural spectrum”:

4 2 o, y; NI 12 Tne2 A
* Gluinos A, ~ w2 M| log (R
i (2 loops)
y? A
Stops Aui ~ —38—t2 (m2Q3 + mia - |At|2) log (
(left handed sbottom) m (1 loop) m
L m>2
Higgsinos _TZ = p? + m%{ﬂ +... (treelevel)

S.Gori
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The SUSY mass scale

The “natural spectrum”:

¥ 2 a, y; rzee A
* Gluinos A, ~ _2? iy Myl log (R
i (2 loops)
2 Y; 2 2 2 A
} Stops Auh ~ —3—2 (7nQ3 +m;, + |At| ) log [ —
(left handed sbottom) 8 (1 loop) T
L m?
Higgsinos -5 = pn? + m?{u +... (treelevel)

What is the exact scale?
Said in other words: what is the level of “fine tuning” we are comfortable allowing?
No guaranteed discovery. Exploration of the SUSY paradigm!

(TeV-scale stops imply ~O(1%) fine tuning)

S.Gori 15



(Some) pheno of SUSY particles

SUSY provides a remarkably rich set of signatures for the LHC

S.Gori
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(Some) pheno of SUSY particles

SUSY provides a remarkably rich set of signatures for the LHC

All SUSY particles are charged under the SM gauge symmetries.
That means that SUSY particles will be copiously produced at the LHC

In the case of R-parity conservation:

squark production
(SU(3) interactions)

Chargino and neutralino production
: (SU(2) and U(1) interactions) :

S.Gori



(Some) pheno of SUSY particles

SUSY provides a remarkably rich set of signatures for the LHC

All SUSY particles are charged under the SM gauge symmetries.
That means that SUSY particles will be copiously produced at the LHC

In the case of R-parity conservation:

squark production
(SU(3) interactions)

Missing energy-enriched signatures q X
(MET arises from the lightest SUSY particle Z. W
that is stable) :

9

o2

Chargino and neutralino production
: (SU(2) and U(1) interactions) :

IR

Y
q
/ ~0
’ X ~
,'I 1 g
E _r||_1iss
' - é
. X2
q
Y
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Stringent bounds on SUSY from the LHC

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

July 2024 Vs=13TeV
Model Signature  [£d:(tb'] Mass limit Reference
@, -qt) Oy  26jets  Ep= 140 1.85 m(¥1)<400 GeV 201014293
2 monojet  1-3jets EP™ 140 [ [8xDegen] 09 m m(g)-m(¥1)=5GeV 210210874
5 -4 Oep  26jets  EPs 140 | u 23 m())=0GeV 201014293
& H Forbiddem 1.15-1.95 m(?})=1000 GeV 2010.14293
3 Z-qgWi, leu  2-6jets 140 | & u 22 m(¥})<600 GeV 210101629
N 2-qa(tOY) e 2jets  EMS 140 |2 L] 2.2 m(E)<700 GeV 2204.13072
3 FaqWZit) Qe 7-Mjets EPS 140 |2 L 1.97 m(¥}) <600 GeV 2008.06032
% SSe.u 6 jets 140 |2 W15 m(z)-m(¥1)=200 GeV 2307.01094
S ot 0-leu 3b  EPS 140 |2 u 245 m(¥})<500 GeV 2211.08028
SSepu 6 jets 140 |z m 125 m(z)-m(¥1)=300 GeV 1909.08457
- o~ 55 -
biby Oe,u 2b EPS 140 | By m 1255 m(i})<400 GeV 2101.12527
by 0.68 = 10 GeV<Am(b; ¥1)<20 GeV 2101.12527
95 bbb b3 — bt Oep 66 Epe 140 5 Forbidden §-23-1.35 Am(T3.1)=130 GeV, m(i})=100 GeV 1908.03122
s % 27 2h ERs 440 |5, 0.13-0.85 Am(¥3,%7)=130 GeV, m(¥})=0 GeV 2103.08189
g§ iy, 0] 0-1e,u >ljet  EFS 140 |§ m 125 m{F))=1 GeV 2004.14060, 2012.03799
: 5 q, fl_.Wh)?‘]’ Teu 3jets/t b EP 140 i Forbidden 105 m(¥))=500 GeV 2012.03799, 2401.13430
Q5 it ii-Tiby, 711G 127 2jetsb EPY 140 | @ Forbidden " g 14 m(71)=800 GeV 2108.07665
= L Qi o)/, ok Oeu 2¢ Ea"‘ 36.1 o 085 o ma‘d’)zo GeV 1805.01649
« T Oepu mono-jet  EP 140 I 0.55 4 m(7.8)-m(¥])=5GeV 2102.10874
iy, i1, X9 Z/hi) 1-2e.u 14 EPS 140 | i 0.06%1.18 m(E)=500 GeV 2006.05880
b, =l +2Z 3ep 1 EPS 140 | Forbidden 086 g m(¥)=360 GeV, m(7y)-mi 2006.05880
Multiple ¢/jets E%‘“s 140 )?*/)'(‘a’ 0.96® m(i?)=0, wino-bino 2106.01676, 2108.07586
ee, gt >ljet  Eps 140 )?f/)'(, 0.205 [ ] m(¥t)-m(¥})=5 GeV, wino-bino 1911.12606
2ep Eps 140 | dy 0.42 u m(¥})=0, wino-bino 1908.08215
Multiple ¢/jets EMSS 140 | F/¥;  Forbidden 1% m(¥)=70 GeV, wino-bino 2004.10894, 2108.07586
" 2ep EPs 140 |07 1.8 m(7,7)=0.5(m(¥})+m(¥))) 1908.08215
=8 27 P 140 [EFERERI0as] 05 " miit)=0 2402.00603
W 2epu Ojets  Ex 140 |7 0.7 u meEl)=0 1908.08215
ee, jip >ljet EP™ 140 i 0.26 [ ] m(@)-m(¥)=10 GeV 1911.12606
AH, A-hG/(ZG Oepu >3bh  EpS 140 i 0948 2401.14922
4ep jets ELM 140 ):4 0.55 [ ] 2103.11684
Oep > 2large jets 7™ 140 i 0.45-0.93 2108.07586
2ep >2jets EMS 140 | & 0.77 n BR(} — ZG)=BR(¥! — hG)=05 220413072
Direct X7 X7 prod., long-lived X7 Disapp. trk  Tjet  EF™ 140 [¥} 0.66 n Pure Wino 2201.02472
Ee) Xy 0.21 = Pure higgsino 2201.02472
o
g % Stable g R-hadron pixel dE/dx Eps 140 z m 2.05 2205.06013
SE Metastable 7 R-hadron, g—qqt} pixel dE/dx EPS 140 | & [(@® =10ns] ™ 2.2 m())=100 Gev 2205.06013
5 S 7, -G Displ. lep EpSS 140 |é&j 0.74 n 7(f)=0.1ns ATLAS-CONF-2024-011
~ T 0.36 = 7(f)=0.1ns ATLAS-CONF-2024-011
pixel dE/dx Eps 140 7 0.36 () =10ns 2205.06013
u
V0V ze—stee Zep 140 . Pure Wino 201110543
Vi 10 — wwjzeetery depn Ojets  EP™ 140 m(¥})=200 Gev 210311684
2-qa%), X - qqq >8 jets 140 2.34 Large 4/, 2401.16333
N it 20 — tbs Multiple 36.1 m(E})=200 GeV, bino-like ATLAS-CONF-2018-003
% IT, i—b¥T, X — bbs > 4b 140 Forbidden m(¥1)=500 GeV 201001015
i), fi—bs 2jets +2 b 36.7 0.61 1710.07171
iy, =gt 2eqn 2b 140 0.4-1.85 BRI —be/bu)>20% 2406.18367
Tu DV 136 1.6 BR(f, —qu)=100%, cosf,=1 2003.11956
X IR, 10 —o1bs, X —bbs 12eu  >6jets 140 ¥ 0.2-0.32 : Pure higgsino 2106.09609
]
*Only a selection of the available mass limits on new states or 107! ol Mass scale [TeV]
phenomena is shown. Many of the limits are based on [ ]

simplified models, c.f. refs. for the assumptions made.

Perhaps SUSY is hidden because of a compressed spectrum?

Perhaps the SUSY mass scale is a (little) bit higher than the TeV scale?

S.Gori
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S.Gori

Effective field theories

The SM Lagrangian can be only the low-energy limit of a more complete

theory with new particles with a mass (well) above the electroweak scale.

Effective field theory (EFT)

New degrees of freedom are expected at a scale /\ above the electroweak
scale. These new degrees of freedom can be too heavy for being directly
produced and detected at the LHC, with s = (14 TeV)?

18



Effective field theories

The SM Lagrangian can be only the low-energy limit of a more complete
theory with new particles with a mass (well) above the electroweak scale.
Effective field theory (EFT)

New degrees of freedom are expected at a scale /\ above the electroweak
scale. These new degrees of freedom can be too heavy for being directly
produced and detected at the LHC, with s = (14 TeV)?

Wilson coefficients

Leg = Lsm + Z

d>5 u u " u
Renormalizable Operators of dimension d 2 5 containing
see e.g., SM fields only, and compatible with the
Grzadkowski et al., 1008.4884; SM gauge symmetry

Alonso et al., 1312.2014

This is the most general parameterization of the new degrees of freedom,
(assuming /\ above the electroweak scale), as long as we perform low-energy
(s << /A\?) experiments

S.Gori
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Following Fermi: The birth of an effective field theory

Fermi’s Theory (1934) describes beta decays of nuclei (four-fermion interaction)

Gr
Lpr = — 7 (py"n)(€éyuve)  Dimension-6 operator © "
Gr
Parity violation = only left-handed fermions couple to weak force p 5
Yo = YuYs
Now interpreted as a low-energy effective field theory
S.Gori
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Following Fermi: The birth of an effective field theory

Fermi’s Theory (1934) describes beta decays of nuclei (four-fermion interaction)

Gr

Lr =———(py"n)(éyuve) Dimension-6 operator

V2

Parity violation = only left-handed fermions couple to weak force p
Yo = YuYs 4

e n

Gr

Now interpreted as a low-energy effective field theory

Discovery of the W Boson (CERN, 1983),
Direct production at UA1/UA2 experiments

— = = mw = A
(NP scale)

S.Gori 19




EFTs at the LHC, the Higgs

These higher dimensional operators have an effect on SM processes that are
accurately measured at the LHC # constraints on the Wilson coefficients

S.Gori

20



EFTs at the LHC, the Higgs

These higher dimensional operators have an effect on SM processes that are
accurately measured at the LHC # constraints on the Wilson coefficients

For example, the rate and distributions of CHW

pp — H — yy are affected by the presence A2
of higher dimensional operators C;B (H'H)B,,B"
CHWB
A2
CHG
AZ

F i v,
(H'H)W: W

(H'o'H)W' B*

(H'H)Ge, GH»e

S.Gori 20



EFTs at the LHC, the Higgs

These higher dimensional operators have an effect on SM processes that are

accurately measured at the LHC

For example, the rate and distributions of

pp — H — yy are affected by the presence
of higher dimensional operators

ATLAS Simulation vs-13Tev 139" H—yy,m = 125.09 GeV,

> 4 I
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D 04— 0 : : —
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-0.4 : : : e
= 1 H ] 1 =

4 4, % % % % % *

%, B, R R BB R R R KR RRRRRRRRRRRRRRR P, BB, B, %,
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% oy X Py B, 7% D %, 0B %, 2
S.Gori ", %o 7 v, 2% 21 Por % 2% Cot
. 2, 2 PR » K
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constraints on the Wilson coefficients

L i

2207.00348

CHwW
A2
CHB U
2 (H'H)B,,, B"
CHWB

A2
CHG
A2

F i v,
(H'H)W: W

(H'o'H)W® B
nv

(H'H)G®, G
pv

cyg = 0.005
CuH=1.0
cg=1.0
(3)
Cqqg =02
40 Cuw = 0.5
20
cHB=1.0
0

-20

-40
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EFTs at the LHC, the Higgs

These higher dimensional operators have an effect on SM processes that are
accurately measured at the LHC

For example, the rate and distributions of

pp — H — yy are affected by the presence
of higher dimensional operators

(o2}

i N

Parameter value

N

Fr 1T 1T 1T T

I

I

I

T 1

T 1T 1

. ATLAS « Linear best-it (obs.) — 68% (0obs.) - - -+ 95% (obs.) _|
— » Linear+quadratic best-fit (obs.) == 68% (obs.) - - -- 95% (obs. )—
~  Vs=13TeV, 139 fb" .
[ Hovyy,m, =125.09 GeV| A=1TeV ]
ﬂn!m» l H I|H|l 1 L 4” ik hh“} | Bt
C ot g T
CHWCHBCHWBCHGICW €& Cul Cus CuCut Cak C Ca Chy Cu Cra CHOICHD g Caq Cag €1t Cuu Cau Cag Co
x100x100x100 x100k10 x10 x10 x10 x10 x0.1 x0.1 x0.1

S.Gori

2207.00348

constraints on the Wilson coefficients

F i v,
A2 C(HTH)W: W+

uv

CHWB
A2
CHG

(H'o'H)W: Bw
7%

5 (H'H)G;, G
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EFTs at the LHC, other SM measurements

It's not just the Higgs. Fits of SMEFT coefficients include
* Higgs data,
* top quark data,
* gauge boson pair production,
* EW precision observables

S.Gori
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EFTs at the LHC, other SM measurements

It's not just the Higgs. Fits of SMEFT coefficients include

* Higgs data,
* top quark data,
* gauge boson pair production,
* EW precision observables
178 total analysis bins

138 b (13 TeV)

CMS Preliminary postfit

2lep

3lep 41ep

For example:

I N

i ™ mu HJM

3¢ on-Z
4t 3f on-Z 1b | 2b 4j5]

oL uIN

Obs. / pred.
o -

3¢ off-Z 2b(-) 32’b°2'}312|

assob(s) | 20ss2b() | 2fss3b(s) | 2ess3() | 3 offZ his) | af offZ 1b() | 3 oftz 2b(s)
[[Jcharge misid. [ |Misid. leptons [l] Diboson [ ] Triboson [[]conv. [lltwz | R CMS PAS
!tfli By [tiiq BltHq Wit % Total unc. - Obs. TO P-22-006
Operator category WCs
Two heavy quarks Cgr Cpor C34;Q Cotr Cotbr CtW» Crzr CoWs GG
Two heavy quarks two leptons c‘z,(t{) é([), g) @, 2, S([), Cz-(f)

Two light quarks two heavy quarks
Four heavy quarks

38 A1 18 1
ch CQqr €Qqr COqr Clar Ctq

chor Cov Cou Ct

Future indirect discovery of a New Physics scale, A?

S.Gori
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‘ 3k The SM and the NP flavor puzzle, EFT \ see lectures

The SM flavor puzzle ™"
Measurements tell us that:
THREIIE GENERATlONS OF M»IAI'IITER
CHARGE:

ph 2.75| I3 1300 EE) -2/ [EHES 0.974 S
Q » ( e
S & (He-
o & UP CHARM » 3 0.225
- 500 P mza@ . .
ok ] 2 Ven~| W .
P e } 4 7))
& g v f 0.225 ¢ 973
o
5 55 \ 0.041 . )
52 8 5 929)87 0.999
o O u e
s °‘
= ﬁ% S 2
|<—( f J fermion masses o
s NEUTRINO

ALL MASSES IN MEV: The Standard MOdEl Ve Vr e ’%  Hera

miviciemes fUndamental particle oo e

E.Lunghi
Reminder for the gauge couplings: g 0.35; g 0.65; g 1.2

This structure does not seem accidental. New dynamics?
S.Gori Is there a New Physics scale associated to it? o,



Froggatt-Nielsen mechanism

Nucl.Phys.B 147 (1979) 277-298

Basic idea: fermion masses are forbidden by
and arise only after spontaneous breaking of the symmetry

Simple model: Flavon = scalar field with a potential
Q(t) = Q(tr) = 0; Q(uL) =- Q(ur) =3 such that <¢p>#0
Q(h) = 0; Q(¢p) = -1 (it breaks the U(1)rn symmetry)

S.Gori
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Froggatt-Nielsen mechanism

Nucl.Phys.B 147 (1979) 277-298

Basic idea: fermion masses are forbidden by
and arise only after spontaneous breaking of the symmetry

Simple model: Flavon = scalar field with a potential

Q(t) = Q(tr) = 0; Q(uL) = - Q(ur) = 3 such that <¢>#0

Q(h) = 0; Q(¢p) = -1 (it breaks the U(1)rn symmetry)
A <> A S
: w o s Quark and lepton mass and
) ’ mixing hierarchies are given by

powers of the “spurion”, <¢)>/M

In this specific case:

6
My (D)
M = heavy mass scale of the system m ~ M
(typically vector like fermions charged under U(1)en) t

S.Gori 23



Flavor transitions in the SM and in SMEFT

In the SM, there are no FCNCs Only loop mediated processes
at the tree level with charged interactions
s W d

u.ct u,ct

d wt 5
(example for Kaon mixing) (example for Kaon mixing)

A lot of flavor transitions (including observables in Kaon mixing) have
been precisely measured and they agree with the SM predictions

S.Gori
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Flavor transitions in the SM and in SMEFT

In the SM, there are no FCNCs Only loop mediated processes
at the tree level with charged interactions
s W d
u.c.t u.c.t
d wt 5
(example for Kaon mixing) (example for Kaon mixing)

A lot of flavor transitions (including observables in Kaon mixing) have
been precisely measured and they agree with the SM predictions

In the context of the SMEFT, we can write dimension-6 operators that
contribute to flavor transitions. For example, for Kaon mixing:

QYY" = (3v,Prd)(3y"Prd) (SM operator)

L = ﬁQ. Qi = (57Pd)(57" Prd)
— Az < Q," = (5P.d)(5Prd)
: Q" = (8Ppd)(5PLd)

S o Pdso Bd

S.Gori
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The NP flavor puzzle

Updated from Isidori, Nir, Perez,1002.0900

Kaon, ¢; =1, A[TeV] | B4, c; =1, A[lTeV] | B;,¢c; =1, A[TeV| | D, ¢; = 1, A[TeV]|
Operator | Re Im Re Im Re Im Re Im
QY 1000 2. 104 700 1000 100 200 1300 3200
Qg‘R 104 2.10° 1600 2300 300 600 4200 104

Note: generically, the LHC probes NP particles with ~ TeV mass

Precision flavor measurements impose very stringent bounds

on the NP scale, much beyond the LHC reach New Physics
flavor puzzle

— ——
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The NP flavor puzzle

Updated from Isidori, Nir, Perez,1002.0900

Kaon, ¢; =1, A[TeV] | B4, c; =1, A[lTeV] | B;,¢c; =1, A[TeV| | D, ¢; = 1, A[TeV]|
Operator | Re Im Re Im Re Im Re Im
QY 1000 2. 104 700 1000 100 200 1300 3200
Qg‘R 104 2.10° 1600 2300 300 600 4200 104

Note: generically, the LHC probes NP particles with ~ TeV mass

C;
Remember: £ = - FQ,&
(4
Precision flavor measurements impose very stringent bounds
New Physics

on the NP scale, much beyond the LHC reach
flavor puzzle

OR I .

The NP flavor structure is highly non generic # Minimal Flavor Violation?

S.Gori 25




End of the first class



What did we learn yesterday?

Reasons to go beyond the Standard Model

The hierarchy problem and SUSY.
Perhaps SUSY is a bit heavier than the TeV? » Effective field theories (EFTs)

The SM flavor puzzle and Froggatt Nielsen
The NP flavor puzzle. Very high energy scales are probed by flavor

For today...
We will conclude the discussion about flavor: Minimal flavor violating theories

The origin of neutrino masses and sterile neutrinos

Light (< GeV) New Physics: Dark Matter/dark sectors and axions

S.Gori 26



Breaking the SM flavor symmetry

Flavor symmetry: U(3)®> = SU(3)q X SU(3)y X SU(3)p X »--
(global symmetry of the SM gauge sector)

Symmetry-breaking terms: Q' Y5 dp® + Q) Y7 uj ®
(quark Yukawa couplings)

This specific symmetry + symmetry-breaking pattern is responsible
for all the successful SM predictions in the quark flavor sector

S.Gori 27



Breaking the SM flavor symmetry

Flavor symmetry: U(3)®> = SU(3)q X SU(3)y X SU(3)p X »--
(global symmetry of the SM gauge sector)

Symmetry-breaking terms: Q' Y5 dp® + Q) Y7 uj ®
(quark Yukawa couplings)

This specific symmetry + symmetry-breaking pattern is responsible
for all the successful SM predictions in the quark flavor sector

However, we can (formally) promote this symmetry to be an exact
symmetry, assuming the Yukawa matrices are the vacuum expectation

values of appropriate auxiliary fields: spurions
Yp ~ (3,1,3), Yy ~ (3,3,1) (transformation under SU(3)_ x SU(3), x SU(3),)

(?I,‘YDDR(I) o5 QLY'UI/YI{&) 111
/’.*.—\ Tf_\ —,(1,1,1)
: (3.1,3) (3,3,1) (1,3,1)
6,11 (1,1,3) (3,1,1)

S.Gori 27



The Minimal Flavor Violation ansatz

In all generality, New Physics theories with additional degrees of freedom
can further break this flavor symmetry

A natural mechanism to reproduce the SM successes in flavor physics is
the MFV hypothesis: The SM Yukawa couplings are the only sources of
flavor violation in and beyond the Standard Model

Going back to EFTs...
A low-energy EFT satisfies the criterion of MFV if all higher-dimensional operators,
constructed from SM and Y fields, are (formally) invariant under the flavor group

Chivukula,
Georgi '87
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The Minimal Flavor Violation ansatz

In all generality, New Physics theories with additional degrees of freedom
can further break this flavor symmetry

A natural mechanism to reproduce the SM successes in flavor physics is
the MFV hypothesis: The SM Yukawa couplings are the only sources of
flavor violation in and beyond the Standard Model

Going back to EFTs...
A low-energy EFT satisfies the criterion of MFV if all higher-dimensional operators,

constructed from SM and Y fields, are (formally) invariant under the flavor group

Chivukula,
Georgi '87

For example, for processes with external down-type quarks, the relevant
FCNC vertices: O.Y, LT 0, DRY; Y, Y, f Q. DR)"’;) Y, sl’}il”}) D,

Where, for convenience, we have chosen the basis for which CKM matrix

— diao( 0y __Vidiao( oy introduced by
Yp = diag(ya, Ys, Ys), Yu = V,dlzi\c,(y,,. Yes Yt) __——> N.8inov

If we expand, at the leading order in the quark masses and CKM elements:

12 . -
yl (Q},‘?s Va7 Q3 ) The Wilson coefficient, C,
is not anymore O(1)!
S.Gori 28



TeV scale New Physics is now allowed by flavor!

D’Ambrosio, Giudice, Isidori, Strumia, 0207036

Minimal flavor violating Main observables

One of the dirr_lension 6 operator
operators —» O, = (QLAECWQL)2 €ex, Amp,
seen before OFl — HT (DRdAE(:'O';U/QL) F[.Ll/ B — Xs'.y

OGI — HT (DRdAE(:'a;U/TaQL) GZ"/ B — X87
Other flavor On = (QLA“W“QL)(LL:Y“‘LL) B — (X)(%li., K = mvp, (W)ﬁ;
transitions On = (QrArcyu™QL)(Lry,mLr) B — (X)), K — wvw,(w)tl

0[11 = (QLAEC"}’“QL)(HT’l‘D“H) B — (X)(IZ K — TV, (7‘(’)@[

\ 4 Oq5 — (QLAI-'(I"Y;LQL)(DRV;LDR) B — K, 6,/6" te /
\eer )i = U2V *Va . .
vo)ij = Yy VaiVag Without MFV, this would be ~103- 104 TeV!

The MFV ansatz leads to a very predictive framework...

3k TeV scale NP with interesting flavor effects
%k Opportunities for discoveries at the LHC

S.Gori 29




Effective Lagrangians for B meson decays

Semileptonic

/ operators

eff T Z & Q
«/_ / b u
A new flavor structure can appear

2m,,

in this Wilson coefficient (if no MFV) S M
- d.of=

Ow = (bv,Prs)(fvy,vsie) (the one of the SM) degree

' = (. Fas)iy.s8) il

Os = (bPps)(an)

/ L — 1 5

O, = (bPgs)(fip) (PL.R e )

Op = (bPLs)(fysp)

O, = (bPgs)(fysh)

e 2 o 2

BR(B, = pTp7) ocrn“ '(CSM Ci\fjp—(?{o)—l— “(Cp — Cp) —|—| “(Cs — Cy)

The helicity suppression can be eliminated
thanks to the scalar/pseudoscalar operators

S.Gori



The prediction of MFV models

%k To satisfy the MFV condition:
C; ~ V7V,, (B decay)
Ci ~ V,;Via (B, decay)

%k Therefore, in MFV theories we always get

BR(B, — ptp) Vi, 2 0-6i<1o‘9 9MS | 14.0fb‘1 (1§3TeV)
BR(B; — ptp—) Vid -
0.5 50
Large part of the theory uncertainty -
(top mass, decay constant, ...) :; 0.4 .
is canceled in the ratio = T
1t 0.3}
..................................................................................... %\3’ B
We can extract info on R 0.2
BR(B4a — pit) using
info on BR(Bs — pp) that ¢ 01
. is better measured . Theory o i L T RN
Eeurtesee st st st s A e A e et s AR s R s ann s ean ; uncertainty 1 2 3 ) 4 5 6 7
~ few % 2212.10311 B(B, — uw’)




‘ 3k NP flavor puzzle, UV models \
Beyond EFTs

%k Up to now, we have considered effective theories arising from more
complete theories beyond the SM, with new heavy degrees of freedom
that they can be integrated out

Effective
operator:

SM fields

New degrees
of freedom (d.o.f.)

Next: models
with additional
Higgs bosons...

* What is the complete BSM theory?
What are the new degrees of freedom?

S.Gori 32



A Two-Higgs-Doublet-Model (2HDM)

%k Several extensions of the SM involve an extended Higgs sector,
with more than one Higgs doublet.
Most studied example: SUSY SM doublet

* Atwo Higgs dublet: H = (1,2,-1/2), H = (1,2,12) == Ehlis'/ial F:‘Iields-

sk Most general Lagrangian

9 9 A A ,
V(H, Hy) = pi|H\|* + p3|Hz|* + (bH H, + h.c) + 71|H1|4 + 72|Hz|1 + A3|H |’ |H,|?

. As . . .
+ Ag|H Ho|* + 5 (H{Hs)* + X¢|H{|°"H{Hs + \;|Ho|°"HH, + h.c]

These coefficients are generically complex.
Possible new sources of CP violation
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A Two-Higgs-Doublet-Model (2HDM)

%k Several extensions of the SM involve an extended Higgs sector,
with more than one Higgs doublet.
Most studied example: SUSY SM doublet

* Atwo Higgs dublet: H = (1,2,-1/2), H = (1,2,12) == Ehlis'/ial F:‘Iields-

sk Most general Lagrangian

9 9 A A ,
V(H, Hy) = pi|H\|* + p3|Hz|* + (bH H, + h.c) + 71|H1|4 + 72|Hz|1 + A3|H |’ |H,|?

. As . . .
+ Ag|H Ho|* + 5 (H{Hs)* + X¢|H{|°"H{Hs + \;|Ho|°"HH, + h.c]

These coefficients are generically complex.
Possible new sources of CP violation

HY" = QrXuDpHy + QX WUrH{ + Q1 X432 DrHS + Q1 X ,2UrH,
Each Higgs doublet can generically couple to up and down quarks.

S.Gori



Flavor Changing Neutral Currents in a 2HDM

HY" = QrXuDrHi + QrXuUrH} + Qr X2 DrHj + Qr X 2UrH,

We can rotate to the basis in which only one Higgs has a VEV

(5)=(5.2) (%)
Px —% Cp Hzc (‘I’L‘I’H) =0 tan = :
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Flavor Changing Neutral Currents in a 2HDM

HY" = QrXuDrHy + QX UrH{ + Qr XuaDrHj + Qr X.2UrH,

We can rotate to the basis in which only one Higgs has a VEV

(2)= () ()
by —sp cp ) \ H, (B, ®5) =0 tanf =gy
HY" = Qy ITMd(I)v + Z,®PH| Dr-
3x3 matrices
Zy = cos 3X 42 — sin BX 4 Generically It is not possible
< not proportional to diagonalize
My = 7 (cos BX a1 + sin BX42) to each other! them simultaneously

(analogous in the up sector)
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Flavor Changing Neutral Currents in a 2HDM

HY" = QrXuDrHy + QX UrH{ + Qr XuaDrHj + Qr X.2UrH,

We can rotate to the basis in which only one Higgs has a VEV

(2)= () ()
by —sp cp ) \ H, (B, ®5) =0 tanf =gy
HY" = Qy ITMd(I)v + Z,®PH| Dr-
3x3 matrices
Zy = cos 3X 42 — sin BX 4 Generically It is not possible
< not proportional to diagonalize
My = 7 (cos BX a1 + sin BX42) to each other! them simultaneously

(analogous in the up sector)

d S No loop suppression of the
------ four fermion operators!
s hAH ; BAD!

S.Gori 34




A MFV 2HDM

H%’en — QL4Y111D1{111 + QLJYUJ.L'TRH; + (?L‘Y(I'-’-DHII‘E" + QL‘Y“.‘EIJRHQ

e
AX(“ — Y:l

Xul eul/u + 6,1}/:1/11}/11 + GIQYJKIY:I
\ X = Yot aY VYot eYY.Y+

Xu?. — Y'—u.
-

higher orders in the
small Yukawa couplings

The € are In general complex coefficients

% The most studied 2HDMs are the so called Type |, I, Ill, IV:

these are models where up and down quarks only couple to one Higgs type.

Example: Type II: U, only couple to H, and D, only coupled to H,
(Xy=Xp=0)

%k All these models are a particular limit of a MFV 2HDM

S.Gori
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Flavor phenomenology of a MFV 2HDM

%k Constraints from meson mixing observables

Kaon ~

0
= tan* B m.my V. Vid)?
AH
! o 2
g tan® 3 myma[V,; Vid]
Ao

tan® B mym. [V Vi ¥

M?

Larger NP effect

Ai are combinations of the € of the previous slide

S.Gori
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Flavor phenomenology of a MFV 2HDM

%k Constraints from meson mixing observables

A
Kaon ~ —2 tan*p msma[V, Vza)?

M%
A1 4 ) 14 2
Bd ~ Wtan ,B’m,and[V;b td]
AH Larger NP effect d ;mall S
BS ~ ﬁtan“ﬁ mbms[Vt’l';VtS]2 Yy  a&._A
H H

o X

Ai are combinations of the € of the previous slide

sk Some possible NP in rare B-decays

Br(B, = p )
Br(By — ptp~)sm

-
U
-
-
-
-
-
J g
-
-
P
-
-
-
-
-~
-
o
o

— (ll + Rq|2 + |Rq|2)

Altmannshofer et al., 1211.1976

Interplay with direct . . | . .
200 400 600 800 1000 1200

searches, H/A — 77 M, (GeV)
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‘ 3k The origin of neutrino masses \

The origin of fermion masses

In 2012, the LHC ATLAS and CMS collaborations announced the discovery
of the Higgs boson.

Is the Higgs field indeed responsible of giving mass to the elementary fermions?

It definitely gives mass (or at least part of the mass) to the most massive fermions:

S.Gori
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‘ 3k The origin of neutrino masses \

The origin of fermion masses

In 2012, the LHC ATLAS and CMS collaborations announced the discovery
of the Higgs boson.

Is the Higgs field indeed responsible of giving mass to the elementary fermions?

It definitely gives mass (or at least part of the mass) to the most massive fermions:
The Standard Model of particle physics predicts
Yy =mg/v ¥—__ vacuum expectation

\ value of the Higgs

Higgs-fermion
interaction strength

O These interactions are already discovered
=) the Higgs gives mass to the top, bottom, tau

IIIII

i 1 First evidence of the muon-Higgs coupling
.’ ~2 30 (through the search for H — pp)

CMS: JHEP 01 (2021) 148
ATLAS: Phys.Lett.B 812 (2021) 135980
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‘ 3k The origin of neutrino masses \

The origin of fermion masses

of the Higgs boson.

In 2012, the LHC ATLAS and CMS collaborations announced the discovery

Is the Higgs field indeed responsible of giving mass to the elementary fermions?

It definitely gives mass (or at least part of the mass) to the most massive fermions:

Yf p— mf/’v

proportionality ~

K OF \iy

S.Gori

E>|:
1
\ e
Accurate test = 10E
of this -

107

1.2
1

0.8

The Standard Model of particle physics predicts

104 E

L TorTTTTT o TooTTTTrr T
| ATLAS Preliminary

E Vs=13TeV,24.5- 13910
E m,=125.09 GeV

z ',*E
—”— -
“w

.......... SM Higgs boson

mg(my,) used for quarks

l -------------------- H ------------------------- £
107" 1 10 10°
Particle mass [GeV]
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Future tests of fermion mass generation

We will most probably discover the Higgs interaction with muons «
» Higgs responsible for the muon mass

Testing the mass generation of electrons and light quarks is very challenging

% Electrons: BR(H —ee)~10-° but the LHC will only produce ~O(108) Higgs bosons

Future e*e- collider running at the Higgs peak? ( vs ~ m;, ) seee.q., JHEP 05 (2015) 125;
Eur.Phys.J.Plus 137 (2022) 2, 201;

Phys.Rev.D 110 (2024) 7, 075026

%k Charm: several ways to test this coupling: for a review, see e.g., Phys.Lett.B 832 (2022) 137255
H —cc, Higgs kinematical distributions, VH associated production, ...

ye < (1 — 2)y>™M at the High-luminosity stage of the LHC
(a factor of ~10 more data if compared to now)

% Lighter quarks: even more challenging

S.Gori



Future tests of fermion mass generation

We will most probably discover the Higgs interaction with muons «
» Higgs responsible for the muon mass

Testing the mass generation of electrons and light quarks is very challenging

% Electrons: BR(H —ee)~10-° but the LHC will only produce ~O(108) Higgs bosons

Future e*e- collider running at the Higgs peak? ( vs ~ m;, ) seee.q., JHEP 05 (2015) 125;
Eur.Phys.J.Plus 137 (2022) 2, 201;

Phys.Rev.D 110 (2024) 7, 075026

%k Charm: several ways to test this coupling: for a review, see e.g., Phys.Lett.B 832 (2022) 137255
H —cc, Higgs kinematical distributions, VH associated production, ...

ye < (1 — 2)y>™M at the High-luminosity stage of the LHC
(a factor of ~10 more data if compared to now)

% Lighter quarks: even more challenging

And what about neutrino masses?

S.Gori
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Do neutrino have a mass?

YES! At least 2 neutrinos have a non-zero mass See lectures

How do we know about it? by S. Li
We have observed “neutrino oscillations”

Vr - U, - v

What is the origin of these masses?
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Do neutrino have a mass?

YES! At least 2 neutrinos have a non-zero mass See lectures

How do we know about it? by S. Li
We have observed “neutrino oscillations”

vV, — Ve —’

What is the origin of these masses?

Brief historical note on neutrinos and neutrino oscillations:
1930: “Neutrino" hypothesis by Pauli to explain missing energy in beta decay
(later called neutrinos by Fermi).
1

1956: Neutrino Discovery by C. Cowan and F. Reines.
1958: Neutrino oscillation hypothesis by Pontecorvo.

1962: Discovery of the Muon Neutrino by Lederman, Schwartz, and Steinberger at BNL
1968: Solar Neutrino Problem: deficit of electron neutrinos from the sun

1986: Atmospheric Neutrino Anomaly: deficit of muon neutrinos from cosmic rays

1998: Discovery of Atmospheric Neutrino Oscillations by Super-Kamiokande in Japan.

2001: Confirmation of solar neutrino oscillations by Sudbury Neutrino Observatory.




The problem with neutrino masses

The SM is based on a SU(3)c x SU(2)L x U(1)y gauge symmetry

The building blocks of the SM are the fermion representations:

QL = ( e ) = (3,2,1/6), ur = (3,1,2/3), dr = (3,1,—1/3)

S S 1/2)
L; = ( VL i: (]_, 2, —1/2), er = (]_, 1,—1) @9 o ( 7
Ly Y

SM neutrinos.
Need to have a mass

There is no Yukawa interaction that we can write down that involves the
v; fields # In the SM, the neutrinos would be massless!

We need to go beyond the SM to explain neutrino masses.
What's the mechanism that gives mass to neutrinos?

Let's start with a little background...

S.Gori 40



Dirac or Majorana neutrinos

There are two different types of spinors under Lorentz transformations

- T
= Left handed (LH) Weyl spinors: ¥ —* exp ((—19 - "7)§> Yy
_ Different chirality

= Right handed (RH) Weyl spinors: ¥r — exp ((—/35 + ﬁ)%XR

rotation poost Pauli
angle matrices

S.Gori
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Dirac or Majorana neutrinos

There are two different types of spinors under Lorentz transformations

= Left handed (LH) Weyl spinors: ¥ —* exp ((—ié - ﬁ)%) )
_ Different chirality
= Right handed (RH) Weyl spinors: ¥r — exp ((—/35 + ﬁ)%XR

rotation poost Pauli
angle matrices

NN N NN AR R R N AN R AN R R AR N R R AR R R AN R R R RN R AN R AN AN AR NN RN AR RN EEEEEEEEEE N N R N N NN NN E NN EEEEENEEEEEEEEEEEEEEEEEREEEREEREEd

From here, we can build a Dirac fermion A Majorana fermion is a particle
: . ¢ that is equal to its anti-particle:
Yo = ( v )
VR

( : )
10277
4-degrees of freedom

: 2-degrees of freedom \
(2 complex Weyl spinors) s \

We do not know if neutrinos are Dirac or Majorana fermions
(all the other Standard Model fermions are Dirac fermions since particle # anti-particle)

S.Gori 41



Dirac and Majorana masses

In all generality, spinors can have two different types of masses:
Dirac masses & Majorana masses

1 — Te c ]\/[R Te ]\/[L .c
L= (mD«me i + o bn + wLwL) T he.

NS

conjugate fermion

. Both terms are allowed
. by Lorentz invariance

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

1, _  _ My mp ()
_= c +hec.
= 2 ( i Vr ) mp Mpg VYR )

If M, MR =0 » Dirac fermion
If M, MR #0 Majorana fermion

S.Gori 42



One possible realization of Majorana neutrinos

So far, we know of the existence of three LH neutrinos that interact through
the SU(2)L weak interactions, v

If we add three RH neutrinos, Nr, that are not charged under SU(3)c x SU(2)L x
U(1)y, then we can write the following Lagrangian terms (invariant under both

the SM gauge symmetries and the Lorentz symmetry) L
—L, = (Y, L HNg + h.c.) + MN:Ny e

we do not know if RH
neutrinos exist

S.Gori 43



One possible realization of Majorana neutrinos

So far, we know of the existence of three LH neutrinos that interact through
the SU(2)L weak interactions, v

If we add three RH neutrinos, Ng, that are not charged under SU(3)c x SU(2)L x

U(1)y, then we can write the following Lagrangian terms (invariant under both

the SM gauge symmetries and the Lorentz symmetry) . ()
L pu—

_Eu: YVELHNR+h.C. +MNCNR £y
R
Dirac neutrinos, M= 0 we do nt?t know.if RH
Vv ~ 10-12 @ really tiny Yukawa interaction neutrinos exist
o =

would be needed. Why so small?

For comparison, the electron Yukawa: Y, ~ 10~°

Neutrinos behave exactly as all the other SM fermions
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One possible realization of Majorana neutrinos

So far, we know of the existence of three LH neutrinos that interact through
the SU(2)L weak interactions, v

If we add three RH neutrinos, Ng, that are not charged under SU(3)c x SU(2)L x

U(1)y, then we can write the following Lagrangian terms (invariant under both

the SM gauge symmetries and the Lorentz symmetry) . ()
L =

—L, = (Y,LHNg + h.c.) + MN.Nx e

we do not know if RH
neutrinos exist

Dirac neutrinos, M =0

Y, ~ 10712

a really tiny Yukawa interaction
would be needed. Why so small?

For comparison, the electron Yukawa: Y, ~ 10~°
Neutrinos behave exactly as all the other SM fermions

Majorana neutrinos, M# 0

Y 202
if YV V << M, mea.ss — o ( ;\4— ) b mNmass ~ M

Y, ~1 and M ~ 10" GeV

RH neutrinos can be lighter if smaller Yukawa 1015 GeV
(Type-l) seesaw mechanism
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One possible realization of Majorana neutrinos
So far, we know of the existence of three LH neutrinos that interact through

the SU(2)L weak interactions, v

If we add three RH neutrinos, Ng, that are not charged under SU(3)c x SU(2)L x
U(1)y, then we can write the following Lagrangian terms (invariant under both

the SM gauge symmetries and the Lorentz symmetry) L
—L, = (Y, L HNg + h.c.) + MN:Ng e
Dirac neutrinos, M =0 we do not know if RH

neutrinos exist

a really tiny Yukawa interaction
would be needed. Why so small?

Y, ~ 10712

For comparison, the electron Yukawa: Y, ~ 10~°

Neutrinos behave exactly as all the other SM fermions

Majorana neutrinos, M# 0

if YV V << M, meass — 0

Y, ~1 and M =~ 10" GeV ==

RH neutrinos can be lighter if smaller Y 1015 GeV
(Type-l) seesaw mechanism

This is a very heavy NP
scale. Challenging to probe

S.Gori 43



A “mixed” solution: lighter sterile neutrinos

R NN N NN NN RN NN RN NN NN NN N R RN N N NN NN R NN N NN N NN NN NN NN NN NN NN N RN N NN NN NN NN N N RN NN N N N R R RN N R A A NN NN NN NN EERAANNEERAANEEEEEEEERRREEEREEE

. How to detect this type
. Sterile neutrinos can be lighter than 105 GeV. of neutrinos?
. For example, if Y, ~ Ye, M ~ TeV :
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A “mixed” solution: lighter sterile neutrinos

R NN N NN N RN NN NN NN R RN NN RN NN R NN R NN NN NN R NN N NN NN N NN NN NN NN NN NN N N R NN NN N R N N R R A R A NN E NN NN NN AEENNRAAEEEERANNEREEEEEEEEEEEE

. How to detect this type
. Sterile neutrinos can be lighter than 105 GeV. of neutrinos?
. For example, if Y, ~ Ye, M ~ TeV :

L= | "
4y

_ _ H
_ﬁl,: (YVLLHNR—Fh.C.)—i—MNIC%NR <,> v
This operator will generically induce some mixing of N M
with the three active SM neutrinos, o = 1,2,3 Ng X v,

# Whenever we produce SM neutrinos, we can also produce sterile neutrinos

S.Gori
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Sterile neutrinos @ colliders

Production
%k From meson decays:

example:

W — 1IN, Z/H— NN, ZI[H— Nv
(mass
eigenstate)

% At higher energies, decays of W, Z, H

see Atre et al., 0901.3589
Gorbunov, Shaposhnikov, 0705.1729

S.Gori

(H)
E yv
: M
—_—
NRg UV,
Decay
/
NR A%
> N _
W+
At higher masses: q

N — ZOv, N - WO I, N — HCv

At lower masses: vector meson
dominance technique:

N — | meson(s), N — v meson(s), ...
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Sterile neutrinos @ colliders

Production
%k From meson decays:

example:

% At higher energies, decays of W, Z, H

W — 1IN, Z/[H— NN, ZI[H — Nv
(mass
eigenstate)

see Atre et al., 0901.3589
Gorbunov, Shaposhnikov, 0705.1729

S.Gori

= 0O Y~ == T~

(H)

<
<

0.500

0.100f

0.050f

BranchingRatio

0.010

0.005f

0.001

vy

Mn(GeV)

|

Ballett et al., 1610.08512
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Bounds on sterile neutrinos

Bolton et al., 2206.01140

DUNE Illdirect

VHL—LHC]

107 = A .'I
~,_.-ﬂvlri‘.\"1_+:l‘z_ﬁ \ O\ NAG2Y _~ ‘i .
R ‘ “"\"‘A_r ASER2 :I\\
~ CMB S ’ \ bV |
- —6 . HUNTER 2 = )
§ 10 PNSTAN ., . “[,.‘\, : “ . .
— | ‘ ‘ \\\ ,‘v \\\1,
10_8 r : R "‘J‘“’—)' \ g
sterile neutrino ; " S, .\__Sf,}; {‘?
. . ) ; e " 5\.;»:". ‘
that mixes with the o i s | Y2V
SM electron neutrino 10 | o

‘.Ib"l"():\',l-_ﬁ_lil{ - NFH” ’
eROSITA CMB4+BAO+H, BBN
107121 . . \\ , - | .
107° 10°° 1073 1 10°
my [GeV]
\ J L AN ) J J
Y Y Y Y :
Cosmology X ray nuclear meson beam dump high energy
More on observatory  petg factories: experiments  colliders
these experiments decays NAG2: K
later...

S.Gori
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Bounds on sterile neutrinos

Bolton et al., 2206.01140

sterile neutrino
that mixes with the
SM electron neutrino

\» 2
Venl
(S
o
&

DUNE Indi:rect

T HUNTER1Y \  NAG:
KATRIN ¢\

\ 0
s JPFASE]
2 HUNTER : \ ok
N . ._IFI NTER 2 AL3X\ [+ )
FRISTAN" ) ) \ A

VHL—LHC]

<\ 7
W
o “-
MO UTARAMEIS

~10 .“_I.'I‘I-T._\.'.T.I{.I{‘ 3 ‘. ) ".
10 Ii’ll'b():\',l-_ﬁ_I{I{ Py NFH” )
eROSITA CMB4+BAO+H, BBN
107121 . . \\ , - | .
107° 10°° 1073 1 10°
my [GeV]
\ J L AN ) J J
Y Y Y Y
Cosmology X ray nuclear meson beam dump
More on observatory  petg factories: experiments
these experiments decays NAG2: K
later...
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Neutrino-less-double-beta decay

—— need a
- Majorana
mass term
\ ) N.Z+1
_ ¢ _ N,Z N,Z+2
nucleus with N nucleons nucleus with N nucleons _ _
and Z atomic number and Z+2 atomic number violation of the lepton number
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Neutrino-less-double-beta decay

need a
- Majorana
mass term
\ N,Z+1
_ _ N.Z N,Z +2
nucleus with N nucleons  nucleus with N nucleons _ _
and Z atomic number and Z+2 atomic number violation of the lepton number
5 : e
1/T1/2 _ GOV|M0V|2m Nuclear Matrix Element. Difficult
/ \ﬂmon with large uncertainties
Phase space factor
3
— Z m;U”| = I(:os2 043 (m1e2"71 cos? 015 + mo sin® 91262"7’) 1+ mae?? sin? 044
i=1
1 C13 s1ge™ " c12 812 e’
with the PMNS matrix: U= czs sa | X 1 X | —s12 ca2 X el
(introduced in the lectures by N.Blinov) —823 Ca3 —s13 €’ C13 1 1
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Neutrino-less-double-beta decay

need a
- Majorana
mass term
\ N,Z+1
_ _ N,Z N,Z +2
nucleus with N nucleons  nucleus with N nucleons _ _
and Z atomic number and Z+2 atomic number violation of the lepton number
— 2 2 Nuclear Matrix Element. Difficult
/ \ﬂmon with large uncertainties
Phase space factor
3
— Z m;U”| = |cos2 043 ('rnlez"'1 cos? 015 + mo sin® 91262"") 1+ mae?? sin? 044
i=1

" 10%8yr <|V¢;N|2 1 GeV)2 . 100 MV

= sy My 2 e
In the presence of | Ti 10—° my N
sterile neutrinos: 10%yr <|V6N|2 my

2
LT 10-° 10 M V> » My 5 100 MeV
S.Gori 1/2 © 47




Experimental searches for Ovf33

: : _ (range due to nuclear
Current experimental bound: m.. < (28 — 122) meV matrix element uncertainties)

This correspond to a half-time, T1/2: 3.8 x 1026 years! KamLAND-Zen, 2406.11438

Five d v Ton of Isotope!
Ve decays per rear per 1on ot 1Sotope Is this a larger number? YES

for comparison
= age of the universe ~1010 years
= neutrino double beta decay ~ 1020 years

= proton decay > 1030 years

Key of these searches:
we have Avogadro numbers of nuclei!

i Future goal:

i probing half-time

i of ~1028 years
. (LEGEND-1000, nEXO)
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Experimental searches for Ovf33

: : _ (range due to nuclear
Current experimental bound: m.. < (28 — 122) meV matrix element uncertainties)

This correspond to a half-time, T1/2: 3.8 x 1026 years! KamLAND-Zen, 2406.11438

Five d Y Ton of Isotope!
've decays per Year per fon ot [sotope Is this a larger number? YES

for comparison

= age of the universe ~1010 years

= neutrino double beta decay ~ 1020 years
= proton decay > 1030 years

Key of these searches:
we have Avogadro numbers of nuclei!

i Future goal:
_ i probing half-time
measurement of the electron energy spectrum: 28
, i of ~1028 years
2.0- (N,Z) - (N, Z+2)e e i (LEGEND-1000, nEXO)
T a0 / spectrum for (N,Z) — (N,Z +2) e~e"
5 7 double-beta  *, | More in
054 7 deca . zoomed-in 1
y endpoint A sianal S.Li’s lectures
0.0+ . . . e A Signa
0.0 0.2 0.4 0.6 0.8 1.0

S.Gori E/Q Rev.Mod.Phys., 481-516 (2008) 48



Light New Physics
Chapter 3; -'9™ NeWFIYS |
3k Dark Matter and the dark sectors in the MeV-GeV range

3k Axions and axion-like-particles

. .
ZEEIK
N

S.Gori



See lectures by
C.E.M. Wagner

Dark Matter (DM) is there!

What do we know about it? Not much
1. It gravitates

1933 Fritz Zwicky o

Coma cluster (of galaxies)

2. Itis dark (i.e. it does not interact with photons)
3. It is stable on cosmological scales
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See lectures by
C.E.M. Wagner

Dark Matter (DM) is there!

What do we know about it? Not much
1. It gravitates

1933 Fritz Zwicky

Coma cluster (of galaxies)

2. Itis dark (i.e. it does not interact with photons)
3. It is stable on cosmological scales

Fun fact: There is lots of DM in the Universe, but
for DM particles weighing several hundred times the mass of the proton,
there should be about one DM particle per coffee-cup-sized volume of space.

S.Gori 49




“Weakly” interacting or collision less DM

;

b‘ - 3 g .o‘ .0\.
b = " - » " & . - < ®
B Ortical, %rag.o% (ardinary mMe), i matter

-

—




S.Gori

The “WIMP” paradigm

Weakly Interacting Massive Particles (\WWIMP) models:
One of the dominant models for more than 3 decades
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The “WIMP” paradigm

Weakly Interacting Massive Particles (\WWIMP) models:
One of the dominant models for more than 3 decades

Thermal Dark Matter

DM SM

Z boson
H boson

—h
Q
(o]

DM comoving number density

weak 1014
coupling ]
DM SM
I time I
10-20¢ e
1 10 100 1000

-------------------------------------------------------------------------------------------------------------------------------
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The “WIMP” paradigm

Weakly Interacting Massive Particles (\WWIMP) models:
One of the dominant models for more than 3 decades

DM annihilation to SM (*): %
DM Z boson SM 5 100 ]
H boson E
c ;
2
weell_k T :
couplin 3 1
DM piing SM § é
time = : j
S a i
10-20¢ I
1 10 100 1000

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

S.Gori 51



The “WIMP” paradigm

Weakly Interacting Massive Particles (\WWIMP) models:
One of the dominant models for more than 3 decades

e . 2 10 | ]

DM annihilation to SM (*): £ 107 freezeout

£ e

DM Z boson SM g 106 !_ - Increasing <o,v> z

H boson E TR .

: - \ -;

o D T D e ——— E

k =

We? E 104 bV ]

couplin 3 1

DM piing SM 8 :

. . N S = [
At certain point, annihilation rate 10 100 000 |
becomes smaller than the Hubble X (=m/T) time
rate: DM freezeout i —_—

S.Gori
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The “WIMP” paradigm

Weakly Interacting Massive Particles (\WWIMP) models:
One of the dominant models for more than 3 decades

DM annihilation to SM (*): g 107 freezeout
- N
DM Z boson SM :q_, 108 !_ _ Increasing <o,v> !
H boson E S
c : \ ;
2  \ T 1
weak S jo =
lin 2 ~
DM coupling SM § (ov) Mv2v
time ) s
. . g = . Q -205- P P L] :
At certain point, annihilation rate 10 100 1000
becomes smaller than the Hubble m/T) time
rate: DM freezeout —_—

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

Thanks to these interactions, DM with a mass O(100 GeV) can
freeze-out and obtain the measured relic abundance WIMP “miracle’?

 s.6on ... or “coincidence” 51



Dark Matter & dark sectors

The DM__ il N ——
mass scale
— —_—
axions  sterile Primordial
(106eV) neutrinos black holes
(keV) (108 GeV)

Annihilate through
weak interactions

The dark matter scale is unknown.
Completely different search strategies depending on the mass of dark matter

S.Gori 52




Dark Matter & dark sectors

The DM MeV GeV TeV
mass scale S S S S—

Dark sectors

4—
axions  sterile WIMPs Primordial
(10-6eV) neutrinos black holes
(keV) (1058 GeV)
Neutral under the SM interactions. Annihi!ate thrc_)ugh
If thermal, Dark Matter generically weak interactions

needs additional particles

to annihilate with
dark sector SM

dark sector particle = particle
particle not charged under

the SM gauge symmetries SM

The dark matter scale is unknown.
Completely different search strategies depending on the mass of dark matter
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Dark Matter & dark sectors

MeV GeV TeV

The DM . — - e meseemr et - -
mass scale N Se——— g >

Dark sectors

e —_—
axions sterile WIMPs Primordial
(10-eV) neutrinos black holes
(keV) (1058 GeV)
Lee- Neutral under the SM interactions. Annihi!ate thrqugh
Weinberg [f thermal, Dark Matter generically weak interactions

bound npeeds additional particles
-» to annihilate with

dark sector particle =
particle not charged under
the SM gauge symmetries

dark sector SM
particle

SM

The dark matter scale is unknown.
Completely different search strategies depending on the mass of dark matter
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Computation of the Lee-Weinberg bound

Thermal freezeout calculation for a (light) DM particle annihilating to light fermions

X f Minimum annihilation cross section needed
v for a thermal relic DM candidate (to avoid
overabundance):

gx gr _ (o_,v>min ~ 1

T 109GeV?

xR
—

S.Gori



Computation of the Lee-Weinberg bound

Thermal freezeout calculation for a (light) DM particle annihilating to light fermions

X f Minimum annihilation cross section needed
v for a thermal relic DM candidate (to avoid
overabundance):
gx gr _ min . 1
7 f (o = G ev?
| M 2 2 o 32my
~ . |M|? =~ (mf << mx)
(ov) 32wm% M Ix9s (s — m3)?

167raxafm§(

4
my,

my > mx = (ov) ~

S.Gori 53



Computation of the Lee-Weinberg bound

Thermal freezeout calculation for a (light) DM particle annihilating to light fermions

X f Minimum annihilation cross section needed
v for a thermal relic DM candidate (to avoid
overabundance):
gx gr _ min . 1
7 f (O = 9 GeV?
| M 2 2 o 32my
ov) , (IM|? ~ (mf << mx)
T Sy SO e
16max o ym% my ~ mz, (ov) < (ov)™" :
my > mx = (ov) =~ ma . i~ Qw * for mx < 1GeV
\% : :

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

Need an additional (light) mediator that is not the Z (or Higgs) boson
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Computation of the Lee-Weinberg bound

Thermal freezeout calculation for a (light) DM particle annihilating to light fermions

X f Minimum annihilation cross section needed
v for a thermal relic DM candidate (to avoid
overabundance):
gx gr _ min . 1
7 f (O = 9 GeV?
| M 2 2 o 32my
ov) , (IM|? ~ (mf << mx)
T sy O
167 ax o pm’ my ~ mz, (ov) < (ov)™™ :
my > mx = (ov) =~ ma . i~ Qw * for mx < 1GeV
\% : :

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

Need an additional (light) mediator that is not the Z (or Higgs) boson

Thermal origin is a simple and compelling
idea for the origin of dark matter. 3
How does it work at low mass? ;L‘L

S.Gori

53



End of the second class



Dark sector portals to the Standard Model

Since we live in the Standard Model sector, how can we access
(and test) the dark sector?
What are the interactions responsible of Dark Matter-SM thermalization?

S.Gori
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Dark sector portals to the Standard Model

Since we live in the Standard Model sector, how can we access
(and test) the dark sector?
What are the interactions responsible of Dark Matter-SM thermalization?

SU(3)c x SU2)L x U(1)y

“ singlet states

iggs?

S.Gori
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Dark sector portals to the Standard Model

Since we live in the Standard Model sector, how can we access

(and test) the dark sector?

What are the interactions responsible of Dark Matter-SM thermalization?
There is only a small set of “portal” interactions with the SM

SU(3)c x SU2)L x U(1)vy “Portals”:

* singlet states

i,.,
[

Dark photon eZ’““’A:w

Higgs | w|H|?|S|?

Neutrino | yHLN I

o~

Axion _Fuqu,ua'

S

We can also gauge an anomaly-free Only possible couplings

approximate symmetry of the SM, at dir.nension. <6,
U(1)B-L, U(1)Lp - (ffyﬂf) VA « consistent with SM
- - symmetries
S.Gori



Dark sector portals to the Standard Model

Since we live in the Standard Model sector, how can we access

(and test) the dark sector?

What are the interactions responsible of Dark Matter-SM thermalization?
There is only a small set of “portal” interactions with the SM

SU(3)c x SU2)L x U(1)y

* singlet states

\ S orces?
N
ZN - T
DM
AN Z
Example:
dark €
DM“ charge SM

S.Gori

“Portals”:

i,.,
[

Dark photon eZ’“’A:W (*)

Higgs | w|H|?|S|>

Neutrino | yHLN I

1 ~
Axion _F;u/F/.u/a' |

S

Only possible couplings
at dimension < 6,
consistent with SM

symmetries
54



“Thermal goal” for Dark Matter models

Dark photon

Higgs

Axion

VA

K|

/ pv A’
€ Auv

H*|S|*

o~

F,.F,a |

The portal coupling cannot be too small
if we want to have a thermal Dark Matter
freeze-out scenario

|\yHLN I The Standard Model needs to be

Neutrino |

1

at least a little coupled to the dark sector

Experimental

thermal target

/»V high energy
Many opportunities for collider experiments!

S.Gori

TS high intensity
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Thermal targets

Two general classes of thermal DM:

1. DMis the lightest ate
of the dark sector

V

dark sector
particle

Relic abundance regulated by @, @

L S.Gori
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Thermal targets

Two general classes of thermal DM:

1. DMis the lightest ate
of the dark sector

V

dark sector
particle

Relic abundance regulated by @, @

Thermal Relic DM €, = Q3 = Qpm /2
1073} \

1074} e
10-51 Krnjaic

10_6: O" O\\J\

<t
7 N
g ‘ E> 10”7
1078¢ \‘\Jpe
Q
S
™
V)
I
D

10—9 L
10—10 L
10~}
10_12 r = Jov
101 ‘ (ov) ox —

10—14 L

10—15 L

10—16 L

107L, ‘ E | Mbwm
1 10 102 103

DM Mass m,, (MeV) ( M eV)
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Thermal targets

thermal DM:

Two general classes of

g

1. DMis the lightest ate
of the dark sector

\\

DM

2.

—>—

One (o'r more) particles of
the dark sector are lighter than DM

DM

(“secluded” case) pospelov, Ritz,

Voloshin,

0711.4866
v |4
DM dark sector dark sector 5
particle particle ap
_ (ov) x -
Relic abundance regulated by @, @ oM X
Thermal Relic DM €, = Q3 = Qpm /2
107%¢ |
1074} e
< 10-51 Krnjaic
7 N 10—6.
N‘ > 107} O’QO\\J\
E E 1078} \‘ pe
~— 1079 \J
Q 10—10,
d 10—11_
W10y sS85 Yy
| 1o (ov) oc —5-
—14|
> o mx
10—16_
ol i0 ' — Mom
102 10
. DM Mass m, (MeV MeV
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Thermal targets

thermal DM:

Two general classes of

- — =

1. DMis the lightest ate
of the dark sector

\\\\\\\

DM

V

dark sector

DM

particle

Relic abundance regulated by @, @

2.

—>—

One (o'r more) particles of
the dark sector are lighter than DM

DM

DM

(“secluded” case)

SM

v
dark sector

particle
SM

o, Thermal Relic DM €, = Q3 = Qpm /2 ‘ thermalization
< o Krnjaic
N\ 1076}
o ‘ > 107} ol 0\\1\
E E 1078} pe
N—— 10~k \‘\J
Q 10710}
d 10—11 L
C\]w 10—12 L - ey y
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1074 m
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10—16 L
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Thermal targets

Two general classes of thermal DM:

DM

DM

L S.Gori

——

DM is the lightest ate

10—3 L
10—4 L
10—5 L
10—6 L
10—7 L
10—8 L
10—9 L
10—10 L
10—11 L
10—12 L

10—13

10—14 L
10—15 L
10—16 L
10717,

of the dark sector

V

dark sector

particle

Relic abundance regulated by @, @

Thermal Relic DM €, = Q3 = Qpm /2

|
{ OV

e©

AW\

\\

Krnjaic

(ov) oc —5-

mx

i 10 102 10° Mo
DM Mass m,, (MeV) (MeV)

—>—

2. One (o'r more) particles of

the dark sector are lighter than DM

(“secluded” case)

DM

SM

v
dark sector

particle
SM

DM
Thermalization regulated by @
Lh T Lower
105 2 bound
;" 10-6% - N
2 F
= 107
Alenezi, R —
Cesarotti, SG, :
Shelton, w00E T
2504.00077 107 10! 1 10

56




Complementary probes of thermal DM

S.Gori



Accelerators / DM direct detection complementarity

S.Gori

annihilation

SM
>\Nf¥/<

if ma > 2mpwm

SM

o X

2 9
mpn
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Accelerators / DM direct detection complementarity

S.Gori

*ap (my/ma)*

y=¢€

annihilation
DM SM

N

Accelerator Targets for Sub-GeV DM

DM / SM
if ma > 2mpwm
o X ——,
o~ mpm
52 _ mpwm
R accelerator y = e2ap ( )
- L 1 Ll 1 L Ll 1 L L1 111l m
10 1073 102 107! 10° ‘ A .
GeV DM SM
my [ € ] \ I @
pM”  time sm

Accelerator production recreates the
kinematic conditions of the early universe.

It is ~ unaffected by the nature of DM

&)
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Accelerators / DM direct detection complementarity

To connect these two probes,

one needs to make annihilation
model assumptions l DM \ SM
- A[
1 Accelerator Targets for Sub-GeV DM
i 10*7 T LU T LA T T rrrrr
- = DM / SM
. S 10~°
-— -\ g if ma > 2mpwm
— ] § Yy
E - B .Nw o X 2 9
& 10*r  Thermal DM iw mpm
-s0 g t i 52° i mpm
c 87 10 i arge reglon E 58} accelel‘ator y = 620',D ( )
= ~52 - L1l L1l L1 m
% _g:) L 0 1073 10~2 107! 10° O A .
O @ 0™
R m. [GeV DM SM
(O] 8 s mx[ (S ] \ v @
1058 pM” time “sm
—60 Nl .
e 100 Accelerator production recreates the
my [GeV] kinematic conditions of the early universe.
S l o It is ~ unaffected by the nature of DM
DM / SM -
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Accelerators / DM direct detection complementarity

To connect these two probes,
A, Direct Detection of Sub-GeV DM one needs tO make
<t T T TTTTTIm T T TTTTTm T T TTTTIT model aSSumptionS L

annihilation

DM
\ w
Accelerator Targets for Sub-GeV DM

107 T LU I LA I T rrrrr /

SM

1036

10 38

10 40

ap (mx/mA')4

electron

1042 Mdjolaa
R \ ot Why such a spread in cross sections at
& 10°°F  Thermal DM = ! direct detection experiments?
o 10—50: target region )
= 15| e The cross section can be suppressed
% o5t [ by different factors, e.g. DM velocity or small
B < T mass splittings. @

10758 ) ] .
ldirect detection For example, in the case of Majorana DM (*),
1060 Lo Lo Ll _ 2
0= 107 107 O, X Vo

my [GeV] # ~6 orders of magnitude suppression,

DM SM if compared to the Dirac DM case
N WAQ< l
DM / SM /
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A broad program at accelerator experiments

.. of light (< few GeV) DM and dark-sector particles

WIIEZ Q

Fixed target experiments

e/p _BM/dark sectors.

Beam Dump/shield/ Decay volume Detector
(hlgh intensity)  thin target

S.Gori 59




Beyond accelerator experiments: DM direct detection

S.Gori

"~

0\).

q WMo mentum
Cransec

2 2 2
qmax 2l'l'XJ\f,U

I D = "\ DM
2mp my velocity

Reduced mass of the __mymy
IJ’XN i _— mx
DM-nucleus system: my +mpy

E.g., mx= 1GeV — Ermax ~ 0.2 keV

Er = O(keV) in most experiments
This gives a ~lower bound on
the DM masses we can probe.
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Beyond accelerator experiments: DM direct detection

Lower

4+
o 1078 thresholds
o 10—44 L
2
9 107551
§ 10—46 i
Q
=
S 107 <
2 \ Bt
E 10—48 | \\—y‘ﬁa/\\j\ :\\‘\\,\\
> 10| | | Bigger
= Neutrino floor experiments
a 10—50 Ll n__n_nnnnaal v-—-——.l T
10 10° 10°
040203596 WIMP mass (GeV/c?)
S.Gori

10*

"~

0\).

q = WMo meﬂ+d \ag!
Cransec

2 2 2
Emax - qmax . 2l’l'xN,U
i 2mpy

DM

my velocity

m,my
= — 2>Ym
— Iex

m, + mpy

Reduced mass of the
DM-nucleus system:

E.g., mx= 1GeV — Ermax ~ 0.2 keV

Er = O(keV) in most experiments
This gives a ~lower bound on
the DM masses we can probe.
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Light (s GeV) DM at direct detection

Many new ideas in the past ~10 years:

Very low energy thresholds.

It allows to transfer O(1)
amount of DM kinetic energy

_ y

Nuclear recoil + delayed

electron signal (excitation /
ionization of the atom)

( AY# ( )

DM-electron scattering Migdal effect Low-threshold detectors

107 .
g 107 §
g 107 é
% 10_37? E 10—40; This work (S2-only + Migdal effect)
: .z o’ | 00 o1 o203 1 2

1072 ! ; " 10? 10° Dark matter mass [GeV/c?]
DM mass [MeV]
2312.13342 2308.01540 R&D,

several experiments
ongoing or planned for
the coming years.

TESSERACT,
HeRALD, DELight

S.Gori
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for a review: Fabbrichesi, Gabrielli, Lanfranchi, 2005.01515

Let’s study one example in more details:

DM models mediated by the dark photon, A’
(focus on accelerator experiments and visible A’)

in backup, you can find the invisible A’

Apologies...sometimes the dark photon will be called A’, sometimes Z’ or Zp...

S.Gori



The dark photon /Z boson

Nature seems well described by a SU(3)c x SU(2)L x U(1)y
gauge theory. We need to check this assumption!

Additional gauge symmetries in nature? U(1)’?

S.Gori
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The dark photon /Z boson

Nature seems well described by a SU(3)c x SU(2)L x U(1)y
gauge theory. We need to check this assumption!

Additional gauge symmetries in nature? U(1)’?

Holdom, ‘86

1~ = 1~ = €
LD —ZB,“,B — ZZD“UZD + Y

S.Gori

_ -

1 ~ o~ ~ _
ZpuwB,., + Emzo,ozgzo,, — gpZH(X~,X)
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The dark photon /Z boson

Nature seems well described by a SU(3)c x SU(2)L x U(1)y
gauge theory. We need to check this assumption!

Additional gauge symmetries in nature? U(1)’?

Mixing with the

Holdom, ‘86 SM hyper-charge
gauge boson coupling to DM
1o =0 1o 5. e 5 =1 2 su5 o
C 2 —ZB[.MIB - ZZD,LUZD + 2CO59ZDMUB[JU + §7nD,OZDZDIJ - gDZD(X"}’#X)

arising from
* dark Higgs mechanism or
* Stueckelberg mechanism

==> Massive photon

S.Gori 62



The dark photon /Z boson

Nature seems well described by a SU(3)c x SU(2)L x U(1)y
gauge theory. We need to check this assumption!

Additional gauge symmetries in nature? U(1)’?

Holdom, ‘86

[ —~

1o o~ 1o - _
£ D —'ZB#,;B”V - ZZD’“/Z;; + ZDp.lprl/ + gDZ (X,YIJX)

2 Ap ——~
—Mo LD
DO“D%Dp —
2cos @O 2

After electroweak symmetry breaking, the mass terms are given by:

~SM (o0 o 0 V([ oa
photon
(A", Z§,Z50) mze | 0 1 zt having defined
~dark
photon/Z \0 —etan@ €”tan®6 + "Z’;% \ZBO/ Zpo _ 1— 550 Zp
\mixing B ——<- 1 B

S.Gori

after diagonalization: A, Z, Z’ (mass eigenstates)



How large is £?

* This is a dimensionless parameter |:{>

S.Gori

it can be O(1)

2cos 6

Dpuv

o)

[ %
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How large is £?

€ A~ A~
%k This is a dimensionless parameter |:{> it can be O(1) Z—HZDWBW
cos

*k If it is absent at the tree level, it can be generated by the loop of heavy
New Physics particles charged under both U(1)’ and U(1)vy

M, L
) 2 107° O(1 - 10)

* Some theories predict a even smaller kinetic mixing “ " | pumsmmesm
parameter: New Physics particles in doublets of 107 1-loop
opposite dark charges 107+
|:l'> 2-loop contributions, O(10-9) L‘j T
107
107° i

107°
107 1072 107! 1 10 10? 10°
m, [GeV]
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How large is £?

€ A~ A~
% This is a dimensionless parameter |:"> it can be O(1) 2—9ZDWBW
Ccos

*k If it is absent at the tree level, it can be generated by the loop of heavy
New Physics particles charged under both U(1)’ and U(1)vy

g,gl .Z\/I,’(,) -3
=D €= log ~ 10~% O(1 — 10
“ T 16n2 Og( A ( )

%k Some theories predict a even smaller kinetic mixing * wzh
parameter: New Physics particles in doublets of 107 1-loop
opposite dark charges 107
- 10-5 -
|:l'> 2-loop contributions, O(10-5) 2-loop
We have seen that to have SM-dark i
sector thermalization, we need
e > few x 107° i
S.Gori
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Couplings of the dark photon

Couplings to

Lzifs = 9z:ff ZL(f‘Y”f) SM fermions
9z = 0 (—sina (t* cos®6 — Y sin’ @) + ecosa tan6Y))
COS
gz 5 =~ eQe for alight Z’ (photon-like couplings) sin v o< €
Lpxx = 9zxx Z,(X7"X) Coupling to £

DM

Jdz'x X = gDCOS

Coupling to

21¢ tan 6 2tan?0 — 1 .
Lhzz = [ e (26 a:: ——sin2a — cos Za)] hzrz!, heHoos
v € tan
2ic tan® m?2,m?
~ 7€ tan ’I’;lz m22 hZI*"Z:L
v Mm%z —mz,



Does the dark photon decay?

For mz > 2mx, Z’ mainly decays to DM particles 1. :

. (in fact, experimental bounds constrain € to be small |=> larger go to obtain

- a DM thermal relic with the measured relic abundance, (sv) ~ e2a mf )

S.Gori 65



Does the dark photon decay?

For mz > 2mx, Z’ mainly decays to DM particles 1.

© (in fact, experimental bounds constrain € to be small |=> larger go to obtain
: a DM thermal relic with the measured relic abundance, (5v) ~ 2, X))
: m

For mz < 2mx, Z’ only decays to SM particles 9

photon-like  Curtin et al., Z-like
O couplings ~ 1312.4992 couplings

A/ \

light hadrons

0.1f r'r‘ >
| e Curtin, Essig,SG,
0.0l T 10-'4| Shelton, 1412.0018
' 10 20 30 40 50 60 B T T T 400
mz (GeV) mz (GeV)

No € dependence



Does the dark photon decay?

For mz > 2mx, Z’ mainly decays to DM particles 1.:

: (in fact, experimental bounds constrain € to be small |:> larger gp to obtain

a DM thermal relic with the measured relic abundance, (5v) ~ e2a, mz" )
: m

For mz < 2mx, Z’ only decays to SM particles 9

Some detail on the calculation:

_ _ I'(Z' — hadrons)
Define the ratio: Rz = = Rz/(mz)
I'(Z" — ptp)
then the total width: Tz = Rz T(Z' — ptp™) + Z (Z — ff)
f=¢,v

o(ete”™ — hadrons) s measured accurately and is highly dominated by
o(ete — utp—)  off-shell y*— ff in the s-channel.

R(s) =

|:> We can use experimental data to determine Rz (mz/) = R(mzz,)
In this way, we can determine all branching ratios of the dark photon at low mass
(where the dark photon has photon-like couplings)



How to produce a dark photon? (“direct”)

(At low mass) Z’ couples proportionally to the electric charge
=> Whenever there is a y, there is a Z’

S.Gori
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How to produce a dark photon? (“direct”)

(At low mass) Z’ couples proportionally to the electric charge
|=> Whenever there is ay, thereisa Z’

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

Collider experiments

Drell-Yan production:
) p>\/\A)€(A/‘
e, p \" Z’

Y
' 2 .2
G,AN o.oceaem

E2

1/fb at 1GeV (KLOE)

: € competes with
e p ;
/%Z 1/ab at 10 GeV
(B-factories)
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How to produce a dark photon? (“direct”)

(At low mass) Z’ couples proportionally to the electric charge
|=> Whenever there is ay, thereisa Z’

Collider experiments

Drell-Yan production:
) p>\/\A)€(A/‘
e, p \" Z’

Y
' 2,2
G,AN o.oceaem

E2

1/fb at 1GeV (KLOE)

: € competes with
e, p ;
/%Z 1/ab at 10 GeV
(B-factories)

brems-
strahlung

Ny TN

' meson

Z
'@—@ra7 %, decay

2
O ~ Qem€ X Opp proton

o
o ~ 2 72 glectron




Many dark photons can be produced

Berlin, SG, Schuster, Toro, 1804.00661

T T T ]

l 1 1 L1 111 l| 1 1 1 Ll
-2 -1 1
10 10 120 GeV, |
mg |GeV] 1018 POT (EQT)|

Number of dark photon @ proton
fixed target

S.Gori



Many dark photons can be produced

Berlin, SG, Schuster, Toro, 1804.00661
k2w T /=

€ — 10—6! , .....................................................................................................................
108 production cross section

@ Belle 1l

|coS(8,,)| <0.933

1808.10567

~ ’_5‘ 100 -_ L T L T . T __

103 N T 5< X € = .
102 ‘e Z 80 l
10! R °  eof .
110-2 — 10'-1 — ""\’1 — 405‘ ‘
120 GeV, | ; )

mg |GeV] 1078 POT (EOT)| i 20 .

Number of dark photon @ proton 00—' R A '1'0'—
fixed target M, (GeV)

Nx~1010 for 50/ab luminosity
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How to produce a dark photon? (Higgs decays)

VAR
h T~
7 Ly
Curtin, Essig,SG, Shelton, 1412.0018
10-—15 . . y
0.5 1 5 10 50
mz, (GeV)

107°
1076
1077

_10—8
_10—9
| 10—10

10—11

_10—12

1073
107"

| 10—15

S.Gori

Roughly 100 event at the HL-LHC
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What to look for at accelerator experiments?

/’““\GZWA:W/“\

(Typically) high energy

Colliding beam experiments

* B-factories (Belle-Il)
et+e- collider

* The LHC (pp collider)

SM

SM

y 4

’ Z,

time

™~

A

(Typically) high intensity

Fixed target experiments

—) -9 =@ -
Fixed-Target e <
Experiments .

* Kaon exp.

* proton beam dump exp.

* electron beam dump exp.
* electron fixed target exp.

* neutrino exp.

* light meson (e.g. pion) exp.

¢

Two different types of accelerator experiments

S.Gori
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What to look for at accelerator experiments?

K/fw”””m““m;szézj””“““mm\‘

(Typically) high energy

Colliding beam experiments
—e N Te—

* B-factories (Belle-Il)
et+e- collider

* The LHC (pp collider)

(1)

SM

SM

y 4

’ Z,

time

™~

A

(Typically) high intensity

Fixed target experiments

—) -9 =@ -
Fixed-Target e <
Experiments .

* Kaon exp.
* proton beam dump exp. ( 2.
* electron beam dump exp.

* electron fixed target exp.

* neutrino exp.

* light meson (e.g. pion) exp.

¢

Two different types of accelerator experiments

We will focus on the dark photon,
but (broadly speaking) similar
studies hold for the other portals

S.Gori

eZ‘“’A:W
yHLN

KIH|P|S|"

1 Last topic of
f—F,wF,Wa these lectures
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@Dark photons at the LHC

Higgs exotic decays are one of the primary mechanisms to produce
dark photons at the LHC

It is challenging to constrain the Higgs width at the LHC.
Few % branching ratio into exotic particles is a reasonable target

for the duration of the LHC program. 1% of Higgs bosons decaying to

Reason: At the LHC, we measure rates: dark photons would mean O(106)

o = o(pp — H) x BR(H — SM) dark photons produced!
I'(H — SM)

=o(pp — H) X

S.Gori 70



@Dark photons at the LHC

Higgs exotic decays are one of the primary mechanisms to produce
dark photons at the LHC

It is challenging to constrain the Higgs width at the LHC.
Few % branching ratio into exotic particles is a reasonable target

for the duration of the LHC program. 1% of Higgs bosons decaying to

Reason: At the LHC, we measure rates: dark photons would mean O(106)
o = o(pp — H) x BR(H — SM) dark photons produced! :
I'(H — SM)
=o(pp — H) X
............................................................................................... N —
g‘o"'g' TR Even a small coupling to light NP particles
B I S0 IS B 1S STkl => can lead to a sizable branching ratio
1ol / g (all these conclusions would be completely
different if my > 200GeV)
1§ // =
10‘% Z
100 200 300 500 1000

S.Gori M [GeV] 70



@Dark photons at the LHC

Higgs exotic decays are one of the primary mechanisms to produce
dark photons at the LHC

It is challenging to constrain the Higgs width at the LHC.
Few % branching ratio into exotic particles is a reasonable target

for the duration of the LHC program. 1% of Higgs bosons decaying to

Reason: At the LHC, we measure rates: dark photons would mean O(106)
o = o(pp — H) x BR(H — SM) dark photons produced! :
I'(H — SM)
=o(pp — H) X
............................................................................................... L S
g‘o"'g' TR Even a small coupling to light NP particles
B I S0 IS B 1S STkl =P can lead to a sizable branching ratio
1ol / g (all these conclusions would be completely
/ different if mu > 200GeV)
e / ~ Zp
i : h h X
- ] LHC — - ==
102 e productions: Z K Z Lk
- ) . . . L 1: ZD Z
100 200 300 500 1000 —
3. Gori M, [GeV] prompt or displaced 20



Visible dark photons from Higgs exotic decays (prompt)

Br(h — ZZ,)

Op
SM
Oh

95% CL upper limit on

h— ZZp — 20 2¢

-3

14719
ATLAS, puup/uueel/ecee -
1ol Vs=13TeV, 139 fo’ N
’ CMS, uuuu/uuee/eeee -
SM+v Vs=13TeV, 137 o’ .
1= —
0.8— _
0.6— |
0.4 _— / __
0.2 E‘_Ay!‘j\\/ ]
1 1 1 | | {l‘ i

10
e ~0.04 m, [GeV]
D

S.Gori

Cepeda, SG, Martinez Outschoorn, Shelton, 2111.12751

71



Visible dark photons from Higgs exotic decays (prompt)

Br(h — ZZ,)

Op
SM
Oh

95% CL upper limit on

ey
N

-
N

—_

0.8

0.6

©
~

E

o
[N

h— ZZp — 20 2¢

X

S

(=)
3

ATLAS, puup/uueel/ecee
T {5=13TeV, 139 fb"

CMS, uuupu/upeeleeee
T {s=13Tev, 137"

90)
<
¥
<

AT

Curtin, Essig, SG, Shelton, 1412.0018

10~ s
"CMS8, h-»ZZ,
- >
(a]
8
-
1072 ///////:
[ g ]
s EWPT
1073 .
i LHC 14 :
Blue: h»ZZp—4¢ |
| : ) : SR | : )
10 102

mz, [GeV]

IIIIlIlllII|III|III|III|III

rd

-
o

€ ~0.04 m, [GeV]

S.Gori

Cepeda, SG, Martinez Outschoorn, Shelton, 2111.12751

interplay with direct searches for
pp — Zp — 24
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Visible dark photons from Higgs exotic decays (displaced)

Cepeda, SG, Martinez Outschoorn, Shelton, 2111.12751

’-a A | ||ll| LI 'll!lll (RN L L |} lllllll UL T TaThe L
N
o 1 — =
T — SM+v -~
B 20 _
=
m 10 P
X — QO =
= — o ]
o (CX= | D
o) ) =
5 10'E 2=
o [ -
E u _
E) 10_:3 S =
% = Q.| o . a ATLAS and CMS, lil prompt 3
S — g e 2, 15 = 13 TeV, 139 fb" _
- — N QQ ftea=” z — - CMS, dimuon scouting m
@) 10 __D_ & N PR P ¢ 15 =13 TeV, 101 fb" —
o — N\ 3 . 4 e’ L4 =
s = o e AR ___ ATLAS, MS dimuon =
8 — s‘. \‘. -’ 13' ,'ao¢ 40 15 =13TeV, 32.9 fb™ -
= SN el ATLAS and CMS, invisible .
10°° | 1-62.5 SESFan=" 15 =7,8,13 TeV, 4.7,20.3,139 fb" L
E 111 ||||I 11 l|||||| || ||ll|l| || |||l||| 11 IIIIIII 11 |l||l|| 11 l|||||l L1 11111l 1 lT:_
107 10° 1072 10™" 1 10 10 10°

Mean proper lifetime ct, [m]

h — ZDZD — 20 20’

long-lived dark photons (small values of €)
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The challenge of Higgs exotic decays: soft objects

To be sensitive to Higgs exotic decays, dedicated studies of
trigger strategies are needed
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The challenge of Higgs exotic decays: soft objects

To be sensitive to Higgs exotic decays, dedicated studies of
trigger strategies are needed

Let us take, for example, the challenging decay mode h — — 4b

== m,=60GeV,n 22 ===m,=20GeV,n 22 == m,=60GeV,n >2 ===m,=20GeV,n 22 b
=—m,=60GeV,n 23 ===m, =20GeV,n 23 == m,=60GeV,n 23 ===m, =20GeV,n =3
—m,=60GeV,Nn 24 === m,=20GeV,n x4 h b

m—m,=60GeV,n 24 wm===m,=20GeV,n 24

~ gg fusion §o.9 Wh <
| b

Risk of loosing
the signal already
at the trigger level

Efficiency

o 5 10 15 20 25 30 35 40
Jet P, threshold [GeV]

% 5 10 15 20 25 30 35 40
Jet P, threshold [GeV]

From the LHC Higgs cross section working group, Yellow report 4, 1610.07922
73
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OVISING dark photons at beam dump experiments

ngh e P, ...
intensity

Beam Dump Decay volume Detector

< >
this length sets the typical lifetime of the dark particle that we can probe

Low background experiments
(depending on the size of the dump)
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@Visible dark photons at beam dump experiments

ngh e P, ...
intensity

Beam Dump Decay volume Detector

< >
this length sets the typical lifetime of the dark particle that we can probe

Low background experiments
(depending on the size of the dump)

p beam for the SeaQuest/DarkQuest experiment at Fermilab Running
p beam for the NAG2 experiment at CERN experiments
e- beam for the HPS experiment at JLAB Future

e- beam for the DarkLight experiment here at TRIUMF experiments

Proton (beam dump) vs. electron fixed target experiments:

Protons: typically higher energies ( # reach towards larger dark sector masses)
but larger backgrounds (needs shielding!)

S.Gori
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The DarkQuest experiment @ Fermilab

P > i 1 R
(120 GeV) | [ i
2T FMAG KMAG
Station 1 Station 2 Station 3 Muon station

Low backgrounds if
the dark photon

SeaQuest — SpinQuest — DarkQuest

1706.09990 polarized target upgrade decays to electrons
+ displaced trigger (calorimeter +
NOW more tracking layers + |
i hodoscope for triggering) :
 Initial proposal: FUTURE .

Gardner, Holt, Tadepalli, 1509.00050
i Berlin, SG, Schuster, Toro, 1804.00661

Snowmass white paper: 2203.08322
: Test beam studies: 2502.20590
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The DarkQuest experiment @ Fermilab

[m] [m]
I I [
o long-lived particle )
Il : +
i T ¥
} ............. - :#Wk - i
(120Gev) (I} % e b
2T FMAG ~ KMAG Iy

SeaQuest — SpinQuest — D 10
1706.09990 polarized target prog
+ displaced trigger c

NOW more ¢
hodosc

Experimental Approach 7 |
e’e” Collider :
——  pp Collider ~
e 4foNs
——— e Fixed Target
———— p Fixed Target
———  Muon Decay

é Longer
1] lifetimes

: Initial proposal:
i Gardner, Holt, Tadepalli, 1509.00050
i Berlin, SG, Schuster, Toro, 1804.00661

Line/Shading Types
Excluded

|11 Operating & DUNE

Proposed (U S. Based) |
——— Proposed (US. Leadrsh.) J
-- Proposed (International)

Snowmass white paper: 2203.08322 R
: Test beam studies: 2502.20590 107 Y Y BT B

1072 107! 1 10
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‘ 3k Axions and axion-like-particles \

The strong CP problem and axions

g

2 GWGW term)

why is the QCD @ parameter so small? Lqcp D ¢ 3

We need this parameter to be <10-10 since, otherwise, it would lead to too large
contributions to the neutron EDM and it would be experimentally excluded

Strong CP problem: 2 (CP violating

0 = 6 + arg(det(Y,Yq))

S.Gori
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‘ 2k Axions and axion-like-particles \

The strong CP problem and axions

Strong CP problem: 2

why is the QCD 6 parameter so small? Lqcp D 0 5
™

-~ (CP violating
G;.w G* term)

0 = 6 + arg(det(Y,Yq))

We need this parameter to be <10-10 since, otherwise, it would lead to too large
contributions to the neutron EDM and it would be experimentally excluded

Peccei-Quinn symmetry
breaking scale

V(@) = A2 — £;/2)°

Let’s introduce a global U(1)rq symmetry that is broken
spontaneously by a complex scalar field

This spontaneous breaking will lead to a fo .
. @(m) o _e?‘a(m)/fa
massless goldstone boson, the axion, a. V2

When QCD enters the confining phase, it generates an axion potential that is

minimized at @ = —@ f,, and this cancel the Lagrangian term that contributes
to the neutron EDM.

It also generates a non-zero mass for the axion: mafa ~ fn Mr

The generic expectation is that the axion couples ~1/fa

S.Gori 76




Additional motivations for sub-GeV axions (or ALPs)

Beyond the strong CP problem...

Axions or axion-like-particles (ALPs) are pretty generic new physics particles
Pseudo Nambu Goldstone boson in models with a spontaneously broken

global symmetry

Couplings with the Standard Model (SM) particles determined by
the particular UV theory

© Models to address the gauge hierarchy problem (relaxion)
o SUSY extended models (NMSSM with an approximate PQ symmetry)

o Generic feature of string compactification

o Models addressing anomalies in data

((g-2)u, galactic center excess for DM, ...) Standard Dark
Model sector

o General (low dimensional) portal to the dark sector «
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The minimal canonical axion models

Couplings KSVZ DFSZ
Gluons S:ﬁ

Photons — 5o (1.924) (5 —1.924)
Quarks Loop suppressed up : %ﬁ, down : Sin’53
Leptons Loop suppressed | Type I: = o Typell : —

S.Gori

Kim-Shifman-Vainshtein-Zakharov
(KSVZ) model, Phys. Rev. Lett. 43 (1979)
103, Nucl. Phys. B 166 (1980) 493.

UV model with a vector-like color-triplet
fermion and a complex scalar

Dine, Fischler, Srednicki, Zhitnitsky
(DFSZ) model

Sov. J. Nucl. Phys. 31 (1980) 260,
Phys. Lett. B 104 (1981) 199.

UV model with a complex weak-singlet
scalar and an additional Higgs doublet
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The minimal canonical axion models

Couplings KSVZ DFSZ
Gluons S:ﬁ
Photons — 5o (1.924) sy (3 — 1.924)
Quarks Loop suppressed up : %ﬁ, down : %”ZQ
Leptons Loop suppressed | Type I: Sg‘;f , TypeIl: — C‘éiﬁ
3.9%10° GeV.......... (KSVZ)
fa 2 { 1.2 x10° GeV sin? 8 (DFSZ-1)

S.Gori

1.2 x 10° GeV cos? 3 (DFSZ-II)

Kim-Shifman-Vainshtein-Zakharov
(KSVZ) model, Phys. Rev. Lett. 43 (1979)
103, Nucl. Phys. B 166 (1980) 493.

UV model with a vector-like color-triplet
fermion and a complex scalar

Dine, Fischler, Srednicki, Zhitnitsky
(DFSZ) model

Sov. J. Nucl. Phys. 31 (1980) 260,
Phys. Lett. B 104 (1981) 199.

UV model with a complex weak-singlet
scalar and an additional Higgs doublet

cooling bounds on red giant (axion-electron interaction)
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The minimal canonical axion models

Kim-Shifman-Vainshtein-Zakharov
(KSVZ) model, Phys. Rev. Lett. 43 (1979)

Couplings KSVZ DFSZ 103, Nucl. Phys. B 166 (1980) 493.
Gluons o UV model with a vector-like color-triplet
87 fa fermion and a complex scalar
Photons || —g2-(1.924) 57 (3 — 1.924) Dine, Fischler, Srednicki, Zhitnitsky
Quarks Loop suppressed up : %‘Q, down : %”;ﬂg g:z)l\:/SJZ)l\rlTl]J%?eFl’hyS 31 (1980) 260
Leptons Loop suppressed | TypeI: Sigf, Type Il : — CZS;@ Phys. Lett. B 104 (1981) 199.
UV model with a complex weak-singlet
scalar and an additional Higgs doublet
3.9x10% GeV. . (KSVZ) . . supernovacooling bounds (axion-nucleon interaction)
fa 2 { 1.2 x10° GeV sin? 8 (DFSZ-1)

1.2 x 10° GeV cos® 8 (DFSZ-II) cooling bounds on red giant (axion-electron interaction)

5 107 Present

% oo probes
Common plot that T
we can find SR
in the literature: Eo
s
coupling b

S.Gor tophotons | e aooe
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The minimal canonical axion models

Couplings KSVZ DFSZ
Gluons S:ﬁ
Photons — 5o (1.924) sy (3 — 1.924)
Quarks Loop suppressed up : %‘Q, down : %”;ﬂg
Leptons Loop suppressed | Type I: Sigf , TypeIl: — CZS;[’
3.9%10°GeV. ... (KSVZ)......su
fa 2 { 1.2 x10° GeV sin? 8 (DFSZ-1)

1.2 x 10° GeV cos? 8 (DFSZ-1I)

Common plot that

we

can find

in the literature:

S.Gori

to photons ©

pd

coupling

AT A
A0

Q
10710740

9 %

1 6 5 A
40 7\0 40 6\0 A0

Mg [eV]

Kim-Shifman-Vainshtein-Zakharov
(KSVZ) model, Phys. Rev. Lett. 43 (1979)
103, Nucl. Phys. B 166 (1980) 493.

UV model with a vector-like color-triplet
fermion and a complex scalar

Dine, Fischler, Srednicki, Zhitnitsky
(DFSZ) model

Sov. J. Nucl. Phys. 31 (1980) 260,
Phys. Lett. B 104 (1981) 199.

UV model with a complex weak-singlet
scalar and an additional Higgs doublet

cooling bounds on red giant (axion-electron interaction)

Future
probes

oot 1® 0 ¢ ¢ a8 0 4 @ Adams at al.,
2203.14923
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Let’s go back to the EFT for axions

At dimension 5, the most general Lagrangian for a spin 0, CP-odd particle
with an approximate shift symmetry, a — a+c:
g Georgi, Kaplan, Randall 1986
aB

4 a BpuB“V + igaf(aﬂa)(f‘yp‘YSf)
For the complete one-loop analysis, see i i
Bonilla et al, 2107.11392
Bauer et al, 2012.12272

T e

Gag

= gaw
. a apv
£>-="aG},G

a Yyjapv
a W W
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Let’s go back to the EFT for axions

At dimension 5, the most general Lagrangian for a spin 0, CP-odd particle

with an approximate shift symmetry, a — a+c:
Georgi, Kaplan, Randall 1986

a BpuB“V + igaf(aﬂa)(f‘yp‘}%f)

: i j
For the complete one-loop analysis, see i i

Bonilla et al, 2107.11392
Bauer et al, 2012.12272

g Vv f
. IR . ___{: .
9 / v

Gag gaw daB

£ -"raGy G —

a Yyjapv
a W W

Minimal coupling A axion-photon coupling is
expected if generated in the broken phase
connection to the GaB €OS> 0 + gaw sin? 6

strong CP problem. o _ _
This is the main coupling that has

been considered for phenomenological
studies of axions in the sub-GeV scale.
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Let’s go back to the EFT for axions

At dimension 5, the most general Lagrangian for a spin 0, CP-odd particle
with an approximate shift symmetry, a — a+c:

Georgi, Kaplan, Randall 1986

Gag gaw daB

LD —-—FaGG" ———aW W™ — —=aBuB" +igas(9.a)(f7"7sf)
For the complete one-loop analysis, see i ;
Bonilla et al, 2107.11392
Bauer et al, 2012.12272 g V f
Minimal coupling A axion-photon coupling is These are the least
expected if generated in the broken phase studied couplings.
connection to the GapB OS2 0 + gaw sin’ 6 Nevertheless they are
strong CP problem. present and sizable even

This is the main coupling that has in the minimal
been considered for phenomenological DFSZ QCD axion model.
studies of axions in the sub-GeV scale.

Fast progressing number of theory studies + Many signature's
S.Gori experimental searches still to explore! |




Axions at pion experiments

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

Axions can be produced from pion decays

T T not helicity suppressed (as 7zt — e*v),
4 — € ra + 0 +
nor phase-space suppressed (as 77 — 7w eL)

These decays are very generic and they happen in any UV theory where
* the axion mixes with the SM 7° 0" u 0!

(78
+ the axion couples to quarks W/\ a \ w
+ the axion couples to leptons - W _
Altmannshofer, SG, Robinson, 1909.00005 d N as N v

Altmannshofer, Dror, SG, 2209.00665
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Axions at pion experiments

-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
.

Axions can be produced from pion decays

T T not helicity suppressed (as 7zt — e*v),
4 — € ra + 0 +
nor phase-space suppressed (as 77 — 7w eL)

These decays are very generic and they happen in any UV theory where
* the axion mixes with the SM 7"

(78
+ the axion couples to quarks W/\ @
+ the axion couples to leptons - W
Altmannshofer, SG, Robinson, 1909.00005 d J
Altmannshofer, Dror, SG, 2209.00665

%k If the axion is invisible, it will affect the measurement i

of the e* spectrum in 77 — e*v (PIENU experiment gm-
here at TRIUMF + future PIONEER experiment) \é 0.08f
* If the axion decays back to the SM, we can search for ™
exotic pion signatures. E.g. 77 — ae v — (yy)etv ool
(possibly searched for in the future by PIONEER) Ee [MeV)
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Take home message on BSM

Many motivations to consider physics beyond the Standard Model (BSM)

Some motivations are more “theory driven” (hierarchy problem, flavor puzzle, ...);
some are observational (origin of neutrino masses, DM, ...)

The range of phenomena that are predicted by BSM theories is vast. In fact,
we don’t know where the next NP scale is going to be

It is important to look as broadly as possible for NP at many different experiments
and to explore a variety of theories!

S.Gori
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Precision pion experiments

Several (past and present) small-scale experiments built to measure 7t rare decays

0
T — ety at — wletv
BR ~ mf ("”z‘ = mf)z BR ~ U7t TWO)E) e
m? (m?2 — m”) fgmi(mwi — rn,i)2
Helicity suppressed decay Phase space suppressed decay
* Most precise measurement: * Most precise measurement:
PIENU experiment @ TRIUMF PIBETA experiment @ PSI
BR®*® = (1.234 + 0.004) x 10~* BR®® = (1.036 4 0.006) x 10~°®
Mainly stat. uncertainty Comparable stat. and sys. uncertainties
* Theoretical uncertainty * Theoretical uncertainty a factor
~1 order of magnitude smaller! of ~2 smaller
* PIONEER future measurement: * PIONEER future measurement:
~20 times more accurate ~10 times more accurate
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Invisible dark photons. DM production

mz > 2mx

(1)
“Disappearance” of a sizable
fraction of the beam energy/

momentum. —— X

SM recoil

https://arxiv.org/abs/2207.00597
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Invisible dark photons. DM production

momentum.

SM recoil

(1)

e

“Disappearance” of a sizable
fraction of the beam energy/

X _4/

-’.

-~
-~
- —
- T—

-~

-

—————
—== ——
.

https://arxiv.org/abs/2207.00597

mz > 2mx

_"’~4"‘

Detection of DM scattering
in forward detectors  (2)

(proton beam: synergistic with
the accelerator-based
neutrino physics program)
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Invisible dark photon at Belle li

1702.03327
1072

Babar
Tsearch

w

BABAr 2017

102

~ 50 fb-1 s :
104 e PP

M y 2 22223l M PSR T T M
10° 10° 10" 1

T —

m, (Gev) '°

single-photon trigger

This analysis excludes the entire
region favored by (g-2),!
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Invisible dark photon at Belle li

1702.03327
1072

Babar

w

BABAR 2017

102

=501

10" 1

104 -
10°

T —

102 m,. (GeV) 10

single-photon trigger

This analysis excludes the entire
region favored by (g-2),!

.7

-
L
—~ [

V.
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Tsearch

R T—

NAG64

Expected sensitivity Belle Il 20 fb™ (simulation)

10‘4 0l Lo ol R ETT | I

1072 107" 1 10

The Belle Il physics book, 1808.10567 My (GeV)
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Invisible dark photon at Belle li

1702.03327
102
) Babar

Tsearch

BABAR 2017

102
. 50 R |
1°1o~‘ 102 10" 1 m"(Gev)m

single-photon trigger

This analysis excludes the entire
region favored by (g-2),!

Expected sensitivity Belle Il 20 fb™ (simulation)

Belle Il is supposed 104 s i e

to collect 50 ab-1! 1072 107" 1 10

_ The Belle Il physics book, 1808.10567 My (GeV)
S.Gori —_— e DACKUP




Invisible dark photon at LDMX

Akesson et al., 2203.08192

High intensity ~ | T
electronbeam | || | |} | | Bar

(4 and 8 GeV) / - 7 “’Xtte,.
[ ) /

X 7
Tagger Trigger Thin Recoil Electromagnetic Hadronic
tracker Scintillator  target tracker Calorimeter Calorimeter

See

lzaguirre, Krnjaic,
Schuster, Toro,
1411.1404

for the initial proposal

Missing momentum experiment
(accurate measurement of the momentum of
the deflected electron beam)
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LDMX Simulation

-8
10 Dark Photon
10°°
1 0—10
=
E 1o
£
60
% 1072 == Dark bremsstrahlung
Iy
10-13 -===- Meson
— LDMXECAlE
107
= LDMX Phasel
107 —— LDMX Phase2
1 1 1 1 11 I
1 10 10°
m, [MeV]
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Summary

el?”"fi;u
A'—-DM DM

SM DM

A/
gsm dom

SM DM
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: the invisible dark photon
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Summary: the invisible dark photon
sesaesnllly LHC

el?””zl;u
A'—-DM DM

ﬁ

SM DM

A/

gsm dom

SM DM

LDMX

S.Gori

1077

-
A3

>

.
----

 Belle-I

LDMX(meson)

benchmarks

~  for

thermal DM

i 1 0'12 _______"_‘_’ A Line/Shading Types
> pEm [7] Excluded
.............................. [T] Operating Exp. & DUNE
1 0—1 3 s DM New Initiatives
DM Produced via ~——= Non-DMNI Proposed
Coupling to --=-==--_Intl Proposed
10-14 ~—— [Jelectron | [ Post-2032 Proposed
—  muon
— [ ] hadron Thermal Milestones
103 102 10-1 1
m,(GeV) (DM mass)
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Krnjaic, Toro et al, 2207.00597
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