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Overview

Topic of these lectures:

* is the 125 GeV Higgs boson the only scalar of nature?
* is it connected to a dark sector?

Aim: inspire young scientists to undertake Watch for the symbol [
new experimental searches/theory studies for the open questions il
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Overview

Topic of these lectures:

* is the 125 GeV Higgs boson the only scalar of nature?
* is it connected to a dark sector?

Chapter 1: phenomenology of 2HDMs type I-IV (focus on type II).

What are the open questions? Why are they interesting?

Chapter 2: new flavor structures for 2HDMs.

What does it change in terms of LHC searches?

Chapter 3: Models with singlet scalars

LHC challenges in searching for light particles

Chapter 4: Dark sectors at the LHC

S.Gori

What is a dark sector? The Higgs as a probe of dark sectors

Aim: inspire young scientists to undertake Watch for the symbol [
new experimental searches/theory studies for the open questions il




Discovery!

The first elementary particle discovery of 21st century
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What we have learned so far

The Higgs we have discovered has SM-like properties
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What we have learned so far

The Higgs we have discovered has SM-like properties
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What we have learned so far

The Higgs we have discovered has SM-like properties

We have evidence that the Higgs
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What we have learned so far

The Higgs we have discovered has SM-like properties

We have evidence that the Higgs
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What we have learned so far

The Higgs we have discovered has SM-like properties

We have evidence that the Higgs

> T T T R
El: 1 ATLAS Preliminary gives mass to the 3rd generation
- Vs=13TeV, 36.1-79.8fb" .
- 12500 GeV, Iy | <25 fermions (and gauge bosons).
Eu-|> 10—15_ ---------- SM Higgs boson E
v : 1 | Substantial improvement in the
102L 1 | precision of the extraction of the
: ’ 1 = couplings at future LHC runs.
107¢ n 3 | Many couplings are not yet measured!
1 | Eg. light generations, self-coupling, ...
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Testing the electro-weak theory

e

www _particlezoo.net

4

Weak force
carriers:

Symmetry Magazine

Discovery Precision measurements
+ Discovery of Z and W bosons Z boson properties at the
at Super Proton Synchrotron, + Large Electron—Positron Collider
at CERN in 1983. at CERN in 1989-2000

+ Stanford Linear Collider in 1989-1998
Experiments

Z properties depend on the Higgs mass

Standard Model Prediction
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The Higgs mass in the Standard Model

A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON

*
John Ellis, Mary K. Gaillard ) and D.,V. Nanopoulos +)

CERN «- Geneva
Nucl. Phys. B 106, 292 (1976)

We should perhaps finish with an apology and a caution. We

apologize to experimentalists for having no idea wh
2)94

Higegs bosoun, unlike the case with charm and for not being sure of

its couplings to other particles, except that they are probably all very
small, For these reasons we do not want to encourage biE experimental

searches for the Higgs boson, but we do feel that people performing expe-

riments vulnerable to the Higgs boson should know how it may turn up.

R |
4{' We need to measure the Higgs mass!
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Self-consistency

Higgs mass
Z properties

If the Higgs is the one of the SM...

For the first time we have
the measurement of
a self-consistent electro-weak sector §

Result of decades of
experimental & theory efforts

S.Gori
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Self-consistency
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gs mass [
. M o
Z properties rj_
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One or more Higgs bosons?

* Extended Higgs sectors arise in several well motivated theories

beyond the Standard Model (SUSY, neutral naturalness models, models for
baryogenesis, DM models, ...)

* The discovery of new Higgs boson(s) would be revolutionary.
They are “not needed” anymore

* Essential experimental program for the LHC

S.Gori



How to see new Higgs bosons?

I Heavy Higgs bosons (Mu > 125 GeV)

@LHC direct searches =_
\ Light Higgs bosons (Mn < 125 GeV)

@Modification of the 125 GeV Higgs couplings to SM particles
-~y Higgs precision program!

@Indirect flavor effects at low energy

S.Gori



Organization prinCipleS (bottom-up approach)

Not all Higgs bosons are “good” Higgs bosons

1. Electro-weak precision tests (EWPTSs):

in principle, there is an infinite number of SU(2)*U(1)y Higgs representations.
In practice...

Cry = 1 (complex representation)
ETY (T(T n 1) B Y2)|UTY|2CTY = 1/2 (real representation)
Ptree = ’ ’ ’ S, S :
‘ ET,Y 2Y ?|vry|? - L om2, reminder
} Pree m? cos? 6
Experimentally: p = 1.0007 + 0.001
S.Gori
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Organization prinCipleS (bottom-up approach)

Not all Higgs bosons are “good” Higgs bosons

1. Electro-weak precision tests (EWPTSs):

in principle, there is an infinite number of SU(2)*U(1)y Higgs representations.
In practice...

Cry = 1 (complex representation)
Yooy (T(T+ 1) — Y2)|’UTY|2C'TY = 1/2 (real representation)
Ptree — : ’ ’ R E e aE e oA Ee £ o aREE e A E e AR e £ SR £ e E AR £ £ e AR e e e eAne e e e nn e e e aan e e s e .
2y 2Y?|vry|? 2 reminder :
Ptree = m2 CZ;20 :
= 1 for doublets of SU(2) (T=1/2, Y= +1/2) Z

= 1/2 for triplets of SU(2) (T=1=Y)

Generically, Higgs triplet models need some additional mechanism to fit EWPTs

In these lectures, we will focus on Higgs doublet and singlet representations of SU(2)
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Organization prinCipleS (bottom-up approach)

Not all Higgs bosons are “good” Higgs bosons

1. Electro-weak precision tests (EWPTSs):

in principle, there is an infinite number of SU(2)*U(1)y Higgs representations.
In practice...

Cry = 1 (complex representation)
ZTY (T(T + 1) — Y2)|UTY|2CTY = 1/2 (real representation)
Ptree — . ’ , R E e aE e oA Ee £ o aREE e A E e AR e £ SR £ e E AR £ £ e AR e e e eAne e e e nn e e e aan e e s e .
dory 2Y 23 |vry|? 2 reminder :
Ptree = m2 CZ/S20 :
= 1 for doublets of SU(2) (T=1/2, Y= +1/2) z

= 1/2 for triplets of SU(2) (T=1=Y)

Generically, Higgs triplet models need some additional mechanism to fit EWPTs

In these lectures, we will focus on Higgs doublet and singlet representations of SU(2)

2. Flavor transitions:

Constraints from low energy flavor physics limit the possible Yukawa
couplings we can write down

Natural flavor conservation,
S Gor Minimal flavor violation, U(2) symmetries, ...
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The flavor structure of 2HDMs

* In all generality, we can write

HY" = Qe X DrH, + QuXuUrHy + Qr X a2 DpHj + Qr X2UrH> + h.c.
(H1, H2 with hypercharge +1/2)

If Xa1, Xu1, Xd2, Xu2 are generic q,
3*3 matrices in flavor space: B
Flavor changing neutral currents

(FCNCs) at the tree-level! q

S.Gori 11



The flavor structure of 2HDMs

* In all generality, we can write

HY" = QrXuDpHy + QrXuUrHy + Qr Xas DpH; 4+ Qr Xu2UrH> + h.c.
(H1, H2 with hypercharge +1/2)

If Xa1, Xu1, Xd2, Xu2 are generic 9

3*3 matrices in flavor space: B
Flavor changing neutral currents

(FCNCs) at the tree-level! q

* How to see this?
Step 1: go to the “Higgs basis”

(n)=(52,2) (32:)



The flavor structure of 2HDMs

* In all generality, we can write

HY" = QrXuDpHy + QX UpH{ 4+ QX p2DpHS 4+ Qr X, 2UrH, + h.c.
(H1, H2 with hypercharge +1/2)

If Xa1, Xu1, Xa2, Xu2 are generic 9
3*3 matrices in flavor space:
Flavor changing neutral currents

(FCNCs) at the tree-level! q

* How to see this? Step 2: write the Lagrangian in this basis

Step 1: go to the “Higgs basis” /3
HY" = QL [TA'Id(I)v + ZaPy

‘I)v L C3 Sp H1 )
(q’H)_ <—Sﬂ Cﬁ) (H2> i

DR -+ h.c.

T : @: cos 3 X 42 — sin B X Not
T v §<(I)}1‘I)H) — 0 My = E (cos BX 41 + sin BX 42)



The flavor structure of 2HDMs

* In all generality, we can write

HY" = QrXuDpHy + QrXuUrHy + Qr Xas DpH; 4+ Qr Xu2UrH> + h.c.
(H1, H2 with hypercharge +1/2)

If Xa1, Xu1, Xa2, Xu2 are generic 9
3*3 matrices in flavor space:
Flavor changing neutral currents

(FCNCs) at the tree-level! q

* Result: 2HDMs with a generic flavor structure have

Very stringent bounds from low energy flavor measurements!

e.g. the H, A Higgs bosons should have a mass = O(10* TeV),
to agree with measurements of Kaon mixings

SGorI ............................................................................................................................................................................................................................... 11



Chapter 1

S.Gori

New Higgs bosons in
Type I-1IV 2HDMs

(focus on type II)
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1. Type I-IV 2HDMs...

Natural conservation laws for neutral currents*®

How to address :
th bl ith fl n Sheldon L. Glashow and Steven Weinberg
e pro em wi avor: Lyman Laboratory of Physics, Harvard University, Cambridge, Massachusetts 02138
(Received 20 August 1976)

S.Gori 13



1. Type I-IV 2HDMs...

Natural conservation laws for neutral currents*®

How to add ress Sheldon L. Glashow and Steven Weinberg
the prObIem Wlth ﬂavor? Lyman Laboratory of Physics, Harvard University, Cambridge, Massachusetts 02138
(Received 20 August 1976)

%k The Natural Flavor Conservation (NFC) Ansatz:
all fermions of a given electric charge couple to no more than one Higgs doublet

How: Z2 symmetry
Result: no FCNCs at the tree level (and therefore weaker constraints)
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1. Type I-IV 2HDMSs...

Natural conservation laws for neutral currents*

How to add ress Sheldon L. Glashow and Steven Weinberg
the prObIem Wlth ﬂaVOr? Lyman Laboratory of Physics, Harvard University, Cambridge, Massachusetts 02138
(Received 20 August 1976)

%k The Natural Flavor Conservation (NFC) Ansatz:
all fermions of a given electric charge couple to no more than one Higgs doublet

How: 22 symmetry

Result: no FCNCs at the tree level (and therefore weaker constraints)

%k Imposing this principle, we get the Type |-V 2HDMs:

Type I: H, gives mass to all quarks and leptons.
Type II: H gives mass to up quarks; H, to down quarks and leptons (~MSSM).
Type lll (IV): Hzgives mass to up & down quarks (leptons), H1 to leptons (down quarks)

S.Gori 13



1. Type I-IV 2HDMSs...

Natural conservation laws for neutral currents*

How to add ress Sheldon L. Glashow and Steven Weinberg
the prObIem Wlth ﬂavor? Lyman Laboratory of Physics, Harvard University, Cambridge, Massachusetts 02138
(Received 20 August 1976)

%k The Natural Flavor Conservation (NFC) Ansatz:
all fermions of a given electric charge couple to no more than one Higgs doublet

How: 22 symmetry
Result: no FCNCs at the tree level (and therefore weaker constraints)

%k Imposing this principle, we get the Type I-IV 2HDMs:

Type I: H, gives mass to all quarks and leptons.

Type II: H gives mass to up quarks; H, to down quarks and leptons (~MSSM).

Type lll (IV): Hzgives mass to up & down quarks (leptons), H1 to leptons (down quarks)

Zg Z, Zy
. . Type I —cot3 |cot3 | —cot3
The physical couplings : _ -
re dictated bv the t _ Type 11 tan3 |cot3 | tanp
are dictate y the type: Type III (lepton-specific) | —cot3 | cot 3 | tan3
Type IV (flipped) tan3 |cot3 | —cotf3

S.Gori 13




The “wrong Yukawa” in the MSSM

The MSSM is a theoretically very well motivated Type ll-like
2HDM at the tree level: Xq2=X,1=0

S.Gori
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The “wrong Yukawa” in the MSSM

The MSSM is a theoretically very well motivated Type ll-like
2HDM at the tree level: Xq2=X,1=0

At the one loop, the “wrong Yukawas” appeatr...

S.Gori
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The “wrong Yukawa” in the MSSM

The MSSM is a theoretically very well motivated Type ll-like
2HDM at the tree level: Xq2=X,1=0

At the one loop, the “wrong Yukawas” appeatr...

O Note: in the MSSM the NFC
TN principle is broken by the p Hq Hy

term in the Higgs potential

Q H2|‘IH1 D

\—‘V QrXiDrpH;
| Appearance of FCNCs at the one loop level |

S.Gori
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Low energy flavor constraints on type-ll 2HDMs

b—osy BTV
e H*

-~ ~
b / \ S
u,c,t N
y

b AR S ) @(H+’W+)<
/

More “solid” being at the tree-level
BR(B — mv)sm = (0.807 £ 0.061) x 10~*
BR(B = TV)exp = (1.06 4 0.19) x 10~

BR(b — 3v)sm
BR(b — 57)exp

(3.36 £ 0.23) x 10~*
(3.49 4 0.19) x 10~*

S.Gori
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Low energy flavor constraints on type-ll 2HDMs

b

u. et ;l 2 w, et ;l ] R
/7. ! ,,.

b—osy
W

- ~ - T N

/ \ s b % \ S

BR(b — s7)sm =
BR(b = 87)exp =

(3.36 +0.23) x 10~*
(3.49 4 0.19) x 10~*

B—-rTV

More “solid” being at the tree-level

BR(B — tv)sm = (0.807 & 0.061) x 10~
BR(B — T0)expy = (1.0640.19) x 10~4

tan g

S.Gori
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Low energy flavor constraints on type-ll 2HDMs

b

W

e ~

/ \ S

u.c,t w,c,t R

ISI{(l)-—+ SAY)SDJ
BR(b — 57)exp

b—osy

= (3.3640.23) x 10~
= (3.494+0.19) x 10~*

B—-rTV

More “solid” being at the tree-level
BR(B — mv)sm = (0.807 £ 0.061) x 10~*
BR(B = T0)exp = (1.06 4 0.19) x 10~*

tan g
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Low energy flavor constraints on type-ll 2HDMs

BR(b — sv)sm =

b—-sy

\ S 1)

-

/

(3.36 + 0.23) x 104
BR(b — 57)exp = (3.49 £ 0.19) x 10~*

BTV

b "
\\ S @ (H+’W+) <
u,c,t ;[ 11 u,c,t ;) ) - u v

More “solid” being at the tree-level

BR(B — tv)sm = (0.807 & 0.061) x 10~*
BR(B — T0)exy = (1.06 4 0.19) x 10~

Two-Higgs Doublet MOA Type Il

1803.01853

45

tan B

40

35

I.,‘Illll:llllllllllll

30 7

25 F .

20 £

95% CL excluded regions
B — Xy
B — uu

(.

D0 = uv

B — tv

NP effects enhanced by tanf3 as
H*b_u ~m_ tanB/v

B(K —= uv)/ B (m — uv)

Crucial to look directly for these new Higgs bosons at the LHC!

S.Gori
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Other indirect probes: the Higgs precision program

After the Higgs discovery, we have learned that the 125 GeV Higgs
boson has SM-like properties

» towards a precision program to assess the nature
of the Higgs boson we have discovered

S.Gori
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Other indirect probes: the Higgs precision program

After the Higgs discovery, we have learned that the 125 GeV Higgs
boson has SM-like properties

» towards a precision program to assess the nature
of the Higgs boson we have discovered

At the LHC, we measure Higgs rates:
For example, we look for the Higgs decaying into two photons

U(pp — h — 7’7’)exp = U(pp — h)theory X BR(h — PY’Y)theory

S.Gori
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Other indirect probes: the Higgs precision program

After the Higgs discovery, we have learned that the 125 GeV Higgs
boson has SM-like properties

» towards a precision program to assess the nature
of the Higgs boson we have discovered

At the LHC, we measure Higgs rates:
For example, we look for the Higgs decaying into two photons

U(pp — h — 7’7’)exp = U(pp — h)theory X BR(h — PY’Y)theory
U(pp — h')theory X BR(h — '7'7)theory

= o(pp = h = vy)sm X
o(pp — h)sm BR(h = v7)sm

computed to high precision

S.Gori
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Other indirect probes: the Higgs precision program

After the Higgs discovery, we have learned that the 125 GeV Higgs
boson has SM-like properties

» towards a precision program to assess the nature
of the Higgs boson we have discovered

At the LHC, we measure Higgs rates:
For example, we look for the Higgs decaying into two photons

U(pp — h — 7’7’)exp = U(pp — h)theory X BR(h — PY’Y)theory
U(pp — h')theory X BR(h — '7'7)theory
o(pp — h)sm BR(h — vv)sm

= o(pp = h = 77)sm X

tot tot
_ 2 _ T(h = ¥7)theory Ism 2 2 Lsm
= oOosMm X K, X X tot = osM X K,g X K. X tot
I‘(h’ — ’7’7)51\1 Ftheory Ftheory

g 0060601
computed to high precision ' }>+ h
reduced couplings to be extracted o 2200000
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Other indirect probes: the Higgs precision program

After the Higgs discovery, we have learned that the 125 GeV Higgs
boson has SM-like properties

» towards a precision program to assess the nature
of the Higgs boson we have discovered

At the LHC, we measure Higgs rates:
For example, we look for the Higgs decaying into two photons

U(pp — h — 77)exp - U(pp — h)theory X BR(h — 7'7)theory
U(pp — h)theory v BR(h’ — ’77)theory
o(pp — h)sm BR(h = v7)sm

= o(pp = h = vy)sm X

tot tot
o _ I'(h = ¥7)theory L'sh 2 2 I'sh
= osMm X K, X X = o0osm X K, X K, X
[} F( h — ) . I‘tot g Y Ftot
v 7Y )sM theory theory

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

. We need to make
. some assumption. :
80 Ty = Tan(k)

theory

computed to high precision
reduced couplings to be extracted
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Status & prospects for the Higgs measurements

The “kappa framework”

ATLAS Preliminary 16 interval mem
Vs=13TeV, 36.1-79.8 fb" 5 o interval ——
m,, = 125.00 GeV, ly | <2.5 ¢inferva
K~ —-Io-—
Kw —ne—
K, __.,__
K, ————
K, -
- Bgg, =0 :
BBSM BSM
...I....I...N..I....I.. ' R N NS N S
-1 05 O 5 1 1.5 -1 05 O 0.5 1 1.5
ATLAS-CONF-2018-03\
tot . tot )
Ftheory _ I‘SM(K’Z)

S.Gori 17



Status & prospects for the Higgs measurements

The “kappa framework”

ATLAS Preliminary 16 interval mem
Vs=13TeV, 36.1-79.8 fb" 5 o interval ——
m,, = 125.00 GeV, ly | <2.5 ¢inferva
Kz -
Kw .
K, — —b—
K ey
K, o
Kg -
K‘y —p—
- Bgg, =0 =
BBSM BSM
...I....I...N..I....I.. ' R N NS N S
-1 05 O 5 1 1.5 -1 05 O 0.5 1 1.5
ATLAS-CONF-2018-03\
tot . tot )
Ftheory _ I‘SM(K’Z)
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Status & prospects for the Higgs measurements

The “kappa framework”

ATLAS Preliminary 10 interval ==

Vs=13TeV, 36.1-79.8 fb" 5 o interval ——

my, =125.09 GeV, ly | <2.5
Xz . *
cw | B >
K¢ [ —*"— - _""_
Kp I —-'!-— _ _'°"_
Kg | ""_ _ _""_
K, | - _CMED -

s Bgsy =0 ' | Bpey =0 - '

ATLAS-CONF-2018-031

S.Gori
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Status & prospects for the Higgs measurements

The “kappa framework”

ATLAS Preliminary 16 interval me=
Vs=13TeV, 36.1-79.8 fbo” 5 & interval ——
m,,=125.09 GeV, ly | <2.5 ¢ interva
K e i CMS-NOTE-13-002
s 5 - CMS Projection
KW —:*— T T ] T T T T ] ] T ! ! T T T I T T
" B E B E xpected uncertainties on 1§ 3000 1"t {5 = 14 Tev Scenario 1
t - _""_ - Higgs boson couplings b1, 3000 fb st {5 = 14 TeV No Theory Unc
K : — . ' . .
Tl L " o high-luminosity
K_r E | 7 1 1
., - 4 - Kw : i
_ 5 u Kz —
« :
"L e o R v | =1 Kq —
gsm| o Bosm 20 o K —
coa b b b b b by ey PRI B IR b i L
-1 05 O 0.5 1 15 -1 05 O 0.5
K¢ } i
ATLAS-CONF-2018-031 Ke +—
1 1 1 L L 1 l 1 L 1 1 l L L ] 1 l 1 1
0.00 0.05 0.10 015
need to have more and more - expected uncertainty
precise SM predictions updates will be available soon
& measurements for the Yellow Report of the

S.Gori high-luminosity/high-energy workshop {7



Implications on the heavy Higgs bosons

S.Gori

Do the measurements of the 125 GeV Higgs boson tell us
something about new Higgs bosons?
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Implications on the heavy Higgs bosons

Do the measurements of the 125 GeV Higgs boson tell us
something about new Higgs bosons?

In all generality, if the two Higgs doublets mix, the properties of
the 125 GeV Higgs will be affected.

In particular, the coupling with massive gauge bosons:

Ky = sin(8 — o) : reminder

(normalized coupling to the SM value) (H) _ ( cos(a —f)  sin(a —p) ) ( o )
Py |

Measured to be close to 1 —sin(a — 3) cos(a — 3)
<(I)I‘(I)v> — '02/2,
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Implications on the heavy Higgs bosons

Do the measurements of the 125 GeV Higgs boson tell us
something about new Higgs bosons?

In all generality, if the two Higgs doublets mix, the properties of
the 125 GeV Higgs will be affected.

In particular, the coupling with massive gauge bosons:

Ky = sin(8 — o) : reminder

(normalized coupling to the SM value) (H) _ ( cos(a — B)  sin(a — B) ) ( ®, )
Measured to be close to 1 : :

(‘I)I(I)v> = vz/z’
‘l' T @ym)=0

Generically, we have an
upper bound on the value of
x| witha =B —1/2 + x
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(125 GeV) Higgs coupling measurements

Putting all measurements together...

= 1 1 | 1 I I 1 I 1 l 1 |l I I I I
. ATLAS Preliminary ] Obs. 95%CL
x  Best Fit Obs.

tang

| Vs=13TeV,36.1-79.81" .. Exp. 95% CL
2HDM Type-I ———
10} 7
; i \
: | .
il
il
158 | E
: | d
I
|
|

—1 | 1 1 1 l | 1 | 1 ; | 1 | | 1 1 | |
1073 05 0 0.5 1

ATLAS-CONF-2018-031 cos(f-a)

S.Gori



(125 GeV) Higgs coupling measurements

Putting all measurements together...
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What do we learn on the new H bosons? (1)

So far we have considered the couplings of the 125 GeV Higgs boson
Ky = sin(8 — a)
The couplings of the heavy Higgs bosons are related:

*Upper bound on the coupling of the heavy Higgses with gauge bosons:

H

Ry,

= cos(a — ) ~ x
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