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:

Ky = cos(a— ) ~x

Furthermore, (very) generically we obtain a lower bound on the heavy Higgs mass
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A bound on x gives also information about the

Heavy Higgs boson couplings

heavy Higgs couplings with fermions

125 GeV
Higgs

Heavy
scalar

Heavy
pseudo-
scalar

S.Gori

Y2HDM / YSM Type-ll K
hVV SB—a
hQu Sp—a T Cp—altp
hQd $g—a — LBCB—a
hLe SB—a — tﬂcﬁ—a

HVV CB—a
HQu CB—a — Sg_a/tﬂ
HQd Ch—a T 18S8—a
HLe Ch—a T 18S8—a
AVV 0

AQu 1/ts

AQd tg

AlLe g

Note the flavor
universality!

Yoi = K X mgi/v

iIndependent on |
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Heavy Higgs boson couplings

A bound on x gives also information about the
heavy Higgs couplings with fermions
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scalar
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Y2HDM / YSM Type-ll K| Alignment limit:
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Heavy Higgs boson couplings

A bound on x gives also information about the
heavy Higgs couplings with fermions

Y2HDM / YSM Type-ll K| Alignment limit:
hVV SB—a 1
hQu SB—a + Cp—a/ts 1
hQd Sg—a — tBCR—q 1
hlLe Sg—a — tBCR—_q 1

HVV Cl—a 0
HQu Cl—c — Sg_a/tﬂ 1/t5
HQd Ch—a T 18S8—a tg
H Le Ch—a T 1858—q g
AVV 0 0
AQu 1/t5 1/t
AQd tg g
ALe g tg

Note the flavor
universality!

Yoi = K X mgi/v

iIndependent on |

The pheno of the
additional Higgs

is determined by
B and their mass
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How to produce these H bosons at the LHC?

‘ * Neutral Higgs bosons (H,A) \

Dominant o _~==777" A
at large tanf: f

b Suppressed in

Dominant v
. at small tanp: ¢ mivitanp .

S.Gori ] e ———— 22



How to produce these H bosons at the LHC?

‘ * Charged Higgs bosons (H%)

Above the top mass: Below the top mass:

/,”H_ H*b_ t ~m tanf /v
H*t,b ~m /tanB /v
b t

S.Gori
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How to produce these H bosons at the LHC?

‘ * Charged Higgs bosons (H%) \

Above the top mass:

Below the top mass:

H*b_ t ~m tanf /v
H*t. b ~m /tanB /v
R L t
- s 04
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From the LHCHXSWG YR4, 1610.07922
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From the LHCHXSWG YR2, 1201.3084
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What are the signatures?

‘ * Neutral Higgs bosons \

Large tanf3:
enhanced couplings with bb, tautau

Alignment limit:
suppressed couplings with 1, WW, ZZ

150 200 250 300 350 400 450
My (GeV)
24
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What are the signatures?

‘ * Neutral Higgs bosons \

Large tanf3:
enhanced couplings with bb, tautau

Craig et al., 1305.2424

o-Br (pb)

Alignment limit:
suppressed couplings with 1, WW, ZZ

300 450
My (GeV)

250

Small tanf3:
enhanced couplings with tt
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What are the signatures?

‘ * Charged Higgs bosons \

S.Gori

Djouadi, 0503173

. All the other decay modes

«— | ge pretty suppressed

above the top threshold

1 :r p— | [tb 1 :‘“
L BR(H™)
[ tan 3 = 30
0-1F E
= b(.
0.01 F cs
L v
0.001 \ '
100 200 300 400 500
My [GeV]
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Understanding the LHC bounds

Craig et al. 1504.04630
tB - 50} T T T

7/

t5=20 -

f5= 10~

. “Wedge region”

Type |l
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My (GeV)

7] ATL gg=»P-yy CMS gg-»®-yy ATL gg-»®-11
7] CMS gg-+®-11 1 ATL bb-»®-711 [] CMS bb-+®- 11

S.Gori
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Understanding the LHC bounds

Craig et al. 1504.04630

In this direction, the production
rate becomes larger and larger:

The decay into

-------- HA taus is the golden
“Wedge region” g ~ Mo tanBNV - channel

b

= PPN

& Type |l

.......

200 300 400 500 600
my (GeV)

| ATL gg-»D-yy CMS gg-»®-yy ATL gg-»®- 11
CMS gg-+®-1t 1 ATL bb-»®-171 [] CMS bb-»®-11
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Understanding the LHC bounds

Craig et al. 1504.04630

tg =50

tﬂ=20 F

15 = 10~

 “Wedge region”

| ATL gg-»D-yy CMS gg-»®-yy ATL gg-»®-11
CMS gg-+®-11 1 ATL bb-»@-17 [] CMS bb-+®P- 11

S.Gori

In this direction, the production
rate becomes larger and larger:
g b

.......................... The decay Into
-------- HA taus is the golden
...... g .. JmmetanBV - channel
b

~ Large gluon fusion cross section

(top loop).

Main decay modes:

WW, ZZ, hh (suppressed in the
alignment limit), yy
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Understanding the LHC bounds

Craig et al. 1504.04630

tg =50

tﬂ=20 F

15 = 10~

S.Gori

 “Wedge region”

400
My (GBV)

300

| ATL gg-»®-yy (1 CMS gg-+®-ryy ] ATL gg-O-17 N
CMS gg-+®P-1t 1 ATL bb-»®-17 [] CMS bb-»®P-11

600

In this direction, the production
rate becomes larger and larger:
g b

.......................... The decay Into
-------- HA taus is the golden
...... g .. JmmetanBV - channel
b

~ Large gluon fusion cross section

(top loop).

Main decay modes:

WW, ZZ, hh (suppressed in the
alignment limit), yy

What about here?
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The challenging low tanf3 regime
(above the top threshold)

In this region, the new Higgs bosons mainly decay to top quarks
Are the Z'—tt effective to set bounds?
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The challenging low tanf3 regime
(above the top threshold)

In this region, the new Higgs bosons mainly decay to top quarks
Are the Z’— it effective to set bounds? NO

. Differently from the Z’, |
. the Higgs process is gluon-initiated:

Interference with the
tt SM continuum

Dicus et al., 9404359
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The challenging low tanf3 regime

In this region, the new Higgs bosons mainly decay to top quarks

Are the Z’'—tt effective to set bounds? NO

(above the top threshold)

Differently from the Z,
the Higgs process is gluon-initiated:

8 t
H <
t,b T 7T
t

Interference with the
tt SM continuum

Dicus et al., 9404359

S.Gori

SG, Kim, Shah, Zurek, 1602.02782

—— my =400 GeV +
my =420 GeV + SM |

0.005

-------- my = 420 GeV + SM
----- mp =400 GeV + SM

N—SM  tanp=1

0.004
0.003;
0.002

0.001

parton level

0.000 100" 500 600 700 800

" — —

Shape analysis?
Angular correlations?
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The challenging low tanf3 regime

In this region, the new Higgs bosons mainly decay to top quarks

Are the Z’'—tt effective to set bounds? NO

(above the top threshold)

Differently from the Z,
the Higgs process is gluon-initiated:

Interference with the
tt SM continuum

Dicus et al., 9404359

S.Gori

The ATLAS search is
now available!

=====  Exp.+ 1l0/20 « Signal Samples

500 550 600 650 700 750

ma = my [GeV]
1707.06025
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The challenging low tanf3 regime
(above the top threshold)

In this region, the new Higgs bosons mainly decay to top quarks
What about exploiting ttH associated production?

4 top signature
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The challenging low tanf3 regime
(above the top threshold)

In this region, the new Higgs bosons mainly decay to top quarks
What about exploiting ttH associated production?

The challenge:
Signal rates are much smaller

H Cross section in fb
- 20, §.% AY 1
t 10-4 105 ]

0.001

= \

0.01

15!

4 top signature
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tan 3
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0.05
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V4

0.1

5

20 10
400 500 600 700 800 900 1000

my (GeV)
SG, Kim, Shah, Zurek, 1602.02782

!

S.Gori 28



The challenging low tanf3 regime
(above the top threshold)

In this region, the new Higgs bosons mainly decay to top quarks
What about exploiting ttH associated production?

The challenge:
Signal rates are much smaller

H Cross section in fb
¢ ---- 20, < X
t | 104

4 top signature

The opportunity:
We have many more objects in the signal,

if compared to the t t background

Two possible strategies:

- many (b) jets + at least 1 lepton
- multi-leptons + (b) jets my (GeV) -
SG, Kim, Shah, Zurek, 1602.02782
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The challenging low tanf3 regime
(above the top threshold)

In this region, the new Higgs bosons mainly decay to top quarks
What about exploiting ttH associated production?

Counting experiment:

t 5 -
BT ——— :
t 3.5} 6200=5.10_?
[ 6'203:1.10-4
== H 30 5200=1.10-3
? 20 SG, Kim, Shah,

4 top signature

Zurek, 1602.02782

The opportunity: 1.0
We have many more objects in the signal, 05- ;
if compared to the t t background 400 500 600 700 800 900

Two possible strategies: "

- many (b) jets + at least 1 lepton
- multi-leptons + (b) jets
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The challenging low tanf3 regime
(above the top threshold)

In this region, the new Higgs bosons mainly decay to top quarks
What about exploiting ttH associated production?

Counting experiment:

t 4.0 -
BTO00 —>—
t 35 &'200=5.10_?
520321.10—Z
¢---- H < 30 (:'200=1.10-3
000 V—"mr——
? 20 SG, Kim, Shah,

4 top signature

Zurek, 1602.02782

The opportunity: 10
We have many more objects in the signal, 05- ;
if compared to the t t background 400 500 600 700 800 900

Two possible strategies: Open :l:estions:

- many (b) jets + at least 1 lepton * any possibility to have some reconstruction?

- multi-leptons + (b) jets *boosted regime?

S.Gori * tHj production? o8
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A broad LHC search program

OH* L OH* Jqq fus] ¢ adl
Still many questions to be answered &
many new searches to be performed...
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Chapter 2

S.Gori

Beyond type-l|
2HDMs

New flavor structures
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2. Beyond type I-IV 2HDMs

(20 slides ago) we learned that low energy flavor measurements constrain the
flavor structure of models with more than one Higgs doublet

Question: are type I-IV 2HDMs the only possibility to address this issue? NO

S.Gori
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2. Beyond type I-IV 2HDMs

(20 slides ago) we learned that low energy flavor measurements constrain the
flavor structure of models with more than one Higgs doublet

Question: are type I-IV 2HDMs the only possibility to address this issue? NO

Let us discuss two of examples:

1. Flavor aligned 2HDMs  Pich, Tuzon, 0908.1554

2 Flavorful 2HDMs Altmannshofer, SG, Kagan,
Silvestrini, Zupan, 1507.07927
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2. Beyond type I-IV 2HDMs (alignment)

(20 slides ago) we learned that low energy flavor measurements constrain the
flavor structure of models with more than one Higgs doublet

Question: are type I-IV 2HDMs the only possibility to address this issue? NO

Let us discuss two of examples:

1. Flavor aligned 2HDMs Pich, Tuzon, 0908.1554

23 Altmannshofer, SG, Kagan,
Flavortul 2HDMs Silvestrini, Zupan, 1507.07927

Hy" = QrXuDrHy + Qr X UrH| + Qr X4y DrHy + Qr X.2UrH> + hec.
Xul — a'uXuZ

— ad / dl

+ corresponding one in the lepton sector
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2. Beyond type I-IV 2HDMs (alignment)

(20 slides ago) we learned that low energy flavor measurements constrain the
flavor structure of models with more than one Higgs doublet

Question: are type I-IV 2HDMs the only possibility to address this issue? NO

Let us discuss two of examples:

1. Flavor aligned 2HDMs Pich, Tuzon, 0908.1554

23 Altmannshofer, SG, Kagan,
Flavorful 2HDMs Silvestrini, Zupan, 1507.07927

HY" = Qe X DrHi + QrXuiUrH} + Q1 X2 DrH 3 + Qr X,2UrH> + h.c.

Xui = @y, Xyuo This structure leads to
= ayX NO FCNCs at the tree-level

+ corresponding one in the lepton sector

Note for the experts:

this structure is not stable under RGEs.
The most general stable structure is
the Minimal Flavor Violating one
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2. Beyond type I-IV 2HDMs (alignment)

(20 slides ago) we learned that low energy flavor measurements constrain the
flavor structure of models with more than one Higgs doublet

Question: are type I-IV 2HDMs the only possibility to address this issue? NO

Let us discuss two of examples:

1. Flavor aligned 2HDMs Pich, Tuzon, 0908.1554

) Altmannshofer, SG, Kagan,
Flavortul 2HDMs Silvestrini, Zupan, 1507.07927

'H%fen =QrXuDrH, + Q1 X, U 'rHY +(2L*\11’DTIH + QrX.2UrH> + h.c.

&

Xui = @y, Xyuo This structure leads to
= ayX NO FCNCs at the tree-level

+ corresponding one in the lepton sector Reduced couplings of the heavy H|ggs
: cos & + ay sin «

H __

Note for the experts: £ 7 cosfB+ assinB

this structure is not stable under RGEs.

The most general stable structure is g Cosa+aqg sin o
S Gor the Minimal Flavor Violating one d cos 3 + ag sin B



Pheno highlights of the alighed 2HDM

Branching ratios and production cross sections of the heavy Higgs bosons
can be very much altered, if compared to a type-Il 2HDM

S.Gori

32



Pheno highlights of the aligned 2HDM

Branching ratios and production cross sections of the heavy Higgs bosons
can be very much altered, if compared to a type-ll 2HDM

» BR (H-bb) m,?

BR (H-77) 3 my?
(g — - —

* | Exclusion from b(b)H, H — bb

The tau tau mode does not lead to
a constraint in this plane
for this choice of parameters

11 In this region, the H — bb
] | searches have a better sensitivity
1§ than in a Type I-Il 2HDM

S.Gori 1703.05873 32



2. Beyond type I-IV 2HDMs (flavorful)

(20 slides ago) we learned that low energy flavor measurements constrain the
flavor structure of models with more than one Higgs doublet

Question: are type I-IV 2HDMs the only possibility to address this issue? NO

Let us discuss two of examples:

1. Flavor aligned 2HDMs  Pich, Tuzon, 0908.1554

2. Flavorful 2HDMs Altmannshofer, SG, Kagan,
Silvestrini, Zupan, 1507.07927

HY " =Qr Xy DpHy + QX wUrH[ + QX2 DpHy + QX ,2UrH, + h.c.

00 0
Xa=[00 0
00 m,

m, O(m,.) O(m,)
Xp=|0m,) m, O(m,

O(m,.) O(m,) O(m,)
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2. Beyond type I-IV 2HDMs (flavorful)

(20 slides ago) we learned that low energy flavor measurements constrain the
flavor structure of models with more than one Higgs doublet

Question: are type I-IV 2HDMs the only possibility to address this issue? NO

Let us discuss two of examples:

1. Flavor aligned 2HDMs  Pich, Tuzon, 0908.1554

2. Flavorful 2HDMs Altmannshofer, SG, Kagan,
Silvestrini, Zupan, 1507.07927

Hy" = QrXuDrHy + Qr X UrH| + Qr X4y DrHy + Qr X.2UrH> + hec.

) 00 0 . The couplings of the heavy Higgs are
Xa=|00 0 flavor specific!
00 m,
: i 1 sinao
m, O(m,) O(m,) § =
Xp = ( O(m,) m, O(m,) ) P tan B cos 3
O(m,) O(m,) O(m,) -~ COS v
. . Lol £, = tan B—

s Goi Preaking of the flavor universality! sin 3



Flavor universality

How much do we know about it?

From the Higgs perspective:

E>|> _IIIII T T \|||||| T T |l||||| T T |||||||
> 1 ATLAS Preliminary e
=< - Vs=13TeV, 36.1-79.81b™ ..Z’; 1
o) [ my=125.09GeV,ly, | <25 W ]
ELL|> 1071 SM Higgs boson -
w F =
v, i
I A
1 0_2 E ’-U/ b =
3| ]
10 w
107*F E
—IIIII 1 1 IIIIIII 1 1 |I|ll|| 1 1 ||||l|| 1
107 1 10 107

Particle mass [GeV]
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Flavor universality

How much do we know about it?

From the Higgs perspective:

E>|> _IIIII T T \|||||| T T |l||||| T T |||III| T ]
g 1 ATLAS Preliminary e
< - Vs=13TeV, 36.1-79.8 b ..Zt ]
5 [ m,=12509GeV,ly | <25 W
ELL|> 1 0—1 R SM Higgs boson -
" = Rog 3
Y.
i A ]
1072 4% b 3
3| _
107,
107*F E
_lIIII 1 1 lllllll 1 1 Illllll 1 1 IIIIlI| 1
107 1 10 10°

Particle mass [GeV]

The coupling with muons is different
from the coupling with taus.

Not much additional info. Is the Higgs
coupling to 1st and 2nd generations?

S.Gori
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Flavor universality

How much do we know about it?

From the Higgs perspective:

E>|> _||||| T T \|||||| T T |l|||l| T T I||III| T ]
g 1 ATLAS Preliminary e
< - Vs=13TeV, 36.1-79.8 b ..Zt ]
5 [ m,=12509GeV,ly,| <25 W
ELL|> 1071 SM Higgs boson -
" = 3
Y.
i A ]
1072 4% b 3
-3 |
10 w
107%E E
_IIIII 1 1 lIIIIII 1 1 Illllll 1 1 ||||l|| 1
107 1 10 10°

Particle mass [GeV]

The coupling with muons is different
from the coupling with taus.

Not much additional info. Is the Higgs
coupling to 1st and 2nd generations?

From the low energy flavor physics
perspective:

Recently, several flavor anomalies are
pointing towards the breaking of lepton
flavor universality.

S.Gori
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Flavor universality

How much do we know about it?

From the Higgs perspective: From the low energy flavor physics
N N perspective:
& |: 1:_ ATLAS Preliminary ~ .
£ - 5=13TeV, 361708 10" 213 Recently, several flavor anomalies are
LLT; 10-1- st ] pointing towards the breaking of lepton
=L o f flavor universality.
_ ” _
107 b Examples are the
3‘ | Rk, Rk*, Rp, Rp anomalies
10°% E
P _ BR(B — K™ pup)
4l | Ry =
0% | BR(B — K®ee)
107 1 10 107
(%)
Particle mass [GeV] Ry = BR(B — D( )TV)
The coupling with muons is different BR(B — D™tv)
from the coupling with taus.
PINS SM: RY-®l = 1,00+ 0.01
Not much additional info. Is the Higgs R 40,090
coupling to 15t and 2nd generations? at the LHCDb: Ay = 0.7457; 7, + 0.036

S.Gori



Pheno highlights of the flavorful 2HDM

Branching ratios and production cross sections of the heavy Higgs bosons
can be very much altered, if compared to a type-ll 2HDM
Additional signatures arise!

S.Gori
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Pheno highlights of the flavorful 2HDM

Branching ratios and production cross sections of the heavy Higgs bosons
can be very much altered, if compared to a type-ll 2HDM
Additional signatures arise!

Production
tanB=50, cos(B-a)=.05
i
1 _s&t
o[pb] N 1
0.100¢ h]h”
o.omé m
o.omé
200 400 600 80  100(
my [GeV]
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Pheno highlights of the flavorful 2HDM

Branching ratios and production cross sections of the heavy Higgs bosons
can be very much altered, if compared to a type-ll 2HDM

Additional signatures arise!

Production
tanB=50, cos(B-a)=.05
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100k o
‘—.’ > ---------- Peveeeneennns H
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Pheno highlights of the flavorful 2HDM

Additional signatures arise!

Branching ratios and production cross sections of the heavy Higgs bosons
can be very much altered, if compared to a type-ll 2HDM

Production Decay
tanB=50, cos(B-a)=.05 : tanB=50, cos(f-a)=.05
100 0.500}
10 ‘ o
| 0.100} e
! B 0.050f ww_—
o [pb] 7 BR | —7z
0.100f N -hfa'*;;i" _
_ 0.010F
I | “ bb
0.001} — -
P S S S T S S S T S T S —" 0.001 N P ....... ~ s
200 400 600 800 1000 200 400 600 800 1000
my [GeV] my [GeV]

S.Gori Altmannshofer, Eby, SG, Lotito, Martone, Tuckler, 1610.02398
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Pheno highlights of the flavorful 2HDM

Branching ratios and production cross sections of the heavy Higgs bosons
can be very much altered, if compared to a type-ll 2HDM
Additional signatures arise!

Production Decay
tanB=50, cos(B-a)=.05 : tanB=50, cos(f-a)=.05
100 0.500}
10 ‘ -
| 0.100} T
lg m 0.050} ww—" -
olpb] [ T BR [ \ L =
_ § 0.010} |
0.010¢ T~ ~3 0.005 .\ |
i | bb ©
0.001} o —
P S S U T S S T S U S 0.001 R P  e———— ,-._,
200 400 600 800 1000 200 400 600 800 1000
mu [GeV] my [GeV]

S.Gori Altmannshofer, Eby, SG, Lotito, Martone, Tuckler, 1610.02398




Pheno highlights of the flavorful 2HDM

Branching ratios and production cross sections of the heavy Higgs bosons
can be very much altered, if compared to a type-ll 2HDM
Additional signatures arise!

0.500"

0.100

Interesting charged Higgs - 0050

phenomenology, as well:

0.010+

0.005

0.001

200 400 600 800 1000
my=+ [GCV]

S.Gori Altmannshofer, Eby, SG, Lotito, Martone, Tuckler, 1610.02398
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Pheno highlights of the flavorful 2HDM

Branching ratios and production cross sections of the heavy Higgs bosons
can be very much altered, if compared to a type-ll 2HDM
Additional signatures arise!

0.500"

0.100

Interesting charged Higgs - 0050

phenomenology, as well:

0.0 lgf

0.005

0.001

200 400 600 800 1000
my=+ [GCV]

S.Gori Altmannshofer, Eby, SG, Lotito, Martone, Tuckler, 1610.02398
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Very weak constraints & long wish-list

tanB=50, cos(B-a)=.05

T T
’
P /
) A
I \/
\'A" ;N
’ A4
\ ~ -
!y A \ -
I\ / S=-
,’ \ I
. l \ !
AN \ N
! A4

100

50

10}

anC

0.5¢

0.1 1"\ 1’I 1 1 1
200 400 600 800 1000

my [GeV]

Bounds at ~ 400GeV for
very large tanf3 (= 50)

S.Gori Altmannshofer, Eby, SG, Lotito, Martone, Tuckler, 1610.02398 36



Very weak constraints & long wish-list

00 tarll,B=50, cos(B—la)z.OS : WiSh'IiSt:

T T
’
.e /
’
50_ lJ //ﬂ\\ //
w [
, ~/
/\‘ N \ -
:, '
)
™, I '

Targeting quark-quark fusion production!

pp — H — tc

10f, \l / pp — H —
Oexc o \/\ pp - H — cc
% v/ _
% up Bound pp — HE — cs, cb
1 :\/ ]
0.5
0.1 - \Zl(l)O 460 660 860 1000
my [GeV]
Bounds at ~ 400GeV for Challenging and very interesting
very large tanf (= 50) possible new searches
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Very weak constraints & long wish-list

100 tarI1,8=50, Cos(ﬁ_.a)z'OS O ARaas Wish-list:

501 Targeting quark-quark fusion production!

pp — H — tc

10r. pp — H — T

anC

pp - H — cc

pp — HE — es, cb

0.5 | Top associated production:
' pp — t(c)H, H — tc

0.1 - 2"(I)0 460 660 860 1000 pp — t(C)H, H— T
my [GeV]
pp — t(c)H, H — cc
Bounds at ~ 400GeV for Challenging and very interesting
very large tan (= 50) possible new searches

S.Gori Altmannshofer, Eby, SG, Lotito, Martone, Tuckler, 1610.02398 36



Take home message

Several novel flavor structures are allowed by the measurements
of low energy flavor transitions

Novel flavor structures imply a different phenomenology
of the additional Higgs bosons.
m=)> The present LHC searches are typically not as powerful

S.Gori
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More comments on exotic signatures

More complete models containing two (or more) Higgs doublets can lead to
sizable branching ratios of the new Higgs bosons into New Physics particles.

One example is the MSSM:
Many scenarios lead to the decay of the heavy Higgs into SUSY particles
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More comments on exotic signatures

More complete models containing two (or more) Higgs doublets can lead to
sizable branching ratios of the new Higgs bosons into New Physics particles.

One example is the MSSM:
Many scenarios lead to the decay of the heavy Higgs into SUSY particles

“mpmax” Carena et al,
1302.7033
my = 173.2 GeV,

Msysy = 1000 GeV, Super_partners

i #— of the Higgs &

= \'
b i the W boson
X025 = 2 Mgysy

XMS = /6 Msysy
A=A, = A,
mg = 1500 GeV,

M;, = 1000 GeV

3

..... TanB=5’mH=5OOGeV

0.15, 0.35,3 x 10~2
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More comments on exotic signatures

More complete models containing two (or more) Higgs doublets can lead to
sizable branching ratios of the new Higgs bosons into New Physics particles.

One example is the MSSM:

Many scenarios lead to the decay of the heavy Higgs into SUSY particles
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“mpmax”’ Carena et al,

1302.7033
my = 173.2 GeV,

Msusy = 1000 GeV, Super_partners

(=2, *— of the Higgs &

- WV
o the W boson
Xtos = 2 Mgusy

XM = V6 Msusy
Ab ™ Ar - Ata
mgz = 1500 GeV,

M; = 1000 GeV

3

Tanp =5, m = 500GeV

BR(H — Xy'Xi» X; Xz XiX3) ~

0.15, 0.35,3 x 102

Carena et al,

“tau-phobic”
1302.7033

my = 173.2 GeV,
Msysy = 1500 GeV,
p = 2000 GeV,

My = 200 GeV,
X085 = 2.45 Mgygy

XM8 = 2.9 Msysy
Ab — A‘r — At 3

mgz = 1500 GeV,

= - super-partner
£ =ik ‘ of the SM taus

Tan = 20, m, = 900GeV
BR(H — “1.'1“1.'1) ~ 0.25
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More comments on exotic sighatures

More complete models containing two (or more) Higgs doublets can lead to
sizable branching ratios of the new Higgs bosons into New Physics particles.

One example is the MSSM:
Many scenarios lead to the decay of the heavy Higgs into SUSY particles

“mpmax” Carena et al, “tau-phobic” Carenaetal,
1302.7033 1302.7033
my = 173.2 GeV, m; = 173.2 GeV,
Msysy = 1000 GCV, Super-pal’tners MSUSY = 1500 GCV,
st 006 +' of the Higgs & g bl
2 = e the W boson M =200 GeV,
X5 = 2 Mgusy X OS — 945 M

Opportunity to look for SUSY particles

produced from heavy Higgs decays?

. TanB =5, m =500GeV

Tan@ =20, m = 900GeV

: BR(H — ‘}:1‘;"1) ~ 0.25 :
......................................................................................... 38

0

~ BR(H = XiX3» XiXz» XaX1) ~ |
' 0.15, 0.35,3 x 1072 :
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A note on “Higgs to Higgs decays”

The heavy Higgs bosons can decay sizably into two 125 GeV Higgs bosons

g wvo +h

g oo / \\\ h

this coupling is non-0

away from the alignment limit

.

Keeping into account the present (125 GeV)
Higgs data, one can show that BR(H —hh)
can be at the ~ 50% level!

Correspondingly, the “standard” heavy Higgs
decay modes will be suppressed

see eg. Baggio et al. 1403.1264
S.Gori
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A note on “Higgs to Higgs decays”

The heavy Higgs bosons can decay sizably into two 125 GeV Higgs bosons

g oo , h The (125QeV) qli-Higg.s production
! cross section will be different than
H o the one of the SM
\\\ g oo K h
g o +h | h ‘ triple Higgs
| S coupling
this coupling is non-0 g e “h
away from the alignment limit <+
g — ---h
Keeping into account the present (125 GeV) t,b,...
Higgs data, one can show that BR(H —hh) |
can be at the ~ 50% level! g — . h
Correspondingly, the “standard” heavy Higgs The cross section can be
decay modes will be suppressed enhanced by a factor of O(10)

see eg. Baggio et al. 1403.1264
S.Gori



Challenges & opportunities in hh production

The cross section is rather small in the SM: ~ 40fb
(as opposed to the ~ 50 pb for gluon fusion single-Higgs production)

The most abundant signature is hh — 4b
Present bounds on the cross section at around ~13 times the SM

challenging!

S.Gori
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Challenges & opportunities in hh production

The cross section is rather small in the SM: ~ 40fb
(as opposed to the ~ 50 pb for gluon fusion single-Higgs production)

The most abundant signature is hh — 4b
Present bounds on the cross section at around ~13 times the SM

challenging!

This measurement is very important because it gives info on
the shape of the Higgs potential. In the SM:
2

2
m 1 m
V =1V, + %m%hQ | Q,Ufﬁvh:;—l— —& bt

4 202

This coefficient o
is fully determined

very important measurement
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Challenges & opportunities in hh production

The cross section is rather small in the SM: ~ 40fb
(as opposed to the ~ 50 pb for gluon fusion single-Higgs production)

The most abundant signature is hh — 4b
Present bounds on the cross section at around ~13 times the SM

challenging!

This measurement is very important because it gives info on
the shape of the Higgs potential. In the SM:

2 2
— 1 212 | My 3 1My 1.4
V_ %+ thh | 2’U2vh —|_42’U2h
[ ewp—oHHIX)/™ | This coefficient -
B | is fully determined
20 + 9@ — WHH

15 F-.

10 +

very important measurement

.........

0 [r——— e ,_______|;i‘_'.:'.‘—~bl<---~\q= ..................
-5 -3 -1 0 1 3

SM
AunH/ Afiin
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Challenges & opportunities in hh production

The cross section is rather small in the SM: ~ 40fb
(as opposed to the ~ 50 pb for gluon fusion single-Higgs production)

The most abundant signature is hh — 4b
Present bounds on the cross section at around ~13 times the SM

challenging!

V ="Vo+ zmih* A

This measurement is very important because it gives info on
the shape of the Higgs potential. In the SM:

2

40 . . . . .
. o(pp — HH + X) /oM
o Vs = 14 TeV, My = 125 GeV
30 P
* gg > HH e
qq’ — HHqq' --------
00 | qd — WHH
qq —» ZHH -----
15 F-.
10 +
P e e
-5 3 1 0 1 3

2 4 202

This coefficient o
is fully determined

Implications for theories for
electro-weak baryogenesis?

Prospects for the ?
High-Luminosity LHC?

2
m
";g,vh3_|_ 1 hh4

very important measurement
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Future prospects in di-Higgs production

At the high-luminosity LHC (3000 fb-1):

Channel CMS ATLAS
HH- bbbb | Z(c, (SM)=0.39c | —4.1<A,, /A, <8.7 @95% C.L.
CMS PAS FTR-16-002 ATLAS-TDR-030
HH - bbrtr 1.6 XxSM 0.6 c
—4.0 <M, /A< 12.0 @95 % C.L.
CMS-TDR-019 ATL-PHYS-PUB-2015-046
HH - bbyy 1.43 o 150
0.2 <A, [Ay < 6.9 @95 % C.L.
CMS PAS FTR-16-002 (stat only) atias-TDR-030
HH - WWhbb 0.45¢
CMS PAS FTR-16-002
tt(HH — bbbb) 035G  ATL-PHYS-
PUB-2016-023

Most results will be updated for the Yellow Report of

the high-luminosity / high-energy LHC
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Chapter 3

S.Gori

|
{

. (Light) singlet scalars (pseudoscalars) |

Looking for light (< 125 GeV)
particles at the LHC
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Models with singlet scalars

* Many well motivated theories beyond the SM contain new scalars that are not
charged under the SM gauge symmetries:

the Next to Minimal Supersymmetric Standard Model (NMSSM),
models of neutral naturalness (twin Higgs, ...),

models for EW baryogenesis,
models for Dark Matter (DM) with scalar mediators, ...
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charged under the SM gauge symmetries:

the Next to Minimal Supersymmetric Standard Model (NMSSM),
models of neutral naturalness (twin Higgs, ...),
models for EW baryogenesis,

models for Dark Matter (DM) with scalar mediators, ...

%k More freedom from LEP.

LEP bounds are typically weak, as opposed to bounds on EW charged particles
(...the ~100GeV rule of thumb for electrically charged particles)

* It is interesting to study what searches can be done at the LHC for
light (< 125 GeV) scalars. Different experimental strategies?
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Models with singlet scalars

* Many well motivated theories beyond the SM contain new scalars that are not
charged under the SM gauge symmetries:

the Next to Minimal Supersymmetric Standard Model (NMSSM),
models of neutral naturalness (twin Higgs, ...),

models for EW baryogenesis,
models for Dark Matter (DM) with scalar mediators, ...

%k More freedom from LEP.

LEP bounds are typically weak, as opposed to bounds on EW charged particles
(...the ~100GeV rule of thumb for electrically charged particles)

* It is interesting to study what searches can be done at the LHC for
light (< 125 GeV) scalars. Different experimental strategies?

* Theoretically: why light?
- symmetries protecting their mass.

Examples are the R-symmetry & the Peccei-Quinn symmetry in the NMSSM
- Models of DM that require a light scalar
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How to probe light (< 125 GeV) scalars?

S.Gori

Higgs portal
Interaction

§|H|282
2
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How to probe light (< 125 GeV) scalars?

@ Direct production: Higgs portal (125 GeV) Higgs decays:
. interaction /s
H 7
e e () =<
(if s gets a VEV) 2 \S
(same production mechanisms | g —

as for the SM Higgs)
Interplay of

LHC searches

S.Gori



How to probe light (< 125 GeV) scalars?

@ Direct production:

H_ s
_>é_
(if s gets a VEV)

<

Higgs portal
Interaction

§|H|282
2

are reduced by a factor of cos(6 o)

@The Higgs couplings to SM particles

16
1.4

Ftot 12

SM
rtot

1 .

08

0.6

S.Gori Robens, Stefaniak, 1501.02234

m, = 125 14 GeV, m, = 50.0 GeV

® 99.7%C L. region
®  855%C.L. region
€8.3% C.L. region

gl -0.95 .9 -0.85 -0.8

-0.75

cos(8,)

(125 GeV) Higgs decays:

@) e~

\\S
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How to probe light (< 125 GeV) scalars?

@ Direct production: Higgs portal

’ interaction
AV S |HJ?s?
(if s gets a VEV) 2

<

~ \Ihe Higgs couplings to SM particles
2. ) are reduced by a factor of cos(6,)
16 m, = 125.14 GeV, m, = 50.0 GeV

® 99.7%C L. region
®  855%C.L. region
€8.3% C.L. region

1.4

12

1 .

08

06

gl -0.95 .9 -0.85 -0.8 -0.75

S.Gori Robens, Stefaniak, 1501.02234 cos(8)

Br (h—-ss)

o
S

104

ot
=
a3

(125 GeV) Higgs decays:

@) 2

\S
It does not depend
on the mixing, Os

The Higgs has some “exotic”
signatures

; 001
il |
= ﬂ
/c—)om j

0 10 20 30
1312.4992

m; (GeV)
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@ Direct production of a new scalar

The production cross section s = production_sm Higgs“Sin?(6s)
Same production modes as for the SM Higgs

Only a few LHC searches have been performed.
Examples are bbA, A = uu
ggA, A = up, (also searched for by LHCD)

ggA, A ovyy
bbA, A —tautau

S.Gori
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