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Could new Higgs bosons be the first new particles seen?

| | either more new physics close-by
Another light scalar would imply |
or a new hierarchy problem
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Could new Higgs bosons be the first new particles seen?

3 \ L

| | either more new physics close-by
Another light scalar would imply |
or a new hierarchy problem

Here Higgs = scalar with “a relation”™ to EW symmetry breaking

Extra Higgses are ubiquitous, for example in
» Supersymmetry
» Twin and composite Higgs

» Electroweak Baryogengesis (independent of naturalness)



TWI n H Ig g S Chacko Goh Harnik 2005, Barbieri Gregoire Hall 2005, ...

N
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* Radial mode Buttazzo FS Tesi 2015

Could a “Twin" Higgs be the first new particle seen? |
e Scalars from SUSY UV completion
Redigolo Ziegler et al, to appear
. e

Why TH interesting”? Solves hierarchy problem, without coloured top partners

If nothing new at the LHC14, TH models still quite natural!
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TWI n H Ig g S Chacko Goh Harnik 2005, Barbieri Gregoire Hall 2005, ...
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* Radial mode Buttazzo FS Tesi 2015

Could a “Twin" Higgs be the first new particle seen? |
e Scalars from SUSY UV completion
Redigolo Ziegler et al, to appear
. e

Why TH interesting”? Solves hierarchy problem, without coloured top partners

If nothing new at the LHC14, TH models still quite natural!

» Add a /5 symmetric copy of the SM
[only copy of top strictly necessary see e.g. J Serra @ MIAPP 2015]

» 8 “Higgs” degrees of freedom - vs 4 in the SM

/ are massless Goldstone bosons
one, g = radial mode of symmetry breaking = SM singlet
(o) = f, my, ~ [ conceivable if UV completion is weakly coupled

Other particles? EitherM 2> 4x f or very weakly coupled
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Extra Higgses in Supersymmetry

L S L TR WL k" T

Supersymmetry implies at least one extra Higgs doublet Where?
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Extra Higgses in Supersymmetry

L S L TR WL k" T

Supersymmetry implies at least one extra Higgs doublet Where?
Higgs mass (125 GeV) Fine tuning
MSSM Prefers m; 2 1.5 TeV worse than 1%

(m2 < m2 cos228 + Auops) (U sensitivity to my fixed by SU(2),,)

NMSSM
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Extra Higgses in Supersymmetry

S L T TS L DAL ey T

Supersymmetry implies at least one extra Higgs doublet Where?
Higgs mass (125 GeV) Fine tuning
MSSM Prefers m; 2 1.5 TeV worse than 1%

(m2 < m2 cos228 + Auops) (U sensitivity to my fixed by SU(2),,)

NMSSM my < mzcsg + Aloops + A 0755, t and g heavier by ~ \/g than in MSSM
(given a fixed tuning)

4000

40| [0 B 5 5, A = 20 TeV]

NMSSM = MSSM + singlet .S

3000

W =Wyssypy + ANSH, Hg + f(S)

. Fine tuning better than 5%

Gherghetta et al. 1212.5243

0 ; : ; see also Gherghetta et al. 1401.8291
0.5 1.0 1.5 2.0 2.5 Cao et al. 1409.8431
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Extra Higgses in Supersymmetry

LTS L TR k" T,

Supersymmetry implies at least one extra Higgs doublet Where?

MSSM

NMSSM

Higgs mass (125 GeV)

prefers m; 2 15 TeV™

(m%l < mZZ cos® 28 + Aloops)

Fine tuning

worse than 1%
(U sensitivity to my fixed by SU(2),,)

QZCQB + AlOOpSJr)\Qv 825

tan 8 < 5, A =20 TeV]
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t and g heavier by ~ \/g than in MSSM

(given a fixed tuning)

NMSSM = MSSM + singlet .S

W =Wyssypy + ANSH, Hg + f(S)

. Fine tuning better than 5%

Gherghetta et al. 1212.5243
see also Gherghetta et al. 1401.8291

Cao et al. 1409.8431
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SUSY Higgs spectra
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W

Extra Higgses could be seen before stops and gluinos, in both MGSM and NMSSM

"

272
AN627T/)\U

Na)!

Mgoft

4~

~1TeV ——

H,S

NMSSM with A 2 0.7
needs UV completion before GUT
see e.g. Harnik et al hep-ph/0311349,

Barbieri et al 1304.3670
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SUSY Higgs spectra

O U VAR T VL N T TS T AR " T

W

Extra Higgses could be seen before stops and gluinos, in both MGSM and NMSSM

Y A The scalars are:
A ~ 2™ /N Yy CP even CP odd
; MSSM h, Hy A H*
1 TeV - J Mot NMSSM + 8 + A,
H,S
h

NMSSM with A 2 0.7
needs UV completion before GUT
see e.g. Harnik et al hep-ph/0311349,

Barbieri et al 1304.3670
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SUSY Higgs spectra
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W

Extra Higgses could be seen before stops and gluinos, in both MGSM and NMSSM

E

A The scalars are:
A ~ 2Ny CP even
; MSSM h, Hy A
n mSO
~1TeV - : ! NMSSM + 5 + A,
H,S
h
H Hj,
_ __ pHS phS phH
h |=R[ h |. R=RISR'SR!
) S
NMSSM with A = 0.7
needs UV completion before GUT
see e.g. Harnik et al hep-ph/0311349,
Barbieri et al 1304.3670
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SUSY Higgs spectra

O U VAR T VL N T TS T AR " T

W

Extra Higgses could be seen before stops and gluinos, in both MGSM and NMSSM

"

~1TeV ——

272
ANQQW/)\U

Na)!

Mgoft

4~

H,S

NMSSM with A 2 0.7
needs UV completion before GUT

see e.g. Harnik et al hep-ph/0311349,

Barbieri et al 1304.3670
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The scalars are:

CP even CP odd

MSSM h, Hy
NMSSM +S

b1 I,

h|=r| n, |, R=
& S

Masses of A H* H are within a few GeV

m34 = m3. — miy + AN0? /2
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A “simplified” Higgs model

= = N ) B & N

¢ Allows to define an “exploration strategy”
A reasonable approach for two reasons:
¢ Good description of several models!

MSSM (= constrained 2HDM type-Il) Twin Higgs
h+ H h+ S

4 125 GeV Higgs

+ Doublet

+ Singlet

NMSSM

h+ H4+ S

FILIPPO SALA LPTHE PARIS PPRLHC 2016 PISA



Bottom-up look at extra Higgses

LML WL LT

hiuc = h = cy(cshy — ssHp) + 545

— cy(cs — 55 tan §),

ghvv

SM
9nvv

Jhuu S5 9hdd 9hee
= C (05 —+ ), Vi <S Vi
[92% 0 tan Tnad  Inie
Cont: LHCS8 status
Dashed: LHC 14 projections (300 fb—1)
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How to look for them?
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Only extra doublet

How to look for them? Only extra singlet

Mixed situation



An extra Doublet MSSM Hy

—‘
-
—‘
-

o A VD T v VLN LI ARV s T .\

hy
Pheno controlled by only two parameters mp3 tanp
(A
(unless— 1, i.e. extremely large loops) ) ) )
™ Mpg =My = Mps —
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An extra Doublet: MSSM Hy .o

hy — "7e-.
Pheno controlled by only two parameters mp3 tanp h
A .
(unless”—; 2 1, i.e. extremely large loops) , , , ,
Mg Miq MY = My — Miy
3 5008 ] a -
120 -
T e U it
80 - ’ T 400- e
S f ,
[P)
S 0| A e S0 e as0-
S ,
40
20 - 7 |
O;wwwwwwwwwwwwwww\l\\\\\i ,
2 76 8 2 & 12 14
t { @B Barbieri et al. 1304.3670, 1307.4937
Higgs coupling fit LEP hs — bb LHCS A, hs — 777~ see also Maiani et al. 1202.5998

Djouadi et al. 1307.5205
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An extra Doublet: MSSM Hy .o

Ry T
Pheno controlled by only two parameters mp3 tanp h
A .
(unless”—; > 1, I.e. extremely large loops) ) , , ,
Mg Miq MY = My — Miy

dashed: mpy+  cont: Ajgep my+ > 480 GeV from BR(B — X¢7)
(Aloop <85 GeV for m; S 1—1.5 TeV) unless other light particles

[T T 1 5007 l|“|/?
120 - - 110 100 90 B
100 B e | S ]
: 400 TSl
g0 L1200 =0 T T T 00 e
% 3
S % 3500 SR-d__ aeq |
3 S
* 300 -
40 - 7
L :X
20 - 250 -
0 200 - A o —
2 4 14
& wnf Barbieri et al. 1304.3670, 1307.4937
Higgs coupling fit LEP hs — bb  LHCS A hs — 777 see also Maiani et al. 1202.5998

Djouadi et al. 1307.5205
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An extra Doublet: MSSM Hy .

h, "=~
Pheno controlled by only two parameters mp3 tan : h
A .
(unlessu—; > 1, I.e. extremely large loops) ) , , ,
Mg Miq MY = My — Miy
dashed: my+  cont: Ajyep my+ > 480 GeV from BR(B — X¢7)
(Aloop S 85 GeV for m; $S1—1.5 TeV) unless other light particles
5 B B L R 5007“”“;\ |#
1201 1 110 100 90 /
* ] 450~k b oo
100 - ] :
30 - /53 —————————
S
@,m 60 - e‘ \‘(\
3 N
mi 300
20 - 250
0 200 | A e
2 4 ' 14
@l Barbieri et al. 1304.3670, 1307.4937
Higgs coupling fit LEP hs — bb  LHC8 A, hg — 77~ see also Maiani et al. 1202.5998
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Direct searches of the extra Doublet

T 7 e DFERW_ " T .

Direct searches other than 777
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Direct searches other than 777

ghguﬂ

CSA YL o .TNa

Direct searches of ’;hexra oublet

Same or worse than Higgs couplings...
Djouadi et al. 1502.05653

60

50

p hMSSNI
30 LHC 7,8 TeV
20 25 b

10
i3
n g [ JAH-
5 | I H -tV
4 I H—-ww
3 [JH—2z
[JA—Zh
2 [ H —hh

‘.\ /\\

LHC8 Higgs couplings

300 400 500 600 700

100

M, (GeV)
Cs g 1 9h-00 haVV

h831\6/lld _ hssl\ede — 55+ tgcs gng — 55
t 975 95,7 g
B hdd he? A%

1000
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Direct searches of ’;hexra oublet

S\ N LASR A =

Direct searches other than 777 Same or worse than Higgs couplings...
Djouadi et al. 1502.05653
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------------------------------------------------------------------------------

------------------------------------------------------------------------------
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dos/dmy (pb/GeV)

Shortcom I ng Of tt SearChes Craig et al. 1504.04630

T VAR Tae . VLN T o TFARWTL " T R

pp->A-tt

s =1aTev

________ QCD background
___muy=400 GeV

my = 500 GeV
____my =600 GeV

400 500 600 700 800 900 1000
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Shortcom I ng Of tt SearChes Craig et al. 1504.04630

O, U VD T L N T

pp->A-tt

s =1aTev

........ QCD background

my = 500 GeV

M = 600 GeV details in App C

of 1504.04630

dos/dmy (pb/GeV)

400 500 600 700 800 900 1000

Conclusion of 1504.04630:

“Systematic uncertainties (even at the percent level)

will almost certainly prevent any significant detection.’

And they are referring to the HL-LHC!

FILIPPO SALA LPTHE PARIS

AR VT e W o W\

—— mp=400GeV | pythia 6.4 + Delphes3 +...

d(ga-0qcp)/dmy(pb/GeV)

0.35 ———————— ——r—————— S —
pp->A-tt
0.30}  detector smearing s =14TeV
and reconstruction
E 050 /N QCD background |
S 0.20¢ — my =400 GeV
= my = 500 GeV
£ 0.15} mu = 600 GeV
X
8 0.10
0.05¢
0.005—- - - - - -
400 500 600 700 800 900 1000
M
0.015— 'A t =
- pp->A-
detector smearing s =14 TeV
- and reconstruction
0.010¢ 1
AN QCD background
___my =400 GeV
0.005] my = 500 GeV
___my =600 GeV

0.000¢

~0.005!

400 500 600 700 800 900 1000
my
PPRLHC 2016 PISA



Where to look other than tt?
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Where to look pther ﬂ‘i‘" {t?

T VL EEEEEENR T v LN TS T AW e T,

pp — bb H — bbtt not that promising

pp — tt H — 2t 2t Craig et al 1504.04630
Hajer et al 1504.07617
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Where to ]_pok other than tt?

AR T LN T T T ARV " .

pp — bBH — bE tLT not that promising pp — bBH — bg nv { Can do better than monoje’[

pp — tt H — 2t 2t Craig et al 1504.04630 pp — H H — tfinv

Hajer et al 1504.07617 Want lighter particles

Craig et al 1504.04630 e.g. Higgsinos, Bino,...
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Where to ook qthrthn {t?

LA WLV Aol =

pp — bBH — bB tt_ not that promising pp — bBH — bE nv { Can do better than monoje’[

pp — tt H — 2t 2t Craigetal 1504.04630 ., o 47 H — ¢Tiny

Hajer et al 1504.07617 Want lighter particles

— _ Craig et al 1504.04630 e.g. Higgsinos, Bino,...
Charged Higgs searches Grr+ad = yats Pr + ?Z_“ Pr guese =yets Pr
B
1 2 5 10. 20.
50.¢ . E
0. V| 100
301 pp — tbHT — thbt
20, LHC14 300 b~ | 59
* Q~10
! A C = e _ 1|
- 10. . B : - 147 VLHC,ILdt 300 fb :
8 “ i - 14TeVLHC,ILdt=3000fb’1 |
3 '
1
lg = 2 0
) 4 'gOO 600 700 800 900 1000
1. 2. 5. 10, 20 m H (GGV)
My [TeV] Craig et al 1504.04630

Hajer et al 1504.07617
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Where to ook chrthn {t?

LA WL A =

pp — bBH — bg tt_ not that promising pp — bEH — bE nv { Can do better than monoje’[

pp — tt H — 2t 2t Craig et al 1504.04630 pp — tt H — ttinv

Hajer et al 1504.07617 Want lighter particles

— _ Craig et al 1504.04630 e.g. Higgsinos, Bino,...
Charged Higgs searches Grr+ad = yats Pr + ?Z_“ Pr guese =yets Pr
8

pp — tbHT — thbt

50. }
40. }

30.t

20.}

10.} - 14TeVLHC,ILdt=300fb" E
E - 14TeVLHC,ILdt=3000fb’1
tg =2 1
ey 0800 600 700 800 900 1000
é. 5. 10. 20 m, . (GeV)
My [TeV] Craig et al 1504.04630

Hajer et al 1504.07617
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More reasons to care: NMSSM Doublet

T Y S L T TS L TR WL ke T

NMSSM allows for alignment without decoupling = ¢ — 0 without 3 — o

answering question by
Andrea on Monday

0076 07 08 09 1 1112 14 1,;6;’:
: i 1.8
450 - |

400 }\ -~ -400- 71 i
I ] > 350 .
q) [
I ] 5 :
I | < > 1--300-7 ]
7 ] £ 300 O
40 - ] ?
i ] 250 - ]
20? B 200: _
0 ;\ | | | | | | | | | | | | | | | | | \; 150 7\ | | | | | il
) 4 6 8 10 4 6 8 10
tan 5 Barbieri et al. 1304.3670, 1307.4937 tan 5
Ihsdd  YGhget 9hsvVv
SM_ — SM SM 56
9ndd 900 Ihvv

0=0 = BRwsvv =BRyon =0 (=DBRaszn = BRy=_,w+p)
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More reasons to care: NMSSM Doublet

T, Y Tl VL N TS L T ARWELS " T

NMSSM allows for alignment without decoupling = ¢ — 0 without 3 — o

answering question by
Andrea on Monday

120 ;‘ | —?60 | | 500 b\& (‘).7‘ ‘0.8‘ (‘).9‘ i ‘1.1‘ l.é | 1‘.4‘ 1,.6 ;
f 0.7 08— | asollh | 4 1.8
100 - . :
: i =400~
/06 7 400 - ]
80 - - i
> i > 350 - :
O 7\) i @) i
~— 60 L | N~ 8 1
£ | £ 300 ]300 i
S i ] S :
or ] 250 ]
I ] S = 200"
2Of | 200 - \/ -
0 ;‘ } | | } } | } | } | } } } | } } } ; 150 ;\B | | | | | | | | | | | | | | | | | ]
2 4 6 8 10 2 4 6 8 10
tan 3 Barbieri et al. 1304.3670, 1307.4937 tan 5
9hsdd Ghset dhsVV
p— p— 85 86
SM SM SM
9hdd 900 Ihvv

0=0 = BRwsvv =BRyon =0 (=DBRaszn = BRy=_,w+p)
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An extra Singlet S

hey e
2 2
. o Mj, —my .
sIn” Yy = —— 5 Master formula, valid for any model

Two free parameters control all pheno! 4+ BRs—nn (= BRg—zz at mg > myy)
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An extra Singlet S

hey e -
2 2
. o Mj, —my .
sIn” Yy = —— 5 Master formula, valid for any model

Two free parameters control all pheno! 4+ BRs—nn (= BRg—zz at mg > myy)

h: signal strengths p = 0,2y X LUSM ¢: p(my) = s% X usm(me) [barring ¢ — hh)
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An extra Singlet S

2 2 h
o My, —my .
sSI” 7y = 5 5 Master formula, valid for any model

Two free parameters control all pheno! 4+ BRs—nn (= BRg—zz at mg > myy)

h: signal strengths 1 = (:,2y X LUSM ¢: w(me) = s% X usm(me) [barring ¢ — hh)

What do we learn from the potential f(.5)?

1 3w M? m? 2
BRgnn =7 = 5 VM = +O(”—2)
Vs Mg %
9h3_1_|_gv\/Mi2Lh mj, Mf%h_l +O(i)
g}%y 3 v, M ms o

Valid for any potential! vleading new parameter

Buttazzo Sala Tesi 1505.05488
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An extra Singlet: Higgs couplings

T A VAR T VN T TS T ARV " T

Buttazzo Sala Tesi 1505.05488

, M2, —m?
sin® vy = gh 2h

h: signal strengths p = 0,2y X LUSM
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An extra Singlet: Higgs couplings

LN WLV L T

Buttazzo Sala Tesi 1505.05488

, M?2, —m?
sin® vy = gh 2h

h: signal strengths p = c% X LUSM

200 E Facility LHC HL-LHC  \yhatNext 2014
450" o ] Vs (GeV) 14,000 14,000

; j [ Ldt (fb~1) 300/expt  3000/expt
400 ¢ 0.15 : Koy 5—T% 2 —5%

: | Kg 6 — 8% 3-5%
s 0.1 ; Kw 4—6% 2-5%
5300 ] Kz 4-6%  2—4%
§ E 005 ] K 6 — 8% 2 — 5%

250 : Kq = Kb 10-13% 4—1%

; Ky = Ky 14-15% 7—10%

200 Ap/psy = sin® 5]
1505 Apfusm

200 400 600 800 1000 1200 1400
My [GCV]
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An extra Singlet: Higgs couplings

. N WLV oL T

2 2
2 2

Buttazzo Sala Tesi 1505.05488

h: signal strengths p = c% X USM (Add gppp: seeable at HL-LHC)
>000 AN Facili LHC HL-LHC
: 0.23 ] actlity WhatNext 2014
450 0.15 Vs (GeV) 14,000 14,000
i S [ Ldt (fb~') 300/expt  3000/expt
400 | AT 00 Koy 5—1% 2-5%
; o K 6-8%  3-5%
— 350 )
> 3301 Kw 4—6% ) 2-5%
[5) -
g300 ’,»"2 0.05 Kz 4 — 6% 2 — 4%
S Ke 6—8%  2—5%
250: ,,—/’1‘5 Kg = Kb 1N — 13% 4 — 7% Snowmass 2013
5 e Ku = Kt HL-LHC
200 - V5 (TeV) 14
? 250 GV Bulusu [ cdt (fb=1) 3000
i Vg = e ]
150 = gum /s, o-BR(pp — HH — bbyy) (fb)  0.089
800 1000 1200 1400 S/VB 28
A (stat) 50%

My [GCV]
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An extra Singlet: direct searches

CSA YL o .TNa

Buttazzo Sala Tesi 1505.05488

M?, —m?
-2 hh h : : "
Sl 7Y = —5 5 LHC bounds scaled with parton luminosities
ms — m
b h
[ — V'V dominates over ¢ — hh, unless vy < 0 and small]
. Q2 -
¢: pu(mg) = s X usm(mg) [barring ¢ — hh)
N
v = —75 GeV ve = 250 GeV
5007 mmm— T 500 F ey .
450 450 ,
400! ] 400 /
[ ] i / LHC13
i / I /
=350, /7 o0 S LHC14
S | S /] | - HL-LHC
< 300 T S 3000 / :
= i ] =~ i
250 . 250 - ]
200 R 200 ]
i 4/ mm ¢ - hh(4D) i - VV ]
150 - m= ¢ — hh(2b2y) - 150 - “ == ¢ > hh(4b)
200 400 600 800 1000 1200 1400 200 400 600 800 1000 1200 1400
mgy [GeV] my [GeV]
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An extra Singlet: direct searches

sin

h: signal stre‘

M hh [GGV]

5007,
450

400 -

(O8]
W
)

300 -
250 ¢

200 -

150

’y:

M hh [GeV]

LA WL oL T

Buttazzo Sala Tesi 1505.05488

LHC bounds scaled with parton luminosities

2 2
2 2

500
450
400
350
300
250

200

150

A:u/:uSM i
mm ¢ - SM -

BR[¢—hh] = 0.25

600

800 1000 1200 1400
Ny [G@V]

th, unless v, < 0 and small]

(mg) |barring ¢ — hh)

1 If

/] LHC13

R LHC14

S mm——- HL-LHC
17 1
4

- VV 1
11> hh(4b)
200 1400
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Twin Higgs and the NMSSM

. N WLV oL T

Buttazzo Sala Tesi 1505.05488

2 .9 e
sin?y = “Lhh M Twin Higgs M7, = (m} +m?2) v?/f?

Twin Higgs Signal strengths pj, more effective than direct ¢ searches, unless my ~ f

1200
* 77\ BRosiny. =3/7 © At/pism |
\ -O'—>SM7

* 0.05
1000 .
LHCI13
- LHC14
\ 0| mm——- HL-LHC
\
N
I 015"
600 N
L L]

400

500 1000 1500 2000
my [GeV]
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Twin Higgs and the NMSSM

. N WLV oL T

Buttazzo Sala Tesi 1505.05488

2 42 . .
Sjn2 Y= M};h W;h Twin nggS Mhh _ (mi2z + m?ﬁ) UQ/f2

NMSSM M}, =my 3 + A0 s55 + Af

loop

Twin Higgs Signal strengths pj, more effective than direct ¢ searches, unless my ~ f

NMSSM For uy to do better than direct ¢ searches, per-mille precision needed
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Mixed case & light Higgses

T Y S L T TS L TR WL ey R TN

In fully mixed case higgs to higgs searches relevant A — Ash, H — ¢¢, ...

Analytical treatment increasingly difficult = approach of scatier plots used so far

see e.g. King et al 1408.1120 (focus on NMSSM prospects at LHC13)
Carena et al 1510.09137 (alignment without decoupling in NMSSM)
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Mixed case Ii ss

In fully mixed case higgs to higgs searches relevant A — Ash, H — ¢¢, ...

Analytical treatment increasingly difficult = approach of scatier plots used so far

see e.g. King et al 1408.1120 (focus on NMSSM prospects at LHC13)
Carena et al 1510.09137 (alignment without decoupling in NMSSM)

An example: a lighter singlet-like Higgs in 7)) analytically s = 500 GeV, s2 = 102, v, = o]
120 120 -
100 100 - :
80, 8o —T
S T 1
2 60 © 60r ]
g | < s
40 A=0.1, Ajpop = 85 GeV 407
" \_ /.
- 95% C.L. LEP
2 Higgs fit ] h~hadrops, . 200
, [ LEP hobo —— Hyy /iy | , ,
0_1 P T T [ N . 0 C ey
2 4 6 8 10 12 14 2 4 6 8 10 12 14
tan B tan 8 Barbieri et al. 1307.4937

see also Badziak et al 1304.5437
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Summary and Outlook

LN WL oL T

Extra Singlet and Extra Doublet “simplified” benchmark still (very) motivated
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These models can surely inspire more searches (e.g. more charged Higgs?)

But we know little of the TeV scale, keep exploring!
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Back up
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Top-stop loop corrections

Contours of Ajyp [GeV] for maximal mixing and tan 5 = 4

iy, |GV |
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