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N e u t r i n o s  
W hy  d o  n e u t r i n o s  h ave  m a s s e s ?  A n d  wh a t  
a r e  t h e s e  m a s s e s ?  
M a j o r a n a  o r  D i r a c ?  
C P  v i o l a t i o n  
A r e  t h e r e  m o r e  ( s t e r i l e )  n e u t r i n o s ?

O p e n  q u e s t i o n s  b e f o r e  4  J u l y  2 0 1 2

2

Inspired by I. Shipsey

D a r k  m a t t e r  
W h a t  i s  i t ?  W I M P,  s t e r i l e  n e u t r i n o ,  a x i o n ,  
N L S P,  o t h e r  h i d d e n  s e c t o r  p a r t i c l e ?  
O n l y  o n e  t y p e ?  
O n l y  g r av i t a t i o n a l  o r  o t h e r  i n t e r a c t i o n s ?  
A r e  w e  w r o n g  a b o u t  g r av i t y ?  A n  e m e r g e n t  
p h e n o m e n o n ?

Two  e p o ch s  o f  U n ive r s e ’s  a c c e l e r a t e d  e x p a n s i o n  
P r i m o r d i a l :  I s  i n f l a t i o n a r y  m o d e l  c o r r e c t ?  
W h i ch  ( s c a l a r )  f i e l d ?  R o l e  o f  q u a n t u m  g r av i t y ?  
To d ay :  D a r k  e n e r g y  ( why  i s  Λ  s o  s m a l l ? )  o r  
g r av i t y  m o d i f i c a t i o n ?

Q u a r k s  a n d  l e p t o n s  
W hy  t h r e e  f a m i l i e s ?  
W hy  t h e s e  m a s s e s  a n d  m i x i n g s ?  
C P  v i o l a t i o n  i n  t h e  l e p t o n  s e c t o r  
M a t t e r / a n t i - m a t t e r  a s y m m e t r y  
B a r yo n  a n d  ch a r g e d  l e p t o n  n u m b e r  
v i o l a t i o n

P hy s i c s  t owa r d  t h e  P l a n ck  s c a l e  
H ow  d o e s  g r av i t y  p l ay  w i t h  t h e  
o t h e r  f o r c e s ?  
A r e  t h e r e  m o r e  t h a n  t h r e e  
d i m e n s i o n s  o f  s p a c e ?  
D o  a l l  f o r c e s  u n i f y  a t  h i g h  e n e r g y ?  
A r e  t h e r e  o t h e r  f o r c e s ?

E l e c t r ow e a k  s y m m e t r y  b r e a k i n g  
D o e s  t h e  H i g g s  b o s o n  e x i s t ?
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N e u t r i n o s  
W hy  d o  n e u t r i n o s  h ave  m a s s e s ?  A n d  wh a t  
a r e  t h e s e  m a s s e s ?  
W h a t ’s  t h e  r o l e  o f  h 1 2 5 ?  
M a j o r a n a  o r  D i r a c ?  
C P  v i o l a t i o n  
A r e  t h e r e  m o r e  ( s t e r i l e )  n e u t r i n o s ?

O p e n  q u e s t i o n s  a f t e r  4  J u l y  2 0 1 2
E l e c t r ow e a k  s y m m e t r y  b r e a k i n g  

D o e s  t h e  H i g g s  b o s o n  e x i s t ?  
I s  m h  n a t u r a l  o r  f i n e - t u n e d ?  
I f  n a t u r a l ,  wh a t  n e w  p hy s i c s / s y m m e t r y  
g ove r n s  t h i s ?  
D o e s  i t  r e g u l a r i z e  d i ve r g e n t  V LV L c r o s s -
s e c t i o n  a t  h i g h  m V LV L?  O r  n e w  dy n a m i c s ?  
E l e m e n t a r y  o r  c o m p o s i t e  H i g g s ?  
I s  i t  a l o n e  o r  d o e s  t h e  H i g g s  h ave  s i b l i n g s  
a n d  c o u s i n s ?  
O r i g i n  o f  c o u p l i n g s  t o  f e r m i o n s ?  
C o u p l i n g  t o  d a r k  m a t t e r ?  
C o n n e c t i o n  t o  h i d d e n  s e c t o r s ?  
D o e s  i t  v i o l a t e  C P ?  
C o s m o l o g i c a l  E W  p h a s e  t r a n s i t i o n ?
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I s  t h e  H i g g s  a l o n e ?

P r o b a b i l i t y  >  1  
a s  c e n t e r- o f - m a s s  

e n e r g y  g r ow s
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I s  t h e  H i g g s  a l o n e ?

P r o b a b i l i t y  >  1  
a s  c e n t e r- o f - m a s s  

e n e r g y  g r ow s

Th e  e x i s t e n c e  o f  
a  S t a n d a r d  M o d e l  

H i g g s  y i e l d s  
m e a n i n g f u l  

p r e d i c t i o n s  f o r  
v e c t o r  b o s o n  
s c a t t e r i n g …
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I s  t h e  H i g g s  a l o n e ?

P r o b a b i l i t y  >  1  
a s  c e n t e r- o f - m a s s  

e n e r g y  g r ow s

… b u t  a r e  t h e r e  o t h e r  H i g g s - l i k e  p a r t i c l e s  t h a t  h e l p  
c o n t r o l  t h e s e  n o n s e n s e  p r o b a b i l i t i e s ?

Th e  e x i s t e n c e  o f  
a  S t a n d a r d  M o d e l  

H i g g s  y i e l d s  
m e a n i n g f u l  

p r e d i c t i o n s  f o r  
v e c t o r  b o s o n  
s c a t t e r i n g …
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E x o t i c  H i g g s  b o s o n s

O u r  n e w  H i g g s  
w i t h  a  m a s s  o f  

1 2 5  G e V:  
h  o r  H ?

Two  H i g g s  
d o u b l e t  

m o d e l s ,  H i g g s  
t r i p l e t  m o d e l s ,  

M S S M …
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B S M  H i g g s  p h e n o m e n o l o g y  a t  t h e  L H C

h

H+ H-

A
a

H++

H--

?

E x t e n d e d  s c a l a r  s e c t o r s  a p p e a r  i n  m a ny  
e x t e n s i o n s  o f  t h e  S M  ( S U S Y,  a x i o n  
m o d e l s ,  e l e c t r ow e a k  b a r yo g e n e s i s  

m o d e l s ,  g r a n d  u n i f i c a t i o n ,  e t c . ) ,  b u t  
e ve n  t h e  “ r e p e t i t i o n  a r g u m e n t ”  i s  
c o m p e l l i n g  e n o u g h  t o  hy p o t h e s i z e  

s i b l i n g s  a n d  c o u s i n s  o f  h 1 2 5 :
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?
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s i b l i n g s  a n d  c o u s i n s  o f  h 1 2 5 :

Th r e e  r e p e a t e d  p a i r s  o f  l e p t o n s  a n d  o f  
q u a r k s ,  w i t h o u t  a ny  a  p r i o r i  r e a s o n ;  why  

n o t  i n  t h e  s c a l a r  s e c t o r,  a s  w e l l ?
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Th r e e  r e p e a t e d  p a i r s  o f  l e p t o n s  a n d  o f  
q u a r k s ,  w i t h o u t  a ny  a  p r i o r i  r e a s o n ;  why  

n o t  i n  t h e  s c a l a r  s e c t o r,  a s  w e l l ?

N i c e l y  m o t i va t e s  a  w e a l t h  o f  
s e a r ch e s  t h a t  c a n  b e  d o n e  by  

a d a p t i n g  h 1 2 5  s t r a t e g i e s  t o  h i g h e r-  
a n d  l ow e r- m a s s  s c a l a r s ,  i n  d i f f e r e n t  

p r o d u c t i o n  a n d  d e c ay  m o d e s
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A  c u ra t e d  s e l e c t i o n  o f  AT L A S / C M S  
r e s u l t s  p r e s e n t e d  h e r e ;  w e  h ave  a  

m u l t i t u d e  o f  d e d i c a t e d  p a r a l l e l  t a l k s  
a t  t h i s  c o n f e r e n c e  f o r  m o r e  d e t a i l s !  

!
E x h a u s t i v e  r e s u l t s  a r e  ava i l a b l e  a t  

!
C M S  

AT L A S

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG/index.html
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults


1 1  D e c e m b e r  2 0 1 7J a m e s  B e a ch a m  [ O h i o  S t a t e ] S U S Y 1 7  —  T I F R  —  M u m b a i

 (1
/G

eV
)

to
t

T
dN

/d
M

5−10

2−10

10

410

710

1010

=50β=1000 GeV, tanAm
, mod+

hm

Observation
ττ→Z

ee→Z
Electroweak
QCD
tt

Background uncertainty
ττ→h,H,A

 no b-taghτe

CMS
Preliminary

 (13 TeV)-112.9 fb

 (GeV)tot
Tm

10 210 310

O
bs

/E
xp

0.5

1

1.5

7

N e u t r a l  s c a l a r s  h / A / H

g

φ = h/A/H

g

g

φ = h/A/H

g

Ev
en

ts
 / 

G
eV

2−10

1−10

1

10

210

310

410

510 -1 = 13 TeV, 36.1 fbs ATLAS
-vetob hadτlepτ

Data
 fakeτ→Jet
ττ→*γ/Z
ll→*γ/Z

Top
Diboson

 (300)H/A
 (500)H/A
 (800)H/A

Uncertainty

 [GeV]tot
Tm

70 100 200 300Si
gn

ifi
ca

nc
e

2−
0
2

500 800

h/A/H —> τ+τ-

ATLAS: arXiv:1709.07242 
CMS-PAS-HIG-16-037

 [GeV]φm
500 1000 1500 2000

) [
pb

]
ττ 

→ 
φ(

B × 
σ

2−10

1−10

1

10
ATLAS

-1 = 13 TeV, 36.1 fbs
 95% CL limitsττ → φ

gluon-gluon fusion

Observed
Expected

σ  1±
σ  2±

 2015ATLAS

Categorize events 
based on hadronic / 
leptonic tau decays 

& lepton flavor 
!

Search for excesses 
in total transverse 

mass spectrum 
!

Background 
estimate from a 
combination of 
data-driven and 

simulation based 
methods

https://arxiv.org/abs/1709.07242
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-037/index.html


1 1  D e c e m b e r  2 0 1 7J a m e s  B e a ch a m  [ O h i o  S t a t e ] S U S Y 1 7  —  T I F R  —  M u m b a i 8

(bb)h/A/H —> τ+τ-

ATLAS: arXiv:1709.07242

h,H,A

b

g

g

b

 [GeV]φm
500 1000 1500 2000

) [
pb

]
ττ 

→ 
φ(

B × 
σ

2−10

1−10

1

10
ATLAS

-1 = 13 TeV, 36.1 fbs
 95% CL limitsττ → φ

-associated productionb

Observed
Expected

σ  1±
σ  2±

 2015ATLAS

 (GeV)µµm
20 30 40 50 60

Ev
en

ts
 / 

1 
G

eV

0

50

100

150

200

250

300
data

jj+Top+VVµµTotal bkg: 
Top: tt+single top

BR=350 fb×σ, µµ→bbA, A

CMS  (8 TeV)-119.7 fb

post-fit

CMS: JHEP 11 (2017) 010

(bb)h/A/H —> µ+µ-

Low-mass di-muon search at 8 TeV 
!

Mass range inspired by 2HDM for a 
pseudoscalar with 12 GeV < mA < mh125/2

Associated production 
with b-jets

N e u t r a l  s c a l a r s  h / A / H

Leptonic and 
hadronic tau 

triggers

https://arxiv.org/abs/1709.07242
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Small branching 
ratio of h125 —> Zγ 

in SM, but can be 
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higher-mass scalars
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C h a r g e d  H i g g s e s  w i t h  h a d r o n i c  t a u  f i n a l  s t a t e s

ATLAS-CONF-2016-088 

CMS-PAS-HIG-16-031
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events
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-036/index.html
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V h  r e s o n a n c e s
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D i - H i g g s  r e s o n a n c e s

Di-Higgs production is extremely rare in the SM, 
but new particles can yield di-Higgs resonances
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ATLAS combination of  
four channels at 8 TeV

CMS 4b channel with  
2015+2016 13 TeV dataset

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-009/index.html
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.092004
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Comparing searches — e.g. ,  in the hMSSM

hMSSM 

• MSSM framework constrained by h125 measurements

ATLAS Higgs summary plots

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/HIGGS/
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Plenty of room for new physics

How standard is  h125?

How can we find evidence of this 
possible new physics? JHEP08 (2016) 045

http://link.springer.com/article/10.1007/JHEP08(2016)045
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Plenty of room for new physics

How standard is  h125?

How can we find evidence of this 
possible new physics?

One way: Wait for the HL-LHC to measure the couplings to ~5/10% 
and then wait for an e+e- Higgs factory to measure them to <1% by 

the 2040s or beyond.

JHEP08 (2016) 045

http://link.springer.com/article/10.1007/JHEP08(2016)045
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Another way: Make some basic BSM assumptions and look directly for a new 

particle that can take up a non-negligible fraction of the total Higgs width

JHEP08 (2016) 045

How standard is  h125?

h

?

?

http://link.springer.com/article/10.1007/JHEP08(2016)045
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Yields a rich set of resonant decay 
topologies that can be actively 

searched for!

Basic BSM assumptions: Extensions to the SM gauge group that include new 
light (pseudo)scalars or vectors (Zdark, dark photons) that couple (in some way) 

to both the Higgs and SM particles

Non-standard decays of  h125

Exotic Decays of the 125 GeV Higgs Boson 
arXiv:1312.4992

Another example: Models with dark 
Higgses that mix with h125 and decay to 

Zdark / dark photons

Example:  
2HDM+S with  

Type 1 Yukawa couplings

http://arxiv.org/abs/1312.4992
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!
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3.2/fb at 13 TeV 
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SM WH x-sec

EPJC 76 (2016) 605
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h125 —> xx —> 4l

h125 —> aa —> µ+µ-τ+τ-
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CMS 2HDM+S summaries

Comparing searches for  non-standard decays of  h125

Improvements and expansions 
in the pipeline: 

!
• Challenging low-ma regime 

for many final states 

!
• Other channel combinations 

!
• Expansion to higher-mass 

parent scalars

https://twiki.cern.ch/twiki/bin/viewauth/CMSPublic/SummaryResultsHIG#2HDM_Singlet
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What are we 
overlooking?
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h125 —> long-l ived part icles

h

LLP
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We have a wide range of particle lifetimes in the SM; this means we 
should include LLPs in any BSM search — non-negligible lifetimes 
can generically appear! 

• Lifetime is best treated as a free parameter 

• Rich and challenging set of decay topologies often requiring 
significantly customized analysis methods
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h125 —> displaced lepton-jets
Dark / hidden sector coupled to SM Higgs and leptons via very 
light dark fermions radiating low-mass dark photons 

Very weak interaction —> displaced decay 

Very light, highly boosted dark photon —> highly collimated 
groupings of leptons, or lepton-jets

h125 —> Lepton-jets

BR(h ! 2�d +X)

JHEP 11 (2014) 088 
JHEP 1602 (2016) 062 
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Higher-mass H —> Lepton-jets

13 TeV: ATLAS-CONF-2016-042

http://link.springer.com/article/10.1007%2FJHEP11%282014%29088
http://link.springer.com/article/10.1007%2FJHEP02%282016%29062
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-042/
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Higher-mass scalars  —> long-l ived part icles

H —> LLPs —> jets
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-103/
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M a p p i n g  t h e  l i f e t i m e  f r o n t i e r  o n g o i n g  r i g h t  
n ow  i n  t h e  L H C  L L P  C o m m u n i t y  i n i t i a t i v e ;  

wh i t e  p a p e r,  wo r k s h o p s  —  j o i n  u s !

http://dx.doi.org/10.1103/PhysRevD.91.012007
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-103/
https://indico.cern.ch/e/LHC_LLP_October_2017
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Summary

N e u t r a l  s c a l a r s  h / H / A  d e c ay i n g  r e s o n a n t l y  t o  l e p t o n s  a n d  t o p s  
!

A / H  — >  Zγ  
!

H  — >  γγ  
!

C h a r g e d  H i g g s e s  w i t h  h a d r o n i c  t a u  f i n a l  s t a t e s  
!

C h a r g e d  H i g g s e s  t o  l e p t o n s  
!

V h  r e s o n a n c e s  
!

D i - H i g g s  ( h 1 2 5 )  r e s o n a n c e s  
!

C o m p a r i n g  s e a r ch e s  —  e . g . ,  i n  t h e  h M S S M  
!

N o n - s t a n d a r d  d e c ay s  o f  h 1 2 5  t o  n e w,  l i g h t  r e s o n a n c e s  
!

Th e  l i f e t i m e  f r o n t i e r  f o r  h 1 2 5  a n d  b e yo n d - t h e - S M  s c a l a r s
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L e p t o n  f l a v o r - v i o l a t i n g  h  d e c a y s

h125 —> eτ / µτ

EPJC 77 (2017) 70
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CMS-PAS-HIG-17-001

ATLAS search at 8 TeV, example of 
reconstructing mh as invariant mass of 

electron, hadronic tau, and ETmiss

CMS search with 2015+2016 dataset at  
13 TeV —> Limits on BR(h125 LFV) < 1%

LFV decays of h125 can appear generically 
in 2HDMs, RPV SUSY, etc., and would be an 

instant sign of BSM physics

https://link.springer.com/article/10.1140/epjc/s10052-017-4624-0
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-001/index.html

