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‘W Electro-Weak Symmetry Breaking

50 years ago, gauge theory unifieq, electro-weak interactions,
but could not

accommodate {::z,;‘;f:i.:?:;v;““]
n O n - Ze ro @ @ hang out down there.
masses for i T
W= & Z redicte
A ~ NG a remnant
Coupling to Higgs = ——= e sca_lar
field provides me I particle!
masses to matterﬁ _ |D ¢|2 B “2¢2 B )\¢4
particles!! H 2
For u? < 0, minimum v = ~57

Introduction of a doublet of complex scalar fields with peculiar
potential provided masses for W= & Z and left y massless!
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CMS Preliminary
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4  IstheNewBosonreally

the SM Higgs?

Is the signal strength, where seen, at the correct SM level?

Is this a scalar, and not a pseudo-scalar or tensor?

Does it couple to the SM particles at appropriate level? t,b,t,u
Does it couple to itself ?

Is this the only new non-vector boson, and not one of several?

Fortuitously, its mass of about 125 GeV allows us to answer
many of these questions experimentally ©

« Answers began to emerge by Spring this year (Run-1)
« Others will, circa 2016-2017 (Run-2)

 Self-coupling, direct coupling to muons / charm needs lot
of data ® - Phase-1 (Run-3) and HL-LHC (Run-4+) 2035
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‘W' Beyond the Standard Model?

The Standard Model seems to work perfectly well...
...then why do we seek to go beyond the Standard Model?
SM can be convicted for incompleteness!
« No dark matter candidate ®
* No explanation for three fermion generations ®
* No explanation for hierarchy in fermion masses ®
 Inadequate amount of CP violation for baryon formation ®
« Strong and electroweak forces are not unified ®
» Higgs self energy corrections diverge
* Various cures require new physics at ~TeV scale
« Gravity is missing entirely ®
 But, Planck scale is very high compared to EWK
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Proton decay
experiments pushed
the unification scale
of EWK and strong
Interactions close to

Planck scale ®

Is there nothing but a
desert ahead of us?

From: S. Raychaudhuri, TIFR

|leZ—— LHC

electroweak symmetry-breaking

baryon masses : flavour
physics

nuclear energy levels




Hierarchy Problem

0] MI?I — M +Mgyr log Mgyt

The mass of the Higgs boson is not stable under
guantum corrections... if there is an intermediate
scale, it shoots up to that scale...

Sridhara Dasu (Wisconsin) 8




Solutions?

We can solve it by keeping the NP scale high and

- | 1 arranging for cancellation between its contributions
| ] tothe scalar mass = SUSY @ EWK scale

l.e., Add Particles

] OR
+3 | 1
s M§ — M + 1A% log A% —2/A? log A?
1|41 We can solve it by bringing down the NP scale to

just above the EW scale = Technicolor, Extra Dim
New Forces or New dimensions

Either way, we predict observable effects at LHC

10—6 || Sridhara Dasu (Wisconsin)




‘W-/Higgs Mass : Fine Tuning Problem

Why is the higgs mass ~125 GeV?
» Self-energy corrections should drive it to M,

I \ .........
R D
MH ' ) S

 Fermion and boson contributions should cancel
at many significant figures to yield 125 GeV ®

* Problem is solved “naturally” if there are equal
number of bosons and fermions at ~TeV scale
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(3R
LW Supersymmetry

A BSM physics theory which doubles known particles
again — but the new particles must have large mass

Standard particles SUSY particles

| Quarks . Leptons . Force particles Squarks () Sleptons 0 SUSY force

Hope remains that LHC may be able to produce them

ridhara Dasu (Wisconsin
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\%W?) Supersymmetry

A BSM physics theory which doubles known particles
again — but the new particles must have large mass

Standard particles SUSY particles
Q
0
% Higgsino o
o g )
>= = ﬁ
g .
z s &
2 = 4
=)
N
iy
-
) Quarks . Leptons . Force particles Squarks o Sleptons 0 SUSY force

particles

Hope remains that LHC may be able to produce them
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MSSM Higgs

Higgs sector in SUSY theory is more complicated
* Need 2 higgs doublets each with 4 degrees of freedom
* Results in the Standard Model like Higgs (h°)
 Plus, two neutral higgs (A° H° and charged (H*)
* Only 2 parameters (M,, tanf3 — ratio of the two doublets)
« Masses of higgses and Z related: Search in (M,, tanf3) plane
— Neutral Higgs
* Look for d=(h% A% HO) in decays to tau-leptons
— Charged Higgs
» Look for H* in top decays



W' MSSM Higgs Characteristics

In supersymmetric theories, there is one Higgs doublet that behaves like the
SM one.

Hgpy = Hycos B+ H, sin B, tan 8 = v, /vg

The orthogonal combination may be parametrized as

H+1A
= (")
where [1, H* and A represent physical CP-even, charged and CP-odd scalars
(non standard Higgs).

Strictly speaking, the CP-even Higgs modes mix and none behave exactly
as the SM one.

h = —sina Re(H]) + cos a Re(H?)

In the so-called decoupling limit, in which the non-standard Higgs bosons
are heavy, sin @ = — cos 8 and one recovers the SM as an effective theory.
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Supernatural SUSY

Maximal Higgs-Top coupling = Cancel only that © - All we need is a stop

« Godzillion parameters, mixing options with all the scalars around -
people can arrange any spectrum, and they have

« LSP WIMP DM candidate - bonus

* If Run-2 ~100 fb~' doesn’t find stop, DM or alternate new physics
« We are at the ~end of energy frontier at LHC
« HL-LHC - Intensity frontier program; VLHC - Energy frontier

N CMS Preliminary is ~7TeV,L<5.1 6" s =8TeV. L<19.6M" N' (‘
I | T A Natural Spectruni
& - |==68% CL t ] General “bottom-up” viewpoint
0, - -
2 1k —95% CL A M o by |
o} W Z ; “Distant
< - e - | Tev L 9 Cousins”
i 1 The “Nuclear Family”
10" 3 E of the Higgs
b ’ |
I i 500 GeV t
Tk ' T b .
10%F | E gt wo ()
] S E— Ly
| | ) h (—)s
1 2345 10 20 100 200
mass (GeV <« Closeness to Higgs
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LHC in Run-1

S e o |02

, 2 . Beam
Bunch X & ’, energy 7 TeV 3.5 TeV 4.0 TeV
° ‘ e 2835 1380 1380
Proton - . beam
Protons/ 11 e » y
bunch .15x10 1.5x10 2.2x10
Parton m -
(quark, gluon) N Collisions 2 5 % 1014 3.5 x 1014
' Created

N Higgs

L ‘/
Particle k Events
jet
jet%

Few hundred Few hundred
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LHC in Run-2

S o | 02|

; Beam

, — )
Bunch X & : energy 7 TeV 4.0 TeV 6.5 TeV ?

° G AR 2808 1380 2808 ?
Proton : beam

EL‘r’]t:h"S/ 1.15x10" 2.2x10" 2.2x10"

Parton m
(quark, gluon) sl 1 x 10% 7 x 10 2.4 x 10%

' Luminosity
N Useful

L ‘/
Particie ¥ Higgs Events
% jet
jet

Few hundred Few thousand

Sridhara Dasu (Wisconsin)




LHC Schedule

® Peak luminosity ==Integrated luminosity
~ -1
2.50E+34 | /ﬁ 300 fb
2.00E+34
: 5 30 fb_l 100.0
E 1.50E+34 | . . >
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5.00E+33 ) Comment on I SR o
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Year ending

Adults will speak about
Including energy increase HL-LHC, which goes

Run-2 ~= 10 x Run-1 through 2035 giving 3 ab™
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CMS Experiment at LHC, CERN

Data recorded: Fri Apr 20 12:35:44 2012 CEST
Run/Event: 191856 / 53791282

Lumi section: 64

(Z,) p; : 58 GeV
Wz pr w(Z,) p; : 22 GeV

RS .

4 |
1 E 4-lepton Mass : 125.2 GeV

o

a \"\

n*(Z,) p; : 16 GeV
w(z,) p;: 33 GeV




PLB 726 (2013) 88-119

CMS-HIG-13-002 (sub. to JHEP)
Vs=7TeV,L=51fb";Vs=8TeV,L=19.7 fo"

> L
) e Data2011+2012
G 40F ATLAS cMs
- SM Higgs Boson * —
é 35:_ [ mH=1§3_3 GeV (fit) E?;év_ﬁﬂ . E 35
P gt o ls=sTev llat=20760" | 5 gF
30;_ % Syst.Unc. ZZ E g
o5 H qC) 25 —
- Z GhN:
- \l W 20|
20_— Z -
: 15F
15— -
-t 10F
10 -
5 5{
0 ' 080
100 150 200 250
m,, [GeV]
Shape vs counting
analysis
Sample Signal BG Official Sig Naive Sig
ATLAS:ZZ 27 15 6.6 4
CMS:ZZ 17 3 6.7 4

e Data

zy*z2z
Bl Z+X

100

Projected

Signal
270
170

D'gt‘g> 0.5 4

110 120 130 140 150

m,, (GeV)

2z

d

L

600 800

200 300 400

m,, (GeV)

ProjBG ProjSig Error
150 13 8%
30 12 8%
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CMS Expeniment at the LHC, CERN

Data recorded. 2012-May-13 20:08:14.621490 GMT
RunvEvent: 194108 / 564224000




Two Photon Final State

> 10000_‘ L L | L L B L B : e ——— e ——— :
o B ATLAS PLB 726 (201 3) 88-1 19 B 22000 L CMIS Preliminalry ! —— Dlata ! ]
(c?l Ny o Data 201142012 ] (@] [ Vs=7TeV,L=511fb" (MVA) S:ngtC sonent ]
|- a a + ] LO | - - . 1M ANIAN TS I omponen |
= s M Higgs boson m =126.8 GeV (fit) ] —4000 "~ " 0T 1o -
< T Negy mmeemees Bkg (4th order polynomial) 7] E - R 1
Q 6000 — — ®3000[- B
- — > L - - - - _
L - Hosyy 7 AT - CMS-PAS-HIG-13-001 -
| “u — ko) - -
4000 —  £2000[ -
L R _ > i ]
- wE=7TevILdt=4.8fb‘ 1 © B i
2000 — - = 1000 - ]
- -1 - —_
~ Vs=8TeV .[Ldt =20.7 fb ] CY C "
— 1 1 1 1 1 ] C\D./ : | | | | | :
o 500 = T T - ' ' — = ob—tl L1l 1
= 400E- = » 110 120 130 140 150
-o 300 z_ _i E Prathing pre”minalyn ' (CI1IC) l
£ ER
[ 100 E- + + + = £
1 0 = L + + H + t_g
2 00 + ? + ¢ ¢ =
c =
g -200 1 1 1 1 1 g
T} 100 110 120 130 140 150 160 o o
m,, [GeV] M
Official Naive Projected  Projected Projected Projected
Sample Signal Background Significance Significance Signal Background Significance Error
ATLAS:yy 700 10000 7.1 7 7000 100000 21 5%
CMS:yy 300 6000 3.9 4 3000 60000 12 8%
ATLAS:yy(u=1) 438 10000 4.1 4 4375 100000 14 7%
CMS:yy(u=1) 390 6000 4.2 5 3896 60000 15 6%
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CMS Experiment at LHC, CERN

Data recorded: Thu Apr 19 09:14:14 2012 CEST
Run/Event: 191721 / 76089774

Lumi section: 111

Orbit/Crossing: 28960009 / 815



WW - £+ MET

> LB NN B BN R BRI B BN B IR 1 - 1
8 ATLAS '¢— Data 2011+2012 I _E _CIMSI T T T T T |4._9|be (7| TeIV)l 1|9-‘t ft:’l (|8 T?V—)
— =
o s = _ -1 %4 Total sig.+bkg. 3 = [ = data Bl WZ+ZZ+VVV ;= 125 GeVv ]
= Vf Trev det ot [l SM Higgs boson — £ 2000 [ — H—>ww sl epn O/1-jet —
> \s=8TeV | Ldt=207 " 99125G i 5 .y B Ov-icts :
c . ) my = eV 3 D F B wjets 0 wwy ]
L%J H->WW —>Iv|;+ 0/1 jets 0 ww E E 1500 .
[ _; S ]
[ other vv E 2 1000 ]
7] single Top 3 @;5 1
[ Wiets — L ]
m 2 E 3 500 | -
= o _
E — ?MS : .4'9,be (7I Te'\l) '4— 19_‘3 ft):' (:Is T?V)
g - Bkg. subtracted data :% g 300 ;_ = :ai \_Nh:/d(gmunds m =¢:: i/?j:t
_'tlg D SM Higgs boson m, = 125 GeV:g % s 00 ;
i 3 =3 .
E 5 *
60 80 100 120 140 160 180 200 220 240 260 2 ©
m; [GeV] .
-1ee 50 100 150 200
m,, [GeV]
Projected
Sample Signal BG Official Sig  Naive Sig Signal Proj BG Proj Sig Error
ATLAS:WW 305 2595 3.8 6 3050 25950 18 6%
CMS:WW 380 4470 3.9 5 3800 44700 17 6%

Ilgnoring BG
systematic uncertainty
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EWo Higgs Decay to Tau Pairs

CMS HIG-13-004

Taus with high branching fraction can probe in all production modes:
W and Z boson fusion; Gluon fusion and W, Z, top associated production

CMS Experiment at LHC, CERN
Data recorded: Sun Nov 25 00:15:46 2012 CEST
Run/Event: 207898 / 97057018

q(.) q(')

VBF Process

Final states VBF + GF:
eu, uu, €ty,, uty,, T, Ty

Also, VH (WH & ZH)
Ur,, Ty, Un, Ty
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In(1+S/B) w. Events / 10 GeV

w. Data-Bkg.

Sample

70
60
50
40
30
20
10

ATLAS:TT
CMS-VBF:tt

Higgs Decay to Tau Pairs

-
o

0
log(S/(S+B))

CMS Preliminary, 19.7 fb™ at 8 TeV CMS-PAS-HIG-13-004

ATLAS-CONF-2013-108 s
o S ¢ CMS Preliminary, 4.9 fb™ at 7 TeV, 19.7 fb™ at 8 TeV
— ATLAS Preliminary ® Data - - f2) 10 T T T T T ]
C R _ 7 — 7~ SM H(125 GeV)—>tt
= H— 1t VBF+Boosted -Z(_iii)_’” (h=1) 3 & GCJ o SM H(125 GeV)—tr Data-Backg.round
o ‘[Ldt =203 . B Others 3 g |_|>_| 0 —e— observed [55] Bkg. Uncertainty
E e [ Fakes = S 0O-jet - |
c \s=8Tev + 77, Uncert. 7 106 . J,e ZZ =
- - 1-jet 10F
= = 10° B VBF tag
3 E 10*

o

160 180 200 1
mMMC [GeV] 10-1
Shape vs counting 3 2 . 0
analysis Projected
Signal BG Official Sig  Naive Sig Signal Proj BG Proj Sig Error
23 121 4.1 2 230 1210 6 16%
27 168 3.4 2 270 1675 6 16%
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Spin & Couplings

CMS HIG-13-005

CMS preliminary \I§= 7TeV,L=51 fo! ﬁ= 8TeV,L=196 fb! CMS Prehminary "g =7TeV,L<51 fb1 "g 8 TeV, L < 19 6 fb‘
U) i I L | LI | LI I LI I L _]_ Q B T T T T 1T 111 | T T T T 1T 1T171 | Fm'"“':
‘q&; 0.1+ ﬁo’ — : . i
£ i 0 i & | |==68% CL .
S 008l —cMsdata | D L |—95%CL e
x - B i - ’ -
3 i 16 - W Z,x .
© = . |
- | B 1 < B _
® 0.06- — I |
. i i .
0.04]- 1 107 E
i I S :
0.021- - _— -
: Lol : 1 0-2 :_ "" _:
o I Jl_u_n_]l_u_ugL n '.' -
%% 20 -0 0 10 20 30 3 ;
-ZXIn(Lo'/LO') I ool Lol pb e
Its spin is like that of SM Higgs (0*) 1 2345 10 20 100 200
It couples like Higgs 8-16% measurement of signal Mass (GeV)
So, is it the SM Higgs? strength in t,W,Z with x10 data
7-Jan-14 Sridhara Dasu (Wisconsin) 29




:W: Higgs Decay to Bottom Quarks (VH)

CMS HIG-13-012

Gluon fusion signal is overwhelmed by QCD
Associated production with W (lv), Z(ll, vv) probed

) AL UL LA LR B |
T gol CMS Preliminary o pu, ]
3 L Vs= 7TeV,L=5.01b"
wn " B B LA R A L B B B B B R B E R R = E B VE = 8Tev, L=19.0 fb“ - VH (125 GeV)
Z - ® Data 1% .| pp—VH;H—bb v
~ 500 CMS Preliminary‘ m— VH (125 GeV) g 60 ]
8 _ {s= 7TeV,L=5.0fb 5 W _ g i —— Sub. MC stat. uncert. |
.‘E N 's= 8TeV, L= 12’0 fis’ —] E: 209 ] % ~—— Visible MC stat. uncert.]|
ML ALLEE =g, 129 :
B 400 —_ = gln le tog —- L
_g) - : W%ZS eV) - 20+ —
D B —— MCuncert. (stat)  _| i
.
= 300__ ] ok , (5=7TeV,L=50f" (s=8TeV,L=19.0fb"
N ] i | | . | f Conpied CMS Preliminary  my = 125 GeV
- - e —— ———— —— e u=1.00=0.
- — 0 50 100 150 200 250
200 ] M,; [GeV]
: : Z(vv)H(bb)
100~ - A 2.10 excess seen  »-ro=om
- (as expected)
0F Z(IT")H(bb)
= 22 - = = 0.
o 2 f— %= 0.217 K. =0.991 D Mc uncert. (Stat.) u=0.82=+0.97
% 1.5E
L B pie
g o W(Iv)H(bb)
00.5: + w=1.112087
0 50 100 150 200 250 P — "
MbS [GeV]

Best fit O'/OSM
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‘W Higgs Decay to Bottom Quarks (VBF)

CMS HIG-13-011

Vector Boson Fusion Production Tagged by Forward Jets
Difficult to trigger — 4 jets (+ 2 b-tags at Higher Levels)

MVA with b-tag sorted jets 7 °o =
kinematics 2t
gluon likelihood § oo i
reliminary Vs=8Te =19.0 fb’ :-(:g oLl <o MS HIG-13-011+12
_CMS preliminary Vs=8TeV L=190" 001 \@A CLS LGSO

+ 920 o2 E

72 Ecms Preliminary |

o3 VH + VBF

200

—— Background-only Fit
[ Fits1o
[JFit+20

150
F [0 Signal (125 GeV) x 10 3

100}

Events / 2.5 GeV

Vs=7TeV,L=5.0fb"’

_ 104k Vs=8TeV,L=19.0fb" .
L F VH(bb) + VBFH(bb) combined 3
‘U B —@— Observed 7
o 107 TIIIITee G
o S P B AR B S B B B C
80 100 120 140 160 180 00 20 240 ol b L L
|\/|bb (GeV) 110 115 120 125 130 135
m,, [GeV]
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y.

%W}VBF Production: HOWW > ¢ /- MET

CMS HIG-13-022 (New for SUSY2013)
VBF enhanced by requiring tag jets q W, Z
* Is the signal due to vector boson fusion? she
« Consistent with SM level a e
 Need ~100 fb~' at 13 TeV for discovery

CMS Preliminary \s=7TeV,L=4.9fb";Vs=8TeV, L =19.5 fb’
E T T T T T T T T T 1.1' T -E LA IR L L B B BB 2102I||IIIII||I|II|IIII|I|II|IIII|\III|I|II|IIII
S1500] v sma | mwems COFITS e g O |50 ;
2 [ OwoxggH  EVVHY Gogtev | o [ Im=125 [ top VBF 2jet B3 VeF g;::,’vv:d_) 212v (Shape) 3
c i [:[100x qqH | top m, = 125 GeV 1< Wwzizz W DY+ets s=8TeV - Median Expected 7
2 Bwzzzvvv EDY+ets 2 [ Wwsjets  [Hww 1 5§ 1
[T i 1o 101 4 O 2 [ Expected = 16
1000}~ Eww - i | = 10¢ Expected + 20 .
- 1 i e X —— m=125 GeV Injected 7
1 i = Injected = 1o, 1
b | (_)I Injected = 20, i
= | 5 ]
500( - : 8! 0
L i Tp]) 1F
4 i (0)] E
-""'h---. i - :
0 - 0 I
o 3 o 3 ;
8 2 8 2 ;100 E
_.g 1' b A - _.g 1 o b b b b b b b e
© © +
o 00 2 4 6 O 0 50 100 150 200 250 110 120 130 140 150‘_]60 170 180 190 200
An m, [GeV] Higgs mass [GeV]
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W Search for VH, V>jj & HOWW > ¢ ¢ MET

CMS HIG-13-017

Interesting test of production of ggH vs VH
* Not yet sensitive at expected SM level

L EL A A B B A
%‘) [ - data [IW+jets  CMS preliminary |
(05600 —10x ggH PV+yN+y*  L=1951" 7
« —10xVH | top s =8TeV
% [ Mwzzz  HEDY+ets Wvw
$400
L 20

i 15
200

10

95% CL limit on G/O'SM

data/exp
o
o0l omny O

200 300 400

ou !
—h
o_
o

351

30F

--- median expected CMS prellmlhary _
4 expected = 10 L=19.5fb’ \f_ 8 TeV

expected = 20

—e— observed

5 120 128 130 13 140
Higgs mass (GeV)
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tW? Direct Search for Top Coupling

CMS HIG-13-015 CMS Preliminary {s =8TeV L =19.6fb"
. . . % E_ ttH(—yY) hadronic channel —+ pata
Search for Higgs decay to two photons with top-pair ¢ ° ——
; - t1o
g 6;— 126 )
Hadronic: i3
4j, 2b, 2y
. 2F
Leptonic: )i
2(, MET, 2y T L T —
100 120 140 160 180
m,, (GeV)
CMS Preliminary s = 8TeV L = 19.6fb
g 4.55_ ttH(—vy) leptonic channel —4 Data
:: 45_ ;::glﬂodal
§as- I
1] 3;_ | 1xsMm, =125 Gev
Process Hadronic Channel Leptonic Channel 2-5;—
ttH 0.567 (87%) 0.429 (97%) 2
g9 — H 0.059 (9%) 0 (0%) 155
VBF H 0.006 (1%) 0 (0%) 1=
WH/ZH 0.019 (3%) 0.013 (3%) 05-
Total signal 0.65 0.44 00 120 a0 1e0 180
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:W. Direct Search for Top Coupling

CMS HIG-13-019

Search for decays to two b-jets, t-pairs or y-pairs accompanied with top-pair

CMS preliminary bb, tt, yy \s=7TeV,L=5.0tb";ys=8TeV,L=19.5b"

10— —— bbserved .
- e ttH(125) injected :
. - Expected+ 16 -~ b
. Expected+ 20

@

95% CL limit ono/cg,,

MVA + Classes (Ij, 21, 2t) with b-tags

ttH(bb) = 1+4b+2j+v )RR PRV VRPN AR AR [

10 115 120 125 130 135 140
1tH (bb) — 21+ 4b+2v my (GeV)
ttH (bb) — 2T +4b +2v Not at SM sensitivity level yet, but compatible
ttH (T7) = 27 +4 j +2b with injected signal of M;;=125 GeV
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Rare H Decay to Zy

CMS HIG-13-006, arXiv:1307.5515

CMS V(s=7TeV,L=5fb"'Vs=8TeV,L=19.6fb" 40 CMS (s= 7TeVL 50fb1 {s=8TeV, L= 196fb‘
LI I I | I IIIIIIIIIIIIIIII | L I IIIIIIII
1600 e Data H—Zy 355_ H—>Zy
1400 —— Background Model - — Observed

——Signalm =125 GeV x75 -
g H A =8 Expected + 10

-- Expected +2 o

1200

1000

IIIIlllIlIIlIIIIIIlII

800

600

95% CL limit on o/oy,,
o

Events / 2 GeV

400

200

||||||||||||||||||||||||||||||||

P00 " TI0 120 130 140 150 160 170 180 190 020 125 130 135 140 145 150 155 160
m,, (GeV) my, (GeV

"

Not yet sensitive at SM level
« Search motivated by potential new physics contribution
* Interesting mode for HL-LHC
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‘W7 Dark Matter > Source of MET

Higgs decay to dark matter (stable LSP)
LSPs () escape the detector without interacting

pp — ZH — I'l” %% — Reco-Z + Missing Energy

Imbalance of momentum balance in XY-plane

Initial particles (protons) are going in and
out of the screen in this picture

Net momentum initially is zero in this XY-
plane

Remnants after the collision should also
add up to zero momentum

Imbalance seen when there are non-
interacting (dark) particles.
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‘W VH: Higgs Decay to Dark Particles

CMS HIG-13-018
H associate production with Z(%)
Requiring high reduced EMiss
Balance of P{# and recoil

CMS preliminary, ZH— ll+ME1, ¥5=7.0 leV, |' L=b.1tb "
T T T T T T T T T T
Top/WW/W+Jets (data)

- Z— 1l (data) . 2z 202v

—— ZH(125)— 21+MET #® data

T
WZ— 3l

N

o
:}&lllllllllllllllllllll

Events / 100 GeV
— K)l —

95% CL limit on 6, xBR,,, .., [D]
3

. (eetup) Jet and additional lepton veto
. Analyze shape of M{(Z,H)
CMS Preliminary
4 120I|IIIIIIIlI!IIII!IIII!lllllllll]lllllllllll_
,,,,,,,, ZH-I+MET 457 O 71 s <BR 21 ainy _
2 ] Y5=7 TeV, [ L=5.1 b Observed
....... - = 100 ] J ] . oeee. Expected
400 600 800 7000 =8 Tev, [ L=10.6 [ Expected + 1o
1odl(ZH) [GeV] 80 [ ] Expected + 26
——

CMS preliminary, ZH — lI+ME 1, ¥s=8.0 leV, | L=

> I T T I

8 80 Top/WWIW+Jets (data) .wz_. 3

o 70 -z-» Il (data) .a-. 202v

= 60 —— ZH(125) @ daa

S~

£ 0

< +

o (ee+up) 40
T

A O

L 95% CL upper limi
- BF(invisible) = 75% (91% expected)

I|IIII|IIIIIIIII|IIII|IIII|IIIIIIIII|IIII|I
0105 110 115 120 125 130 135 140 145

*7000 M, [GeV]
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VBF Higgs (Invisible Decay)

Forward jets and nothing else !
« Jets are forward — make large invariant mass
« Large Missing E;

q( 0) q(')
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‘W VBF: Higgs Decay to Dark Particles

CMS HIG-13-013
VBF associated higgs production

« Special VBF+MET L1&HL triggers & big effort to reduce QCD BG
« Z(vv)+Jets background predicted using Z(uu)

g 10° é}n:ii:::r:::""y@:”ev ::::anon%an E 10° ;_;Tii:::r::‘w@:"ev ::::anoo%an E - CMS Preliminary \s = 8 TeV 95% CL limits
Q 10°k [ Vet o . af I vsiets ? C —— Observed limit
Al c S 10 = 25 4 .
~ F [ tt+DY4vV Y c [ tt+DY4vv T N f L=19.6fb" Expected limit
@ 10% L I Expected limit (10)
L S .o o - Expected limit (2 o)
e x o
E 1E -
1 10k 1.5
2 102 E
E 10° 1__
0 1 1 C
%g O e ;wgfg" 0 0.5:—
e 50 100 150 200 250 300 350 400 450 500 0500 1000 1500 2000 2500 3000 is/soo B L
E, [GeV] j[GeV] foo 150 200 250 300 350 4
Data agrees with SM background
dominated by V+Jets 95% CL upper limit at 125 GeV on
Signal histogram plotted is for 100% BF(invisible) = 69% (53% expected)

Invisible BR
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‘.  Beyondthe Standard Model

Higgs Sector

There are many possibilities that change the precise predictions of the
minimal higgs sector of the Standard Model

— Fourth (heavy) generation of fermions modify H couplings
« Enhanced higgs cross section over SM
« Measured cross sections agree with SM expectation (earlier slide)
— Fermiophobic — fermion mass of different origin than higgs
« Changes low mass higgs production & decays dramatically
» Also ruled out for 126 GeV object — in line with SM expectation
— Beyond minimal higgs doublet field
« Two higgs doublet model (2HDM)
— Multiple higgs bosons: 3 neutral and 2 charged
— Minimal Supersymmetric Model (MSSM) requires 2HDM
« NMSSM, triplets ... have even more higgses
— Very light pseudoscalar higgs, Doubly charged ...
— We have been looking for these exotic Higgs bosons

Jdani4 SrdhaDasu(Wiscomsim) 41




MSSM Higgs

Higgs sector in SUSY theory is more complicated
* Need 2 higgs doublets each with 4 degrees of freedom
* Results in the Standard Model like Higgs (h°)
 Plus, two neutral higgs (A%, H% and charged (H%)
* Only 2 parameters (M,, tanf3 — ratio of the two doublets)
« Masses of higgses and Z related: Search in (M,, tanf3) plane

— Neutral Higgs ] b | |
« Look for d=(h% A%, HO) in decays to t au-leptogs _________ |, e Frotucin
— Charged Higgs -
 Look for H* in top decays 2 .

Enhanced ¢=(h°, A% HO°) coupling to b-quarks and t- Ieptonsi> ------- HA
- Production rate enhanced x tan?2g T
* Gluon fusion with b,t loops + associated b quark production

« Decays to b-quark and t-lepton pairs enhanced at all masses




W MSSM ¢(h, H, A)

. g
Use MHMAX Scenario (TeV Scale SUSY) N
Enhanced coupling to b-quarks and t-leptons . | nA
« Production rate enhanced x tan2 b
« Decays to b-quark and t-lepton pairs i S b Gluon Fusion
enhanced at all masses > ------- HA
B
—10* —0.25 e e e
2 — bb->0 (tan =30) B025:. mr;ma)l scelnarié) | I—tar||B=5 o
?10 —— bb—¢ (tan p=20) T - Us=7 TeV — tanp=10 .
B o — gg->9 (tan f=30) < ool C el
o —— gg—¢ (tan $=20) % =L — tanp=25 4
@ 10 — gg—> Higgs(SM) i e ]
’9 ....... VBF Higgs(SM) L -~ tanp=40
T s
14
o 4o
o
107
10°
gg-Higgs(SM)
e T
10° VBF Higgs(SMj ..., _ i
ot b e Lol e e L 065 500 300 400 500 606 700 806 5001000

100 150 200 250 300 350 400 450 500

m|||||II| IGeiI m ‘iii‘



W MSSM Particle Content

R-Paﬂty, R _ _13B+L+25
M

SM particle SUSY partner Gs
R=1 R=—1
(S=1/2) (S =0)
Q= (t,b)r (t,b)r, (3,2,1/6)
L= (vl (v, ~)L (1,2,-1/2)
U=t g t (3,1,-2/3)
D= (v) g b (3,1,1/3)
E= (9 g % (1,1,1)
(S =1) (S =1/2)
B, B (1,1,0)
W, W (1,3,0)
Iu g (87170)
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‘W' MSSM Light Higgs — loop level

Loop corrections dominated by stop — maximal M,

As is well-known, at tree level the mass of the lightest MSSM Higgs boson, Mj, is bounded from ahove By the
Z-mass. However, loop corrections [4] can raise M, to the observed value! of M p = 125.5702 GeV as measured by

ATLAS [5] and M h = 125.7+0.4 GeV as measured by CMS [6]. The leading SUSY correctlons to Mp, arise from stop

loops, with the leading component being

—4 2 2

- s e+ (1o <1>
dr2y2sin” 3 M 12M3

where m; is the running MS top mass, X; = A; — pcot f is the stop mixing parameter, Mg = NCAT the
geometric mean of the two stop squark masses, and v* = o7 +v2 = (246 GeV)%.
This correction to My, is maximized when X; = v/6Ms. Given the difficulty of obtaining a large Higgs mass with
small fine-tuning in the MSSM, this relation was used as a basis for the original m*** benchmark point [7], with
all other SUSY parameters set in the TeV range. However, now that M} is known, we can see that mj"** actually
produces too large a Higgs mass for much of the M4 — tanf plane (with TeV scale stops.) With thls in mind,
additional new benchmarks have been recently proposed [§].
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Phys. Lett. B 710 (2012) 201

tan 3

Interpret as CP-even light h with

(theoretical uncertainty on M, + mwp)

Allowed region strip in M -tanf

60 Modified m . scenario

X, ~1300 GeV

50

40

30 Allowed

tan 3

Allowed

20

100 150 200 250 300 350 400 450 500
M A (GQV)

123 <M, <127 GeV

() : My, =1255+1 GeV, (W) : M, =125.5+ 3 GeV

: mhmax scenario Xt: stop mixing paramater



MHMod Scenarios

Playing with stop mixing to ensure M,=126 + 3 GeV
mp e X% = 2Mqusy X%VI_S = /6Msusy
m?Od_l_ XOS = 1.5Mgyugy X%VI_S = 1.6 Mgugy

mred=: XP8 = ~1.9Msusy XS = —2.2Msusy,
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MHMod - high tang

i g b
101 i_ Associated Production
Situation with A U coppen. . IR Rt HA
0By, g
regards to heavy O TRy, SmReg :
) ) ) A e e
Higgs is essentially ¢ L Ty TSIl
the same — only now - = S b Gluon Fusion
) Al
Mh is ~125 GeV 1o b~ HA
Lf -
10 §_. oo by o by oy b e by by oy oy Ly
200 250 300 350 400 450 500
tan b = 30 M, (Ge¥) tan B =30
1:"“-'_,'5—L*J—"""-|""_I__'F'_"_I_""I""E 1_"J—"__"J-""_J."l_:_l__'_"'l""l"":
- bb TEAEEasssT bt T TEEER=S e CY
R ===
g ]
S )
m ]
10"f 3
-3....!....I....I....I..#:’:....I.... F I T T B A BT B B
101507 200 250 300 350 400 450 500 10 T 200 250 300 350 400 450 500
M " {(GeV) Mﬂ (GeV)
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Mass of 717 : 17 fb~! Data

CMS HIG-13-021

Tau pairs reconstructed in decays to muon + hadrons (1 or 3 prong)
Kinematic fit to obtain tau pair mass — used to search for H to Tt contribution
Two categories: non-b-tagged and b-tagged to enhance bbd

60 (S Preliminary, H s, 4.9 fbat 7 TeV. 19.7 fb at 8 Tev 5.0 (SMS Preliminary, Hot, 18.3 fb at 8 Tov CMS Preliminary, Hotr, 4.9 fb" at 7 TeV, 19.7 fb™ at 8 TeV
; B L] L] L] Ll I Ll Ll L] L] I L] L] L] L] I L] L] ; - Ll Ll Ll Ll I Ll L] L] L] I L] L] L] L] I Ll L] Ll L] I Ll Ll Ll L] T T T T I T T T T I T T T T I T T
[} " uTh ----- oot ® ,-Fhh s‘ fet, 0000 e 01T
(0] [ B.Tag (0] 4.5 —@— observed 8 " B-Ta —e— observed
- 50 |- - Czow = 25 [ g C3Jzor
= . B electroweak — 40 t b - B Z- ee
E‘S - — gg% ' Eg 25 electroweak o : _ [ ] :ilectroweak
S 40 |- 2] bkg. uncertainty S _g 20 o
Z [ Mirax (M, =160 GeV, tanf=g) = 30 > L B2 bkg. uncertainty
° 30 : ° 25 T 15 E M, (M, =160 GeV, tanB=g)
- 2.0
20
" 1.5
10 : 1.0
[ o5F | | 200 |
O L L L L L L 0.0 L L L L L L L L L L L L L Y p— » M L L M
0 100 200 300 0 100 200 300 400 500 0 100 200 300

m,. [GeV] m,. [GeV] m,. [GeV]
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MSSM Higgs Exclusion

CMS HIG-13-021

CMS Preliminary, Htrt, 4.9 fb"at 7 TeV, 19.7 fb™" at 8 TeV

Supercedes:

ATLAS CONF 2012-11

CMS PAS HIG-12-033
CMS PAS HIG-11-019
95% CL Excluded: CMS PAS HIG-12-050

Work on-going
to interpret in
other MSSM
scenarios ...

100 200 300 400 1000
m, [GeV]




W: MSSM Higgs Decays : Low tanf

Invisible Decays

Decays to Higgses

etc.

tan B = 3

LA L L L Y L O L ) I L B B

tan B =3

LI N L Bt B L L L L LB B

—
—t
1 BN

£
1 IIIIIII

.. mod-
mp

i

(1

f

I C
107H .+
~ < L
T L
Z 10 20
s.f :
107E
I 7
210 N L Ly , 10'3'115'4‘|||||||| L
10 300 350 150 200 250

M, (GeV)

1 1 l 1 1 1 1 I 1 1 1 1 I 1 1
300 350 400 450 500
M, (GeV)
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Extrapolation of Expected ATLAS bounds

MSSM, AH-TT

Extrapolation of Expected CMS bounds

—= Observed 47- 48 fb™

MSSM, AIH-T T
Ty R 50 Ty e
o Mhe 125.543 GeV / o M e 125543 GeV
/ 5 H
— Expected 4.7- 48 b

— Expected 17 fb”
—= Observed 17 ft"

A—-hZ
MSSM, h—sbb, Z v/ 1T

— 3001t — 300fb”
@  E|= 300" @  F|= 300’ 5
§ 30E|— LEPbounds E 30F|— LEP bounds N
o 0.1
20} 20
10} 10
' ' | I OO0l foan !, AN e
150 200 250 300 350 400 450 300 150 200 250 300 350 400 450 500 150 200 250 300 350 400 450 500
M, GeV) M, GeV) M, (GeV)
(a) (b) (c)
Extrapolation of Expected ATLAS bounds Extrapolation of Expected CMS bounds A
MSSM, AH-TT MSSM, AH—-T T —h2 -
&0 — &0 — ——r ———r ———r MSSM, h—bb, Z —ww I
M= M, = 2 TeV My [ =2 Te T T T I LI Py oy R
o Mg 125543 GeV o M,e125543 GeV i - CMS
oF |=—  Expected 171 : M, =2TeV 3
ol i— so0m my, :
j {= 3000fb"  HCCHCSRECRESRRSMESMSSOOSICEMSNENER 200 - ————— == N (Cmat
| LEP Bound I e Rt
= 304 530 S -
£ B o otp_ Lo A 300f7__
204 20 I
| ___3000fb7_ ]
104 YR R L s R e, Y U Y QRIS |\ ), DR
i i it i 0.01 R AR I NN
150 200 250 300 350 400 450 500 150 200 250 300 350 400 450 500 150 200 250 300 350 400 450 500
M, GeV) M, GeV) M, (GeV)
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LW NMSSM: H®aa vy Yy

ATLAS CONF 2012-079
Next-to-Minimal Supersymmetric Standard Model (NMSSM):

Adds singlet scalar field, thereby expanding the Higgs sector

to three CP-even (h,, h, and h,), two CP-odd (a,, a,)

and two charged scalars (H*, H)
The lightest pseudo-scalar, if less massive than 3M_,, decays to yy

SM like Higgs can decays to four photons via an a-pair

« 4000 | =0.08 = —————
c : g ol _
o F mu=125CeV =k N o m,, = 125 GeV
o 3900 (m_=100 MeV), <m> = 123.8 GeV = E°'°7:_ m,, = 125 GeV E R ATLAS Preliminary SMHo 7y
F  —e— (m =200 MeV), <m>=123.7 GeV ] C _ £ . .
3000:_ - Em:=i2: MeV;, <m>=1::; GeV _: SD.OGZ— i ::; ;gg m:x 8 10.1 - SImU|at|on o m, =100 MeV -
25003_ (SMH= YY), <m> = 124.1 GeV e 80 05:— 4 m,= 400 MeV g E -e-m, = 200 MeV E
g 1 8 —— fakey 2 e m,=400 MeV ]
2000 5 EBoosf prompty 2
F ATLAS Prelminary | &
1500? = 0.031~ Simulation g 10? 2
1000~ ATLAS Preliminary 4 o0
F Simulation
500 = 0.01
c | | - e — " ) 10_3 - )
9% 100 110 120 130 140 T 15 20 2t 0.2 0.4 0.6 0.8 1
E?_onado [GeV]
my, [GeV] Fia
Photon invariant mass Isolation provides Shower shape
has broader peak than separation from prompt y analysis provides
H=2>vy BG discrimination from SM
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H=> aa=> YYYy

ATLAS CONF 2012-079
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NMSSM: a,—p*p-

CMS PAS HIG-12-004

Next-to-Minimal Supersymmetric Standard Model (NMSSM):
Adds singlet scalar field, thereby expanding the Higgs sector
to three CP-even (h,, h, and h;), two CP-odd (a;, a,)
and two charged scalars (H*, H")

A light (~10 GeV) boson produced ! }

Search for a, in its decays to opposite sign di-muon pairs < }
— Di-tau BR is higher but is deemed impossible !

Analysis strategy

— Chose isolated opposite sign
dimuons with
P, >4 GeV & pr,,>6GeV

— Search above/below the upsilon
peaks in dimuon invariant mass

. 5.5<MW<QGeV
. 11.5<MW< 14 GeV

Events/[0.1 GeV]
-
o
rS
T IIII

103

Events/[0.1 GeV]
-
o
rS
LLLI

-
o
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NMSSM: a,—p*p- Limits

CMS PAS HIG-12-004

4 B [— Observed CMS h — Observed CMS
12 [~ | Expected = 10 12 = Expected = 1o

E o[ Expected = 20 Ns=7Tev 4 I E [ Expected = 20 \Ns=7TeV
Y E L=1.3fb" 10 L=1.3fb"

Upper limit on oB(pp—a—pu) [pb]
=]

Upper limit on oB(pp—a—pu) [pb]
=]

2 f— = 2
0 ; | 1 1 L | | | 3 0 1 1 1 1 1 1 1 1 1 1 1 1 L L L L | L ! ! L
5.5 6 6.5 7 7.5 8 8.5 11.5 12 12.5 13 13.5 14
Muu [GeV] m,u[CGeV]
1 1 I 1 1 1 1 I 1 1 1 1 I 1
tang=1 W E
tang=2 I
tanf=3 /\/\/\* _-
Three parameters
tang=10 w ;
m,,tan 3,cos0, S T
tang=30 CMS Vs=7Tev -
L=1.3fb’ —
tanf=50
—— CMS Limits
0.01 5 LR BaBar Limits
:I 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 :




‘W' Doubly Charged ®=:—{*

CMS PAS HIG-12-005
Models with triplet of higgs fields, predict doubly charged bosons

— Interestingly triplet models can include fermiophobic neutral higgs
Search for like-sign dilepton production

< le Ny 05
ot - 05 Z[" <1>++,_,,.'——'< I

101:_ ____________________ — Associated production cross section ||
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Events / 20 GeV

Events

CMS /s =7TeV, [ Ldt=4.9fb"!

107t
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300
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Data
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400
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CMS PAS HIG-12-005

ete™ = 100%

ety = 100%

etrt = 100%

pErt = 100%

7% = 100%

BP1: normal hierarchy
BP2: inverse hierachy
BP3: degenerate masses

BP4: equal branchings

CMS /5 =7TeV |

BN CMS [ Ldt=49fb!

[ ATLAS [ £dt = 1.6 fo~!

Il Tevatron

100 200 300 400
95% CL limit on mass of == [GeV]

500

60(C
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Dark Matter Search

Dark matter particle production by gg annihilation
* Recoil from initial-state radiation

q Jet measured > L | I UL I L I L L I LA I L I L I ]

— { ) 8 107 §_ - Z—vy —g

0 - CMS Preliminary [ ] w—~ s

2 »10°EF Vs=8TeV N =

S = [ g

\ 2105k det=19.5fb'1 [ 1 aco -

Dark Matter = [z -rr =

/ 10% _ Ba @200 e ADD M. = 2 TeV,d = 3 ]

q X =MET = .- DMA=09TeV, M, = 1GeV3

3;_ -+ UNPd,=1.7,A,=2TeV 7]

10 ? —&— Data 1%'

. . 10°E -

Best limits expected with S E
EF™s > 350—400 GeV 10

ET [GeV]
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Dark Matter Search

Model dependent: Coupling type, Mediator Mass ...

|—|‘|027

E 10:%2

_I T T T TTTTT | T T T T TTTT | T T T T TTT I|_
— CMS Preliminary E
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Model dependent: Vector, Axial Vector ...
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Summary of CMS SUSY Results* in SMS framework  SUSY 2013
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‘W7 Gluino — LSP Mass Constraints

0-g production, g— tt 5‘(0
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tW:! EWKino — LSP Mass Constraints
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Stop Searches

Stop is important for H mass stabilization
* Perhaps, other SUSY particles are heavier
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‘W] Stop — Neutralino Mass Plane
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q* (ag), dijet

\\“,/ g (W)
N q* (@2

q”*, dijet pair
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e, N=2TeV

p*, AN=2TeV

Z'SSM (ee, up)

Z'SSM (t71)

Z’ (tt hadronic) width=1.2%
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Summary

An SM-like Higgs found
« 8-16% uncertainty on signal strength w/ 100 fb~"
« Searches in rarer modes become sensitive enough for discovery
No BSM in Higgs sector found yet
» Substantial parameter space will be covered
No DM WIMP, SUSY or exotic candidates discovered yet
* 100 fb-1 should cover most cases leaving EWK sources
What next?
« There is still a window left for EWK scale SUSY including DM
«  Certainly with “contrived” mass spectra
« Perhaps, theoretical fine-tuning problem is to be ignored ...

« Higgs is new portal to BSM, expect much excitement @ LHC!
« The LHC Run 2015-17 @ 13 TeV =» 100 fb~" is critical

« Upgrades to accelerator and detector are underway!




