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The Higgs Boson

Questions: ¢ Is it the Higgs boson?
¢ Is it the SM Higgs boson?
€ Are there deviations from the SM?
€ What are the alternatives!?

Warning: Statistics is still low for an ultimate
judgement, be patient
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Is it the Higgs boson? |s it 0’state?

¢ Production and decay into YY

Y L.Landau’48,C.-N.Yang’50
Spin= 0, )//2/ yi 2
Y 2

5, = gz(v + h(z))PWW

¢ Decay into WW

2 VW —H Qm%[/ 11/ M
=y W, W = b W W

G : 1 1
¢ Decay into ZZ P A%M B FWF™ 4+ B ] e p FPY A
TC

47 M

Angular distribution

pp — 275 = 0000 66% CL scalar

Y.Gao et al’l0, A.De Rujula et al’l10

S.Baffoni et al, CMS’ 12
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Is it the Higgs boson? Is it 0'state?

Preliminary results ATLAS/CMS

pp = ZZ* = 0000

1) 99 =X—=yy qq = X—vy
spin-0: flat in cos6”*
spin-2: quartic in coso*

do 1 3 5, 1 4
) X Z—i—icos H—i—icose
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D,, distributions (with D, .>0.5)
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Pseudoexperiments

Pseudoexperiments
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Pseudoexperiments

Pseudoexperiments
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Decay modes

for 126 GeV Higgs

bb 56% = 6.2%
WWw=  23% Z7*  2.9%
gg  8.5% cc  2.8%

vy o 0.23%
~Z  0.16%
ptp 0.02%

1. vy decay mode: Observed (4.5 ¢ in ATLAS, 4.1 ¢ in CMS) .

2. ZZ* decay mode: Observed (3.6 o in ATLAS, 3.2 ¢ in CMS) .

3. WW?* decay mode: Observed (2.8 ¢ in ATLAS, 1.6 ¢ in CMS) .
4. bb decay mode: Observed (2.8 ¢ in CDF /D0 combination)

5. 7T decay mode: Not observed yet

All these decays are consistent with the Higgs boson

s it quantitavely consistent with the SM?
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Is the Higgs Standard Model-like or not!?

G.Aad et al. [ATLAS] 12 S. Chatrchyan et al. [CMS] 12
=0 -BR/(0 - BR)|su
M | [ [ [ [ .[ [ CM3 fs=7TeV.L=51 iy fs=8TeV, L=523 iy’
ﬁg.li-Ai 2011 - 2012 | m= 1260 Gov m, = 125.5 GeV
® % ‘?T«.v .|<||:> 4.7 i’ . ;
Conclusion (so far) gl -
Va=TTeV: [Lat=4647 1 ; H— vy e
H—= WW ' = Iviv :
5 = 7 Tev I_|<|:_r1r|:>: +
1. t00 much 77, prarras = 1.8%0.5 i 422 -
W=7 Tev JLa -1|1|:>: i —
pcms = 1.56 =0.43 ]j':cg'[éqi:'ffbal H— WW - omy
— N5 =T TeV Lt s df —l—'l—:
2. too feW bb7 M ~ 07 Va=8Tev: [Lt=58m" :
_ Combined : H=m |
3. no 71 ;"_;-E ﬁ:;::j‘: L=14+03 +
: L L L H— bb .
4. WW, ZZ about all right 40 1 i
Signal strength ' |
M(ZZ(*) % 4[)ATLAS — 1.4 :l: 0.67 Igna S reng (H] Best f|t G!GSM
/L(ZZ(*) — 4Z)CMS = 0.71_8:%, Tevatron Run Il Preliminary
- L <10.0fb"
w(WW® = Wwiv)arias = 1.340.5, ——
/L(WW(*) — lVlV)CMS = 0.6 £0.4. H— W'W - HE—=4 |:|Combined(68%)
—- Single Channel
. . H-vyy - -
Theoretical suggestions
. U.Ellwanger’11,  H-bb .
| .Extended Higgs sector T Gunion et al’ 12
2. Colour singlet matter particles (stau) M .Carenaetal’ll ot 2 5 45 6 7
° ’ une B tFt / SM
3. New coloured matter particles (stop) Z Kangetal’ll e 2012 e
4. Strongly interacting Higgs sector 113 -E}Spliosat etl’a11’112 J. Haley et al, CDF/DO’12
Goertz et a
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Events / 2 GeV

Events - Fitted bkg

Update from ATLAS
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Higgs->TT

Yields by “type” and by decay channel

CMS Preliminary, H—tt, L=24.3 fb™ m, =125 Gev CMS Preliminary, H—tt, L=24.3 fb™ m, =125 Gev
— 1 . T r - 1 — 1 . r T r 1
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Signal Strength

e Parameter of interest 1l (glObal) A:VZL:\S bl:reliminary { m, = 1255 GeV
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X

— Search for new physics in loops: x, x, BRggy,

The couplings?

« LHC XS WG benchmark models (arxiv:1209.0040):

— Fermionic vs bosonic couplings: ky K;
— Search for asymmetries: Ay, Aqer Ay

Summary of all searches for
coupling deviations

{s=7TeV,L<51f"' ys=8TeV,L<19.6fb"

CMS Preliminary " 68% CL
== 95% CL
'
:+
*'
.*
—.*— p. =0.12
IlllIlIlllllll]llllllllllllll

0.5 1 15 2 25 3
parameter value
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{s=7TeV,L<5.1fb" ys=8TeV,L<19.6fb"

CMS Preliminary ¥ 68% CL
: = 95% CL
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4 1
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Mg _—'__ps'M =0.49 2;
Kg —*.é.
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BRBSMT__. — | | FTSM=041

25
parameter value

ATLAS Preliminary \s=7TeV, [Ldt = 4.6-4.8 fo!
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© :
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S
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Theoretical Bounds on the Higgs mass in SM

Running of the Higgs coupling

Landau pole

Demanding A\ not too large
(keep perturbativity)

not too negative that
desstabilizes the Higgs potential

Instability
A.Pomarol et al’l |
;‘ 350_ AW LA L N I Y N I N B BB B
2 G V H. I 8 —— Perturbativity bound

A I 5 e Iggs IS ;’: B [] Stability bound -
300 A =21 [ Finite-T metastability bound ]
[ ] [ ] [ | . e |

in this window! e B Zoro metseablty bound
250 — |

Only a small window
in the Higgs mass

200 —

makes the SM consistent S :
e
all the way to the Planck scale R L

Iog1 0(A/ GeV)
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Stability of the Electroweak Vacuum

The running of the Higgs coupling A(p)
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Higgs vev & in Planck units
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2 L As2 a2
MYrigqs = Mz 08”26 +

from JHEP 1204 (2012) 131

Higgs v SUSY

4
3m;

4202 sin® 3

1 M;l_|_ Xt2
0
gmf Mg

2 ~ -
MS = mtlth

MSSM Higgs Mass

X, = O
Suspect

FeynHiggs
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A. Arbey et al’12
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Resume

|. MSSM has already troubles
to accomodate 126 GeV Higgs
2.Needs M S ~ |TeV

3. Large part of the parameter
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Two Higgses or One Higgs?

¢ Higgs Bosons at 98 and 125 GeV at LEP and LHC G Belangeretari2

M .Drees’12

LEP ete= — Zh, h—bb  mr~98GeV  Possible explanation

LHC pp — h — vy my, ~ 126 GeV within NMSSM  h,H

gZO' LEP excess is inconsistent with the SM being only about 10 — 20% of the
rate for the SM Higgs but might be consistent within SUSY model

Scenario|mp, [Mp, [Mp, (Mg, |[May |MEE mso Qh? |LSP singlino|LSP Higgsino R;’; (vy)
I 99 | 124 |311|140(302| 295 | 76 [0.099 18% 75% 1.62
I1 97 124 |1 481 (217 (473 | 466 | 92 [0.026 20% 74 % 1.53
I11 99 126993 |147{991| 989 | 115 [0.099 75% 25% 1.14
¢ Two Higgs Bosons in the interval 123-128 GeV J Gunion et al’12

[4 Two CP even Higgses of the NMMSM are degenerate.
gLarge rates (relative to gg — hgy — vy or 99 — hsy — £224 — 4l)

for gg — h1 9 — vy and gg — hy o — ZZ — 4] are possible when either one
rate is large or the sum is large

mO € [0.9,1.3] TeV, m1/2 € [500,700] GeV, A0 € [-1.8, —1.0] TeV, Ak € [-400, —250] GeV, A\ € [-600, —400]

GeV, mS (GUT) e [1.4, 2.2] TeV, mHy (GUT) € [2,2.2] TeV and mH4(GUT) € [0.7,1.2] TeV .
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Signal strength (u)

2.5

1.5

0.5

my

compatible (2.3-2.70) and everything is compatible with what CMS observes.
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Two Higgs Bosons at ATLAS!?

¢ Two Higgs

Bosons in the interval 123-128 GeV

T T I 1 I T [ T T T I T
ATLAS Preliminary

Vs =7 TeV: [Ldt = 4.6-4.8 fb”
Vs=8TeV: [Ldt=13.0 fb”

+ Bestfit
—68%CL
----95% CL

TIIIIIITI[TITl]TTIT]lIlTIT]TIIIITI]TTIIITIIT

T T | 1 T 1] I T -~ “
ATLAS Preliminan
2011 + 2012 Data & 1z = 7ToV M dt (:. "+
— combined
—_—H—- vy

—H->2zZ" >4

llllllllllllllllllllllllllllllllllllllllllll

1 l 1 1 L [ 1 L 1 l 1 1
120 122 124

=123.5+0.9 (stat)

1 | 1 L 1 | 1 1 N ' \ ",' }
126 128 IT‘L" 122 123 124 128 ';»‘l_,- 127 128 129
m, |GeV)
my [GeV]

04 (syst) GeV my =126.6+0.3 (stat)+0.7 (syst) GeV

-0.2

m, =1252+0.3 (stat) = 0.6 (syst) GeV

NO the measurements of the mass in the two channels are each other
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e
Supersymmetry 3
M55M Superparticle spectrum
CMSSM
MmMSUGRA 1=,

What mGMSB
SUSY? mAMSB

0

NUHM el |
NMSSM | "—a |
No Scale == —

".. i ,- ‘||Il f

Gravity  Gauge  Anomaly Gaugino

* Unification of the gauge couplings
SUSY at TeV scale: .+ so|ytion of the hierarchy problem
* Explains the electroweak symmetry breaking

SUSY: * Provides unification with gravity
. * Provides the Dark matter candidate
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Search for SUSY Manifestation

D rect production at colliders at high energies
Indirect manifestation at low energies

Rare decays( B, — S, B, — N+M_7BS — TV)
g-2 of the muon

¢ Search for long-lived SUSY particles

1
S
.
*€C S€C

s N/
o ?“* ¢ Relic abundancy of Dark Matter in the Universe
pﬁ“ DN“ € DM annihilation signal in cosmic rays
\)S‘( ¢ Direct DM interaction with nucleons

Nothing so far ...

BTOPHUK, 23 nonAa 13 r.
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BTOPHUK

Exp and Theor Framework

Two ways to present and analyse data:

|. High energy input:
introduce universal parameters at high energy scale (GUT)
Example mg, mq/2, Ap, tan3 of MSSM

Advandage: small number of universal parameters for all masses
Disadvantage: strictly model dependent (MSSM, NMSSM, etc)

2. Low energy input:

use low energy parameters like masses of superpartners
Example Mg, My, M, or my,tanf

Advandage: less model dependent
Disadvantage: many parameters, process dependent

Both approaches are used

, 23 mnona 13r.
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Creation and Decay of Superpartners in Cascade
Processes @ LHC

Typical SUSY signature: Missing Energy and Transverse Momentum 22
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The Progress of LHC

quk fgr squarks and gluinos
CMS CMSSSM summary with direct decays to SM+LSP
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® SUSY in simplified modéls

||IH

Hadronic (left) and leptonic (right) SUSY searches in simplified SUSY models.
Exclusion limits for gluino and squark masses, for m,, = 0 GeV (dark blue) and

Miother = Myo= 200 QeV (‘Iightx blue).
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SUSY is not dead (yet). It might still hide in low MET/low HT events. More complicated
models are under investigation—> more challenging searches. For some it is hard to
even get the data on tape.

24
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i-stop production resulting in 2
)p quarks +MET final states
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Di-sbottom production resulting in 2
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Probing SUSY with

*Decays highly suppressed in SM

eForbidden at tree level
*b—s(d) FCNC transition only through
penguin and box diagrams

-Hglicity suppressed by factors of (m/

Br(Bs — pp] =

2T3m5B f2 1 _ 4_77’Ll2
64w °Bs mQB
(1 B 4ml2> ‘(CS — L)
mZB (“" ms)

2+‘(CP—C§3)

m
(mp £ m2) + 2m2; (Cq—C%)

M, M3

V271 /in2 O

Enhancement

2

2 2
m?2 log [mﬁ] m?2 log [mfz
G tan® in2g; [ "8 |72 208 | 72
Co = Foz%bv;;( an® (3 ) (mbmumt,u) sin 20; (

2 2 2

2— ~
p? —mz

Suppression
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Electroweak, g-2, and Dark Matter constraints

W.de Boer, C.Beskidt, D.K.I I’12
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M Nucleons Interaction
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LHC Reach at 7 and 14 TeV

1400
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Energy is more important than luminosity
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Combined Fit to all Data

W.de Boer, C.Beskidt, D.K.I 1’12
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Conclusion

¢ SUSY today:

* No signal so far, but do not give up

* There is still plenty of room for SUSY

* Interpretations of searches are model dependent

| HC run at 14 TeV might be crucial for low energy SUSY

* Give me something better and | will stick to it

BTOPHUK, 23 nonAa 13 r.
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Concluding Remarks

€The Higgs Boson: e Everything is developing as expected
e Wiait till the end of the run
* It looks like the Higgs boson so far

¢ SUSY: * No signal so far, but do not give up
* There is still plenty of room for SUSY

¢ LHC: e Excellent performance, new results are ahead

\_/

¢ Linear Collider: ® |t is time to think of it again as a
precision physics and discovery machine

Discovery Machine Precision Machine
ete — XNew("_YSM) €+€_ — SM
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Precision physics of Higgs bosons

ee -> HZ diff. decay channels
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