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Yesterday' s Summary

= A new boson is observed by both ATLAS and CMS, with independent ~5+ o
significance.
— It’ s seen convincingly in 2 channels, and in both the 7 TeV and 8 TeV datasets.
— Other channels provide weaker support, but do not contradict this.

= |ts mass is somewhere between 125 and 126.5 GeV
— An interesting number: too light to be heavy, and too heavy to be light

= This boson’ s properties match the SM Higgs Boson to within our ability to
measure

— In particular, it couples strongly to the electroweak boson sector
(more later)

Today we are going to discuss the question: it’ s a boson. But is
it the Higgs Boson?
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Higgs to two photons
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Higgs to ZZ*
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Higgs to WW*
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Putting it together

ATLAS: 7.10 + 6.40 + 3.80 — trials factor (80) =

9.60

CMS: 3.20 + 6.70 + 3.90 — trials factor (80) = 7.50
Both (one trials factor): p = 102°, corresponding to 130

This really, really not a statistical fluctuation.
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Consistency

The WW* mass

resolution is poor (30

GeV), because of the

two missing neutrinos.
— Mass and signal

strength are
correlated.

Nevertheless, the
agreement is pretty
good between the three
channels

— Enough for us to
conclude we are seeing
one thing and not
three things.
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The Higgs Mass Doesn’ t Make Any Sense

= The Higgs mass makes perfect sense — at tree level

= Radiative corrections are of order dm?(H) ~ a.,... A?/4x

weak
— Where A?is the scale of new physics
— There is potentially a lot of new physics up there — including gravity at the Planck scale

— This will drive the Higgs mass up and up and up

= To keep the Higgs mass light, these new contributions must cancel

= e.g. dm(H) = 36,127,890,984,789,307,394,520,932,878,928,933,023 1ranks 10
36,127,890,984,789,307,394,520,932,878,928,917,398 Michael Dine!

= This looks absurd, unless this is the result of some symmmetry

— But that symmetry cannot be too exact, or the Higgs mass gets driven too low: perhaps
even below the Z mass.

This is what | meant by “too light to
be heavy, and too heavy to be light.”



The Higgs Mechanism in Three Slides

Write down a theory of massless weak bosons

— The only thing wrong with this theory is that it doesn’ t describe the world
in which we live

Add a new doublet of spin-0 particles: ¢ @
— This adds four new degrees of freedom 0 *0
(the doublet + their antiparticles) w (p

Write down the interactions between the new doublet and itself, and
the new doublet and the weak bosons in just the right way to

— Spontaneously break the symmetry: i.e. the Higgs field develops a non-zero
vacuum expectation value
e Like the magnetization in a ferromagnet

— Allow something really cute to happen

10



The Really Cute Thing _%;
The massless w* and ¢* mix.
— You get one particle with three spin states

e Massive particles have three spin states “ ”
_ m ==+l “transverse
— The W has acquired a mass

The same thing happens for the w and ¢
—— ——

In the neutral case, the same thing happens for m = 0 “longitudinal”
one neutral combination, and it becomes the massive Z°.

The other neutral combination doesn’ t couple to the Higgs, and it gives
the massless photon.

That leaves one degree of freedom left, and because of the non zero
v.e.v. of the Higgs field, produces a massive Higgs.

11



How Cute Is It?

= There s very little choice
involved in how you write
down this theory.
— There’ s one free parameter

which determines the Higgs
boson mass

— There’ s one sign which

determines if the symmetry
breaks or not.

= The theory leaves the Standard Model mostly untouched
— It adds a new Higgs boson — which we can look for
— It adds a new piece to the WW - WW cross-section

e This interferes destructively with the piece that was already there and restores
unitarity

12



Is This The Higgs Boson?

It must be a boson —it’ s undergoing a two-body decay to two spin-1 objects.
— Making it a fermion requires a three-body decay.

It must be spin-0 or spin-2.
— Spin-1is prohibited by spin-statistics
e A spin-1 particle cannot decay to two identical massless spin-1 particles
e Theorem by Yang and also Landau

— Spin-2 is possible, but theoretically disfavored.

This particle strongly (factor ~30x) prefers to decay to ZZ* and WW* than yy
— Despite the fact that one Z or W must be way off-shell

— This is naturally explained if this is a Higgs, because the longitudinal piece of the W or Z
in a sense is the Higgs.

This particle may not be “the” Higgs. However, one
cannot write a theory of EWSB that ignores this particle
and have any hope of it being right.

13




A Goofy Model

= Theory: Thisisn’ t the Higgs at all. It’ s a bound state of two
new charged, colorless spin-Y fermions, weighing a ~TeV, and
bound by a ~TeV.

=  Predictions:

— There will be two states, a 0" pseudoscalar (n*) and a 1" vector (¢*).
— There will not be any excited states
e The potential looks a lot like a 6-function, which has only one bound state
These states will have almost the same mass (hyperfine splitting goes as 1/m)

— The yy decay is only from the n*; the others can be from either state.
e This is a consequence of the Landau-Yang theorem.

14




Testing the Goofy Model

= The Goofy Model predicts two states, one that decays to
vy and one that does not. How consistent are the masses
in the yy and ZZ* channels?

— ATLAS (GeV):

e Diphoton: 125.5+0.7 0.6 The ZZ* measurements
are driven by a small
number of events.

* Am=2310.7%06 Historically, they have
— CMS (also GeV): shown substantial
scatter with time.

e 77*:1243+0.6 £0.5

e Diphoton:125.4+0.5 £ 0.6
e 77*:1258+0.5%0.2
e Am=04+0.70.6

No significant evidence of two peaks. About one
time in six, at least one of two experiments will see a
result at least this different from Am = 0.

Uncertainties have been symmetrized;
selected for the Am =0 direction. The
CMS Am calculation is my own.
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More Testing of the Goofy Model

= The Goofy Model makes a prediction of spin and parity: 0-and 1
= The Standard Model also makes a prediction: 0*

= Invyy, there is exactly one unconstrained variable (0*)
= |n ZZ*, there are a plethora of angles and masses (7 independent)
= Measuring these quantities allows us to infer the spin-parity

6*

In the Collins-Soper frame

° 16



How This Works

The experiments construct likelihoods for the various spin-parity
hypotheses

— Based on the 7 (or 1) observed variables

They then look at these likelihood ratios for large numbers of Monte Carlo
pseudoexperiments with a specified J° hypothesis OMS preliminary {5 =7TeV, L=51 1" {5=BTeV, L= 106 "

comapred to the SM 0* hypothesis... ol '0 ARRARE

..and then see where the data falls. i
0.08

Here the CMS ZZ* observation (red arrow) is at a
value where ~40% of the 0* pseudoexperiments i
are as large or larger, but only 0.16% of the 0 0.04r
pseudoexperiments are. [

Pseudoexperiments

0.06

0.02f
The data favor O *.

20 30
2xIn(L /L)
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The Results:

J? hypothesis Channel ATLAS CMS

(0} Z7* 2.2% 0.16%

1 Z7* 6% <0.1%
WW* 1.7%

1* Z7* 0.2% <0.1%
WW* 8%

2t 77* 17% 1.5%
WW* 5% 14%
WW* 0.7%

= The data clearly favor 0+
— The SM Value...again

= The Goofy Model is in serious trouble

But why are the exclusions so different
between the experiment?

18
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— The proponents call this a “feature”
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Opening the Black Box

= This is not nearly as complicated as it looks.

= Think about conservation of energy in H 2 ZZ* decays:

m(H) = m,, + my, + kinetic energy

If m,, =m(Z), m,, + kinetic energy = 35 GeV for a 126 GeV Higgs

e Therefore, kinetic energy =12/2]=35-m;,

e The m,, distribution serves as a proxy for the decay’ s orbital angular momentum

= Asan example, consider O - vs. 0*

The 0 is a P-wave decay and the 0* is S-wave.
e The m,, distributions differ

These are both spin-0, so the Higgs decay angles are both isotropic — no separation

Unlike the W, the Z decays to leptons don’ t “remember”
their spin very well (the decay is almost pure axial)

e Again no (well, very little) separation

So the MVA is really mostly looking at a single variable

ar,/T

010—

P-wave




Historical Aside

At the time of discovery, the data %‘ SR
in hand were already enough to (_D,8O}Eg;;1(12250cj:;<130eew ATLAS
exclude most non-0* hypotheses. < [ v Data(120<m,<130 GeV) Hozz"—4l -
€ 2oL \s =7 TeV:|Ldt = 4.8 fb™ ]
There is simply too many high . s =8 TeV:/Ldt = 5.8 fb
mass Z*s in the data otherwise 60 ... ]
4B b . Ora :
it's unusual to get this many SORLE L E
high mass Z*s in the data even if L B TR R R ]
the particle s 0° i (PR R AR O O
— A statistical fluctuation that is o PRI - R RS U .
Lo 30 ]
somewhat unlikely in the 0* i:'.“.’::ff::III::ZIZ:?TTTZ:E“?EEEEEEE% .
case, but very, very unlikely in AL L LR RRT TR 28 oy o -
the Other cases. 20 —_| '|'v"|' R Ot T e Rt T T Sl e Ty Sl Ml T e R R |——

50 60 70 80 90 100

We made no claim at the time — because our expected sensitivity was too low to make
a distinction.
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The Two Higgs Doublet Model

= This is a simple extension of the Higgs mechanism. Instead of one doublet, there
are two.
— This gives five scalar particles, usually called h, H°, H*, and A°
e Eight degrees of freedom minus three longitudinal components of the W&Z equals five
— The A%is special — it does not couple to gauge bosons at tree level
e This is not because it’ s a CP-odd particle, but because it’ s a CP-odd Higgs

= There are special, limiting cases of this model
— One Higgs couples to fermions, one to bosons (“Type I”)
— One Higgs couples to u-type quarks and one to d-type (“Type 1l”)
e Supersymmetry requires a 2HDM of this type
— One couples to the top quark, one to the other quarks

— The list goes on and on... .
This serves as a

prototype for models
with a complex Higgs
sector.

= This model is not particularly goofy

22




Testlng the 2HDM ATLAS Preliminary Total uncertainty
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What Information Do We Have?

10°

TeV4LHC Higes working sroup

SM Higgs production

bb—h

qb — qth

| IIIIIII| | IIIJIIIl | . AT

100

200 300

= Two facts to glean from yesterday’ s slide
The four production mechanisms give production information

_______ n  gg-fusion
t
E: Wiz
______ 7 weak boson fusion
Wiz
H
. Wiz :
- Higgs strahlung
Yy e f
q;'\"
»-----1  ttH-channel

Since gg dominates, the other channels have low yields and high uncertainties
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Do We See VBF Production?

-21n A

Yes, at the 3.30 level

However, this requires the

combination of all channels

— Noindividual channel has a
compelling signal by itself

Also, this means at best,

production rates via VBF can be

determined to 30%.
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A
What Other Information Do We Have?

= We have yields —i.e. cross-sections times branching fractions — for the processes
we observe:

- vy, WW and ZZ.
= We have limits for the processes we haven’ t yet “discovered”
— VH productionand H 2 1t
— These can be two-sided limits (if we can exclude o = 0 at 95% CL but not 50)

— Otherwise, these are upper bounds ATLAS ==oea) " Total uncertainty
m, = 125.5 GeV ng,f:g) f1isonp
Hory olrors 4
=  We combine these in...you guessed it...a giant fit. v o kos. R
_— . Hahp, =174 j05 —t=
— However, we don 't fit 16 values simultaneously meaater, 4= 1950 fos —f
’ VH categories }1=1.31:'f +0.9 |—_'_,_.‘
— There s simply not enough information for that Hozzoa 0% 1.
e There’s even less information than it looks like. T | :
. . . Sa‘?eegrories p'=1'45:232 +0.35 '_I_' i
— Fermiophobic Higgs HoWW Sy |02 1
— We do limited fits, holding the other values to their SM values TR Ny e |
2jetVBF  u=14°7|t05 ._I_f
Comb. Hsyy, ZZ*, WW*| 312 A,
\s=7TeV [Ldt= 4.6-4.8 fb‘? 0 1 2 3
\s=8TeV [Ldt=20.7 fb" Signal strength (i)
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Testing the Type I 2HDM o CMS Preliminary V5=7TeV,L<51f" {s=8TeV,L<19.6"

. ¢ SM nggs 0 Fermlophoblc o Bkg. only

. 2
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Or

III|I

B = :'I‘H,l ........ Lol
0.6 07 08 09 1 1.1 12 13 14 15 1.6 -2

Ky

= Scale all fermionic couplings by K and all bosonic couplings by x,
= Both experiments are consistent with the SM at the 10’ s of percent level

= The two allowed regions arises because of an uncertainty of the relative sign of

two couplings
— This happens when you have one large and one or more small
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W and Z Relative Ratios
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= This is called a test of “Custodial Symmetry”
— This is essentially a Clebsch-Gordon coefficient. In the SM this is unity.
=  While A, = 1 is compatible with the CMS data, so is A,, = 3/4.

= ATLAS gets 0.82 +0.15

= For most successive results, we set A, = 1
— This allows us to combine WW* and ZZ* data

— You can decide for yourself if you think this is scientifically justified
e For the record, | think it is — but this is part of the art of science.
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Understanding This Plot ArLAS Preliminary Total uncertainty

my, = 125.5 GeV + 1o + 2G
= These are not sixteen L O O | O RO
measurements Ml / S R
= These are measurements of ;zFV - | I l I e | - ji
2, 3 or 4 model parameters va — | —— l —- | 21:
under varying assumptions )\VV — ' e l - = l s ;Z
= All of these are consistent z| | L . : %g
with the SM Higgs hypothesis hz| | "' o ) 20
at better than the 20 level Mzl | i ” %:g
= One cannot get a measure of Kzz| Kt
the overall agreement by Kol | 39
calculating a x? SI 2
— The values are correlated -1 0
\s=7TeV [Ldt = 4.6-4.8 fo” Parameter value
s=8TeV [Ldt=20.7 fb" Combined H—yy, ZZ*, WW*
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A
The Better Plots
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= These are the principle inputs to the fits

= Since the inputs show no evidence for BSM physics, one should not be surprised
that the fits do not either
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A Few Words on 2HDMs

Today, the only fermion we are reasonably sure couples to the Higgs is the top
— We see it in gg fusion, and we infer that this is from a top quark loop
— It sure would be nice to see others

In a 2HDM, one Higgs looks more like the SM Higgs than the other
— This is tautologically true

— What is not, though, is that in most models that are compatible with observation, one
looks a lot more like the SM Higgs than the other

— That makes finding new physics by looking for coupling deviations difficult

Searching for the other Higgs bosons is of very high priority
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Conclusions

= The 125 GeV Higgs discovered a year ago is there in the new data
= We aresureit saboson, and the evidence suggests that it’ s a scalar (0*) boson.
= As far as we can tell, its couplings are consistent with the SM

— The total cross-section is about right (ATLAS a little high, CMS a little low)

— The fraction produced by VBF seems about right

— The fermion/boson coupling strengths seem about right
e This is a statement more about the top quark than the other fermions

— The WW*/ZZ* ratio is a little off in both experiments, but we as a community have
decided we can live with it

= The large coupling to WW* and ZZ* means this boson plays an important role in
electroweak symmetry breaking

— We do not know if this is a causative role
— We do not know if this is a unique role

= |t' s mass makes no sense, and is a sign of new physics (somewhere...)
= The next logical step is the LHCs 13.X TeV run
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oc-BR(gg—>H-vyy) = osu(gg = H)-BRsyH — yy) -

o(gg — H) * BR(H- yy)

o(qq’ — qq'H) * BR(H- yy)

o(gg = H) * BR(H —» ZZ" H - WW™)
o(qq’ - qq'H) * BR(H —» ZZ*,H - WW™)

o(gq’ = qq'H,VH) x BR(H — 11, H — bb)

Kg K
&

H

Kz - Ko (Kp, Ky)
0.75 - % +0.25 - &,
Ky - K5 (KF, Ky)
0.75 - % +0.25 - k2,
0.75 - k% + 0.25 -
0.75 - k% + 0.25 -
0.75 - k% +0.25 - &,

2

2

5



