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Entire universe is a superconductor, condensate of
something that talks to fermions, W, Z but not photon.
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Entire universe is a superconductor, condensate of
something that talks to fermions, W, Z but not photon.
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One model is an elementary scalar field proposed
by Brout, Englert, Higgs and others.
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h — vy h — 4de/4u/2e2u
All final states are light!

Higgs is supposed to be responsible for mass...
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h — vy h — 4de/4u/2e2u
All final states are light!
Higgs is supposed to be responsible for mass...
Second order quantum effect:

Y \ wo |H’|¢O \

m#=n
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Consistent with the Higgs, but could
also be something else.

Neutral pion decays to two photons and four
electrons, but its just a bound state of quarks.

Y
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Assume parity even scalar:
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Study h — 4e/4pu/2e2:

Each event is characterized by five different variables.

In h — ~~, conservation of 4-momentum means
there is no additional information.



Distributions encode

iInformation about tensor

structure.
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Can do statistical
testing among

different discrete
hypotheses using

Monte Carlo data.

Example for 50 events:
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Recent measurements
assume:

SM Higgs + deviations.
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Properties of new boson agree with SM
Higgs at ~20% level.

SM predicts all properties of the Higgs.

Even small deviations in Higgs properties
Imply new terms in the Lagrangian of nature.

L =7



Problems with the Standard Model:
e Dark Matter
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« Baryon asymmetry of the universe

anti-hydrogen
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Neutrino mass
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Unification of forces
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Problems with the Standard Model:
e Dark Matter

 Baryon asymmetry of the universe
e Neutrino mass

e [nflation

o Unification of forces

e Unknown unknowns?

Experimental studies of the Higgs could
give Insights into these problems.



Kinematic distributions can reveal more than just
rate measurements can.

Put this to use in interference effects.

Leading quantum effect (one-loop) interferes with
tree level effect.



Two diagrams contain different Higgs couplings.

Can use this to measure gauge-Higgs structure.
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Can also measure these couplings at tree level.

Tree-level effects are much bigger than quantum
effects, what’s the point?



v \/

Define the ratio of those two couplings: 4, = ShWW
8hz7
Tree level measurement:
2
ghWW
X = /1
2

g7 h77




Tree level processes
have no information
about sign of Ay, .

AS and CMS

- ATL [Kgz Mz Pz Moz Moz Pz Mgl
- LHC Run 1 Observed .
- SM expected e
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Ratio of couplings to gauge bosons dictated by SM
custodial isospin symmetry.
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Ratio of couplings to gauge bosons dictated by SM
custodial isospin symmetry.
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Ratio of couplings to gauge bosons dictated by SM
custodial isospin symmetry.

Also dictates ratio of masses of gauge bosons.

X
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Ratio of couplings to gauge bosons dictated by SM
custodial isospin symmetry.

Also dictates ratio of masses of gauge bosons.

X h el )‘( h h )(
\VAVAVAVAVAVAVA VAVAVAVAVAVAVAV \/\N\/\/\/WW/\/\/\/
Z Z W W

2
MW

= 1.00040 == 0.00024

p= M?z cos 07,



A A

SM: SUQ2), X SU2)r — SUQ2),

Explicit breakings: hypercharge and Yukawas.

—

W+
W and Z are 3 under SU2)c. TV = A

-
SM Higgs: (2,2) = 3 + 1

/N
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H=(n,m)underLxR

responsible for breaking SU(?2); x SU2), = SU2) -



NERA

H=(n,m)underLxR

responsible for breaking SU(?2); x SU2), = SU2) -

There I1s a neutral
state under C.
= Mm.

n



NERA

H = (n,n) under LxR.
H=1+3+5+...+(2n+1) under C.

n =3 simplest non-SM model.
Triplet of SU(2). triplets with Y=+1, 0, -1.

Avoids usual problems of electroweak triplets.
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The H(125) decays to a pair of gauge bosons.
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H = (n,n) under LxR.
H=1+3+5+...+(2n+1) under C.

The H(125) decays to a pair of gauge bosons.

Which of the above representations can do that?
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H = (n,n) under LxR.
H=1+3+5+...+(2n+1) under C.

Need: H® W@ W =1 under C.
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NERA

H = (n,n) under LxR.
H=1+3+5+...+(2n+1) under C.

Need: H® W@ W =1 under C.

WOW=303=1®305

Reduced possibilities for H to finite set.



Let’s look at the couplings for
the different possibilities.

Look up Clebsch-Gordan
coefficients.

-1 0

. 2
X1 1,27
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-1 -1




Let’s look at the couplings for
the different possibilities.

Look up Clebsch-Gordan
coefficients.

Isospin 1 “Higgs” cannot
couple to pair of m=0
vectors, namely ZZ.

2
—1

1
-1

X1 1,27
+1 +1] 1] +1  +1
+1 0(1/2 1/2]| 2 1 0
O+111/2-1/2] O 0 0
+1 -111/6 1/3
0O 0(2/3 /3
-1 +11(1/6 - 1/3
0-1
-1 0

1/72 1/2
1/2-1/2

-1 -1




Let’s look at the couplings for
the different possibilities.

Look up Clebsch-Gordan
coefficients.

Isospin 1 “Higgs” cannot
couple to pair of m=0
vectors, namely ZZ.

><‘] +2

+T1 +1( 1

+1  +1

+1 O
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0 +1

1/2-1/2

2
o)

1
O O

0

H =1 or 5are only possibilities.
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Let’s look at the couplings for
the different possibilities.

Look up Clebsch-Gordan
coefficients.

Isospin 1 “Higgs” cannot
couple to pair of m=0
vectors, namely ZZ.

mewzzr
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H =1 or 5are only possibilities.
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Can compute ratios of couplings for 1 and 5.

2
1x1 .55
+1+1] 11 +1  +1
+1 0(1/2 1/2] 2 1 0
O+111/2-1/2] O 0 0
+1-111/6 1/2 1/3
0O 0|2/3 0-1/3] 2 1
-1 +1|1/6 -1/2 1/3| -1 -1
o-111/2 1/2| 2
-1 0[1/2-1/2|-2
-1-1] 1

Hi (2 Wt W-+Z2Z)

AMwz = +1

Hs (Wt W- — Z 2Z)
Az = —1/2

Two cases predict opposite signs!



Let’s measure the sign:

Rate measurements
Insensitive to sign.

Can use interference
effects.
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A

Build up likelihood
with data.

Will now be function
of continuous
parameter Ay z.

What is probability
that it is negative?

N . . . Likelihood (a.u.)
< Q S Q Q — S
) I w N N o S

—_
<
, @

—
[T T

2,000 events
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Can distinguish two
different cases with
(high-luminosity) LHC
data.

Nearly independent of
other parameters
(mainly top Yukawa
coupling).

Effective o

* SM, Y, fixed

| = S, Y, integrated

HNM

*  bplet, Y, fixed

__ WsSS 5plet, y, integrated

25

50 100

200

400

800 1600 3200
Luminosity (fb™)
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A
m

Next largest interference effect: the top quark.

Z /v

_ [
t
h [
—————— t
<w\/\/\/\/\m<
Z/V l

SM predicts this coupling is P and CP even.

Can we test that with data?



Equivalent to measurement of phase of Yukawa.

Rate measurements only sensitive to y* + 7 .

Make non-trivial measurements using interference.



800 events ~ 300 b

Non-trivial constraint.

e

>
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8,000 events ~ B>

3,000 fb-
Better constraint.

If there iIs anomaly,
will help characterize.

N L

=
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/ /
—— Golden channel (Relaxed - Y, Signal-only)
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—— h—yy direct search (= 10)
—— h—Zy direct search (= 10)
—— tth direct search (x 10)
Y Standard model
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Can see significant
Improvement with

future high energy

collider.

20,000 events ~
3,000 fb-T@ 100 TeV

>

?
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/ /
—— Golden channel (Relaxed - Y, Signal-only)
—— Golden channel (Relaxed - Y)
== Golden channel (CMS - tight)
—— h—yy direct search (+ 10)
—— h—Zy direct search (= 10)
—— tth direct search (= 1o)
Y Standard model
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Can we do this at a lepton collider?

Cleaner environment...
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Can we do this at a lepton collider?

Cleaner environment...
o(ete™ — Zh,v/s = 240 GeV) ~ 300 fb
L(TLEP) ~ 500 /fb/year

BR(h — 44) ~ 10~*



D .k

Can we do this at a lepton collider?

Cleaner environment...

o(ete™ = Zh,v/s = 240GeV) ~ 300 b
L(TLEP) ~ 500 /fb/year

BR(h — 44) ~ 10~*

15 events per year.



Can probe same coupling with crossed diagram.

No longer have to pay branching ratio penalty.
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Top and W contribute to same operators, can
substitute one for the other.

What happens if you float both couplings?



Can float multiple
couplings
simultaneously.

Full LHC run will give
lots of iInformation.
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Currently we have no
iInformation about Higgs
potential.

SM uses Mexican hat, but
no direct evidence for that.

"
-

Triple Higgs coupling (HHH) is a measure of third
derivative of potential at the minimum.

First direct measurement of structure of potential.



[
Triple Higgs coupling also comes into NLO

corrections.

Only contributes when Z’s are in final state.



DAL
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SM Higgs has a hierarchy
problem.

Quantum correction make
Higgs mass sensitive to
high scale physics.

SMis fine-tuned to 1 part
in 1032,



A J N

Adding new particles can cancel sensitivity (to a log).

— t
v N

[ \

\ /
h

N /

h h

h
Y

Eoolr ~ oyl log(A/my)
T

Particle has to have same coupling to the Higgs.
(Supersymmetry is most famous example).



\ n

Can use Higgs coupling to stop to directly probe other
fields that couple to Higgs.

Independent of decay, do not have to carry colour.



J N J N

Kinematic distributions in A — 4¢ can provide unique
and complementary tests of the SM.

NLO contributions make this channel sensitive to
large Higgs couplings.

Can probe non-standard custodial representations of
custodial symmetry.

Sensitivity to CP violation in the top-Higgs sector.






VIA I RIA V V UL

For a given h — 4¢ event, can compute probability of
that even given underlying theory.

_)‘2

P(gg\@i) —

M)
N\ [ dG1M(3)

Phase space Underlying
point model



VIA | RIA V V UL

For a given h — 4¢ event, can compute probability of
that even given underlying theory.

s IM(9))?
P HTVIIE

For N events, can compute likelihood for different
underlying theories.
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Get better discrimination with more events.
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A

Get better discrimination with more events.
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At discovery, rate measurements pointed to 4 lepton
coming from tree level and 2 photon at one loop.

Could imagine a tuned model:

cg s B" B, cw s W,



At discovery, rate measurements pointed to 4 lepton
coming from tree level and 2 photon at one loop.

Could imagine a tuned model:

cg s B" B, cw s W,
Worthwhile to test SM and rule out all

other logical possibilities.

Techniques become extremely important if
there is an anomaly.



A
) =

Photon in final state makes
NLO effect larger than W
[

naive one-loop size.

Can look in regions of
phase space away from Z
peak for lepton pairs.

Photon coupling to leptons
bigger than for Z.
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Bl H=10]18]\'ID

Depend on knowing Higgs coupling to first generation.
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Measurement gets
better with more
events.

Better sensitivity to
pseudo-scalar
coupling.

Need large number of
events.

) or oy

oy,
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at 1Y

CMS cuts optimized for

discovery:
My > 40, Mo > 12, My > 4

Want to gain sensitivity
to NLO effects.
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CMS cuts optimized for
discovery:

My > 40, Mo > 12, My > 4

Modified “Relaxed - Y”
Mgy > 4,

M (OSSF) € (8.8,10.8)

S/B gets worse, but
sensitivity improves.

105' |
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—yy =4l

—— Madgraph
Z — 4l

— Example signal




Traditional way to measure
triple Higgs coupling is via
di-Higgs production.

Cross section is quite small.

g Yyoyve

g Yuyye

g Yy

g

Vs [TeV]

O-gg—>HH qu’—>Hqu’ O-ch’—>WHH Uch—)ZHH

LO
94q/99—ttHH [fb]

0.21

1.02

7.91

1417.83

77.82




Theorist studies are more optimistic (still need HL).

Studies in bbyy, bbTT, bbWW, 4D,

ranging from 2-60 significance.
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Preliminary studies by experiments show that
measurement is very difficult even at high-lumi.
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Expected yields (3000 tb~1) Total Barrel | End-cap
Samples

H(bb)H(yy)(A]Asy = 1) 8.4+0.1 | 6.7+0.1 | 1.8+0.1
H(bb)H(yy)(A/Asy = 0) 13.7+0.2 | 10.7£0.2 | 3.1+0.1
H(bb)H(yy)(A]Asy = 2) 4.6+0.1 | 3.7£0.1 | 0.9+0.1
H(bb)H(yy)(1/Asy = 10) 36.2+0.8 | 27.9+0.7 | 8.2+0.4
bbyy 9.7+1.5 | 52+1.1 | 4.5+1.0
ccyy 7.0£1.2 | 4.1+£0.9 | 2.9+0.8
bbyj 8.4+04 | 43+0.2 | 4.1+£0.2
bbjj 1.3+0.2 | 0.9+0.1 | 0.4%0.1
Jivy 74+1.8 | 52+1.5 | 22+1.0
t1(> 1 lepton) 0.2+0.1 | 0.1+0.1 | 0.1%0.1
tty 32422 | 1.6x1.6 | 1.6x1.6
ttH(yy) 6.1£0.5 | 49+04 | 1.2+0.2
Z(bb)H(yy) 2.7+0.1 | 1.9+0.1 | 0.8+0.1
bbH(yy) 1.2+0.1 | 1.0+0.1 | 0.3%0.1
Total Background 47.1£3.5 | 29.1+£2.7 | 18.0£2.3
S/VB(A/Asy = 1) 1.2 1.2 0.4

ATLAS bbyy

CMS bbWW
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Based on these results, we should be able to exclude values of the self-
coupling strength larger than 8.7xSM, and smaller than -1.3xSM



Triple Higgs coupling appears in many loop processes
Including Higgs production and Higgs decay to photons.




Constraints are similar(ly bad).

Ay

== ggF
= oo+ VBF

— ggF+VBF+VH

=== ooF+VBF+VH+ttH

Current data

= CMS-II 300 fb~!

== CMS-HL-II 3000 fb~!

Future projections



o 115 GeV < Myy < 135 GeV

e pr > (20,10,5,5) GeV for lepton pr ordering,
e |1y < 2.4 for the lepton rapidity,
o My >4 GeV, My (OSSF) ¢ (8.8,10.8) GeV,

L p(tth) p(h = v7) p(h — Z)
Current | 2.8+ 1.0 [5] |1.14 +0.25 [103] NA

300 fb~' |1.0 £ 0.55 [105]| 1.0 £0.1 [104] |1.0 + 0.6 [106]
3000 fb~'[1.0 £ 0.18 [105]| 1.0 £ 0.05 [104] |1.0 + 0.2 [106]

p(tth) ~ y7 +0.42 57
w(h = yy) ~ (1.28 — 0.28 y; ) + (0.43 ;)
w(h = Z~) ~ (1.06 — 0.06 y;)> + (0.09 )2,



