SO ales, Phys.Rev.D.86, 117504 (2012)[arXiv:
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Vega Morales, [arXiv:1608.02159]. And work in pregress.
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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...
Quantum 2nd order perturbation theory:

Y K wo \H’W |

m#=n

Sensitive to all other states in the theory.
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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 much more boring.

Y
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Assume parity even scalar:
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Study h — 4e/4p/2e2u:

Each event is characterized by five different variables.

Compare to h — .



Distributions encode

iInformation about tensor

structure.
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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
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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.

L(a;) = H P(¢; |ai)

7=1
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Can do pseudo-
experiments to see
separation power of
N events.

0.00!

Example for 50 events:
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Get better discrimination with more events.
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Get better discrimination with more events.
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Evidence for
the Higgs:

Pseudoexperiments

CMS preliminary s=7TeV,L=5.1fb"' \s=8TeV,L=19.6fb’
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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:

CR sB“VBW CW S WCWVWS’V



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

Could imagine a tuned model:

cn S BMVB/LV CW S WCWVWS’V
Worthwhile to test SM and rule out all

other logical possibilities.

Techniques become extremely important if
there is an anomaly.
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ATLAS Prelim. — otstat)
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Kinematic distributions can reveal more than just
rate measurements can.

Put this to use with loop processes.

Z/v

— |




Kinematic distributions can reveal more than just
rate measurements can.

Put this to use with loop processes.

Z/v

— |
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) =

Photon in final state makes
NLO effect larger than «/v@/v<
[

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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Start with just top, keep all other couplings fixed.

Can probe CP nature of top Yukawa coupling.
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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.
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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.
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800 events ~ 300 fb1 = [ ——
sl T Golden channel (Relaxed - Y, Signal-only)
. —— Golden channel (Relaxed - Y)
o ] - &= Golden channel (CMS - tight)
Non-trivial constraint. - — h—yy direct search (= 10)
10 — h—Zy direct search (= 10)
. —— tth direct search (= 10) 1
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-
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8,000 events ~ ol
3,000 fbT

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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Can we do this at a lepton collider?

Cleaner environment...



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 — 4¢) ~ 10~%
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Can we do this at a lepton collider?

Cleaner environment...

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

BR(h — 4¢) ~ 10~%

15 events per year.



Can probe same coupling with crossed diagram.

No longer have to pay branching ratio penalty.
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Now consider the other large loop process.

Recall that this interferes with tree-level process.

Kinematic distributions are sensitive to ratio of
these two couplings.
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Can also measure these couplings at tree level.
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Ratio of couplings to gauge bosons dictated by
custodial symmetry.
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Ratio of couplings to gauge bosons dictated by
custodial symmetry.

Also dictates ratio of masses of gauge bosons.



JU|A iV

Ratio of couplings to gauge bosons dictated by
custodial symmetry.

Also dictates ratio of masses of gauge bosons.

X h h,)( )(h o
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/ / W %%

M2
0 W —1.00040 £ 0.00024

= 772 2
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SM: SU2).xSU(2)r —> SU(2)c

Explicit breakings: hypercharge and Yukawas.
W and Z are 3 under SU(2)c.

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

N
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H = (n,m)under L xR.



NERA

H = (n,m)under L xR.

There 1s a neutral
state under C.



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

Which ones can decay to gauge bosons
(via CP even operator)?
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H = (n,n)under LxR.
H=1+3+5+...+(2n+1) under C.

Which ones can decay to gauge bosons
(via CP even operator)?

WxW=1+3+5



NERA

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

Which ones can decay to gauge bosons
(via CP even operator)?

WxW=1+X+5
CP odd
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Can compute ratios using Clebsch-Gordan tables:

+1 +1] 1

2
+1

+1 O

0 +1

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

Hi (2 W+ W-+ZZ)
)\WZ = +1

Two cases predict opposite signs!

1/6 1/2 1/3
2/3 0-1/3
1/6 -1/2 1/3] -

+1 -1

-1 +1

1/2 1/2
1/2-1/2 |-

Hs (Wt W- — Z Z)
Ay = —1/2



Only two custodial preserving cases.
Predict opposite sign for Ay z.




Only two custodial preserving cases.
Predict opposite sign for Ay z.

Can H(125) be a 5?

Rate measurements
Insensitive to sign.




Only two custodial preserving cases.
Predict opposite sign for Ay z.

Can H(125) be a 5?

Rate measurements
Insensitive to sign.

Can use interference
effects.




A

Build up likelihood
with data.

Will now be function
of continuous
parameter Ay z.

What is probability
that it is negative?
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Likelihood (a.u.

—_ —_ —_ —_ _L
o @ o 9o o
o)) N w N L
I

—
Q
, ©

—
o
M T 11

—
[TTI T 11T

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

Nearly independent of
top Yukawa coupling.

Effective o

* SM, Y, fixed

— SM, Y, integrated

R
| —
B
e
B

*  bplet, Y, fixed

B Splet, Y, integrated

25 50 100 200 400

800 1600 3200
Luminosity (fb™)



Z/
e .< f M
A b <
< t «/wwwv<
, Z

/7 z

Top and W contribute to same operators, can
substitute one for the other.

What happens if you float both couplings?



Use prior for top Yukawa
coupling in numerical fit.

Keep it approximately
perturbative as it is in all
realistic models.

Prior

0.30
0.25
0.20 -

0.15F

0.00

0.10+

0.05+

xxxxxxxxxxxxxxxxxxxxx




Can float multiple
couplings
simultaneously.

Full LHC run will give
lots of iInformation.

10
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L' ™ with nominal efficiency for Loose cut (fo™)
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[
Triple Higgs coupling also comes into NLO

corrections.

Only contributes when Z’s are in final state.



Currently we have no
iInformation about Higgs
potential.

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

Triple Higgs coupling is
first place to access
potential.




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

Cross section is quite small.

g Jyuvy

g Yuyye

g Jouuy

g

Vs [TeV] | o g9—HH O4¢'—HHqq' O4g -WHH O4q—ZHH

LO
94q/99—tTHH [fb]

0.21

1.02

7.91

1417.83

77.82




Preliminary studies by experiments show that
measurement is very difficult even at high-lumi.
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3000 fb"1, ys=14 TeV, PU=140
CMS Phase Il, Delphes
Preliminary
[ CL, Expected £ 1o
[ ]CL, Expected+2c
—— CL, Expected

P R
5

Background Systematic Uncertainty [%)]

o
-
N
w
IS

Expected yields (3000 fb~!) 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(bD)H(yy)(A/Asy = 2) 4.6+0.1 | 3.7+0.1 | 0.9+0.1
H(bb)H(yy)(A/Asy = 10) 36.2+0.8 | 27.9+0.7 | 8.2+0.4
bbyy 97+15 | 52+1.1 | 4.5+1.0
ccyy 7.0+1.2 | 4.1£09 | 2.9+0.8
bbyj 8.4+0.4 | 4.3+0.2 | 4.1+0.2
bbjj 1.3£0.2 | 0.9+0.1 | 0.4+0.1
Jivy 74+1.8 | 52+15| 2.2+1.0
t1(> 1 lepton) 0.2+0.1 | 0.1+0.1 | 0.1+0.1
try 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 Asy = 1) 1.2 1.2 0.4

ATLAS bbyy

CMS bbWW
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ATLAS Simulation Preliminary
\'s = 14 TeV: 3000 fb'

Projected limit on the total HH yield (events)
S
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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



Theorist studies are more optimistic (still need HL).

Studies in bbyy, bbTT, bbWW, 4b,

ranging from 2-60 significance.
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Triple Higgs coupling appears in many loop processes
Including Higgs production and Higgs decay to photons.




Constraints are similar(ly bad).
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Current data Future projections
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“Because It’s there...The
answer Is instinctive, a
part, | suppose, of man’s
desire to conquer the
universe.”

— George Mallory, 1923
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SM Higgs has a hierarchy
problem.

Quantum correction make
Higgs mass sensitive to
high scale physics.
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- ANALL

Electron has classical self energy. ﬁg f;‘

1 €2

dmep T

2

Eself ~

2

Problem if electron is pointlike, begins to be an issue
forr ~ 4 fm, well above current maximum size.

Energy (mass) is sensitive to short distance (high energy).



At high energy, start to see
electron-positron pairs.

2

e° MeC MeCT
Ese ~ (& 1 ( (& e )
" dmeg h 5 h

Only log-sensitive to actual radius.

New particle (positron) comes in
and saves separation of scales.
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Higgs self-energy sensitive to high energy scale.

y
Eself ~ T

2T '\ h 1
High energy
scale



= NER

Higgs self-energy sensitive to high energy scale.

Y
Eself ™~ %A _ >
\ h h
High energy
scale

15,270,932,974,520,497,610,934,762,105,716
- 15,270,932,9/74,520,49/,610,934,/62,105,/14
2




= NER

Higgs self-energy sensitive to high energy scale.

Y
Eself ™~ %A _ >
\ h h
High energy
scale

15,270,932,974,520,497,610,934,762,105,716
- 15,270,932,9/74,520,49/,610,934,/62,105,/14
2

Standard Model violates decoupling principle:
hierarchy problem.
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Adding new particles can cancel sensitivity (to a log).

—— -E
v N

[ \

h h \ /
h

N /

h
Y

Eoolr ~ oyl log(A/my)
T

Particle has to have same coupling to the Higgs.
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Can use Higgs coupling to stop to directly probe other
fields that couple to Higgs.

Independent of decay, do not have to carry colour.
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 Kinematic distributionsin h — 4¢ can provide
information that is independent from and
complimentary to rate measurements.

e NLO contributions make this channel sensitive to
large Higgs couplings.

« Can measure CP violation in top Yukawa or violations
of custodial symmetry.

 This can be used to place model-independent bounds
(or discover) new physics which couples to the Higgs.






o 115 GeV < My, < 135 GeV

e pr > (20,10,5,5) GeV for lepton pp ordering,

o |10y < 2.4 for the lepton rapidity,
o My, >4 GeV, MM(OSSF) §é (8.8, 10.8) GeV,

L p(tth) p(h = v7) p(h — Z7)
Current | 2.8+£1.0 [5] |1.14 +0.25 [103] NA

300 fb~' [1.0 £ 0.55 [105]| 1.0 4 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,



