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Discovery of the Higgs
completes the
Standard Model.

Is it the minimal SM
Higgs?

Could it be a window
to new physics?
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19.7 fo* (8 TeV) + 5.1 fb* (7 TeV)

s=7TeV,45-4.7fb" :

ATLAS \\g: 8 TeV,20.3fb™" COTﬂQ%%t 0.14 CMS m, = 125 GeV

me Observed: 68% CL —— Observed: 95% CL [l SM prediction H" $$ (untagged)
AR RS AR LAY LALEN RARR LLARS LAARN LALRI RARL H" $$(VBF tag)| P, =084

o(gg - H—- WW?) — H" $3 (VH tag)
H" $3$ (ttH tag)
OvBHO 4gF ——— H" ZZ (0/1 jet)
i i H" ZZ (2 jets)
WH™ ggF H" WW (0/1 jet)
O 710 ggF = H" WW (VBF tag)
O /O gar . H" WW (VH tag)

H" WW (ttH tag) ——
__ H" ##(0/1 jet)
"/l T H" ##(VBF tag)
I 2240wy + - H" ##(VH tag)

Fedl iy + — H" ##(ttH tag) i

H" bb (VH tag)

Fod/lww 1 my, = 125.36 GeV H" bbf(tHtag)| = | & ——vBp—— |

B T R TR S S 42 0 2 4 e
Value normalised to SM prediction BeSt flt I /I SM

Rate measurements agree with the SM at ~20%.
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Study h! 4e/4! [2e2! : one of the discovery channels.
Each event Is characterized by bve different variables.

Inh! !l conservation of 4-momentum means !
there Is no additional information.
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Study h! 4e/4! [2e2! : one of the discovery channels.

Leading order:

Oftencalled h! ZZ")  thisis a misnomer.



Next-to-leading order contributions !
mediated by photon.

Zl!

[ [
Z/ ! <
Z/ : l

— |




Next-to-leading order contributions !
mediated by photon.

Zl!

Zl!

These can be used to probe other Higgs couplings.
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Distributions encode
Information about tensor
structure.

Bcwm

g(p4) Ql(pz)
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Photon in Pnal state makes
NLO effect larger than
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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CMS cuts optimized for g0 .
discovery: Foors
M 1 > 401 M 2 > 12, M I > 4 30;
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1 Ho.012
1 do.o1

1 —lo.008
0.006
0.004

Want to gain sensitivity 0 I

0.002
e i
20 40 60 80 100 12

to NLO effects. M, (GeV)

! .
wwvvw< _
[

{ —o0.008
——————— t

r—t= |

1 —0.006

4F =10.004

; {88 0.002
l K e
0

20 40 60 80 100 120
M, (GeV)

=~




A _\
CMS cuts optimized for ol T T T
. _ - — Total —— Madgraph ]
discovery: L —zia —z1a -
M1 > 40, M > 12 My >4 w0, ) — campesgr
107

Modibed ORelaxed -" O 10
My > 4, o

My (OSSF)!" (8.8, 10.8) ol

| | L1
250

200

S/B gets worse, but SV S
sensitivity Improves.
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Want to extract maximum information from
kinematic distributions.

Compute the probability of each event given
underlying model. !

M (*)]?
/ \ d* M (*)]?
Phase space Underlying

point model

\



VIA | RIX VIEIN | VI

Compute the probability of each event given underlying
model.

M (*)]?
d* M (*)2

For N events, can compute likelihood for different
underlying theories.

P(* |a) =

!N
L (&) = P(*i &)
i=1



LetOs measure the Top Yukawa coupling.

Zl!

he(y+iy">)t ; l‘
h [
SMy" 1&y" 0 G<t |

Zl!

Can probe CP nature of top Yukawa coupling.



800 events ~ 300 fb1 > | ——
15‘_ —— Golden channel (Relaxed - ! , Signal-only)
| —— Golden channel (Relaxed - ! )
N o | _ - =—— Golden channel (CMS - tight)
N-trivi nstraint. - — h$ ## direct search (= 1')
O t al CO St a t 10 — h$ Z# direct search (= 1')
. —— tth direct search (= 1') i
- s Standard model
L
0
5
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8,000 events ~ !
3,000 fb1

Better constraint.

If there Is anomaly,

will help characterize.

VIINC

J 1 rrrrfyrrrrfyrrroejyrrrrfrrrrrprrrrp Tttt T
| | | | | | | | |

/ /
—— Golden channel (Relaxed - ! , Signal-only)
—— Golden channel (Relaxed - ! )
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—— h$ #tdirect search (£ 1')
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—— tth direct search (= 1')
Y Standard model
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20,000 events ~ |
3,000 fb1 @ 100 TeV

Further improved.

?
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—— Golden channel (Relaxed - ! , Signal-only)
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Y Standard model
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- 1 ON CC

Can we do this at a lepton collider?

Cleaner environmentE



- 1 ON CC

Can we do this at a lepton collider?

Cleaner environmentE
I (ete | Zh, s=240GeV) # 300fk
L(TLEP) ! 500/ fb/ yeat

BR(h! 41)" 10 *



- 1 ON CC

Can we do this at a lepton collider?

Cleaner environmentE

I (efe | Zh, s=240GeV)# 300fk
L (TLEP) ! 500/ fb/ year

BR(h! 41)" 10 *

15 events per yeal.



Can probe same coupling with crossed diagram.

No longer have to pay branching ratio penalty.
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DUPLIN
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.



= \/

Can also measure these couplings at tree level.
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DebPne the ratio of those two couplings: #,, # Shww

Ohzz

Tree level measurement:
2
W B
h l
W [ 2
$ gh\/\/\N . #2
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Tree level processes
have no Information

about sign of #,, .

\/

"21In#

= ATLAS and CM
- LHC Run 1

[&gZ’ ! Wz’ ! Zg’ ! bz’ ! o’ ! &’ ! tg]

Observed
SM expected

}
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Build up likelihood
with data.

Will be function |
of | wW7Z .

What Is probability
that It Is negative?

Likelihood (a.u.)
H H |_\ | A
1 1 1 O O
I w N N o N

[
Q
()

(BN
[T T

[
Q
, @

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

Nearly independent of
top Yukawa coupling.

Effective !

* SM, Y, fixed

E SM, Y, integrated

o —
S
e
e
D

*  bSplet, Y, fixed

B Splet, Y, integrated

25 50 100 200 400

800 1600 3200
Luminosity (fb™)



Triple Higgs coupling also comes into NLO
corrections.

Only contributes when ZOs are in bnal state.



Currently we have no
iInformation about Higgs
potential.

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

Triple Higgs coupling Is
prst place to access
potential.




SM Higgs has a hierarchy
problem.

Quantum correction make
Higgs mass quadratically
sensitive to high scale
physics.

&2



AN AL TON

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

/'«\t:_
[ \
h h \ /
h < s h
&2

$m§% mg log—
m2

Particle has to have same coupling to the Higgs.



5oV F

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

Zl

Independent of decay, do not have to carry colour.



JLDEN

Higgs decay to four leptons often |
called OGolden Channel.O

arXiv.org > hep-ph > arXiv:1608.02159

High Energy Physics - Phenomenology
Golden Probe of Electroweak Symmetry Breaking

Yi Chen, Joe Lykken, Maria Spiropulu, Daniel Stolarski, Roberto Vega-Morales

arXiv.org > hep-ph > arXiv:1505.01168

High Energy Physics - Phenomenology
Golden Probe of the Top Yukuwa

Yi Chen, Daniel Stolarski, Roberto Vega-Morales
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Simple models can give rise
to Higgs decays to as many
as 8 leptons.

arXiv.org > hep-ph > arXiv:1805.12136

High Energy Physics - Phenomenology
The Platinum Channel: Higgs Decays to as many as 8 Leptons

Eder lzaguirre, Daniel Stolarski
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Simple models can give rise
to Higgs decays to as many
as 8 leptons.

PHYSICAL REVIEW LETTERS

Highlights Recent Accepted Collections Authors Referees Search

Searching for Higgs Decays to as Many as 8 Leptons

Eder Izaguirre and Daniel Stolarski
Phys. Rev. Lett. 121, 221803 — Published 30 November 2018

32 DANIEL STOLARSKI Jun®, 2019 CAP Congress 2019




JDARK PHO |1 ON

Posit new spin 1 Peld which has small !
mixing with photon.

( %&F''F;. NA

New physics with many applications !
such as dark matter.



JARK [

Want to give mass to the dark photon.
Can do so using usual Higgs mechanism.

Requires new scalar charged under dark
electromagnetism.

( %D,hD'h) V(h)

Dark Higgs will generically mix with SM Higgs.
(- %#(0)* ()’
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Have all the ingredients we need.

#(n")2 (h)? D,hD'h &F''F.
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Have all the ingredients we need.

#(n")2 (h)? D,hD'h &F''F.
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Have all the ingredients we need.

#(N")2 (h)? D,hD'h &F''F.
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Have all the ingredients we need.

#(N")2 (h)? D,hD'h &'F,
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Have all the ingredients we need.

#(n")2 (h)? D,hD'h &F''F.

'y s , P
h' sss 't'h h', ‘ss M A A /
. J\/\/\N\/\/W\f\

. " "~h . %
4 R + Al &

h! hh' h! AA f=(,9

h! h'h'! 4A'1 8f



AN EIVIA

Rate can be large If all steps are on-shell.

m,* m/2" 62GeV
My ™ My/2

Also want dark photon to be not too light so It can
experimentally distinguished from a photon.

my + 1GeV



arXiv.org > hep-ex > arXiv:1709.05406 Search

High Energy Physics - Experiment

Search for electroweak production of charginos and neutralinos in multilepton
final states in proton-proton collisions at ﬁ =13 TeV

CMS Collaboration
n, 4

OTh
nOSSE > 2 nOSSF < 2
G H

(exp.) (obs.) (exp.) (obs.)
0—50 460 =120 619 | 109422 14

pHss (GeV)

50 — 100 45 + 14 51 7.7 £ 1.5 6
100 — 150 27 0.8 2 2.7 0.6 0
150 —200 | 1.12 =0.33 2

>200 0.97 = 0.32 0 1.9£06 1




arXiv.org > hep-ex > arXiv:1709.05406 Search

High Energy Physics - Experiment

Search for electroweak production of charginos and neutralinos in multilepton
final states in proton-proton collisions at ﬁ =13 TeV

CMS Collaboration

n(,4

. OTh
miss
pr (GeV) nOSSE > 2 nOSSF < 2
G H
(exp.) (obs.) exp. obs.) |
0—50 460 +120 619 J109+22 14 :
50 — 100 45 + 14 51 : : s
100—150 | 2.7+0.8 2 2.7+ 0.6 0
150 — 200 | 1.12 +£0.33 2
>200 0.97 +0.32 0 19206 1




Can recast CMS
search.

Higgs decay to
two dark Higgs
allowed at few
per cent level.

Depends on
lepton
efpbciencies.
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Can do dedicated
search requiring

' n leptons.

Require hard
leptons to pass
trigger.

Cut away QCD
dilepton
resonances.

#"H,1,$

_ ARC

11
Ly LS %& () "HS L +),- !
----- - %8 &(*+)-*
’4"~.~s
S Mea et —————————
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I
..........................
# $ %u &
| | !!n# 1]

Can improve by orders of magnitude!




Can do dedicated
search requiring

' n leptons.

Require hard
leptons to pass
trigger.

Cut away QCD
dilepton
resonances.
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Can improve by orders of magnitude!




Can also modify golden channel.

#(n")2 (h)? D,hD'h'

hl AATl 4(



JRRELA

Can also modify golden channel.

#(n")2 (h)? D,hD'h &' F..

I, e . P
h.*~. .-h s, M A A /
.. J\M/)(/\/\NV\f\

* 'l
PIIRN
P . h' P
b, " s h A
I & . y !
P . P
P . P
.

h) h'mixing

hl AATl 4(



JRRELA

Can also modify golden channel.

#(n")2 (h)? D,hD'h &' F..

I, e . P
h.*~. .-h s, M A A /
.. J\M/)(/\/\NV\f\

. " "~h . %
’ Yo + A'!! ﬁ

h) h'.mixing h! AA f=1(,0

hl AATl 4(



D 'k

Many experimental searches, this ATLAS one
currently most sensitive.

arXiv.org > hep-ex > arXiv:1802.03388

High Energy Physics - Experiment

Search for Higgs boson decays to beyond-the-Standard-Model light bosons in
four-lepton events with the ATLAS detector at /s = 13 TeV

ATLAS Collaboration



D 'k

Many experimental searches, this ATLAS one
currently most sensitive.

~

arXiv.org > hep-ex > arXiv:1802.03388
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Can compare In
branching ratio to
two dark photons.

Comparison Is
model
dependant.
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¥ Kinematic distributionsin  h! 4! can provide
information that is independent from and
complimentary to rate measurements.

¥ Can measure CP violation in top Yukawa, sign of
coupling to gauge bosons, or BSM models.

¥ Dedicated searches for the Oplatinum channelO with
more than four leptons can be sensitive to decades of
parameter space.

¥ Signibcant improvements with future LHC data.






JIVI BOUNL

Can place strong bounds on CP violation from EDMSs.

........ “.de$fl.. I " udedl
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JIVI BOUNL

Depend on knowing Higgs coupling to Prst generation.
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10° 10°
Measurement gets I%H T T T T T T T T T T T T
better with more EH i — v, (float ZZ couplings)
avents 2 B y, (fix ZZ couplings)

— . (float ZZ couplings)
........ 'yt (fix ZZ couplings)
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Better sensitivity to
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pseudo-scalar i :
coupling.
S N
Need large number of i )
events. i ]
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Z/ < [
l Z/ l

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

What happens if you (3oat both couplings?



5 A

Use prior for top Yukawa
coupling iIn numerical bt.

Keep It approximately
perturbative as it is in all
realistic models.
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L™ T with nominal efficiency for Loose cut (fb™)

Can [3oat multiple . T ey
AN IIII| | | IIIIII| | | IIIIII| | | T T TTI

. St 1

cou pl | ngS = i Loose cut, no prior i

Simu ItaneOUSIy i —— Loose cut, prior on |y| |

—— Run | CMS-like cut, prior on |y |

10 | t —

. . - Loose cut, Y, fixed .

Full LHC run will give - i

lots of information. i \\ .
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Traditional way to measure g YYuvy
tr_lplg Higgs Coupllng IS via q i
di-Higgs production.
1111}
Cross section is quite small. g TTIed
q'
g
s[TeV] | ! §g nn [l 1 8aY hhaq: 0] ' oarwhn [Pl g 2nn [0 !igeqr wan (D]
8 8.16 049 021 014 021
14 33.89 201 057 042 102
33 207.29 1205 199 168 791
100 141783 7955 800 827 1782




Preliminary studies by experiments show that
measurement Is very difbcult even at high-lumi.
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Intearated Luminositv [10° b
3000 fb~", ys=14 TeV, PU=140

6

N S (=2} =
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CMS Phase ll, Delphes

E_ Preliminary

- [ CL, Expected+ 1o
E [ ]CL,Expected+2c
E —— CL, Expected

\

Background Systematic Uncertainty [%)]

Expected yields (3000 ) Total Barrel | End-cap
Samples

HMOLBH(! )("/"sm=1) 8.4:0.1| 6.7+0.1| 1.8:0.1
HLBH(! )("/"sm = 0) 13.7#0.2 | 10.7#0.2| 3.1+0.1
HOLBH(! )("/"sm=2) 4.6:0.1| 3.740.1| 0.9+0.1
HMbLBH( )("/"sm=10) | 36.2£0.8 | 27.9+0.7 | 8.2t0.4
bE! 9.7+415| 521.1| 4.51.0
cal! 7.0£1.2| 4.1x0.9| 2.9+0.8
bE j 8.4:0.4| 4.30.2| 4.1+0.2
b¥jj 1.3:0.2| 0.9£0.1| 0.4+0.1
i 7.4£1.8| 5215 2.21.0
tg" 1 lepton) 0.20.1| 0.1x0.1| 0.1x0.1
1] 3.2+22| 1.616| 1.61.6
teH (! ) 6.1+0.5| 4.9+04 | 1.2+0.2
Z(bBH(! ) 2.740.1| 1.90.1| 0.8+0.1
bBH(!! ) 1.2+0.1| 1.0:+0.1| 0.3:0.1
Toggl Background 47.1+3.5| 29.1+2.7 | 18.0t2.3
S B("/"sw=1) 1.2 1.2 0.4

ATLAS bl##

CMS bbWWw
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Theorist studies are more optimistic (still need HL).

Studies in bb ##, bb$$, bbWW, 4D, !
ranging from 2-6 %signibPcance.
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Triple Higgs coupling appears in many loop processes
iIncluding Higgs production and Higgs decay to photons.

The o o mi
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Constraints are similar(ly bad).

%&
10- """ goF 1
\‘\“ — ggR VBF
b " 8r — ggP VBF! VH
\ “-‘ === ggR VBF! VH! ttH — CMS! 11 300fb" *

== CMS! HL! Il 3000fb'?

Current data Future projections



¥ 115 GeV< M 4 < 135 GeV

¥ pt > (20,10,5,5) GeV for lepton pr ordering,
¥ || < 2.4 for the lepton rapidity,

¥ My > 4 GeV, M, (OSSF) %(8.8,10.8) GeV,

L u(tth) u(h! 1) uh! z1)
Current 28+ 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]

U(tth) # y? +0.42y
u(h" ##) # (1.28! 0.28y,)° + (0.43y)?
u(h" Z#) # (1.06! 0.06y;)° + (0.09y)2,



