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LEP Quiz

» Which of the following statements is true?
a LEP says weakly-charged particles m > Mz /2
b LEP says electrically-charged particles m > 94 GeV
c LEP says N, =3

Matthew Low (IAS) Light Charged Particles November 14, 2017

Pirsa: 17110109 Page 3/39



LEP Quiz

a LEP says weakly-charged particles m > My /2
'z = 2.4952 4+ 0.0023 GeV
¢ LEP says N, =3

35¢

DELPHI

88 89 . 2 93 94 95
Energy, GeV
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LEP Review

b LEP says electrically-charged particles m > 94 GeV

~ . . A7+ T+
X; — charginos (mixtures of W= and H;")

Mass mes > 94 GeV, CL = 95%

1
[tan3 < 40, m_. — m—o > 3 GeV, all mg]
X1 X1

» Contribution from s-channel photon and Z

47ra

F-l— QF

dra
3s

(0.35) (v + a%)

Oz =
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LEP Review

» Results below 94 GeV — 103.5 GeV often not shown at LHC

tanfi =5, u>0 L7, =2 nivivi) 2wy
N T rrerrrrrrTrT
50 -~ ATLAS
E_{8=13 TaV, 36.1 fb’
E mas(m +m )2

ATLAS Preliminary

{8=13TeV, 36.1 b’
Observed 95% CL limit («1 o,
Expocted B8% CL limit («1 0, )

ATLAS (8 TeV, 203 b, EW prod.)

Theory (Phys. Lott, BT21 252 (2013))

ALEPH (Phys. Lott. B53J 223 (2002))
|

0 P Lia
100 200 300

» In fact, this bound is not robust

» The rest of this talk will make this quantitative
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Motivation

» Why do we care about light charged particles?

Important to be precise

LHC triggers are rising

Model building tool

. . . natural SUSY
Light charginos are possible
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LEP Archeology

» LEP II Factsheet
» Ran from 1995 — 2000

» Ran at /s = 130.3 GeV - 208.0 GeV
» Four detectors: ALEPH, DELPHI, L3, OPAL

» Collected ~ 3 fb~! total

pb~! ALEPH DELPHI L3  OPAL

189 GeV 174.2 153.4 176.4  167.6
196 GeV 236.9 224.7 233.2 2049

206 GeV 216.8 221.1 212.6  197.5
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LEP Archeology

» LEP II SUSY limits on charginos

,'\7,-f — charginos (mixtures of W and !:fr.f)

Mass mes > 94 GeV, CL = 95%
1
[tan3 < 40, m_. — m-o > 3 GeV, all mg)
X X

1 ~]
Mass mes > 500 GeV, CL = 95%
1

[simplified model, 2¢* K1, myo = 0 GeV]
1

Channel ’M(uhtained)> ’M(expcctcd)>

|
|

Chargino ’ 103.5 GeV ’ 1033 GeV
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LEP Archeology

» Mass threshold

LI R B B BN B A B B (N A N B B B S B R

(IR SN Y SN NN TN NN TR SN (NN SN SN TR SO NN SN N 6 N1

85 90 95 100 105
mass (GeV)

» Lepton collider asymptotic limit
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LEP Archeology

» Decay modes

» Splitting > my
BR([)VP) ~ 33%

BR(jj) ~ 67%

» Splitting < mw > Splitting < Aqcp

Wt
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LEP Archeology

» Decay modes

» Splitting > my
W BR(fvy) ~ 33%

BR(jj) ~ 67%

» Splitting < mw

/an

branching ratio

0 2 4 6
Am (GeV)
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LEP Archeology

» Mass splitting: Am = mg+ — mgo

X+ X
» Determines branching ratios
» Sets energy of daughters

» e.g. two-body decay ¥+ — Y7+

1
pel = 5——1/ (M2 — (mgo + mx)?)(m2s — (mgo +my)?)

Qmii

2 2
mr ~ - m, -
x*+ X"

2mi¢

|p7r| =

|px| = Am

» three-body decay daughters have even less energy
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LEP Archeology

» Divide regions by Am
» Am > 3 GeV: bulk region

leptons, jets, missing energy

» 300 MeV < Am < 3 GeV: compressed region

ISR + leptons, jets, missing energy

» 140 MeV < Am < 300 MeV: displaced region

impact parameter, kinks

» Am < 140 MeV: long-lived region

tracks

Matthew Low (IAS) Light Charged Particles

November 14, 2017

Page 15/39



LEP Archeology

» LEP combinations separate into two categories
| Charginos, at large mg (bulk region)

"uppcr limit (ph}
ADLO Vs >207.5 GeV Based on ~ 210 pb~! / experiment

Quoted myg+ > 103.5 GeV

Other category focuses on
compression line

)

My (GeV

» Weakest o-limit in bottom-right

Properly mgy+ > 88 GeV

10 8O
My (GeV)
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LEP Archeology

» LEP combinations separate into two categories

| Charginos, at large mgo (bulk region
) 0

OPAL

OPAL multilepton search (nep-ex/0309014)

Uses 680 pb~—!

60

Two OS leptons and £

3
Z
7
g
2
i
-
3
2
g
b

Limit on o x BR(x%/v)?

Stronger than ADLO in much
T, . of the parameter space

chargino mass (GeV)
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LEP Archeology

» LEP combinations separate into two categories

I Charginos, at large mgo (bulk region
) 0

Compare strongest limit over
parameter space

Complementary coverage

myg+ > 96 GeV

m’i/n (GCV)

O(1) coverage for large my=

ADLO

60 70 80 90 100
mg: (GeV)
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LEP Archeology

» LEP combinations separate into two categories

| Charginos, at large mg (bulk region)

Compare strongest limit over
parameter space

Complementary coverage
myg+ > 96 GeV
O(1) coverage for large my=

ADLO

60 70 80 90 100
mxz (GCV)
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LEP Archeology

» LEP combinations separate into two categories
2 Charginos, at small Am (compressed region)
» OPAL single photon search (nep-ex/0210043)
» Uses 570 pb~!
» Looked for ISR photon
OPAL HSCP search (hep-ex/0305031)
» Uses 693 pb~!

» Looked for detector-stable particles
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LEP Archeology

» LEP combinations separate into two categories

2 Charginos, at small Am (compressed region)

OPAL:2003ji multil co
ol e, Divide by strongest search

A few better OPAL searches

10° mg+ > 92 GeV

ADLO low DM ISR assisted

O(1) coverage for large my=

50 60 70 80 90
mi + (GBV)
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Mechanisms

» Parts of parameter space are O(1) excluded

5

Vs = 2075 GeV
Am = 2.7 GeV

—

60 70 80 90
my (GCV]

» Varying electroweak charges gives positive contributions
» Coupling to other particles can give negative contributions

» e.g. An electron sneutrino exchanged in the t-channel
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Mechanisms

» Parts of parameter space are O(1) excluded

Vs = 2075 GeV
Am = 2.7 GeV

—

60 70 80 9 100
my (GCV)

» Varying electroweak charges gives positive contributions
» Coupling to other particles can give negative contributions

» e.g. An electron sneutrino exchanged in the t-channel
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Mechanisms

» Consider a simplified model
. ) ;
» Fermion doublet F' (hypercharge ¥ = +1/2), scalar singlet S

2
myg

LD Lyin — 7.5'2 —mpFF + kLgFS + h.c.

» F' has EIBCtI‘On nunlber (different than chargino case)

» Fermion splitting from 1-loop IR effect

Am = Z2(Q%, — Q* +2Y Q)mz + (@ — 2Y Q)mw)

» Additional splitting from Weinberg operator

Lo %”(FH)(FH“)
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Mechanisms

» Pair production has additional contribution
T F+
Y, 24
F—

» Interference between diagrams

; 2 y — 12 g
8 2c3, s—m7 t—mg

2¢? 2(1 — 252 )coy 1 54
M Pl _+_ (g ( ?U) 2 ) _|_

» Reduces cross section by (O(1) as a function of (mg, k)
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Mechanisms

» Variation of cross section with (mg, k)

Vs =2075 GeV Vs =207.5 GeV
| mg =110 GeV ‘ 3l k=05

100 200 300 400
ms (GeV)
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Mechanisms

» Variation of cross section with (mg, k)

1OF

T

Vs =207.5 GeV /
I p

<0.8 pb

i © pb—//d

0 20 40 60 80 100 120 140
ms (GeV)

» Reduction by x3 at (mg = 81 GeV,x = 0.5)

Matthew Low (IAS)
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Mechanisms

branching ratio
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1.0

Matthew Low (IAS)

» Width and branching ratios modified

» Enhanced branching ratio to electrons

Am (GeV)

branching ratio

Light Charged Particles

mg = 110 GeV ey
k=05
ud
0.6 ced A
0.4}
0.2H 7
0.0 /_ / X L
0 2 4 6
Am (GeV)

November 14, 2017
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Mechanisms

» Width and branching ratios modified

» Width increased (and lifetime decreased)

207.5 Ge\
80 GeV
100 NMeV

[m]

Decay length
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Mechanisms

» Use benchmark of (mg = 110 GeV, k = 0.5)

5

Vs =207.5 GeV
Am = 2.7 GeV

70 80
my (GCV)

» Window above 74 GeV is now opened

» Are there other windows now?

Matthew Low (IAS) Light Charged Particles
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Mechanisms

» Use benchmark of (mg = 110 GeV, k = 0.5)

OPAL:2003ji multilepton . .
More windows in compressed
region

e

74 GeV is now possible
(via LEP)
ADLO low DM ISR assisted
Hatched region assumes same
efficiencies (despite change in BR)

(Some windows remain after
current LHC searches)

70 80
mi + (GGV)
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Mechanisms

» Use benchmark of (mg = 110 GeV, k = 0.5)

OPAL:2003ji multilept . '
e “ More windows in compressed
region

e

74 GeV is now possible
(via LEP)
ADLO low DM ISR assisted
Hatched region assumes same
efficiencies (despite change in BR)

(Some windows remain after
current LHC searches)

70 80
mi + (GGV)
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LHC Limits

» Typically LHC does not show search results below 100 GeV

AMSB: tanf}=5, n

2

» Rates at LHC are O(pb)

o

» LHC can produce heavy particles
o (which decay to charged particles)

_—y

g
S
©
3
7
g
O

10 . . .
r » LHC has much higher luminosity
107 \s=8TeV
20 40 60 80 100 120 140 160 180 200
m,, [TeV]

AP I R RPN BT . 1
100 200 300 400 500 0
n&[Géﬁﬁ

» e.g. the wino cross section
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LHC Limits

» Charged-neutral splitting arises from Weinberg operator

Cr

ﬁDA

(FH)(FH®)

Induces coupling of F° to Higgs

v 2
RhFOR0 = C5—+ = —\(Mp+ — TN o
' A

v

Partial width of the Higgs is

3/2
I Mp 9 1 ‘4”1%‘1)
= = —gpFopo -

87T hFYF i

Invisible width BRj,inv < 0.24 rules out mpgo < 62.5 GeV

Closes uncompressed window
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LHC Limits

» Charged-neutral splitting arises from Weinberg operator

Cr

ﬁDA

(FH)(FH®)

Induces coupling of F° to Higgs

v 2
hFORO — Cr—+— — —\MMp+ — TN o
' A

v

Partial width of the Higgs is

3/2
F mp 2 1 4miw|)
= —— (0}, 0 g0 —

87T hFYFE i

Invisible width BRj,—invy < 0.24 rules out mpgo < 62.5 GeV

Closes uncompressed window
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LHC Limits

OPAL 200850 wiltilepton

» Recall compressed window at ~ 200 MeV
» Long-lived LHC searches may cover region

» Disappearing tracks cover O(0.1 m) range
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LHC Limits

OPAL 200350 mltilepton

» Recall compressed window at ~ 200 MeV

» Long-lived LHC searches may cover region

MO low DM ISR assistes

» Disappearing tracks cover O(0.1 m) range

ATLAS provides reconstruction
efficiency as a function of distance

Compute €(mp+,cr) in Monte Carlo

05620
Match remaining e(mp+,c7) to ATLAS

Compare simplified model signal to Ngs

ATLAS Preliminary _|
{s=13TeV, 36.1 o'

== ATLAS (8 TeV, 20.3 1b", EW prod.)
Theory (Phys. Lett. B721 252 (2013)) -
ALEPH (Phys. Lett. B533 223 (2002))
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LHC Limits

» LHC and LEP limits

101 h = inv
» Currently mg > 74 GeV

CMS:2017tbk j + Br E » with scalar singlet

» and compressed

LEP excluded

50 60 70 80 90 100
mi + (GGV)
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Conclusions

» Including the LHC increases these
» mg+ > 103 GeV (uncompressed)

» mg+ > T4 GeV (compressed)

CMS:2017thk § + Ey

LEP excluded

b= inv. LEP excluded
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