ete~ techniques: Kinematic endpoints

Imagine we produce ERZR pairs in ete~ collisions, and they each decay to ﬁﬁl.
How can we measure their masses?
One technique: “kKinematic endpoints”

Measure maximum and minimum values of ¢ energies — extract m~ and ms .
R 1

Here's how it works: B
(1) Consider the rest frame of one ¢. Energy and momentum conservation:

Ey+ E; = my; Pr = =Py (1)
Neglect the mass of £. Then E;, = |py|.
~ = 2 4+ 52 = 2 2
AlsoO have EN \/mN—I—pN \/mN—I—EE.
Plug in to energy conservation equation, rearrange, and square both sides:

m% + Ef = m2 — 2m;E, + B (2)
m2 — mZ
or  Er=|pl=—5—F (3)

(2) Now we'll boost the ¢ to the collider centre-of-mass frame.

ERI £R2 R1 €R2

Use the fact that two particles of the same mass my- are produced:

Ezlzlz\/%—l_%l:%g:?:’ymﬁ |pf£;1|:‘/2—7fn/é,:fymﬁv|
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Compute EFM in the CM frame by doing the boost:
(cos 0* is defined in ¢ rest frame)

E{M =y (By + Bpez) = v (Ee + [Pyl cos 0%) = By (v + y|t] cos ") (6)
From before we have

Vs V'S

F~—=ym~= — = 7

7= M= — g 2m (7)
s—4m§v

Bl =lolmy=JE2-mZ A=Y (8)

¢
Put it all together:

m2 — m2
EfM =Lt X (\/E—I—\/s—l—4m/2vCOSQ*) (9)
4mz ¢

Maximum (minimum) lepton energy corresponds to cosé* =1 (—1)
Vs is known: collider CM energy.

Measure Ej*** and EJ*" from lepton kinematic distributions.
Solve for my and m~! A little algebra gives:

N
Emax _ ppmin max min
m2="11_ : m2 = m2 1—2(E + B
¢ 4 FEmaz _I_ Fmin N Y \/g
(10)

Need to isolate data sample with only ZRZR pNaiL production:
can use ete~ beam polarization to suppress ¢;¢; and WTW~ background
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In practise, things are a little more complicated.

Example: ete™ — ) RrML R WIth m =178 GeV, m~ = 287 GeV
Note the muon energy edges at about 65 and 220 GeV.
p T events (incl. WHW ™) Vs = 750 GeV wp~ events (incl. WHW ™) Vs = 750 GeV

woe (Pom Pot) = (~80%, +80%) sy (Pom s Pot) =

(+80%, —80%)

250 300 350

50 100 150 200 250 300

Energy spectrum of u*u~ [GeV] Energy spectrum of p*p~ [GeV]

50 100 150 200

Figure 3.4: Energy spectrum of muons from ji; r decays into ! final states, including
the W*W~ background decaying into pv final states in the scenario S3, cf. table 3.1, for
two combinations of beam polarizations for /s = 750 GeV and L;,,; = 500 fb~* [87].
from hep-ph/0507011

These plots also demonstrate effect of beam polarization:
RH e~ and LH eT eliminate t-channel WTW ~ production (a large background).
Beam pol also changes the strength of the Z* contribution:
different effect on p;, and pg pair production
Eyeballing the endpoints:
. EmeT = 220 GeV, E™" ~ 65 GeV (note drop: pol dep — pir)
nr. E™7 ~ 65 GeV, E™" not visible!
Solve: get me and my from pn;, endpoints; plug in my to get m~ from E™%*

MR

me & 282 GeV (compare input 287 GeV)
mﬁl ~ 153 GeV
my R 167 GeV (compare input 178 GeV)
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Why are the lepton energy distributions flat?
Take another look at the formula:

m2 — m2
ESM = £ N(\/§+1/s—|—4mf2vcos«9*)
4m2 ¢
)
We're asking about the differential cross section,

do do dcos@*

dESM — dcos@* dESM

e dcos6*/dESM is a constant.

e do/dcos6* is the Zdecay distribution in the ¢ rest frame.

¢ is a scalar: it can't single out any direction.
— uniform decay distribution over the solid angle:

do
d COSs 0*dop*

= const

(11)

(12)

(13)

Integrating over the ¢* angle gives us what we want to know:

do/dESM is flat (with endpoints).
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ete~ techniques: Beam polarization

As a test of supersymmetry, we want to check whether the selectrons carry
the same chiral quantum numbers as the electrons, and whether the electron-
selectron-gaugino Yukawa couplings are related to the electron gauge cou-
plings as predicted by SUSY.

~ o~

Study the production processes ete™ — €} pe; p.

e P é;i?L
x
s
e s éZ,R
\\ /’ X%
A VAVAVE ¢
// ¥ z° \\
et : N éJLrR N
et N g

e s-channel: Can produce ¢/ ¢; and etey through v, Z couplings.

e t-channel: Can produce all 4 combinations: e/ ¢;, €tep, €/ ep, and efe;.
Signal rates depend on:

e ¢; and ep masses N

e Selectron gauge couplings and eeN Yukawa couplings

e masses and compositions of all 4 neutralinos exchanged in the t-channel
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(1) Check whether ey, couples to e; and a neutralino, and er couples to eg
and a neutralino. Only the t-channel process is useful here.
Collide egrer, — €€y, erer — €. (Note &g is a left-handed positron.)

o xBR [fb] P =0 o xBR [fb] P, = +90%
/5 =500 GeV | T /5 =500 GeV
120 | 250 N~ e
100 | e
80 | 2001 aten oL
S, €1 €L A 150 - N T
60 g L
wl T, 00
o0 | ‘ """" 50 t
o ‘ ) ) - 0 v LTy ; g
-100 -50 0 50 100 -100 -50 0 50 100
P.-[%] P+ %]
Plots assume ms> M, decay mode EL,R — eNq from hep-ph/0507011
L R

Potentially achievable polarization at ILC: e~ up to 90%, et up to 60% (if it
will be included in the design).

Linear dependence of cross sections with polarization is just due to dialling
the luminosity of the relevant polarization component of the beam
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(2) Check whether eeN Yukawa couplings are the same as the eev,eeZ gauge
couplings.
Want to separately measure:

e ererN; coupling

e ererN; coupling
For this we must assume that the neutralino masses and mixing parameters
have already been measured!
Technique: measure ee production cross sections from polarized initial beams.

e If only one beam is polarized: N
e Measure eegp — é’RE’R,E‘LFE;%,E’LE’L via s-channel ~, Z and t-channel N;
o Measure ee;, — €regr,epe;,erer Via s-channel v, Z and t-channel N;
Can separate er, from ep if their decay modes can be distinguished,
e.g., if e — eN> is open, while egp — eN7 only.
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e If both beams are polarized: _
e Measure egrer — €rer, erer Via s-channel v, Z and t-channel N;
e Measure ere;, — €reg, er€er, via s-channel ~,Z and t-channel N;
o Measure eger, — ¢5,¢€, via t-channel N;
Can extract separate couplings even if final-state er and e; cannot be distin-
guished easily (e.g., close in mass, same decay modes)
Need both beams polarized in this case to get a unique solution:

L L R é:RR
0.1 !
0 !
-0.1
S N
> -0.p2
n
-0.8
0.4 RR
R
-0.b LR

005 0 0.25 0.1‘; 0.15 0.2
ot from hep-ph/0507011
Plot of deviations of Yukawas from SM gauge couplings

(for 90% e~ pol, 60% e pol)
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Kinematic endpoints at LHC

At the LHC: proton-proton collider
e /s not known; varies event-by-event
e v Of pair-produced particles not known — can’'t use boost to get F
e Boost of CM along beam direction not known

ete~ technique for ¢ — ¢N1¢/N1 reconstruction won't work!

But: LHC can generally produce heavier particles — longer decay chains.
More kinematic variables to play with.

Don't know the boost of individual events:

— use kinematic invariants, like invariant masses.

Consider the decay chain Ny — (¢ — N£te-

First need to select events that contain a N> and identify the ¢t¢-
coming from the N> decay.
Invariant observable: invariant mass of ¢1¢—: My

How is this related to the SUSY masses?
Momentum and energy conservation in each decay:

Py, = Pe, + Py Py=pe, TPy (14)
Combine and rearrange:
Mg = (po, +pe)* = (05, —p5)* =m% +m% —2p5 5 (15)

What is this? Let’s work in the N> rest frame (can do that because we're
calculating kinematic invariants!)

Py, Py = mg g where Ex s in the N rest frame

Mg = m]%z + m]%l —2mg By (16)

Heather Logan PHYS 6602 Winter 2006



Now we need to find the kinematic endpoint(s) of Eﬁ in the ]\72 rest frame

in terms of the SUSY masses. N
Strategy: Relate the energies to masses and the ¢ decay angle 6

7=
N,
£ 0
)< @ Bl | sitend B
: 2y
Look at N, decay: my = By, + E Pe, = =Py
By, = . <m2~ — 2) P, | = E (17)
" 2my N> ¢ 1 1
Bom 1t (m2 4 m2 7 = |py,| = E (18)
7 = 2m],\7 N2 7 /¢ - pﬂl - gl
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Now let's do the Zdecay in the ¢ rest frame (denoted by a star — will need to
boost back to the N, rest frame at the end!)

Energy & momentum conservation: m;= E; + E]*v, Py = —ﬁkﬁ
1
B =5 —(m2-m? ) i = B (19)
§ Qm’[ ¢ Ny 2 2
Ny 2m~ V4 N, le pﬁ? £y

We have EX in the ¢ rest frame; need to boost it to the NQ rest frame.

Ny

Work out the kinematic boost from the Zenergy and momentum:

2 2 5 2 2
B MRty o me T
y=—t=_m 1t Y=L = (21)
me mN2m£ my mNQme
Now do the boost:
By, = (B + Bl | cos o) (22)

where 6* is the angle between the Zdecay direction and the ¢ boost (in the 0
rest frame).
Plug in v and (v:

1
E]A\;1 = W [<m2~ —|—m/2v> (nvfzv—i—m]%) + <m2~ —m/%> (nﬁ—m%) COSH*}
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Remember our original formula for the £¢ invariant mass:

Mp =m% +m% —2mg Ex (24)
We want a kinematic endpoint: the maximum of My,.
T his corresponds to the minimum of Eﬁ.
— Minimum of Eﬁ occurs for cosf* = —1:
min . 1 4 5 5
Bl = e () (29)
NQ ¢
Plugging in to Mfe formula and simplifying gives
12 200
(m2~ _m,%) (m%_ma)
M£€|max — N2 V4 > V4 N1 i (26)
my
I _ 150 [

One endpoint measurement constrains
a combination of three SUSY masses.

100

do/dm, (Events/100fb™/0.375GeV)

50

from hep-ph/0211017
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Can we do more?
Yes, if we look at longer decay chains.
— more kinematic invariants to play with!

Consider the (longer) decay chain ¢ — Noq — (*¢Tq — Nq14t¢—q.
e The invariant mass of ¢ and the first lepton emitted (¢1) has an endpoint
analogous to the ¢ endpoint, derived in exactly the same way:

]\4(]61 |maX —

How to distinguish ¢; from #£57

— {1 likely to have higher energy.
With Mg, |"® and M;g|™®* we have
2 measurements and 4 unknowns.
Not doing better than before... yet.

Heather Logan

(mg— m%) (m% —m?v)
q N> N, V4
m2

q41/2

from hep-ph/0211017

N,

(27)

400
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do/dm, (Events/100fb"/5GeV)
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More kinematic invariants:

e How about the invariant mass of ¢ and the two leptons /41,457
§ — Nog — (£0Fq — Nitti—¢

Four-momentum conservation: Py = DPq + pe, + P, + Py,

Get the invariant mass:

Mz = (pg + pe, + pi,)° = (pr—py )? = m%+ m2~ —2p7- Py (28)

Let’'s work in the ¢ rest frame: Py Py = m~E~ with E~ in the ¢ rest frame

1

Mfw = m~—|— mﬁl — QmZEﬁl (29)

Want the kinematic endpoint: Mg, |
— find the minimum of E~ in the g rest frame.,
This turns out to occur when the 2 leptons are parallel, and back-to-back

with the quark.
Two successive Lorentz boosts along the same axis:

(1) E =mE+y061p P =mp+m0E
Boost Nl forward to keep the two leptons parallel
(2)  E"=7E + v262p'
Boost Kfl backward to put the quark in the forward direction
E" = v(WE + v161p) + v282(71p + 7161 E) = y1v2[(1 — B1682) E + (81 — B2)p]
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The boosts and E and p are:

mZ 4+ m2 m2 4+ m2 m% + m2
— N, 14 - q N, - 1
mg m; memys m;
m%—m% m%—m]% m%—m]%
ﬁ1=m22+m% 52=m§+m; P=—"F— 1 (31)
N, ¢ q N, ¢
Plug in to B = B |Min in ¢ frame, and crunch through a lot of algebra:
1
mEt + m< m2
E~ |min — N, N, ¢q —_ — (3 )
M 2m~m2 o -
4 N, S 400 |-
© i
Finally plug into . "o -
M2M|max = m2+ mZ — 2m~E~ |Min: S i
4 q N, a M <
@ 300 [
- 112 § |
(mg m%) (m]% m]%) o i
M max — q 2 2 1 o B
N, 2
| i e -
100 [
0 71 | | ‘ | | | ‘ | | | ‘ I [ { 1 | Jare AL
0 200 400 600 800 1000
b m,_(GeV
from hep-ph/0211017 (b) g (GEV)
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So far have 3 measurements and 4 unknowns! Getting better!

e [ here are also lower kinematic edges.
After putting a cut on My, My > MP¥/+/2,
get a complicated formula for a lower kinematic endpoint for Mgy,

150 [

100 |

do/dm,, (Events/100fb”/5GeV)

a
<)
!

0—.4 | } T — ‘ T — ‘ [ — ‘ [ —
0 200 400 600 800 1000

d GeV
from hep-ph/0211017 @ Miq (GeY)

e Can also consider the decay chain ¢ — ﬁgq — Nlhq with h — bb

Higgs mass can be measured elsewhere.
Then My, has a threshold (lower kinematic edge)
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e Get enough measurables to extract all the masses.
Uncertainties from blurring of the kinematic endpoints by backgrounds, wrong
jet/lepton combinations, also gluon radiation off the jet at NLO.

e Statistics are not super: we're only making use of the events right near the
kinematic endpoints, and not using the information from the events in the
middles of the distributions!

Can we do better?
Each event contains kinematic information; can we use them all?

A new technique: [hep-ph/0410160]
Completely solve the kinematics of each SUSY cascade decay.
Assumptions:

e Selected events are from one particular decay chain

e SUSY particles in the decay chain are on mass shell N
Each event gives you the 4-momenta of all the decay products except NV;.

Have to consider a longer decay chain: g — qq — qqﬁg — qq@Z—> qq%ﬁl.

5 sparticles involved — 5 mass shell conditions:

2 2 2
. mﬁl _pfvl o m2= (py, -I-pel) . m~ = (p5 +pe. +pe.)

o m2= (py, +pu +pe. + o)’ = (px b+ Drs+ s+ p0)’

Each qq%Nl event contains 4 unmeasured degrees of freedom, the 4 compo-

nents of the Ni 4-momentum.

— Each event picks out a 4-dimensional hypersurface in a 5-dimensional mass
parameter space.

Overlap multiple events in this hyperspace — find a discrete set of solutions
from overlap of different hypersurfaces.
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