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Introduction — the Narrow Width Approximation

Production and decay of a heavy unstable particle may be
divided into on-shell production times BR to final state,
or the next intermediate on-shell step in a cascade.

Assumptions:

1. narrow width (I < M), away from threshold (,/s—M >1T)
2. massless decay products

3. s-channel propagator Is separable
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— Just a momentum-independent numerical factor

Conventional wisdom: NWA is good to o (I"' /M)
off-shell rarely needed (e"e~ — WTW—, etc.)
— yet only empirical evidence the NWA works for SM




Where might this break down?

1| Non-resonant contributions: may include interference.
— most relevant for large phase space (not necc. broad ')




Where might this break down?

1| Non-resonant contributions: may include interference.
— most relevant for large phase space (not necc. broad ')

2 | Decay matrix element: altered q dependence.
— obviously depends on matrix element structure




Where might this break down?

1| Non-resonant contributions: may include interference.
— most relevant for large phase space (not necc. broad ')

2 | Decay matrix element: altered q dependence.
— obviously depends on matrix element structure

3 | PDF warping.
— most relevant for broad resonances at high x




Where might this break down?

1| Non-resonant contributions: may include interference.
— most relevant for large phase space (not necc. broad ')

2 | Decay matrix element: altered q dependence.
— obviously depends on matrix element structure

3 | PDF warping.
— most relevant for broad resonances at high x

4 | Kinematic cuts go into Breit-Wigner region.




Where might this break down?

1| Non-resonant contributions: may include interference.
— most relevant for large phase space (not necc. broad ')

2 | Decay matrix element: altered q dependence.
— obviously depends on matrix element structure

3 | PDF warping.

— most relevant for broad resonances at high x

4 | Kinematic cuts go into Breit-Wigner region.

» examine |1|&|2| inthistalk
(PDFs are convoluted w/ the non-res. issue)




Where might this break down?

1| Non-resonant contributions: may include interference.
— most relevant for large phase space (not necc. broad ')

2 | Decay matrix element: altered q dependence.
— obviously depends on matrix element structure

3 | PDF warping.
— most relevant for broad resonances at high x

4 | Kinematic cuts go into Breit-Wigner region.

» We use SUSY as a testbed
(has new heavy colored states w/ ' /M up to 20% or so)
but our results apply to any new physics

Note: ALL heavy BSM physics studies use the NWA (except Z' /W's)






Example 1: heavy squarks, lighter gluino

TeV squarks and gluinos can have 0(100) GeV widths.
— plenty of phase space for QCD interference

Study a Focus Point scenario using ud — U, d, — ugdy

~ g i g
ur, UR
U > —_ 4@ u > —_ A@
_ b U P U
9 K g P
D . D _
d —_ = - = = dr d _ - - - - - dr
+ non-resonant ugd, production
SPS2m?2 SPS2 SPS2m1
M [GeV] [ [GeV] M [GeV] [ [GeV] M [GeV] [ [GeV]
0L 1525 | 43.9 (2.9%) 1590 | 90.0 (5.7%) 1525 | 127 (8.3%)
UR 1525 | 28.8(1.9%) 1580 | 73.7 (4.7%) 1514 | 111 (7.3%)
di 1527 | 44.0 (2.9%) 1592 | 90.1(5.7%) 1526 | 127 (8.3%)
dr 1526 | 26.2 (1.7%) 1580 | 70.9 (4.5%) 1515 | 108 (7.1%)
g 1125 803 414




Single heavy squark decay pp — ugd,

(solid = resonant, dashed = all diagrams)
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Single heavy squark decay pp — ugd,
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dllres. | SPS2m2 | SPS2 | SPS2ml
total +37% +79% | +200%
+1I +4.0% +14% +37% :3 M
‘ )

- Interference Is negligible (< 1%) — this is continuum

- huge linewidth will smear out jet/lepton edges

- would also affect extracted BR(G— g) v. BR(g— x*)
(sample contamination, cuts acceptance)

,
[

| L —DP.

b bbsd - — P



Example 2: heavy gluino pairs gg — gg — qddq

(ignore uu & dd for now — typically subdominant)
Gluino partial width to one squark flavor:

2
S 02 (mé—m%) ma—>>0 g5 My
=499 T 321 mg 327

Or, [' /M theoretically maxes out at ~ 35% for 24 massless squarks
- obviously ruled out, but large width still possible



Example 2: heavy gluino pairs gg — gg — qddq

More realistic scenarios, for my = 1500 GeV.
cuts: pr(q) > 50 GeV, |n(q)| < 5.0, ARyg > 0.4

The points:

mg (GeV) | 1350 1200 1050 900

750

[5(GeV) | 20 (1.3%) | 70 (5%) | 140 (10%) | 220 (15%) | 300 (20%)

Squark masses at half of gluino mass still reasonable,
but keep in mind:
SUSY is just a proxy for studying off-shell effects

— results apply to any heavy colored BSM scenario
(so please, no complaining about SUSY parameter space)



Example 2: heavy gluino pairs gg — gg — qddq

More realistic scenarios, for my = 1500 GeV.
cuts: pr(q) > 50 GeV, |n(q)| < 5.0, ARyg > 0.4

The results:
mg (GeV) 1350 1200 1050 900 750
5 (GeV) 20 (1.3%) | 70 (5%) | 140 (10%) | 220 (15%) | 300 (20%)
NI +6.2% | —3.9% | —7.2% —3.0% +12.7%
A0 (GLOR) +4.7% | —55% | —11.8% | —10.6% —7.5%
OS-SSasym. | —15% | —1.5% —5% —8% —20%

» interesting, but not yet so illuminating
— multiple effects contribute, some destructive:

matrix elements, cuts, PDFs, non-resonant interference...




Impact on lineshape more important:

mg (GeV) | 1350 1200 1050 900 750
Mg (GeV) | 20 (1.3%) | 70 (5%) | 140 (10%) | 220 (15%) | 300 (20%)
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Only one study has taken ['g Into account, and only via phase space
(no non-res. diagrams), for ' /M ~ 1% [Miller, Osland, Raklev, 2005]

» real lineshapes will have signif. impacts on mass reconstruction



Example 3: gluino pairs, pp — gg — Eﬁlbﬁi

SPSla: my =607 GeV, |I'/m~1%)| m; =517 GeV

g - by
IR I
g ) b
! b
g - gl
g ~ -
~ b*
g 71
b
g
g b
oons = 106 fb
Oors = 125 fb

R(OFS/ONS) = 1.18

» large rate correction; NLO Ao ~ 18%
— but does not change kinematics!



Kinematics of pp — gg — Bﬁlbﬁj off-shell

gg—=>b, bbb
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» no change! reason: interference is all at g pole
— expect larger effect for larger mg or smaller my, (wider res.)
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Same-sign v. opposite-sign gluino pair decays

—_—~ A~

Opp.-sign:  gg — bbb, b7
Same-sign. Qg — bijE”i

— have different non-resonant structures

OS[fb] | SS[fb]

ONS 106 106
OFS 125 117
shift | +18% | +10%

» OS correction Is ~ twice that for SS

—pl



Same-sign v. opposite-sign gluino pair decays

—_—~ A~

Opp.-sign:  gg — bbb, b7
Same-sign. Qg — bbﬁfﬁj

— have different non-resonant structures

OS[fb] | SS[fb]
ONS | 106 106
OFS | 125 117
shift | +18% | +10%

» OS correction Is ~ twice that for SS

We ask ourselves:
How would such an observation be interpreted
without prior knowledge of off-shell effects?

» Likely misinterpreted as Dirac component of gluino.

—pl



Example 4: light gluino pairs, gg — gg — uuuu

Various channels: LL, LR; SS, OS; etc. (ignore uU,dd_ again)

Examine SPS1a again: mg = 607, my, = 568, My, = 547 GeV
n(q)| < 5.0, ARyq > 0.4

As before, kinematic cuts: pr(qg) > 50 GeV,

LL-OS | LL-SS | LR-0OS | LR-SS
ANO | +242% | +112% | +78% | +85%




Example 4: light gluino pairs, gg — gg — uuuu

Various channels: LL, LR; SS, OS; etc. (ignore uU,dd_ again)
Examine SPS1a again: mg = 607, my, = 568, My, = 547 GeV

As before, kinematic cuts: pr(q) > 50 GeV, |n(q)| < 5.0, ARy > 0.4

LL-OS | LL-SS | LR-0OS | LR-SS
ANO | +242% | +112% | +78% | +85%

- Kinematics res. v. non-res. basically identical
(singly-resonant diagrams pulled to double pole)

- LL v. LR differences show up (enhanced by cuts)
— to a limited degree handled by HERWIG (only on-shell)

- Realize: naive BRs really not valid
- Also: subtracting SUSY backgrounds with SS trick goes wrong

—pl



Non-resonant contribution mini-summary

We’ve seen two canonical examples where:

- there can be 0(10%) to 0(1) rate corrections,
plus significant spread-out lineshapes (not a delta function)

. significant charge and chiral asymmetries appear

—p.l



Non-resonant contribution mini-summary

We’ve seen two canonical examples where:

- there can be 0(10%) to 0 (1) rate corrections,
plus significant spread-out lineshapes (not a delta function)

. significant charge and chiral asymmetries appear

The LHC is upon us.

Serious studies should use more advanced tools, perform full
calculations. No more 2 — 2 with on-shell cascades.

—p.l



Non-resonant contribution mini-summary

We’ve seen two canonical examples where:

- there can be 0(10%) to 0(1) rate corrections,
plus significant spread-out lineshapes (not a delta function)

. significant charge and chiral asymmetries appear

Be concerned about jet/lepton edge studies & reconstruction data

fed to Lagrangian reconstruction schemes (“Inverse Problem’)
SFITTER [Lafaye, Plehn, DR, Schumann, D. Zerwas]

FITTINO [Bechtle, Desch, Wienemann]
Harvard [Arkani-Hamed, Kane, Thaler, Wang]

» jet/lepton edges will be smeared out
» ratios of branching ratios not what you expect
» BRs can differ between production channels

(Next step: reproduce all the SPS edge studies.)

—p.l



(altered Breit-Wigner integration)

— p_]_‘



Let’s re-examine the Focus Point scenario + variations using
ud — U — ugdy:

SPS2m2 SPS2 SPS2m1
M[GeV] | T [GeV] MI[GeV] | T [GeV] M[GeV] | T [GeV]
UL 1525 | 43.9 (2.9%) 1590 | 90.0 (5.7%) 1525 127 (8.3%)
UR 1525 | 28.8 (1.9%) 1580 | 73.7 (4.7%) 1514 111 (7.3%)
do 1527 | 44.0 (2.9%) 1592 | 90.1 (5.7%) 1526 127 (8.3%)
dr 1526 | 26.2 (1.7%) 1580 | 70.9 (4.5%) 1515 108 (7.1%)
g 1125 0.118 803 3.84x10°3 414 7.36x107°
N g . g
ur, URr
Uu > - 4@ U > —_ 4@
o > U P U
g XD g KD
D - D -
d —_ - - = = = dL d e e dL

(resonant diagrams only)

Let U_ decay, or both U, and cTL

—p.1



Results for LHC (v/s=14TeV, CTEQ6L1, o in [fb])

SPS2m1 SPS2 SPS2m?2
decays Guonly G.,d. | G only G.,d. | O only O, d
ONS 5.85 1.67 4.83 1.88 3.11 1.28
OFSres 5.60 1.50 4.36 1.48 2.76 0.96
shift 43%  -10% | -97% @ -22% | -11% = -25%

» shifts can easily be larger than the NLO QCD uncertainties
» Note: for heavy gluino case, width can be much larger
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- Recall: interference effects essentially negligible for this case. -p1



Results for LHC (v/s=14TeV, CTEQ6L1, o in [fb])

SPS2m1 SPS2 SPS2m?2
decays Guonly G.,d. | G only G.,d. | O only O, d
ONS 5.85 1.67 4.83 1.88 3.11 1.28
OFSres 5.60 1.50 4.36 1.48 2.76 0.96
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» shifts can easily be larger than the NLO QCD uncertainties
» Note: for heavy gluino case, width can be much larger
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What’s going on with the rates and distorted lineshapes?



Let’s categorize the decay matrix element types.

Possible renormalizeable 3-point vertices for 2-body decays are:
FFS, FFV, VVV, VVS, VSS, SSS
(ignore 4-point vertices: 3-body decays heavily P.S.—suppressed)

FFV Only in MSSM weak sector: observable V:FF decays ruled out,
but F:FV decays may occur, e.g. X+ — X°W=.
FFS Relevant for g — qgq (F:FS) and g — gq (S:FF).
VVV Nothing new in MSSM.
VVS MSSM Higgs sector only.
V/SS S:SV relevant: T — bW or b — twW

SSS Trivial structure — no decay matrix element effect.

» we examine S:SS, F:FS, S:FF and S:SV

—p.l



S:SS type decays| (simplest decay type to start with)

— conslder scalar theory process outside SUSY
(assign e.g. flavor to limit to this one diagram)

____—’————— _____’_____

- first, study it analytically; massless scalars except as labeled

oors 1 1 afgel\_ 1T o(M2 P /MABIMZ+T2)
ONWA 2+T[C0t (Bd M) Bd ( 2|\/|2 In( m

(actually a bigger mess, but reduces nicely)

—p.li



S:SS all-scalar case

VS>M, my — M

oors 4 101
ONWA M Bg

countour plot for A = ﬁ —
solidis A =0

others A = {1,3,10}
dot-dashed A > 0

dashed A <0

Not a surprise: onwa — 0 at any threshold
» partly a phase space effect, partly the propagators

—p.1




Non-SSS Vertex modifications

SSS has no matrix element, but others do. For instance:

S:FF
Decay matrix element is separable:

Slotal? = 2( b~ (my+me)?)
(F:FS more complicated)
V.SS
Decay matrix element is proportional to:

Mg O (p)—p5) ~ g(magnitude)

(S:SV more complicated)

- p.2



S:SV type decays

— mostly relevant for stops & sbottoms, for example:

t1 by -
! // ! // ! q , tl
g // g // g 7/
W= W= /
S\ R\ w-
fi* N by N B h N
q N\ 51* q \ tl q \ b1

e gauge cancellations prevent any m= 0 limits, so more complicated
(no detailed results yet, sorry)

» thus, including spin correlations off-shell requires care

Note: W decay ONS v. OFS is no change.

-p.2



F.FS type decays

— relevant for gluino & weak Inos:

S

o+

L ——PAAA X
T

h N

~ ) b ~
_ dL + 9 ur, Y b1
d < LN |
SEE —BAAA
N
by

SH

[Note: no non-resonant diagrams possible!]
» t-channel T, and d, diagrams separable, consider d only

-p.2



F.FS type decays

— relevant for gluino & weak Inos:

Na ¥

——AAAA N
1~
d . b i X
_ L+ 9 ur, Y » b1
d < II\QQ ( I B
N +—LAAAY X
« ~
b1

SH

e approximations for analytic result: m, = Myt = 0

Bs” blows up for ms — mg, same as S:FF case (easy in SUSY):

o — 1 1 [ 1 [ S
=S TIF S 4 Zeot? (BgZ—F) + =Bt — (—3+2I09< ))
ONWA n Mg Tt Mg M Mg

2



F.FS full numerical results for LHC, multiple decays allowed
mg = 600 GeV, My = 180 GeV, T const. =0.5,1,2,5% of my

1.6] N il

- LHC, ud — X{g i3

| il
© 1.4 i <
s il =
= 19| 1S
SER =
25 j | &
o~ _ { O
= 1.0 @

0.8

Shaded band: all SPS points fall inside this region.
» huge corrections possible at all mg/my



F.FS there is also an interesting chiral asymmetry off-shell
0.06

LHC, ud — X7 ¢

- ‘\.‘.

0.02f %

A .
Q | \
—0.02 I \\“

0.0 02 04 06 08 1.0

e spin chain connects production and decay: X selects L helicity
» get lepton and charge asymmetries
— can be larger (10 — 20%) for other production mechanisms _p2



Two levels of decay

In SUSY and most BSM physics, new particles cascade to an LP.
(LSP in SUSY, LPOP in Little Higgs, LKP in extra-D models, etc.)

-p.2



Two levels of decay

For SUSY, try ud — Bbi(ff(’f numerically (various MSSM points):

AP

b

X1 |
u—»—w\jda B U
d; | ’ dr
i g Xt g X
d \g d \g
b b
: b ’ b

(can decouple by and make Xg essentially massless)
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Two levels of decay

For SUSY, try ud — Bbi(l)f(’f numerically (various MSSM points):

b

X1 |
u—»—W"da B U
d; | ’ dr
i “1og Xt g X
d \g d \g
b b
: b ’ b

(can decouple by and make X‘{ essentially massless)

Using fixed-energy beams we find:

M.E. enhancement from first decay still present.
» M.E. effect depends on daughter pole, not final-state masses

» Note: can have “superenhancement” for daughter very near
the parent — is due to daughter’s B-W

-p.2



e Particle widths in many new physics scenarios may be large,
so even a naive o (I /m) correction is important.
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CONCLUSIONS

Particle widths in many new physics scenarios may be large,
so even a naive o (I /m) correction is important.

e Two major sources of off-shell corrections:
(1) non-resonant contributions (QCD) (incl. PDFs)
(2) matrix elements and Breit-Wigner integration
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CONCLUSIONS

Particle widths in many new physics scenarios may be large,
so even a naive o (I /m) correction is important.

Two major sources of off-shell corrections:
(1) non-resonant contributions (QCD) (incl. PDFs)
(2) matrix elements and Breit-Wigner integration

Matrix element effects can be orders of magnitude times I /m;
can dramatically enhance effective BRs.

Non-resonant contributions can be many times ' /m
(can guess importance from color structures).

Altered (relative) rates and smeared edges are
a source of complication for the Inverse Problem.

Heavy /g discovery reach claims rely NWA: theory bias.

Reminder: off-shell effects are not specific to SUSY'!
— will apply to UED, Little Higgs w/ T-parity, etc.

Don’t believe on-shell pheno approaches! ~p2




NEXT STEPS

Upcoming second large study by the (in)famous collaboration,
Comparison of Automated Tools for the Phenomenological
Investigation of SuperSymmetry:

Redo all standard CMS/ATLAS SUSY pheno analysis off-shell.
Impact on jet/lepton edges at LHC [mass reconstruction].
Impact of altered BR:’s on SFITTER/FITTINO.

Catalog all SS v. OS and chiral asymmetries.

Impact of asymmetries on SUSY background subtraction.

-p.2



How we study off-shell effects in SUSY:

—p2



Package Is standard MADGRAPH [Stelzer & Long, 1994] plus:

1. MSSM model input files (particles, interactions)
2. routine to read SUSY Les Houches Accord spectrum input
3. routine to calculate MSSM couplings

(R-parity-conserving MSSM, no additional CP violation)
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Package Is standard MADGRAPH [Stelzer & Long, 1994] plus:

1. MSSM model input files (particles, interactions)
2. routine to read SUSY Les Houches Accord spectrum input
3. routine to calculate MSSM couplings

(R-parity-conserving MSSM, no additional CP violation)

Improvements over previously available tools:

- full spin correlations to final state
- higher-order SUSY processes trivial
. consistent theoretical treatment of couplings
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Package Is standard MADGRAPH [Stelzer & Long, 1994] plus:

1. MSSM model input files (particles, interactions)
2. routine to read SUSY Les Houches Accord spectrum input
3. routine to calculate MSSM couplings

(R-parity-conserving MSSM, no additional CP violation)

Improvements over previously available tools:

- full spin correlations to final state
- higher-order SUSY processes trivial
. consistent theoretical treatment of couplings

Testing SUSY MADGRAPH:

all ee~, pp — SUSY pairs checked with literature

all possible VV,VH — SUSY pairs checked for unitarity
EM gauge invariance checked for EW & WBF processes
435 (2 — 2) processes compared with Whizard & Sherpa

Le b

(SHERPA or WHIZARD could equally well be used.)

—p2



	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

