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Step 3: assume the s-channel propagator is separable (iffy)



Step 3 In detail:
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— Just a numerical factor
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Conventional wisdom:

NWA is good to o (I" /m); off-shell rarely needed (ete™ — WTW™)
— yet only empirical evidence the NWA works for SM

Where might this break down?

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

2 | Interference with non-resonant diagrams.
— most relevant for large phase space (not necc. broad ')

3| Decay matrix element: altered g dependence.
— obviously depends on matrix element structure

4 | Kinematic cuts go into Breit-Wigner region.
— generally not relevant for signals (except some cascades)

» examine [1],|2|&|3]| in this talk




New physics case study

To study, we need new physical states (we expect this anyway):
— preferably heavy & colored (gives larger I, ' /m)

We examine supersymmetry (SUSY):
. lots of new resonances

- some are heavy (0 (1) TeV), some colored;
have large widths: 0(10 —20%) may easily happen

. LSP (dark matter candidate) is stable, massive

— end of decay chains not massless

. well-motivated, well-studied SM extension — in the NWA limit!

» SUSY simulations always 2 — 2, even for multi-TeV fat sparticles
(some Breit-Wigner kludging in a few cases, but still NWA-like)

-p.



How we study off-shell effects in SUSY:
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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.)
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Logical steps:
- TeV squarks and gluinos can have multi-hundred GeV widths.
- PDFs In the TeV regime fall steeply.
- Thus, a broad Breit-Wigner may be distorted/suppressed.

E.g.: Focus Point scenario + variations using ud — U — ugd; :

SPS2m2 SPS2 SPS2m1
m[GeV] | T [GeV] || m[GeV] [ [GeV] m [GeV] [ [GeV]
i 1525 43.9 1590 90.0 1525 127
UR 1525 28.8 1580 73.7 1514 111
dy 1527 44.0 1592 90.1 1526 127
dr 1526 26.2 1580 70.9 1515 108
i 1125 0.118 803 3.84x10°3 414 7.36x107°
i g i g
ur, URr
U —_ 4@ U > —_— 4@
o > U P U
g XD g KD
D - D -
d _____ dL d e e dL




PDF effects 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 3.11 1.28 4.83 1.88 5.85 1.67
OFSres 2.76 0.96 4.36 1.48 5.60 1.50
shift 1% -25% | -9.7% @ -22% | -43%  -10%

» shifts can easily be larger than the NLO QCD uncertainties!

ool T T _;010""| """""" — 010 p———
8 | SPS2m?2 ] 8 0.08 SPS2 OO8ESPS2m1 B
~. 1> T
o) 1 0 -
22,010 2008 X008 ]
200 200 :
= 5 0.04 04 -
E 0.05 [ — \2/ ] [
o) I 1 © [ - ]
z _ J | T ooz 0z
© i IS - -
T poobr b Al 10 T gl Ly 0.00 L
500 1000 1500 2000 2500 500 1000 500 1000 1500 2000 2500
M(ug) [GeV] M(ug) [GeV] M(ug) [GeV]

» WARNING: This is only to make a point about PDFs.
Integrating off-shell without proper interference can be dodgy:.
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Example 1: heavy squarks, lighter gluino

- TeV squarks and gluinos can have multi-hundred GeV widths.

— plenty of phase space for QCD interference

Study same FP scenarios as for PDFs:  ud — 0. d, — ugd:

J ) g
uy, UR
U > —_ 4@ u > —_ A@
. (D U R P U
g xp g D
> - D _
d —_ = - = = dr d _ - - - - - dr
+ non-resonant ugd, production
SPS2m2 SPS2 SPS2m1
m[GeV] | T [GeV] || m[GeV] [ [GeV] m [GeV] [ [GeV]
UL 1525 43.9 1590 90.0 1525 127
UR 1525 28.8 1580 73.7 1514 111
do 1527 44.0 1592 90.1 1526 127
dr 1526 26.2 1580 70.9 1515 108
] 1125 0.118 803 3.84x103 414 7.36x10°°
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Single heavy squark decay pp — ugd

(solid = resonant, dashed = all diagrams)
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v Ot O - 1 o -

& [ SPS2m?2 G 008l SPSR 1 & gogoPSeml | R

D N T '

2 ool a0 r |

— 010~ 7 — o006 - — 0.06 - \ >

Zap 200 200

3 [ ] 3 o0.04f 4 5 004 -

= 0051 =1 I =

o I ] © [ 4 © [~ -

° _ J IR ] Z ooz ]

S - / 19 T --__13 _ T~ e

T 000l s b m e T g oo Lol o ==3 T g oo L e
500 1000 1500 2000 2500 500 1000 1500 2000 2500 500 1000 1500 2000 2500

M(ug) [GeV] M(ug) [GeV] M(ug) [GeV]

- p.1L



Single heavy squark decay pp — ugd

(solid = resonant, dashed = all diagrams)
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500 1000 1500 2000 2500 500 1000 1500 2000 2500 500 1000
M(ug) [GeV] M(ug) [GeV] M(ug) [GeV]

allres. | SPS2m2 | SPS2 | SPS2ml
total +52% | +107% | +280%
20 +9.3% +31% +85%
lo +5.5% +18% +50%

» effects are many times I' /m, even in 10 region

» NWA rate wouldn’t jive with mass & spin measurements

- p.1L



Example 2: pp — Tibb, (squark-gluino pairs, g decay)

970000 - b

j N
. !
g

u — > — — Uy

For SPSla (mg =607 GeV, I'/m~ 1%, m; =517 GeV)

OoNs = 663 fb

Oors = 6331b
R(OFS/ONS) = 1.05

» marginal correction to total rate (for one decay only)
— but does not change kinematics

—p.1



Kinematics of gu — 0, g — GLIE)Bl off-shell

b bu u—=>b bu
gu—=>b bu 9 1 ouU
&or ~ Off Shail Resonart
. - — esonan 1
— All diagrams, Off Shell — Off Shell All Diagrams
- — Resonant Diagrams, Off Shell | - 6 )
60+ - 5 -
4_ |
o|E ol | |
IU 40+ 10 IU 3l | |
|
N
oL _
20+ - |
Ob——— . | T Ob— 1+ 1 ———
580 600 620 640 660 O 100 200 300 400 500
m,, (GeV) p; (GeV)
1 b

» little change, but beware of low-pr enhancement from logs
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Example 3: gluino pairs, pp— g0 ﬁéﬁibﬁi
SPSla: my =607 GeV, I'/m~ 1%, my =517 GeV

~ - bl
g Ul
g b b
! b
g -~ le
g ~ -
~ b*
g _1
b
g
g b
oons = 106 fb
Oors = 1251b

R(OFS/ONS) = 1.18

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

-pl1



Kinematics of pp — G — bb;bb? off-shell

ggeg’;bglﬁ gu—=>b bu
o I A N | — Al Diagrams O Sl
i — : | | — iagrams, |
5 Elelsgr;ggtr;jr:qagrgmﬁs,sﬁ; Shell 100 . — Resonant Diagrams, Off Shell
12+ - ’ .
'.
' | 8o N :
10+ H .
8- . — 60 =
@)
Sk | 1 8k5
6_ _|
I 40+ .
4_ _|
i 20 =
4 I
0 R R B s e S SO O_|'.|.|.|.|.|_
580 600 620 640 660 O 200 400 600 800 1000
mbbl (GeV) pr (GeV)

» Nno change! reason: interference is all at g pole
— expect larger effect for larger mg or smaller my, (wider res.)

—p.li



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

—p.1



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?



Interference effects summary

We’ve seen cases where:

. there’s no interference effect

- there’san 0(1) rate correction,
plus significant lineshape distortions

. a significant asymmetry is introduced
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Interference effects summary

We’ve seen cases where:

. there’s no interference effect

- there’san 0(1) rate correction,
plus significant lineshape distortions

. a significant asymmetry is introduced

The LHC 1s upon us.
Serious studies should use more advanced tools, perform full
calculations. No more 2 — 2 with on-shell cascades.
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Interference effects summary

We’ve seen cases where:

. there’s no interference effect

- there’san 0(1) rate correction,
plus significant lineshape distortions

. a significant asymmetry is introduced

Be concerned about jet/lepton edge studies, reconstruction,
and data fed into FITTINO/SFITTER.

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

—p2



(altered Breit-Wigner integration)
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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.2



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

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

s S
| |
| |
m
mp: L d my , My
|

e« e |-
MT > i s,

a) b)

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

o 17 /1 1
OFS 14+ = (2—2>+...
ONWA M\ By By

M2
Hl_W and BM_\/l——

(actually a bigger mess, with log(s/m?) terms, but reduces nicely)

where

-p.2



S:SS all-scalar case

VS>> M,my — M

00F5N1+}£i

ONWA M Bg

countour plot for R= % —1
solidisR=0

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

Not a surprise: onwa — 0 at any threshold
» this is partly a phase space effect

-p.2



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:FF type decays

- simplest realistic decay type in full model

— mostly relevant for squarks, for example:

- other diagrams exist, but may be removed by taking my_¢, — oo

» first study analytically, resonant diagram only, m, =m, =0
1
(not correct, but good for limits and qualitative behavior)

- use g — gqgas as > dy (partial width is larger)

-p.2



S:FF

Full result is several pages of Mathematica output.
Leading 1/sterms (to match NWA 1/s behavior) are:

OoFs Mgl s y

wwn " 2n(mg—me)” (mE-+ 3

( ?_Z’((n%_n%)2+(n%_2n%>r%> (HJFZCOtl(erSnirrfﬁ )
&

—%m%(m%—l— rg) +mé(még+r$)log <

ostensibly o (I" /m), but:
— lots of mg dependence
— unexpected log(s) term

-p.2



S:FF

Let’s take the 2 SM limits:

mg —0
OoFs me—o0 1 1 _1<rs) 11r 1r s
> ~ + —cot — | - —=—+-—=—lo
ONWA 2 T Ms 6rtm | 2mtm Y m& (Mg + %)

cot~* term remains (is known to people)



S:FF

Let’s take the 2 SM limits:

I mg — 0
o 01 1 [ 11T 1T
OFS ME0 = 4 ot (—S) — —— +-——log
ONWA 2 TU Ms 6TTM 2Ttm

cot~* term remains (is known to people)

Ih<<m

Oors fs<ms , 17T n
ONWA 6TIM

Basically what we expect: 1+ o (' /m),
but still has log(s) dependence

s?

Mg (Ms+ ')

|

-p.2



S:FF
Let’s rewrite the full result in a clearer form:

m \ 2
Fr(1-2)

o) 1 m2
OFS o 225 <n+2c:ot‘1 (BEZ—S
S
aTs| 11 s? e 1
Bt | —F +log ~ | ;
r r
ST ()

m2
where B = /1 — W';

-p.2



S:FF

Let’s rewrite the full result in a clearer form:

4 m2 r2
OOFS 1 F+<1 s )

) me r
~ > <n+2<:ot 1([3,:2—5))
OnwA — 2TT B <1+ ;2) Ms
(st )
als 11 2 m 1 S\PF T ;2
+BF4_ _?—l—log r2 —|— rnlz r2 Iog rn4 S
ms mi(pt+r3) ) 1473 :
m2
where Bg = /1 — -
BF m%

Realize that B=* blows up for mg — mg (easy in SUSY):

OoFs me—ms 1 4 T§ ~1({2Ms
oA Zn( (1_(1+BF )WS) (mzm (BFF))
aTs/ 11 &
+Br @(“*'C’g(ﬁ)) )

—p2



S:FF

But be careful! Partial widths scale as B¢:

o2 T2\ 2 gz
[sFF = 6_nms<1__|:) ms Bp

ms 6T

— can cancel out In xsec ratio, but not always...

-p.3



S:FF

But be careful! Partial widths scale as B¢:

o2 T2\ 2 gz
[sFF = 6_nms<1__|:) ms Bp

ms 6T

— can cancel out In xsec ratio, but not always...

2 cases to examine: (use mg = 600 GeV)

1. One decay mode open: It = I'gq
— expect only o(I" /m) effects (but that can be large)

2. Multi-mode decays: Mgt — const. as Mg — Mg
— “rare” decay can receive huge (B#) correction if mg —mg small

-p.3



S:FF exact results numerically (M.C.)

- fake fixed quark beams just to study behavior

1.4F F :
L — 1.1 TeV, single mode / | 2000k ! TeVs single mode
1.3F === 1.1 TeV, multi mode.____i === 1.1 TeV, multi mode
b 2.0 TeV, smgle msa'd’é' A 2000 I S
B M 2.0 TeV, [ === 2.0 TeV, multi modé

1.1F ) _

| - 2000

[ :

- 10007

0.9 == ;
[ T 1 1 1 O_I 1 1 1 1 |

0.2 0.4 0.6 0.8 1 0 0.20.40.60.8 1

Corrections can be 10* times I' /m (x large), but a small value.



S:FF

exact results numerically (M.C.)

- What happens to the effective branching ratios?

/N
&

L
%
m

1.0

0.8

= 0.6F

oot

0.4

0.2F

fix beam, Vs=1.03M

0.0 0.2 0.4 0.6 0.8 10

my /Mg

N
o

—_ [AV)]
(9] o

—_
o

BR(eff) /BR(NWA)

BR(eff)

o o
(O} (@]

o
NN

0.0k

o
0

fix beam, Vs=

7.65M

0.0 0.2 04 0.6 0.8 10

my/mg

Near threshold, factors of a few for R close to 1.

Above threshold, factors of many to tens.

60
40

20

80

BR(eff) /BR(NWA)

-p.3



S:SV type decays

— mostly relevant for stops & sbottoms, for example:

t b -
! // ! // ! q , tl
g // g // g 7/
W= | /
S\ R\ W
fi* N by N B \\ -
q N\ 51* q \ tl q \ b1

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

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

- p.3



F.FS type decays

— relevant for gluino & weak Inos:

S

o+

L ——PAAA X
O

h N

- i 7 )
_ dL + g K ur Y b1
d < LN |
N < DA A o X7
N o~
by

SH

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

e approximations: my = My = 0

-p.3



F:IES

Again, the full result is several pages of Mathematica output.
Leading 1/sterms (to match NWA 1/s behavior) are:

OOFs MF

Y

OnwA 21 (M2 — @) (mﬁ—krz).
(‘e (s (% —2d) (2 +72) (20002 (15 )

“

+MEE (Mg + ) (6 +10g (,T¢ ((m2—m2)®+mer)

Note presence of t-channel sparticle mass in log!

» F:FS decay corrections depend on production mechanism

- p.3



F:IES

SM limit in this case is again o (" /m), but again with a log(s) term.

OoFs mg—0 1 1 { Mg [E r|: $*
R i+2tan - — | —6 Io
ONWA 21 < " (rF ) mF ) mmé (mé +T¢)

2T S
<m 44 F( 2+Iog( ))
TUME Mt Mg

)

-p.3



F:IES

As before, let’s rewrite the full result in a clearer form:

OoFs mg—me 1 1 1 2 ME
> — + —tan —
ONWA 2 * Tt ( Sr|:
—Bs"— [ —3+2lo +2—1o
T[BS = J Brmrme e ) Mg
mg

where [3s = — =3

-p.3



F:IES

As before, let’s rewrite the full result in a clearer form:

OOFS ms—me 1 1 1( 2 m|:>
ONWA 2

where 3s = — 3

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

OOFsS mg—mg 1 1, 12 MF 1. 4TFE
> — — tan — — — [ —=3+2lo
ONWA 2 + Tt (BS r|: + T[BS M * J

M Mg

» don’t expand tan—?! yet!

)

-p.3



Technical 1ssue #1:

What about gauge invariance?

— a finite width technically breaks it, since it mixes orders

-p.3



Technical 1ssue #1:

What about gauge invariance?

— a finite width technically breaks it, since it mixes orders

We test this by setting I' = 0 in the M.E. and multiply outside by:

(97 — )
(07 —P)2+ (ml")2

» identical results — no issue with finite widths

- p.3



Technical 1ssue #2:

What about logarithmic as running?

— or, does that compensate the log(s) M.E.-dependence?

-p.3



Technical 1ssue #2:

What about logarithmic as running?

— or, does that compensate the log(s) M.E.-dependence?

We test this by calculating as(g?) point-by-point.

The log coefficient is diminished slightly, but overall behavior
o [ % remains.

That is, B-W integration and og running are orthogonal.

— but what happens at higher order is still an interesting question

-p.3



Technical 1ssue #3:

What about unitarity?

— shouldn’tc O %?

—p4



Technical 1ssue #3:

What about unitarity?

— shouldn’tc O %?

2
Froissart bound is actually 4r298).
logs come from summing over all partial waves
(1/sbehavior applies only individual partial wave amps)

Our results are orders of magnitude away from this.

» Nno problem with unitarity

—p4



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.)

Three big questions we need to ask:

1. Does M.E. effect depend on intermediate resonance or
final-state masses?

2. Does a daughter B-W introduce its own effect?

3. Do resonant and non-resonant diagrams interfere?

—p4



Two-level decays

First examine ud — Bbﬁﬂ numerically (various MSSM points):

(analytical form not yet feasible)

Eppyaqu'ﬁ cﬁPPvDVﬁ
u B Uu B
i ’ i ’
i Biog Xt Mg X4
d é“ d é“
) )
! b ’ b

(can decouple by and make 5(’? essentially massless)

—p4



Two-level decays

First examine ud — Bbﬁﬂ numerically (various MSSM points):

(analytical form not yet feasible)

cPPPVDVﬁ CﬁPPVDVXT
u B U B
i ’ i ’
i Biog Xt Mg X4
/ g / {*\“
b b
! b ’ b

(can decouple by and make 5(’2 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
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Two decay levels

Next examine ud — BW—ﬂXf numerically (at SPS1a only):

(analytical form not yet feasible)

] dry g )
—*—%\ S :‘ d
bl {1 b2 {fvl

(can decouple by)
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Two decay levels

Next examine ud — I_JW—fin numerically (at SPS1a only):
(analytical form not yet feasible)

X1 X1 X1
u_’__l/w u_’__l/'/ u_’_l/'/
b b

dry g dr fg W dry g -

—«——L—%ﬁ;« § d
bl 7?1 b2 i‘vl

(can decouple by)

Two important observations:
[1] Interference of 3 diagrams present at few-percent level.

[2] Subsequent W decay gives identical results (no M.E. effect).
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o Particle widths in many new physics scenarios are large,
so even a naive o (I /m) correction is important.
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CONCLUSIONS

Particle widths in many new physics scenarios are large,
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e Two major sources of off-shell corrections:
(1) non-resonant interference (QCD) (incl. PDFs)
(2) matrix elements and Breit-Wigner integration
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CONCLUSIONS

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

e Two major sources of off-shell corrections:
(1) non-resonant interference (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.

e Non-resonant interference can be many times ' /m
(and not straightforwardly predictable).

e Reminder: off-shell effects are not specific to SUSY!
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NEXT STEPS \

— QCD interference for heavy gluino (v. squarks).
— SS v. OS asymmetry affecting bkg-subtracted discoveries.

— Practical LHC results for 3 vertex types and mass scan:
changes in effective BRs.

— Attempt to find rule of thumb for successive decays
(when they need to be done off-shell).

— Impact on jet/lepton edges at LHC.

—pA4



	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

