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Useful approximation for New Physics searches

» NP: extended spectrum — typical cascade decays
» many-particle final state difficult at higher order
» ~- simplified by factorisation into production xdecay

» application in MC generators, experimental limits

3

Oproduction X BRy x BRy x BR3 x BRy

95% CL upper limit on S, x BR(0—>tt/up) [pb]
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Useful approximation for New Physics searches

» NP: extended spectrum — typical cascade decays
» many-particle final state difficult at higher order
» ~- simplified by factorisation into production xdecay

» application in MC generators, experimental limits

3

Oproduction X BRy x BRy x BR3 x BRy

95% CL upper limit on S, x BR(0—>tt/up) [pb]

Extension necessary!
combine interference and higher-order effects
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> Generalised Narrow-Width Approximation (NWA)
m Standard NWA
m Generalised NWA (gNWA) including interference term
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Standard NWA: Conditions and limitations
generic example: e > W e

d a
ab — cef b ¢ M,T b// @ =M g=Mm f
Factorisation: production x decay

H 1
> instead of BREIT-WIGNER propagator ——pmrmm

» on-shell production and decay of particle with mass /M :

Oab—scef ~ Uab—)cd(q2 — MQ) : BRd—)ef

» accurate up to O (%) [Uhlemann, Kauer '09]
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Standard NWA: Conditions and limitations
generic example: e > W e

d a
ab—)cef b & M,T b// 2= M f=M
Factorisation: production x decay

H 1
> instead of BREIT-WIGNER propagator ——pmrmm

» on-shell production and decay of particle with mass /M :

Oab—scef ~ Uab—)cd(q2 — MQ) : BRd—)ef

» accurate up to O (%) [Uhlemann, Kauer '09]

Validity

» narrow width I' < M
» kinematically open, away from thresholds [kauer 05)

» no interference with other processes
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Relevance of interference term

Cross section with full interference term

IM(ab — ch)]2IM(h — ef)|2  |M(ab— cH)]2|M(H — ef)|?
o(ab — cef) = /d < (¢2 — M2)2 + M2T2 (¢ — M7)* + M7 TS,

o { Mlab = ch)M* (ab = cH)M(h = ef)M*(H = ef)
e 7
(¢ — M +iMpTp) (g% — M —iMpTm)
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Relevance of interference term

Cross section with full interference term

|IM(ab — ch)2IM(h — ef)? | |M(ab— cH)]2|M(H — ef)|?
o(ab — cef) = /d < (¢2 — M2)2 + M2T2 (¢ — M7)* + M7 TS,

o [ Mlab = ch)M* (ab = cH)M(h = e)M* (H = ef)
e G
(([2 — A\[].f + iAx[;,,F;,,)(qz — A’[I_)I —iMygTy)

Mass degeneracy: interference term significant [rowter, PhD Thesis '10]

» NWA not applicable for |1/, — 1/;| = I',. 1", (BREIT-WIGNER overlap)

» e.g. MSSM: for some parameters, h, HY, A° have similar masses
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Generalised NWA with interference term

2 steps for on-shell approximation of interference term

> matrix elements on-shell (g7 — 1/7)
m pro close to full result
® con no automated evaluation of squared matrix elements
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Generalised NWA with interference term

2 steps for on-shell approximation of interference term

> matrix elements on-shell (g7 — 1/7)
m pro close to full result
® con no automated evaluation of squared matrix elements

> interference term as R-factors: o0 ~ ) op, BR; - (1 + R;)
i

m pro building blocks available as in sSNWA: op,I'p, It gp, gp
m con additional approximation M) ~ My
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Generalised NWA with interference term

2 steps for on-shell approximation of interference term

» matrix elements on-shell M (¢> — 1/7)
m pro close to full result
® con no automated evaluation of squared matrix elements

> interference term as R-factors: o0 ~ ) op, BR; - (1 + R;)
i

m pro building blocks available as in sSNWA: op,I'p, It gp, gp
m con additional approximation M) ~ My

accuracy vs. technical simplification of approximation
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Motivation

Generalised Narrow-Width Approximation (NWA)
m Standard NWA

m Generalised NWA (gNWA) including interference term
> Example process Y] — x{7"7~ at LO

Comparison of full 1-loop result with gNWA
m Higgs and neutralino sector at 1-loop

m Full 1 — 3 decay at NLO

m gNWA at NLO

Conclusion
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Example process: I'(Y] — x{7777)

Scenario
» MSSMg(CP) : ho — HO
» small AM = MH — Mh
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Example process: I'(y] — x{7777)

Total widthsand mass splitting
6 ; !

5f — 1
-

I
I
el
|
T, AM [GeV]

Scenario
> MSSMR(CP) :hY — HO
» small AM = My — My, (1)51 152 153 154 155

My . [GeV]

| expect sizable interference around ANy, 1y = 1y
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Total widthsand mass splitting

%
S
s
<
Scenario o
> MSSMg(CP) : h° — H°
0 L L L
» small AM = My — My, 151 152 153 154 155
My . [GeV]
| expect sizable interference around ANy, 1y = 1y
Calculation

» decay widths: FeynArts/FormCalc/LoopTools
> precise input quantities at 2-loop M,I', Z: FeynHiggs
» interference term implemented in different approximations
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Decay width T'(y} — x)777) at LO

T(y9-idr*t7) LO

0.005 | ]
0.004} - e ]
S ~ oo =1 sNWAO
OJ . \\ ’/ -
8 0'0035 “ - |
~ 0.002] N 7 ]
i AN e ]
0.001 RN I
0,000 -+
151 152 153 154 155
My+ [GeV]

large discrepancy between sNWA and full 3-body decay width |
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Decay width T'(y} — x)777) at LO

I' [GeV]

T(y9-idr*t7) LO

0.005 : .
i  SNWA
0.004 - T T :
;\\ e _full®
0008 " e
0.002 N\\‘ /{/// 1 gNWA;,
i AR 4 1
0.001f Y=t 1 oNwAg
0000
151 152 153 154 155
Mp+ [GeV]

large interference effect well approximated by gNWA (M/ R) |
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> Comparison of full 1-loop result with gNWA
m Higgs and neutralino sector at 1-loop
m Full 1 — 3 decay at NLO
= gNWA at NLO
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Higgs pl’Opagator mixing [Frank, Hahn, Heinemeyer, Hollik, Rzehak, Weiglein '07]

3 x 3 mixing (approximation of 6 x 6)

» mixing self-energies = mass matrix (mree, Mioop)
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Higgs propagator mixing [Frank, Hahn, Heinemeyer, Hollik, Rzehak, Weiglein '07]

3 x 3 mixing (approximation of 6 x 6)

» mixing self-energies = mass matrix (mree, Mioop)

» masses and widths from complex pole ./\/lz2 = Mf — i M;T;

2 2
: L i pEME L B
» diagonal propagator A;; = pE—— — APV Z
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Higgs propagator mixing [Frank, Hahn, Heinemeyer, Hollik, Rzehak, Weiglein '07]

3 x 3 mixing (approximation of 6 x 6)

» mixing self-energies = mass matrix (mree, Mioop)

» masses and widths from complex pole ./\/lz2 = Mf — i M;T;

» diagonal propagator A;; =

Z-factors

» correct on-shell properties of external Higgs bosons with mixing: ;

_’;_Q_

) =

PR M2
i M

T 5~ CABW Lz
p2—m? 43577 (p?)

2o Ch+ 20 nTh ..
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Higgs propagator mixing: BW approximation

» simple example process bb — 777~ to study propagator mixing effects

o(bb—>7t*77) with propagator mixing

400000+ M
r modified M " scenario: .

tanp = 50

My+ = 153 GeV

Mp =126.20 GeV
My =12755 GeV

3000001 S K 1 rn=094 Gev -
IE N | Tu=121 Gev
= i h .
=y [
— 200000
< r-
100000

0'___;2211 Eiireiiilioiii. )
122 124 126 128 130

\/g[GeV]
» mixing propagators well approximated by

» sensitive to exact values of total widths
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Renormalisation: neutralino sector on-shell

Neutralino and chargino matrices

My 0 —Mzgecgsw Mzsgsw
v = 0 Mo Mzcgew —Mgzsgew X = ( Mo \/§MW55)
T | —Mzcegsw Mzcgew 0 — ’ - \/§Mch “w
Mzsgsw —Mzsgew — 0

On-she" conditions [Fowler, Weiglein '09] [Bharucha, Fowler, Moortgat-Pick, Weiglein '12] [Chatterjee,

Drees, Kulkarni, Xu '11] [Bharucha, Heinemeyer, Pahlen, Schappacher '12],...

> 3 out of 6 X, Y= masses on-shell
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Renormalisation:

neutralino sector on-shell

Neutralino and chargino

matrices
My 0 —Mzgecgsw Mzsgsw
v = 0 Mo Mzcgew —Mgzsgew X = Mo \/§MW55
T | —Mzcgsw Mzecgew 0 —p ? ~ \V2Mycg I
Mzsgsw —Mzsgew — 0

On-She" Conditions [Fowler, Weiglein '09] [Bharucha, Fowler, Moortgat-Pick, Weiglein '12] [Chatterjee,

Drees, Kulkarni, Xu '11] [Bharucha, Heinemeyer, Pahlen, Schappacher '12],...

> 3 out of 6 X, Y= masses on-shell

» choose most bino-, wino- and higgsino-like states as input
— 3 parameters | M|, |Ma|, || properly fixed

|stab|e scheme choice depends on scenario
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Full 1 — 3 decay at NLO

Full 1-loop calculation

T(xS—xdrr), r=(r'ooP_rtree) piree > diagrams
m vertices
o & & = = m self-energy
" loon
- {a m box

m soft photon radiation

» Higgs mixing by Z-factors

I' [MeV]

r (%]

153 154 155

My, [GeV]
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Full 1 — 3 decay at NLO

Full 1-loop calculation

T(xd—x2tr), r=(r'°oP_rtree) piree » diagrams
m vertices
m self-energy
o {a m box
m soft photon radiation

151 152 153 154 155
5 T T T 5

» Higgs mixing by Z-factors

> manageable at full

o N 1-loop level
S .
= 5 > use process to validate
° 0 gNWA
151 152 153 154 155
My« [GeV]
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Higher-order corrections in the generalised NWA

Loop corrections to sub-processes of \{ — x{777~

» Production: full vertex corrections O(15%)
» Decay: virtual contributions and real y-emission O(—4%)

» Higgs propagator: self-energy mixing by Z-factors
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Higher-order corrections in the generalised NWA

Loop corrections to sub-processes of \{ — x{777~

» Production: full vertex corrections O(15%)
» Decay: virtual contributions and real y-emission O(—4%)

» Higgs propagator: self-energy mixing by Z-factors

Strategy: combination of precise partial results

~ separate calculation of loop correc-
tions to production and decay

combination of higher-
— order corrections to sub-
processes in generalised

= approximation of interference term
based on NLO matrix elements

~ |R-cancellations between on-shell ma-
trix elements with virtual + real soft ~ NWA

Elina Fuchs — DESY — Mainz 2014 — Page 11

> precise I', M, Z (FeynHiggs)



Full decay vs. gNWA at NLO

T(¥9- i 7" 77) gNWANLO

0.004
0.003 |

0.002 |

I' [GeV]

0.001|

0,000 L
151 152 153 154 155

My+ [GeV]

Full tree-level + 1-loop on-shell matrix elements
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Full decay vs. gNWA at NLO

T(¥9- i 7" 77) gNWANLO

0.004
0.003 |

0.002 |

I' [GeV]

0.001|

0,000 L
151 152 153 154 155

My+ [GeV]

Full tree-level + 1-loop R-factors based on tree-level couplings and 1-loop I'p, I'p |
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Full decay vs. gNWA at NLO

Precision gNWA NLO

4 I/A\ \\
) I 1 N
Q\Q I’ \\\
‘_l' 2 Il ~
= , ]
2 1
= Lmememe i m = m T m T [
2 el
: 0 ;
N ;
\\\\ Il B M
-2 ~ — ’I/ g
151 152 153 154 155
Mp+ [GeV]

Matrix elements: 1% accuracy; R-factor: less precise, but simplerl
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Motivation

Generalised Narrow-Width Approximation (NWA)
m Standard NWA

m Generalised NWA (gNWA) including interference term
Example process Y} — x{7"7~ at LO

Comparison of full 1-loop result with gNWA
m Higgs and neutralino sector at 1-loop

m Full 1 — 3 decay at NLO

m gNWA at NLO

> Conclusion
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Conclusion

Summary: interference and NLO effects in generalised NWA

-0 hOHY _ e .
» example: decay X = X777 with interference of Higgs bosons

» demonstrated how gNWA can be applied at the loop level: inclusion of
virtual and real corrections, cancellations of IR-divergences preserved

m on-shell matrix elements: 1% agreement with full result
m R-factor: 4% agreement with full result, but technically easier
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Conclusion

Summary: interference and NLO effects in generalised NWA

-0 hOHY _ e .
» example: decay X = X777 with interference of Higgs bosons

» demonstrated how gNWA can be applied at the loop level: inclusion of
virtual and real corrections, cancellations of IR-divergences preserved

m on-shell matrix elements: 1% agreement with full result
m R-factor: 4% agreement with full result, but technically easier

» gNWA enables factorisation into production and decay with
interference and NLO effects — useful for various BSM models

Outlook: CP-violating mixing

» MSSMc: CF = H® — A° interference
m bb(h/H/A — 7577 /bb)
®mgg—h/H/A— 757 /ptu~

> negative interference terms could relax limits on ¢

> impact on experimental parameter limits?
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NWA basics

Factorisation of the n-particle phase space d?®,,

" T &Pps
> d®, = dlips (P;p1,....,ps) = 2m)* 6P =3 pp) [ [ oo
! f=1 ! fl;[l (2m)32Ey

» here: kinematics of 3-body decay — 2-body
. 2 .
d® = dlips(\/5; pe, e, ps) = dlips(\/5; pe, 4) S dlips(4; pe, py)

Production xdecay

> instead of BREIT-WIGNER propagator ——pm

» on-shell production of particle with mass //, and subsequent decay:

Oab—scef ~ Uab—>cd(q2 = M2) : BRd—)ef

» accurate up to O (%) [Uhlemann, Kauer '09]

Elina Fuchs — DESY — Mainz 2014 — Page 1



Generalised NWA with interference term

_1 IM(ab — ch)]2IM(h — ef)]?  |M(ab — cH)]?IM(H — ef)|?
a(ab— cef) = 7 /d‘b < (@ = M2+ MOTD CEESTPAEESTEA

4 2Re M(ab — ch)M*(ab — cH)M(h — ef)M*(H — ef)
((]2 — A\[ﬁ) + 1:1\1}11‘]7,)((]2 — i\[}“)] — iQ\]/]l‘/])

M on—shell
~

Cabsch BRhsef + 0abscHBRHE ey
2 dq? . .
+are{ [ G5 (APV (@52 (@) | [ av ) Mp, (M) M, (03)|

[/ d<I>D(f12)MD1 (Mf)M*D2 (Mg)} ) }
My, i‘\]”

~ op BRi-(1+Ri)+op, BRy (1+ Ra)
Ri = 2Mil“l-wi - 2Re {xll}

op, BR;

w; =
‘" op, BR1 +0p, BRo
9P, 959D, 9D,
Ti = 7 t

——5—5 (9p/p : couplings in production/ decay)
lgr; 119D |
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Breit-Wigner propagators: total width

» Higgs mass matrix with mixing self-energies

i San(P?) ~Sn(P?) ~ha(@?)
2 mj, — Zpp (P nH (P Xpalp
M()(p ) = SHr(P)) m¥y — S (p?) —EHAA(P2)2
Zan (@) —2am (@) m3 —Xaa(p”)
o(bb->7%77) with BW propagators
400000f ,«\ ]
modified M " scenario i “ " =0.94 Gev
rtanB ~ i oo A ;':m ::zz?:v
300000¢ ’,' \\\ /'l \'\ rt=324Gev |
=
Z 200000F-—- pm 1o [ By 1
5 === 1" no Int f N AN
0 L No L
122 126 12¢ 13C
Vs [GeV]

» larger total widths from FeynHiggs reduce cross section
» 2 resonances overlap in 1 broad peak %
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Vertex corrections to Y| — x{h

Renormalisation schemes with on-shell neutralinos

NNN: scheme: mo and mes receive loop correction
7 1,2
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Vertex corrections to

Renormalisation schemes with on-shell neutralinos

NNN: scheme: mo and mes receive loop correction
7 1,2

Parameter dependence

M5, NNN mhmax

— T s
so0f  preliminary : ]
—- NNN1 ‘”‘
200F |[-- NNN2 i ]
NNN3 1"
. "
_ aof NNN4 " E
= I
3 0"
8 a0f | ]
- I
Z 100 1 E
L
0 e Pl
e T = o Toees
-100F y E
0]
_200 . . . . .
200 210 220 230 240 250

n[GeV]
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Vertex corrections to

Renormalisation schemes with on-shell neutralinos
NNN: scheme: m_o and mes receive loop correction
1,2

Xi
Parameter dependence (¥} — x{h): loop effect
i . Mo, NNN mhmgx i r= rloop/rlmp Born  NNN2 mhmax
s00f  preliminary i 1 20 T T T T T
T RNNL : preliminary
400F |- NNN2 0 1
NNN3 n
3000 | NNN4 B 1
S "
§ T g
Z 10 1 E -
‘)' |
port
0 ..,...x.-.r»-—-"f’”’"‘: =5 pet
-100 ¢ L/ 1
;
200 210 220 230 240 250
u(Gev] n[Gev]

significant loop corrections to Higgs production in X3 — X5k in a stable scheme
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Virtual and real corrections to h — 777~

[Dabelstein "95] [Denner '07] [Williams, Rzehak, Weiglein '11], ...

Triangle diagrams and soft y-emission
e fcx l - z 4 <§T: UV-finite with CTs
[FTEE Voo T4 smes Y
IS VU "l IR-finite: Dsopr = 0sppr - T
e.g. - 2 3 . soft soft 0

Selfenergy mixing

-4
wh

e.g. VZ< small, but sizable h; — h; mixing approximated by Z-factors

= }m

Loop effect in h; — 777~

Thoer (My ) r=p Ny pime-Bom g
0.7 0
preliminary prefiminary
06 1
— 05
% h LO -2 L h
O 04 =
= —h NLO s 3 —H
;03 ---H Lo
= 02 —H NLO B e
01 -5
0.0 -6
151 152 153 154 155 151 152 153 154 155
My+ [GeV] My« [GeV]

Elina Fuchs — DESY — Mainz 2014 — Page 5



1 — 3 decay at 1-loop

Factorisable contributions as in NWA

_ u ¥
x

g S
T dw i,
=0 S
Xé H “~a_ i
, ,;,-<
» vertices, e.g *

;

T
T

:
T
X or
T

» self-energy mixing, e.g. H/f<

Non-factorisable in addition to NWA

» boxes, e.g.
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