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Outline

 Why heavy Higgs searches?

e Sighal — background interference

* Higgs lineshape Disclaimer:

-The “BSM group” is actually the BSM &
] Heavy Higgs group
* Conclusions

-These are hot topics (and we are “just”

¢ QU estions experimentalists © )... please wait the end
of the talk to throw stones
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Why to search for heavy Higgs
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.. * SM Higgs unlikely to be heavy

* SM extension with Higgs mass splitting: light SM-like
Higgs + heavy scalar resonance

(compatible with EWK fit and current exclusions, see [9],[10],[11])
20

* Composite models: SM-like Higgs with suppressed
' couplings + heavy vector resonance
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- direct search: WE ARE CO
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(LHC results reinterpreted in these models, see [8])
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LLECTING VV EVENTS AT ~1TeV FOR THE FIRST TIME !!!!
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Interference in gg->VV

O Large signal-background interference in gg—>VV (especially at high mVV)
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Typically experimental collaborations work with oB and oH at different
perturbative orders

O Situation very similar in VBF: interference btw resonant diagrams
and EWK non-resonant
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How important is the interference @ LHC?
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Campbell, Ellis, Williams 2011

LHC @ 7 TeV, gg—>WW, No final state lepton cuts
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O Interference effects rise fast above 400 GeV

* net constructive effect on total xsec (destructive tail to preserve unitarity)

 above 600 (not yet explored) interference > “signal” xsec

* also shape effects | = next slide
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Effect of the interference on distributions Lashkar Kashif
(ATLAS StUd ies) HSG3 Workshop, March 12-14
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Lashkar Kashif
Zoom on M-, A, 1553 orkshn, o 1324

do,/dm,, [fb/20 GeV]

Campbell, Ellis, Williams 2011
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MC programs with
interference included

* Interference in gg2>VV

— MCFM (J. Campbell, K. Ellis, C. Williams)
» gg>WW (no gg->ZZ since missing 3" generation)

— gg277- gg2\WW (N. Kauer)
s gg>WW
o gg>77

— aMC@NLO (S.Frixione, F.Maltoni, A. Laureys)
o gg>77

* Interference in VBF
— HAWK
— VBFNLO
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Ciaran Williams
Workshop: the case of a large-mass Higgs

MCFM

MCFM is a parton level MC code

* Contains many EW + jets processes at NLO including :
— gg—>Higgs 2 (ZZWW, yy, bb) + 0,1,2 jets (NLO)
— VBF, Associated Higgs production (NLO)
— Diboson pp—> VV

 gg->WW interference calculation at LO
* No gg—=2>7ZZ interference: no top loop
* Possibility to change the Higgs propagator (eg, using ISA)
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gg2// — gg2\WW

Nikolas Kauer

First BSM and Heavy Higgs kick off meeting

e Parton level integrator and event generator

e Off-shell weak boson and massless and massive quarks are taken into account

* simultaneous xsec calculation for multiple scales and PDF error

e  BW with fixed width

gg2WW-3.0 public 99 (= H) = W-W+ = yl'v, inful PS; I = e, pu, 7

gg277-2.0 public 99 — ZZ — W' infull PS;L,I" = e, p, 71 # 1

gg277-3.0 in preparation 99 (— H) — ZZ — W'V, L, Hvpwp, llqg; L1 =e p, 7
gg (= H) =W W+ - linl’'vy, LHC, 7 TeV, standard cuts
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Antoine Laureys
a M C @ N LO First BSM and Heavy Higgs kick off meeting

* gg —> VV automatically generated by MadLoop and cross-checked at the matrix
element level with MCFM

* Finite top mass effects, spin correlations, off-shell effects and interference with the
Higgs signal

* Unweighted events produced (as usual) in MG and passed to PS (no matching is
needed as these are LO processes)

* Codes to generate unweighted events are in preparation for:

— B+i+S
— B +ito be usedin conjunction with MC@NLO gg -> H - VV at NLO
M(e+,e—,mu+,mu-—) M(w+,w—)
T l T T T T I T T T T I T T T T l T T T IE g T T T T l T T T T l T T T T l T T T T l T T T T
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How to deal with

and

Do we have to care? I'm not sure, since interference effects may be larger
than these corrections. But let's assume we do

Call H whatever diagrams feature Higgs exchange, and nH all the others

Study impact of interference by comparing (as in MCFM)

interference @LO IR

Each of these three terms can be unweighted with MadLoop

\H|* + |nH|?

If the interference is not so large, then get from MadlLoop

signal @(N)NLO? i+~

(ie., |H|? at O(a?))

and add to this the “signal” computed with MC@NLO

In all the above, the Higgs can be given a real mass and a fixed width

A natural question arises about how to incorporate the LO results presented here with the NNLO

cross section

Simplest thing to do is to merely add as an absolute correction to the total cross section

NNLO 0 LO
OH.i

J TI T " ’
AN 4 (o2 — o

This is natural from a theory point of view, in which we are used to incomplete perturbation
series. The K-factor going from LO to NNLO is large the resulting impact of the interference
terms is reduced by a factor of two.

Other option is to re-weight predictions by the ratio

LO
O

Certainly if a conservative approach in limit setting is desired this is better to do in the
destructive region (since the true NNLO interference terms are some way off...)

0
NNLEO: NLO|[ “H,
OH, = "g ( )

\

Stefano Frixione
The case of a large-mass Higgs

Ciaran Williams
The case of a large-mass Higgs




Christian Schwinn (Freiburg University)

Li n e S h a p e : t h e p rO b I e m Workshop: the case of a large-mass Higgs

Conventional perturbation theory for scattering fifo — ® — fafs:

------ +..
i/ (p? —m3) S0,
breaks down for for p* ~ m? = on-shell decay ® — f3fi Wo

34

Resummation of self-energy insertions in propagator

i
------ e e O ol
: /(p2 —m2 ‘ p? — m?b + Xa(p?)

i/ (PT=m3)  i/(p?—m2) i/(p?—m3)

O It mixes orders in perturbation theory and violates gauge invariance
—> justified only for p2~mH

- suitable if small I" = restrict the phase space around s”mH
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Possible solutions ?

()

1 Usual solution: use propagator with constant width 22 — M2 1 iMT
> production times decay (violates gauge invariance but mostly harmless at tree level)
F(I’)—bf f > F( — -
Ofifo—sfafs = Of1faasd X F—“ (Uflfz_HI 1 - Pl
@ usually known at NNLO,
e Accuracy ~T'/m 01, fosfszs ONly NLO )

e Higgs boson:

<5% myg < 350GeV

L /mu - not suitable for mH~>500 GeV
>10% mpy 2> 450GeV

O Similar implementation but fully consistent: complex mass scheme

requires fixed-order calculation for full process -> practical limitations:
* no above NLO for 224

* no signal/background separation,
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Let’s try again...

L “There is only one thing that is uniquely defined: the complete calculation for pp - 4f “

but very useful notion of

* Higgs production and Higgs decay (eg, usually known at different orders)

* Higgs signal and non-resonant background (eg, to optimize the analysis strategy
for a given signal topology)

-> some conventional but gauge invariant splitting of Total into Signal and Background +
Interference .

A ) = Virod (Co - ) Aprop() Viaee () + N (¢, ...)
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G.Passarino (Torino University)
http://personalpages.to.infn.it/~giampier/notes_HH.pdf

Pole mass scheme (1)

A(C, ) — Vprod (Q ) AprOP(C) Vdec(C) +N(C, )

O CPP fully consistent approach: compute signal with Higgs virtuality = pole \
(signal defined as the residual in the complex pole)

CPP

S (C .. ) — Vprod (3H~, .. ) Aprop(C) Vdec(SH)a Aprop (C) = propagator.

but difficult to implement and require to shift to “background” the difference

O Solution: OFFP ie keep the production and decay as function of virtuality but
preserving gauge invariance
OFFP

S (C .. ) — Vprod (Cn .. ) Aprop(C) Vdec((:)s Aprop(C) — propagat.or,

\_
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Pole mass scheme (2)

[ Consistent separation signal/background (= including higher orders in signal) :
what is in OFFP and not in CPP will be shifted to B + |

(the difference between two schemes should NOT be interpreted as theoretical uncertainty!! )

G.Passarino (Torino University)
http://personalpages.to.infn.it/~giampier/notes_HH.pdf
0.08 . . . . . N N A N N s
3 Results o
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Pole mass scheme at work

Usable recipe with associated uncertainties -> status of OFFP implementation:

* VBF in HAWK done

* ggF and VBF in Powheg in progress -> reweigthing available
* ggF in aMC@NLO in progress

 ggF (DeFlorian) in progress

eg, results from POWHEG reweighting in VBF Oleari, Nason
Second BSM and Heavy Higgs kick off meeting
|0'2 1INV Mmass ;’l;;.V-ByFJIi.L'ts \-i_](ll - y)2)
N1 120225.9 NT= 1.634E-01 &Nl' 4.313E-02
i1 : B LAY
1073 g FL 2.2 5 é:l_- 3.?2 987 0.006 - L. L7 g
1 010 | R i 1 ’"
10 4 - -! L 1 0.004 [ ]
0105 . =
10% | .
60 \; 010°5 |- L ] 0.002 E
10”7 Ll ' e, nﬂ-lq:""—q__ ] 0.000 = '
0 : :
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w = y)il - y)

m)) VBF cuts
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M.Seymour (Manchester University)
Workshop: the case of a large-mass Higgs

Improved s-channel Approximation

Different approach: find a way to combine resonant and non-resonant diagrams before the
“self-energy” resummation (ie have a signal definition which does not break unitarity)

* |f you want to make an s-channel calculation
look as much like the full calculation as

i

im3 /s

s —m%

s—m3y +ilys/my

111l

wn
>

naive s-channel approximation

possible,
1072 S
- (b)
1073
“but beware: 3 3
this is using the s- B -
channel diagram § |0t
to calculate non- & 3
resonant g [
contributions! “ % 1075
g ;
3 -6 Lo |
10

600

800
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M.Seymour (Manchester University)
Workshop: the case of a large-mass Higgs

Abuses of the ISA...

).01

M,=600GeV

—— Default scheme
——— Seymour scheme

Seymour

H T T TT

100 200 300 400 500 600

700 800 900 1000

m,, (GeV)

do/dm /o

0.02

0.015

0.01

0.005

M_,=800GeV

N ——— Default scheme
- ——— Seymour scheme
o Defalut
J_ 11 l 11 1 I 11 1 ] L1 1 | I 11 hnl_l nnn l L b L
200 400 600 800 1000 1200 1400 1600 1800 2000
m,, (GeV)

ISA includes non-resonant contributions, which “default” does not. Meaningless to
compare shapes, but absolute os should agree near resonance

x4 for m =800 GeV
x1.6 for m,;=500 GeV
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Adrian Signer (PSl)
Workshop: the case of a large-mass Higgs

Effective theory

001 T I

resummation of self-energy I1(s, M%, m%) toy model

combined

o
/\ ey
i\ - E
i \ ]

expansion in a and é: & . 1

I(s, MIQJ,m%() = Z a” Z &M H(n’m)(M?J,m%()

n=1 m=0

full range of /s: matching of resonant
to off-resonant cross section

® this offers a complementary approach, useful for comparison and cross checks

® application of effective-theory methods to the full Standard Model in the case of Higgs
production has a number of additional complications (on going)

valid only for small § , ie near MH, not usable for heavy Higgs (>400 GeV) far from
the peak
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The battle field

O Up to which mH we can have a reasonable signal definition and a lineshape for it?

feasible up to 1 TeV ! do not go above 400 GeV !!!

O Above “that” limit everybody agrees that the only reasonable strategy is:

* compare data with pp=2>4l with mh = 0 (or 125 GeV) . (see the proposal for
. . VBF yesterday)
ie, the only observable is s(VV) vs mVV

* VVV prediction with full interference effects expected in case of low Higgs
- need MC which describes interference effects (see above)

e cut and count analysis: no signal search, no signal lineshape
- publish # events vs mVV

(... as has been always done in VV scattering studies ...)
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Conclusions

 We want to search for the Higgs beyond 600 GeV

* Interference
— is large and constructive at high mass (with destructive tail)

— dominates production for a heavy Higgs and modifies lineshape
(and kinematic distributions) dramatically

— we need a clear prescription on how to reweight the current
available MC samples

— WW available in MCFM, ZZ work is on-going

* Lineshape:
— pole mass scheme (reweighting available)

— effective theory approach can be a useful x-check (for s*mH)
when ready

— above “a certain” mass -> just measure s(VV) vs mVV
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G.Passarino (Torino University)

A step in a new world ... ©

Putting together interference and lineshape (gg->77):

3 ©HTO powered by complex - pole - scheme 8 TeV 3
1071 gg — 27
—— |S+BPLO E
| S]PLO Z) effect of the
107* L s+ |BPLO €] interference
= - + g7 — ZZ LO '
@)
-~ 1073 L
e ]
o,
%"‘% 1074 [
5 | gg — ZZ
Wil 1 S|Z+I)+| B |?
“best” @ today—F — scale - (| S[P+I)+| B
£=025 > scale = | S {0 / 1S lio
1079 |
: £=0.05
100 600 1000

M(77) ] GeV]
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Questions

 How to combine Higgs signal (with correct lineshape) and backgrounds
taking into account the signal-background interference effects ?

— present plan: pole mass scheme + reweighting from MCFM/gg2ZZ/aMC@NLO
for interference

— reweigting: which prescription? LO
NNLO NNLO LO LO NNLO _ _NNLO TH.i
op; =0y +(oHi—on’) . PHi  =YH o’ )’

— NLO signal effects: do we have to care?

* Will it be possible to have at least 2 MCs with both gg=>WW and gg—2>2Z

interference effects implemented in order to compare results?
(also in view of recent gg2Z7 results at low mH !)

 Theory uncertainties to be assigned for heavy Higgs lineshape and
interference effects after all corrections

— lineshape uncertainty from pole mass scheme defined (they can be
implemented in Powheg reweighting)

— other lineshape approaches will be x-checked as well, when ready

* Up to which Higgs mass we should keep the same Higgs search strategy?
When should we switch to simple cut-and-count analysis for s(VV) ?
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Available tools

Reisaburo Tanaka

ggF, VBF, WH/ZH, ttH, MSSM Higgs

Cross Section

?IsI'CIS:LU (NNLO QCD+NLO ////

iHixs  (NNLO QCD+NLO EW)
FeHiPro (NNLO QCD+NLO EW)
HNNLO/HRes (NNLO+NNLL QCD)
ggh@NNLO (NNLO QCD)

VBF

VW2H (NLO QCD)

VBFNLO (NLO QCD+EW)
HAWK (NLO QCD+EW)

VBF@NNLO (NNLO)
WHI/ZH

N

Ql

»
V2HV  (NLO QCD) :

VH@NNLO (NNLO)

Haa (Lo acD) — /////

bbH
bbH@NNLO (NNLO QCD)

+ pnvate codes.

PDF: MSTW, CTEQ, NNPDF, etc. (NNLO)

gluon "~

Higgs Decay
HDECAY (NLO)
Prophecy4f (NLO)
A L) O FeynHiggs, CPSuperH
Jet Bin
WiZ
top/bottom .
Heavy Higgs
Lineshape
Inerference
Higgs p- Wiz
HgT  (NLO+NNLL)
HesBos (NLO+NNLL)
NLO MC
aMC@NLO, POWHEG,
SHERPA, HERWIG++
NLO code MCFM
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G.Passarino (Torino University)
http://personalpages.to.infn.it/~giampier/notes_HH.pdf
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do,/dm,, [fb/20 GeV]

MORE RE AND IM B.W.

0.0010 —

0.0005 —

0.0000

—0.0005 —

imag < I'ymy [3 gen]
real « (s—my°) [3 gen]

real « (s—my°) [2 gen]

— — —— —

my=600 GeV |

1
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Although there is a
net constructive effect
the interference still
has a destructive tail

This 1s essential to
preserve unitarity
(Glover, van der Bjj
89)

Destructive
interference ensures
correct behaviour
in log2 (s/m?)
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C Resonance shape for heavy Higgs: LO WWjj case )

PRELIMINARY
-3
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Notation: auum

Myx = Mx(mx) ~ viZ Signal amplitude for s-, t- and u-channel exchange of new particle X
Mp ~ =3 continuum electroweak background amplitude

— B = [d®|Mgp|?or S = [dD [|[Mx|* +2Re M xM}] violate unitarity at large s

Compare to SM light Higgs scenario with my, = 125 GeV or mj, = 100 GeV, i.e. define
electroweak background: B = [d®| Mg + My, (my,)|?> and
signal: S = [d®|Mp+ My (mx)[> — B

Integrate over suitable mass range [my — I't, my + I3] =



