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WZ+Jet @ 100 TeV

MadGraph
p1(j) > 3 TeV

Fixed-order 2—3
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WZ+Jet @ 100 TeV
(Prob ~ 3%) ZM W

(Prob ~ 20%)
Fixed-ordel2—3

parton shower
approach starts to
look useful...
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Recent LHC measurement:
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W +>=1 Jet

ATLAS

s =8 TeV, 20.3 fb™
Leading Jet P, > 500 GeV

e Data
—— ALPGEN+PYTHIA6 W+jets
— PYTHIA8 W+j & jj+weak shower
SHERPA+OpenLoops W+j & W+jj |_|
W+ >1jet Nietti NNLO

1.5 2 2.5 3 3.5 4
AR(u, closest jet)

* P1(jiead) > 500 GeV

conventional
back-to-back W+;j



Lots of Work on EW
Showers/Sudakovs

(Here’s an incomplete list)

Log-enhanced fixed-order corrections noticed for a while
— multijet without W/Z emission: €.J, Moretti, Nolten, Ross (hep-ph/0606201)
— ~10% weak corrections at LHC, multi-TeV partonic energies

Universal fixed-order NLL Sudakovs (virtual corrections)
— Denner & Pozzorini (hep-ph/0010202, 0104127)

— implementation studied in ALPGEN, using exact LO matrix
elements to generate real emissions: Chiesa, et al (1305.6837)

Resummed NLL Sudakovs
— Manohar, et al (0709.2377 + 6 others...)

Shower MC for f! (W/Z)t

— SHERPA using spin-averaged CDST dipoles: Krauss, Petrov,
Schonherr, Spannowsky (1403.4788)

— PYTHIA 8 shower: Christiansen & Sjostrand (1401.5238)



Our Immediate Goals

« Figure out what the complete set of EW collinear
splitting rules look like to define a shower

* Develop a proof-of-principle shower monte carlo
that includes all of these effects



What's the Big Deal?

* Vector bosons and scalars also radiate (sometimes a lot)
— particularly relevant for >TeV new physics involving W/Z/h
— and important if we care about multiple emissions (q! Wq! WWq)
— there is also a Yukawa component to the shower (top/bottom)

« Can’t avoid coherence in neutral vector/Higgs splittings

— e.g., ‘What is the rate for y! W*W-?" actually has no answer...
Z exchange must also contribute

— presence of preferred isospin basis (“bare color” shower)
independently implies SU(2). and U(1)y interfere

» Exiting the shower is nontrivial

— uniquely EWSB showering processes appear (e.g., “violations” of
Goldstone boson equivalence)

— some showers continuously transition into decays (W/Z! ff, t I"#$ )



"Massless"” SU(2)xU(1) Theory

(already need to break
down by chargel/isospin)

WE,WO,BO

f 'J\\rf(,) w/\/\%: x/\/\/<

+ 1—-3 splittings



"Massless” SU(2)xU(1) Theory

dz dlog Q2 a2

* Coupling & group theory factors tabulated in our paper + 1—3 splittings



cf, Ciafaloni & Comelli, hep-ph/0505047

Coherent Showering

particle state, propagator, splitting function
all become matrices

|\

(prod)= M j(prod)

dP/dz (lk% W\{

— M (split) |2 | dPy " M(kspllt) D;; Dj M I(S|ollt)

74
dP = pij dPji
tr[p]

1
dpij = # 5 Z (pik dPyj + dPik pyj )

channels

massless

massive, mass basis
(must rotate gauge couplings as usual)

massive, interaction basis

_icog "y isin®"y _isin®"y  icos "y
DBOB() = (72 + 21 2 DH'(‘U'“ - 9 . 21 2
q q=! my, q q=! m7y

icos"y sin"w (! m2)  From hard process, need density matrix

DBDH'O = DU'OBO =

Plg*! m3) - Mass eigenstates projected out “after”
parton shower (practically at ~mz)

- Similar story for Higgs (complex rotation)




Remaining EWSB Effects:
Exiting the Shower

Splitting functions acquire mass terms

23 |M (split) |2

dPaspic 1
dz dkf% 1672 (k:% + 5771% + 2"17'1% # 35‘771:‘)4)2

— leads to dead cones atkt~m, or! ~m/E

Sometimes get a pole instead of a dead cone

— solution: halt shower at m + (a few)*! and implement Breit-
Wigner decay routine (+ projections for mixed states)

— shower and decay predictions indeed overlap here
Dead cones also become populated by showering
effects unavailable to conventional collinear shower

— “ultra-collinear” shower

— directly analogous to massive fermion helicity violations in
QCD, QED showers



Goldstone Equivalence "Violation”

0 i Wr,L emission from 10 TeV LH
¢, P massless fermion
dP(f — W= 1f,’)

dz dk, vs k; (z=0.2)

2
7 myy dz df o E
dPr, o E2 .3 93 = Pr o< log (mw

300 400 500
k; (GeV)

vs conventional gauge splitting:
$ 0

1z d Y
dPr (—ﬁ = Pr x logz —

Z $ mw

GE-violating part of shower is strictly ultra-
collinear, kr ~ mw
(dominates that region, otherwise accounts
for ~14% of integrated emissions)

* Very well-known effect: Kane, Repko, Rolnik (1984), Dawson (1985), Chanowitz & Gaillard (1985)



Preview of PDFs (Parton Lumis)

\Fsgl'eVi
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3
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Sets the stage for 10’s of TeV VBF, spontaneous quark PDF polarization, etc
(Work in progress)



General Ultra-Collinears

Unbroken theory 1! 3 Broken theory 1! 2
process with Higgs process ~ VEV * appears in vertex and

wavefunction factors

« Computation greatly facilitated by working in “physical” gauges
— Goldstone fields propagate and interpolate external particles

— the would-be longitudinal gauge boson field interpolates the
same particle, via a remainder longitudinal polarization vector

(" LM - kv/m) ~ m/E, instead of the usual problematic E/m



All EWSB Ultra-Collinears
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Our Shower MC

Currently PYTHIAG-like virtuality-ordered

— easier to match onto resonances
— collinear approximation, no coherence between dipoles

Polarizations kept explicit (helicity basis)
Massive splitting functions and ultra-collinears

Kinematic reweighting of secondary splittings/decays
— especially useful for neutral bosons, mass unknown a priori!

Interleaved with QCD, automatic transition to QED
Only FSR (so far)

Built in C++...ideally later adapt to run within existing
shower frameworks



WZ+Jet @ 100 TeV

MadGraph

Fixed-order2 " 3
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PYTHIA 8 + Our shower
* Fixed-order EW splits

2—2 + fixed-order EW FSR
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PYTHIA 8 EW shower

2—2 + PYTHIA weak FSR shower

00 05 1 15 2 25 3 35 4 45 5

AR(W,2)

PYTHIA 8 + Our shower

* Full EW Sudakov evolution
2—2 + full EW FSR shower

* O(10%) corrections
beyond fixed-order
...should really be
talking about
“weak jets”

..
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A Look at Multiple Emissions

d, -initiated shower, 10 TeV

W;-initiated shower, 10 TeV

fraction of events
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! Vqand V! VV I VV unconstrained

! Vq unconstrained — — — back-reaction correction

L —

! Vg PYTHIA angle veto

! Vq with back-reaction back-reaction & angle veto

5
#W and Z

#W and Z2

Agree with PYTHIA 8 at
first emission. Beyond

that, need V! VV and
back-reaction corrections.

Pure “weak jets”
(not showing hard ys)



—
>
[
©
o
O
—
[
o
&
0
§4]
=
(5}
>
)
o
S
c
S
=
Q
IS
o
=

“/Z1 W'W splittings (e _ source)

Coherence Examples

2.5 TeV y/Zr from different leptonic sources (e.g. et+e-! "VOV9)

": fixed-order
7 FSR

coherent
shower

fraction of events (per 50 GeV)

1500 2000
MWW (GeV)

10 TeV h/Z.

fraction of events (per 200 GeV)

W*W’ splittings (e , source)

" only OR Z only
(incoherent)

coherent
shower (pure B?)

1000 1500 2000 2500
MW*'W) (GeV)

incoherent
TL orL'T

LU (ultra-collinear)
| T (ultra-collinear)

7 8 9 10
M(W*W) (TeV)

fraction of events (per 50 GeV)

400 600 800 1000

here, coherence !
charge/spin correlation

Y/Z — V,Vr (eL source)

1200 1400
M(ff) (GeV)




Zoomed-in:

Shower+Decay Example:
Polarized 10 TeV Top

fraction of events
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1000

b decay/shower, zoomed

210 220
M(Wb) (GeV)

t — Wb decay/shower

*tL is dominantly a

gauge shower, tr is

dominantly Yukawa
(Goldstone emission)
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ty! W_,b decay/shower, zoomed
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Simple NP Pheno Examples:
20 TeVLH W

Decays to
lepton/neutrino

Decays to
top/bottom
(without/with QCD)

fraction of events (per 200 GeV)
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20 TeV W™ — I'v, with EW FSR _

1-lep, no shower ._-"

8 10 12 1 16 18 20 22
M, (leptons,E,) (TeV)

8 10 12 14 16 18 20 22
M(QQ) (TeV)

(see also: Hook & Katz, 1407.2607)
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20 TeV W’ — t b, with EW+QCD FSR

* Different isospin
components are
starting to self-

average

8 10 12 14 16 18 20 22
M(QQ) (TeV)



Conclusions

EW showers become important in >TeV processes
— universal effects up to 10’s of %...emergence of “weak jets”

“Massless” shower captures the dominant log behavior,
but isn’t a simple generalization of QCD x EM

— scalars participate
— need density matrix Sudakov evolution, anticipating EWSB

EWSB effects also appear at kT ~ mw (even if E >> mw)
— generalizes classic “effective W_” observation from 1980s
— despite lower integrated rate, can dominate differential rate

Implemented a complete EW shower as a working
standalone monte carlo, tested in various contexts
— eager to move beyond the “standalone” part

— ideally allow for matching options, quantum spin state (relevant
for W/Z/t decay distributions), other minor bells and whistles

— more physics studies underway



More...



Yukawa Showering

Ultra-collinear t! ht (without helicity flip)
happens to be relatively large
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Goldstone Equivalence Gauge

rotating lightlike propagators I_orea_lk down
reference vector by polarization

long. polarization €, (k)

7

k2 — m? \/m |

* Delete problematic k?/m part of longitudinal polarization
— fully replaced in Feynman rules by Goldstone field
— amplitude to create on-shell longitudinal from A¥ ~ m/E

« Keep mixed basis: Two fields, one particle

— unlike R¢, Goldstone field interpolates physical longitudinal
bosons (amplitude ~ i)

« Similar story in other “physical” gauges
— Kunszt & Soper (1987), Beenakker & Werthenbach (hep-ph/0112030)



