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@ Factorization in QFT
@ The importance of the scattering of W bosons

Results: WW — WW scattering from the process qq — ggWW

@ High energy behavior of the WW scattering amplitudes
@ corrections to the EWA at the amplitude-level
@ EWA and the exact amplitude

@ Outlook on WW scattering
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Factorization

Factorization

remnant

remnant

Field theory question
How this generalizes to the massive case?
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Factorization

Analogous, but quite different

Qualitively different |

@ the W is never on-shell
Py = (Pu— Pa)® < 0 < mj, ’

off-shell W

@ a third polarization mode, ¢, ~ £ |

@ the new mass scale my J

Quantitative matter )

@ The energy of LHC is finite
@ o(pp — WWjj) only few fb
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Factorization

... you are asking for a beam of W bosons(!)

. BN Effective W Approximation: emi 2s, weizsacker,
® our source Of W 1S f - f W Williams ’34, Cahn, Chanowitz, Dawson, Gaillard, Kane, Repko, Rolnick '84-'85 )

o ff — W W* — Xuw f'f’ @ each W* has virtuality V
= \/mzw — (pr — pr)? ~ \/P2T+ ms,
dof s et @ W*W* — Xy of virtuality Quiy ~ E

W of virtuality ~ pr < Qun
1 1 E
" tharde<<AtWNENW
o V< Quww
X " for ff — fIWW

[+ ] pT,f’ < ,DT7 Wout and my < pT,W"‘”

that’s pure kinematics!
@ factorization of a hard (fast) process and a soft (slow) process

@ expansion in V/Quww ~ pr jet/PT,W
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Why | care so much about processes initiated by W bosons? J
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Status of the EWSB

A SU(2) x U(1) gauge theory
@ the interactions of the Z and the W with all the observations fit with Goldstone bosons

—1,2,3 i
the fermions (er.g2 .. ) e described by

_n_a
@ the interactions among Z and W (ep S =¢e%v

trilinear coupling, ...)

that transforms

Y — LYR!
@ we observed massive W and Z bosons

@ My = My cos Oy under SU(2); x SU(2)z symmetry )

SU(2) x U(1)y is spontaneously broken L= VTZTr(DNZD“‘Z)

@ there are three Goldstone @ the analog of the pions chiral lagrangian
bosons eaten by W and Z
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Goldstone scattering

We know that there are Goldstone bosons and their interactions, can
we make a prediction? J
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Goldstone scattering

We know that there are Goldstone bosons and their interactions, can
we make a prediction?

)

Yes
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Goldstone scattering: is weak or strong?

2

L= VZTr(D#ZD“Z)

S
A(nm — 7)) ~ 2

@ a weakly coupled moderator of the growth of the amplitude at high
energy must appear

@ the Goldstone bosons are strongly coupled

@ establishing if the Goldstones experience a strong or a weak force is a
goal for the LHC

@ best done in terms of WW — WW scattering rather than a complicated
qq — qqWW process (you don’t want to go back to the proton!)

@ ideally the experiment could measure the WW — WW process and put
all our knowledge of the EWSB sector in the for of a detailed
measurement of the cross-section
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Probing the scattering of W/, at the LHC

What | want:

W 2l

What | have: @ the emission of W bosons is J

suppressed by ay,

d

off-shell W

@ brute force: increase the energy and the
flux of initial state fermions J

off-shell W
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Probing the scattering of W/, at the LHC

What | want:

i}i }M{: j} """ f:_i I this is not a collision with real I/ bosons

in the initial state,
@ pf = (Pu—pa)> <0

What | have:

d

We need a relation between scattering
ff — ffWW that is observable at the LHC

off-shell W

and the “desired” on-shell scattering
ww — Ww

@ Effective W Approximation
off-shell W
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Probing the scattering of W/, at the LHC

M this is not a collision with real W bosons

in the initial state,

&
?{ M } """ L, | @ Py =(pu—pa)* <0

What | have: We need a relation between scattering

ff — ffWW that is observable at the LHC
and the “desired” on-shell scattering
ww — Ww

@ Effective W Approximation

d

Not a way to simplify the computation of

the exact amplitude, but

off-shell W

a mean to access the physics of on-shell
) W bosons scattering.
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Motivations summary

Why do | want to know about the details of this factorization?

Factorization in massive gauge theories

@ The same story of the massless case?
Simplicity of understanding the EWSB sector:
| Aww—ww (s, )|? is all that you want

@ Ideally our knowledge of the EWSB can be encoded in the
behavior of a 2 — 2 scattering process WW — WW

Effectiveness and robustness of LHC data analysis

@ Where the factorization works best is where the EWSB is more
at display, there you can see WW — WW and nothing else.

| \
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Current Status

Status of the EWA

surprisingly no complete and clear statement

o ff —» ffWW only for heavy Higgs boson or Higgless unst.soperss)
e ff—ffh
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Current Status

Checks of the EWA

surprisingly no complete and clear statement

o ff — ffWW only for heavy Higgs boson or Higgless unstzsoperss)
e ff—ffh

@ total rate: ff — ff hiin agreement up to O(10%) (cann s, Attareli et al. '87)

(*)] dO’/deW easily off by a factor 0(1 ) (Gunion et al. '86, Accomando et al. ‘06)

*] dO’/de’jetdeJe[ eaSi|y Off by a faCtOr 0(1 ) (Accomando et al. '06)
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Current Status

Checks of the EWA

surprisingly no complete and clear statement
o ff — ffWW only for heavy Higgs boson or Higgless unstzsoper'ss)
o ff—ffh

@ total rate: ff — ff hin agreement up to O(10%) (cann s, Atareli et al. '87)

o dO’/deW eaSin off by a factor 0(1 ) (Gunion et al. '86, Accomando et al. ‘06)
@ do/dpr jerdpr jer €asily off by a factor O(1) (accomando etal. '06)

v

validity of the EWA has been questioned

@ the goal is not to compute the rate
@ most of the attention was on the total cross-section

@ cuts were not selecting the region V < Quww
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Current Status

The EWA from the expansion of the exact amplitude |
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Gauge choice

Gauge invariance entangles diagrams

in a covariant gauge

2
) .A( ww — WW)off_she// ~ ( ) because ¢/ ~ % (Kieiss,Stirling '86)

E
m
0
o A(WW — WW)on—shen ~ (%) cancellations due to the Higgs boson

)

g,
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Gauge choice

Gauge invariance entangles diagrams

in a covariant gauge

2
) because ¢; ~ % (Kleiss, Stirling '86)

o A(WW — WW)os_shen ~ (£
0
o A(WW — WW)on—shen ~ (%) cancellations due to the Higgs boson

Ty,
o

£

"
f\\/

@ scattering and non-scattering must cancel to tame the “bad” energy behavior J
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Gauge choice

A transparent choice

covariant gauges
@ unphysical propagating fields
@ large cancellations among sets of diagrams

physical gauges, e.g. the axial gauge n,A* = 0

@ only physical DoF
@ the “scattering” diagram has a meaning by itself
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Gauge choice

f X — f Y WW: Enhanced diagrams (from dimensional analysis)

scattering < non-scattering

f f
Y
f
,
o w
X
,
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@ reattaching W lines a non-scattering diagram
becomes a scattering with the same couplings




Gauge choice

f X — f Y WW: Enhanced diagrams (from dimensional analysis)

@ reattaching W lines a non-scattering diagram
becomes a scattering with the same couplings

scattering < non-scattering
@ different numbers of fermionic and W

Hwk N\K 3 propagators, and of guwww and ggqw

! o o /

in a “physical” gauge
@ the W propagator is “well-behaved”
' ’ @ ¢, not ~E/m

rr

!
!
Ypr e away from singular regions
k
o Anon-scaltering = gV (lE)

s

<> ~ A »NVL(l)k_‘]_’_
X . scattering g pri \E

b @ gauge invariant kinematical enhancement

@ irrespectively of the nature of h and of my,
i 15/
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f X — f Y WW: Enhanced diagrams (from dimensional analysis)

scattering < non-scattering away from singular regions

wy

T =

I/pr

wy

~

Roberto Franceschini

Gauge choice

k
o Anon-scall.ering ~ gv (lE)

v_1 1)"=1
o Ascallering ~ g m (E) +

@ gauge invariant kinematical enhancement

@ irrespectively of the nature of h and of my,

v

in the EWA region: pr < Quw ~ E

o .Afu]] = Ascatlcring(1 + O(%))

4

subleading terms are expected

Acontact-scatterin
Zconfactseatlering
o Ascanering D E

A\
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EWA and Corrections

The Axial Gauge

Ny = —npw + Quiv + Qv Q;Lqu
aL qL
q
14 -4
= Ziefﬁ: + 2'22 e%eg
T+
_ u
Nug = —1—(Mu+ =) =€.€q
qL
2
Ngg = 14 —75 =¢4¢q
ar
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Q@ =21 /1+m2

_— n
n
qu/1+m2/qf (

[
+qL
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~ M0
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EWA and Corrections

Anatomy of a scattering amplitude

L =mE eV

Y Y

7

.Ascal(cring = V2 <JH€?!MET,VA?-Xy

2
Ia
m2

Roberto Franceschini November 2nd 2011@Cornell University

17/ 30



EWA and Corrections

Anatomy of a scattering amplitude

= m v

K3
Ascallcn’ng = W (J“E’;—‘HET,uAL-,’—Xy

V2
+ JH&S,MEOJ’ASX}/ 1 + ﬁ

+ JHGS’MEQ.A xy>
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EWA and Corrections

Anatomy of a scattering amplitude

F=m?+V? D =m V2

Aconmcl-scattering

1 N @ as expected
Ascallsring W <J‘L€T,H€T,V-Al7l'xy P
@ is representative of the size of
V2 the non-scattering diagrams
+ Jues,ueo,V'Agxy <1 + 2) 9 g
m @ it is a correction to Ay, not to

Agxy

+ JNanﬁgA xy>

1
= W (.Awuuering—diag + .A )
+ -Acomact—scattering
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EWA and Corrections

Surgery on a scattering amplitude

to make contact with on-shell }

° q.= (Ve +1ar.a)

K3
Ascallcn’ng = W (J“E’;—‘HET,uAI-,/—Xy

V2
+ JH&S,MEOJ’ASX}/ 1 + ﬁ

+ JHGS’HEQ.A xy>
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EWA and Corrections

Surgery on a scattering amplitude

to make contact with on-shell

J
o
: kinematical corrections
, O
? % v ) — 2 Al2 A
Ascallcn’ng W J 6T,HET,1/-ATXy qu - me + |q‘ ,q
2
V2 o 9% ~ \_/72 = KZZ
e e Ay ([ 1+ 5 o ]
’ m 0 S Sde g 0A 2
€, 7 Joe and 71
+ JHGS’HEQ.A xy>
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EWA and Corrections

Surgery on a scattering amplitude

to make contact with on-shell J

kinematical corrections

3% V2 _ 2
p P P ®w T ="r
scattering = €7 €T,v .
ttering V2 T,u Txy 5%4 7 éjs and % ~ K2
. v v2 D, — Dy = 2
+ J#€0,MEO,UA0Xy (1 + mZ> ® Pu— Pd (pTe VXp)
+  J¥eg eqA xy> %J - €p[pu — pa] up to O(/-.',Z)

(*] pTe gi(X) h=+
Wgo( )a h=20

—
Roberto Franceschini November 2nd 2011@Cornell University 17/30




EWA and Corrections

Surgery on a scattering amplitude

to make contact with on-shell J

kinematical corrections

(¢} 2 _ 2
Q -~ ==
o ~Tr ="
PT % on ]
Ascattering = V2 w’gi( X)e+ 'Aixy 5:: , 5j: and zi:lﬁl ~ K2

+ WQO(X)<EQ Ay + a 60 Ag}y) @ py—Pg = (pTew Xp)

;
= gon o 2
+ *ngo(X)Eo Agyy + O(x%) L e;[pu — pd] up to O(x?)

OpT gi(X) h=+
° Wgo( )a h=20

—
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EWA and Corrections

Surgery on a scattering amplitude

o d to make contact with on-shell |

kinematical corrections

P =mt v

Y \4’—‘\\ %
Pr i ° g, = (VP +aP.q)
Asc'mering = We g+ (X)E:l: . Aixy
e/ 2 _ 2
m 9% ~ V& —
+ o pm%l)(co Ay + o Do Apy)  ® a0 SR =F
Sy e L SA 2
5 < 3 Je and A kK
v a0 g, + 06 z

= %AEWA +O(AT) + O(x?)
= e;[pu — pa] up to O(x?)

non-scattering corrections

(*] pT gi(X) h=+

_ Vv
OATZEN"@ L”._Ascallen"gﬂ °Wgo( )ahZO

—
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EWA and Corrections

The approximated amplitude

AEWA == f:l: (pT m) X)“Ai:auermg -diag + fO (pT 5 m, X)Ascattering-mix

o -Aexact = % -AEWA + O(A T) + 0(1’12) + Anon—%cuuering
@ A e 1S COMparable to the O(A7) correction 10 A,eing.dise

-Asmltering-mix

=p

Asmtlering-diag

@ p depends on the model and on the external states
@ in typical cases p ~ x*'

e.g. in the Higgs model: ¢ =

@Vv— —v,h— —h m— —m, m* - —1 is asymmetry

@ A(rd.mb...) ~ v2" = A(LL — LL) ~ v
® A(md.m8 q...) ~ VBT = A(LT — LL) ~ vk
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EWA and Corrections

The approximated amplitude

Agwa = FL(pr, M, X) AL g T 10(PT M, X) Asateringomin

@ Agyact = %AEWA + O(A7) + O(/‘Dz) + A o scatering
@ A 1S COMparable to the O(A7) correction 10 A,eing.dise

p >~ k the exchange of transverse bosons dominates the scattering
@ Ay = Aewa + O(k)

p % the exchange of Goldstone bosons dominates the scattering

® Apy = Aewa + O(K?)
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@ In the suitable limit of a soft jet emission compared to the hard
scattering the factorization holds at the amplitude level
(irrespective of the mass of the Higgs)

@ do/d¢ now predictable with EWA
@ Several sources of corrections have been identified (x, A, ...)

Quantitatively we check the validity of the approximation:

@ evaluating the (integratal of) the full amplitude and the EWA
amplitude in fixed points of the phase space to study the
behavior of the corrections

@ using the approximated Ay, ~ %AEWA to generate LHE events
W|th a parton |eVe| MC (http://code.google.com/p/ewangelion) and Comparing
kinematical distributions to those from the exact amplitude
(MadGraph)
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Numerical Results J
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EWA vs. Exact

uW,| — dW, W, : EWA Amplitude vs. Exact Amplitude (eynans:rormcalo)

W+
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EWA vs. Exact

uW,| — dW, W, : EWA Amplitude vs. Exact Amplitude (eynans:rormcalo)

_ £ 200
= hA (hthohs)

() =) ;
+ LA (hihahs) + f_A (hihshy) T COTTECtIONS
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EWA vs. Exact

uW,| — dW, W, : EWA Amplitude vs. Exact Amplitude (eynans:rormcalo)

= fOA(O)h hohy) T f+A (hihohs) T f_AC h hohs) + corrections

hy =0,h =0, hs = 0: hi =+,ho = +,hy =+
3 longitudinal external states 3 transverse external states
ofif”Te ? 91 (x) @ fp =P o ge(X)
@ fo= yz90(x) @ fo = yz90(x)
@ A® —0o(1)+.. o A —0o(1)+
@ AR, = Lo) + .. 0 A%, = V0(1)

Agreement in the amplitude at O(p%/E?) J Agreement in the amplitude at O(pr/E) |
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EWA vs. Exact

uW,| — dW, W, : EWA Amplitude vs. Exact Amplitude (eynans:rormcalo)

= fOA(O)h hohy) T f+A (hihohs) T f_AC h hohs) + corrections

hy =0,h =0, hs = 0: hi =+,ho = +,hy =+
3 longitudinal external states 3 transverse external states
ofif”Te ? 91 (x) @ fp =P o ge(X)
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EWA vs. Exact

uW,| — dW, W, : EWA Amplitude vs. Exact Amplitude (eynans:rormcalo)

x=0.35, prq=45. GeV

Expanding the amplitudes ine = v

interesting patterns emerge 0 0,-1,-1)
{0, -1, 1)
- -1 0,-1,0
G dom. (0, -1, 0
Ay AL AL | W | Wt W~ | virtual | scaling 2 0,1, -1)
1 € € 0 0 0 L -2 EWA-EXACT 0,1, 1
los e — !
e & 101 0 T 1 9ol EWA+E><ACT) 3
e 1 &0 -1 o0 T -1
c f BRI 0 1 L -2 "
S & ¢ [0 1 1 T =i
T ¢ ¢ |01 1 L = s
e & Z]olo 1] L =
I¢c ¢ g 11 ’i ; ’f 10 15 20 25 30
€ € €
Y 1[0 o0 T -1 log;o(p/mw)
e € c 1 1 0 T —1
e e S 1 [-1 0 T -1 x=0.35, prg=45. GeV
T ¢ e [1]0 1 L =
e & 1|11 1 T —1 0 -1, -1
e 1 &1 [-1 1 T =]
F  J[i1]o0 1] T 1 1,-11
e 1« 1T [ 1 1| T T -1 {1,-1,0)
€ & &1 |-1 1] T -1 1,1, -1
c & 1 [-1]0 0 T —1 EWA-EXACT 11,1
. log,,(2 -2 e
& ¢ e [ 1|1 0 T —1 91 EWA+E><ACT)
& ¢ e | -1[-1 0 T =
& & e [-1[0 1 T =] -3
& & & -1[1 1 T =1
e & 1 T -1 1 T 1 4
1 ¢ ¢ |-1]0 1] L —2
L ‘1' L 7: ]1 7} ; 71 10 15 20 25 30
< & | 1] -1 - =
los m;
y 950(P/Mw)
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EWA vs. Exact

pr < m behavior

V= m%\/ — (Pu — pg)?

p 1 on
Aexact = V—;ei 29 (X)ex CALy

m on m ~ on
+ WQO(X) (Eg : Agxy + aeo : Oxy)

+ G(x)é - Agy, + O(k?)
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EWA vs. Exact

pr < m behavior

V=/mg, — (Pu— Pa)?
Aot = PLet0gy (x)es - AZ
exact = g+(X)eL - ALy

m on m ~ on
+ WQO(X) (Eg : Agxy + aeo : Oxy)

1 ~ n
+ ago(x)fo ) 'ADOxy + O(K‘Z)
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EWA vs. Exact

pr < m behavior

Aexact = 62 iwg:l:(x)le: Aixy

m

+ WQO(X) (59 '-Agxy + a 50 AOxy)
1 ~ on

+ ago(x)eo T oxy + O(HZ)

corrections at pr g < m

@ if T dominates: (’)(quL )~ (%
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EWA vs. Exact

pr < m behavior

x=0.50 p=1.0x10* GeV

. 0, -1, -1)
{0, -1, 1}
(pu {0, -1,0}
-1 0,1,-1)
EWA-EXACT 0,1,1
pPT ‘ogm(QEWA-}EXACT) 2
Aexact = V2 et gy (X)ex - Ay
+ . (X) € . AOn + Eé“ . on -
V2 gO g gxy a 0 Oxy a
-4 -3 -2 -1 0 1
1 -
+ G0 - Afly + O(<2)
L hel={-1, 1, 1)
y
05
corrections at pr g < m 0.0x10° Gev
o (QEWA»EXACT -1.0 3.0x10* GeV
ifTd t o 2 910\ v rexacT
i T dominates: O(5/g,) ~ O3
Qi i S O(E ~ O(EM
if L dominates O(qu) o( o 0
o -4 -3 -2 -1 0 1
logyo(Pr/mw)
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from Alrihehs) _ ¢ A

exact

(PRELIMINARY)

0
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|Aexact-Aewal* [GeV?] | Aexact-Arwal’ [GeV?]

|Aexact—Aewal® 1GeV?]

EWA vs. Exact
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uW* — dW+w-: [ d(b‘.AEWA‘Z Vs. / d@‘Aexac[|2

so far bW‘virtual = f)u - pd

PT
v2

m on m ~ on
+ 73900 (eo - Ay + a® 5y )

Aexact = eiwgi(x)ei~ Ly

+ o )d A, + O(K?)

o A~ prei”’Ai + Ag

° [dper? AL A5 +he.=0

O AP = |ALP + |Aof =
|[Aewal® + O(x?)
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-1

-2
EWA- EXACT)
-3

log,,\2
m( EWA +EXACT
-4
-5

-6
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EWA vs. Exact

x=0.35, pr 4=45. GeV
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uWt — dW*w-

PT,wW,virtual = 0

pPT ot
V2

+ 2go(x)(eg Ay + T 70 Ay

Aexact = g (X)ex - Aixy

4 9o(x)éo - Agyy, + O(k)

)

0 A~ pret? A, + A
o [do et AL Az +hc. =0
0 |AR = |AL|? + |42 =

| Agwal? + O(x?)
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EWA vs. Exact

x=0.35, pr g=45. GeV
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EWA vs. Exact

uc — dsW+w-

The process studied so far, uW+ — dW* W, is only a toy, but
displays all the interesting physics (even more indeed), of the
“interesting” process qq — qqWW.

fixed jets angles integrated amplitude

x=0.30, pr4=40. GeV y=0.60, pr s=60. GeV x=0.3, prq=20 GeV, y=0.6, pr s=160 GeV
(-1, -1 0 (-1, -1
00 -1, 1) o -1, 1)
-05 -1,0) {-1,0}
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EWA vs. Exact

EWA vs. MadGraph: for uW~ — dWT W~ at =2 TeV (preLiminary)

in the SU(2) Higgs model (m,=160 GeV) in the region 30 GeV < pr 5 < 60GeV, 0.3 < x < 0.4, myy > 400 GeV
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2 Undertlow 0 ¢ BT Undertow
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Figure 4: do/dp}¥* for the channel 110
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Figure 7: do/dpl{* for the channel 011
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Conclusions

Conclusions on EWA and WW scattering (so far)

@ on-shell WW scattering is a universal probe of the EWSB sector

@ (re)-established the EWA as an expansion in pr jet/pr.w,, O
access the physics of on-shell W scattering (EWSB)

@ assessed the origin and predicted the size of the corrections
A correct up to O(x?) when W, dominate
A correct up to O(x) when Wy dominate
J dé|.AJ? up to O(x?) in all cases
o prediction of 4
@ numerical checks on the details of the analytic amplitude
@ EWA generator for partonic collisions checked against MadGraph

Open issues (?)
@ predict the v/E structure of amplitudes in broken SU(N)
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Conclusions

The example of the scalar as moderator (Higgs-like model)

2

L= VZTr(D#ZD”Z)

S
Al — 7)) ~ 2
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Conclusions

The example of the scalar as moderator (Higgs-like model)

v2 h
£=2T(D,0%) (1+a)

A(rm — 7o) ~ % (1 —a2)
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Conclusions

The example of the scalar as moderator (Higgs-like model)
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Conclusions

The example of the scalar as moderator (Higgs-like model)

v2 h K
L= ZTr(DMZD”Z) (1 +a + bvz)
S
Alrm — 7o) ~ 2 (1-2&)

A(rr — hh) ~ % (& - b)
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Conclusions

The example of the scalar as moderator (Higgs-like model)

2

v h h?
£ =2 T(D,zD'F) (1 +al + bv2>

A(rm — 7o) ~ % (1 —a2)

A(xr — hh) ~ % (& - b)

an interpolator

@ a = b = 0 corresponds to the strongly coupled Goldstones
@ a= b =1 corresponds to weakly coupled Goldstones, i.e. the SM

_ 2 a1 T + a2
L =|D.o| wnhcb_Tz( Vit oms )
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Conclusions

The example of the scalar as moderator (Higgs-like model)

2

v h K - h

A(rm — ) ~ % (1-2&)
A(rr = hh) ~ = (& = b)
fmf

A(rm = ) ~ (1-ac)

an interpolator

@ a= b = 0 corresponds to the strongly coupled Goldstones
@ ¢ =a= b =1 corresponds to weakly coupled Goldstones, i.e. the SM

. 2 . 1 T + 1o
L = |D,®| Wlth(b—ﬁ v (14 g
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Conclusions

on-shell WW scattering: a SM process that knows BSM

W W — W W, Strong or Weak coupling

@ W, described by the Goldstone’s bosons @ a,b.c are in principle free
@Y=V parameters
@ ascalar h coupled to the Goldstones e a ww — ww,
1 @ b: W.W, — hh
£ = 5@ -Vv(h o c: WW, — ff
2 2 @ Strong if a=0 or b=0 or c=0
+ Y 7n(D.z0x) (1 +aﬁ+bh—2+...) =
4 v v @ SMis a=b=c=1
= h
+  mpgxah (1 + C*) + h.c.
4 @ The Higgs is part of new physics )

whatever breaks the EW symmetry

A grows with the energy @ measuring a,b,c tells about
Alfrr s mm)=(1—&)5 + ... EWSB (and tells what is h)
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