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LHC ROCKS!

Standard Model Production Cross Section Measurements
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W/Z, Higgs & top @ FCC,,/SPPC
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REALITY IN HADRONIC COLLISIONS

“Hard” Scattering

outgoing parton

proton

S
AR *

underlying event h

: final-state
outgoing parton radiation

underlying event

initjal;state
radiation

Collinear splitting is
one of the dominant phenomena.
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FORMALISM:

dUX,BC s dO'X,A X dPA_>B+C

Ep~z2Es, Eco=zZE,, kr=zZEA0pc

dasmic =i} 27 | Bk

dzdks — 167% (k2 + zm% + 2m% — z22Zm?)?
On the dimensional ground:

I Mgpiit|? ~ k3 or m?
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SPLITTING FUNCTIONS: QED
Most familiar example in QED: f 2 f vy
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The familiar Weizsacker-Williams approximation
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Note the infrared & collinear behavior.
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SPLITTING FUNCTIONS: QCD

Most common in hadronic collisions: ¢, g

1+ 22 1—z22 pams
Pyq(2) = , Byglz) = | | Pag(2) = ey

ISR, parton dlstrlbutlon & (DGLAP) evolution:

New 13 TeV results!
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FSR, parton showers:
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falz,t) = Da(t) falz, to) + /tt sy %PfHBC( pfalTzt)
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Very important formulation for LHC physics!
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EW SPLITTING FUNCTIONS

Motivations:
We have marched into the territory where E >> My,
where EW symmetry can be restored.

Conceptually difterent from QCD: Aycpyvs vev:

EW sector remains perturbative.

New degrees of freedom:
the Higgo sector / Longitudinal vector bosons

Clear understanding of the “Equivalence theorem”.

Most sensitive to new physics above the EW scale.
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SPLITTING FUNCTIONS: EW

Start from the unbroken phase — all massless.
ESU(2)><U(1) o Egauge 53 ﬁcf) g Lf + Ly uk

: e : O e e
Chiral fermions: t, gauge bosons: B, WY, W+; &# = <H0> = (%(h—w‘)))

Fermion splitting:

= e
AN S\

Jes] S | (Z)
87-‘-2 k% i 87T2 k'% 2
- Vo) [BWI}f, H'® f,or ¢* f,
fs:L,R 912/(@}2)2 9192stT]§S y?c](%’)

Infrared & collinear Collinear singularity,
singularities (P

&) helicity thp, Yukawa coupling

: (new)



SPLITTING FUNCTIONS: EW

SM in the unbroken phase
Gauge boson splitting:

-
-
-
-
Wﬂi:: \/\/\< NN
~
~

e (1 — 27)° Tl
S 87T2 k2 872 k2 2]

S g+ o= or HO HO* ¢+ HO* or = HY
Vr 2g5 (V=W"*) Nng(Qfs) 19 595
[BW]7 0 Nyg192Y7. T}, 59192 54 gro 0
Infrared & Collinear (qu) Collinear (new)

collinear (ng> Interterence (BWO) must be
included!
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SPLITTING FUNCTIONS: EW

SM in the unbroken phase
Scalar splitting (new):

K
ey ik
¥ =

|icgas] Az | e 1
872 k% 2 872 k% 2

5 VRH  [BWIH  WEH  updl dpd) oreped
=), ol %9‘2/ %9192T£+7H0 %g% Byg Nd,ey?i,e
Infrared & collinear singularities  Collinear,
(a charge source, similar to P,.)  similar to (P,,)
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EW Symmetry breaking:

The scalar part of the Lagra;lgian is

The Higgs: ¢, = (D*¢)'D,p — V() D,¢= (6“ % ig-;—iWﬁ 5 %Bu) ®,

V(g) = +ud'o + A(gT0)?. . V(#)
1 0 \
P ﬁe(xx i H)

. - i ;!
Unitary gauge: g—¢'=eZ¢%g= 2 ( 0 ) vz (-u2/n)

Ls=(D"¢)' Do~V (¢)

o -
= MZLWHW; (1 2k —) £ §M§Z“Zu (1 + —)

v

+ 5 (0.H) = V(4).
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Goldstone-boson Equivalence Theorem:
Lee, Quigg, Thacker (1977); Chanowitz & Gailard (1984)

At high energies E>>Mw, the longitudinally polarized gauge
bosons behave like the corresponding Goldstone bosons.
(They remember their origin!)

“Scalarization” to implement the Goldstone-

boson Equivalence Theorem (GET):
bt

(k) = (B B e ——

[ Excersise: Try the decay H2>W+*, W via a coupling
-g"” and derive the equivalent H¢p*¢™ vertex. ]
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(a). Unitanty at higher energies:

g 7
e i(ﬁW, k) ~ S bad high-energy behavior!
m m
i o Appelquist & Chanowitz (1987).
E- T+ WL
t+ ZO< 02 ~ WL \\\f\f\)
mtE
+ b | X
- ”02
C WL %
T+ / Wi
WL
A “hight Higgs” fixes 1t:
TN+ |
X
,02

Wi- D. Dicus & V. Mathur (1973);
Lee, Quigg, Thacker (1977).
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(b). Puzzle of massless fermion radiation

V. contributions dominant at high energies:

Gk

E
e
s my mw

Then, massless fermion splitting
E= N

would be zero, in accordance with GET for

2>t (yy=0).
GET ignored the EWSB effects at the order M,/E
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Corrections to GET

|5t example: “Eftective W-Approximation”

S. Dawson (1985); G. Kane et al. (1984);
Chanowitz & Gailard (1984)

At colliding energies E >> My,

9 1—|—(1—ZE‘
Pq—>qVT i (9\2/ +9,24> ‘
Pq—>qVL e (9\2/ +9

* 21t W,, tZ, do not vanish & non-log!
 Vector boson ftusion observed at the LHC
WW, ZZ->h & W*W+ scattering
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There are characteristically new channels

in the broken phase: vtk Vi
i e
kT kT

“Ultra collinear”:
k* > my?, it shuts off;
k? < my,?, flattens out!

The DPFs for W, thus don'’t run at leading log: Bjorken
scaling restored (higher-twist effects)!

dP(f > W*f,’) dP(f — W* f,") ]
dz dk; vs k; (z=0.2) dz dk; Vs Zz (kT=§mW)
> 0-002 T T T T ||‘ T T T T | T T T T | T T T T | T T T T > 0-014 | T T T T | T T |“ T | T T T T | T T T T
()] - \ - () 1y
G O
) ® 0.012- -
o . \ i o \
0.0015— _ I \‘WT (massless)
[ . W; (massless) 1 0.01 . —
I 0.008} ]
0.001 Wy B :
I 0.006 -
- /—\ .. - i
oooos] /N T, ’ 0.0041 7
0005 \ ~~~~~ :
h W, . 0.002f ~—— ]
1 \\ : \“~'~~-—_;
0 AN R R R T.I\I‘Iﬂ-"—l—!—k M 0 i 1 1 1 ] | | ]
0 100 200 300 400 500 0 0.1 0.15 0.2

k. (GeV) z



“GOLDSTONE EQUIVALENCE GAUGE”

(GEG)
- E i kH W 2 -

15t term leads to GET = ¢, well behaved;
27d term captures EWSB ~ A # well behaved

Separate them out by a special gauge choice:

1

Coe = =0z [ulk) Wik n(k) WR]E €40
S S oa s e

e el A ~ k0 7

" |]€2‘ i on-shell 71V} =

6long(k) n(k) =7 (k) 4 e Va ( 1 k)



GEG:

Non-covariant but physical gauge:
Hybrid of Coulomb & light-cone gauge

—> rotational and collinear boost invariance.
g; : Time-like component 1s removed:
- & 2 0 eliminates the V| collinear propagation
- Goldstones remain as dynamical degrees of freedom.
e; ~ M /E as the remainder vector field:
Gauge — Goldstone boson mixing exists.
Measures the departure from GET, keeps track of
EWSB eftect: As the “Higher-twist” power-counting
by v?/s! -2 direct analogues to QCD A?/QO” !
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SPLITTING IN THE BROKEN GAUGE

2 eg) 2
v° dk5 v

New fermion splitting: M e
s ok @,
Viisof IR, hnoIR _¢/v; L L
= C\g = C\g = ng
e I i [
2 N% (;) 167\2 ]-Cf_lp 1672 l%%
Vi fO T ) Bt Vr f9

! E 2 g 2

fo=r | UF W32 —470)2 = Qp0v3)"  1972(1+2)°  g02(QpysZ — Qfy50)
N 4 < 2

fs=R (I¥ yryrnz® — Qf g7 2) 21+ 2?7 g32(QF,urz — Q7 ys0)

Helicity conserving: Helicity flipping: ~m;

Non-zero for massless f
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SPLITTING IN THE BROKEN GAUGE
New gauge boson splitting to W; W,

s/
; Vel v

Vector boson V| 1s of IR. W“Q;;,L i (1 — @)
e R

S
1§72 ]}% %
— W yr WZE Zr \% WE WF Wz oo Wy Wi
Wy 2g32%  Lcdgiz ((1+2) +1t2)° 1giz(+2)? 0
S 0 0 0 eGag
Zr 0 0 0 295z (1 +2) — th2)
(v Z)1 0 0 0 zewegsz (14 2) — t3,2)
Y h =
h & t have no IR. % "’V(>§<
150 L
1§72 ]}3{ kb ];%,
s h VNI #) e
Vi Lozgh  bod (@hyor+QYus7)
2l 0 Legzy3Q) (Q% 2 + Q% 2)
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SPLITTING IN THE BROKEN GAUGE
New gauge boson splitting in 3-W

. _.0/Ve 2 2 )
Vector boson V; 1s of IR. K@ v? dky (R 4 )
SR L2 L2 QZ
s S i
v |
167 E (Z)
e R ~— ZLWE 7L,
Wi 0 Lodlz—2)2 ez A 7
h 2 (g3(1—22) - )\hzz)z £ (92(1 — 22) — )\hzz)2
A g5 ((Z—z)(?—i—zi—t%‘,zz))2 0
(hZ1) | 93 (g3(1 — 22) — Mp22) (2 — 2) (2 + 22 — 15, 22) 0
#57) S
h has no IR. ----O1 ----O1
< 9/VL S~ h
S ) v
1672 f4, (2) 162 f2.
— hWZ/Z; P

Wi 22 (g5(1 — zz) + )\hE)Q 0

h 0 %A%zi

VA %z (g%(l — 2Z2) +)\h2)2 0

[hZy) 0 0

Air)



SPLITTING PROBABILITIES:

gauge couplings

Process ~ P(E) (leading-log term) | P(1 TeV) | P(10 TeV)
2
g Vg et+Ry— (3 x107%) |log ;2| 1.6% 7%
g — Vig" (UC+IR) (2 x 10-%)log -2 1.1%
tn — Wby (CL) (8% 10°%) log .- 2.5%
tr - Wi, (UC) (6 x 10-%) (0.6%) 0.6%
2
& B
Vi = VeV teE=iR+  (0.015) [log 2| 7% 349
Vi — ViV (UC+IR) (0.014) log % %
r E

Ve — ff (CL) (0.02) log ;- : 5%

\ S
Vi — Vph (EB+HR) (2 x 1073) [mg mw} 0.8%

0)

VitV e (U CEIR)

(2 x 107%) log =
|47

* Non-Abelian gauge splitting larger than fermion splitting!

* Collinear splittings larger than perturbative radiation!

* Ultra-collinear splittings small
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EW SHOWER IMPLEMENTATION:
SUDAKOVY FORMALISM

On-shell massive particle: Breit-Wigner resonance

)

In QED/QCD, it 1s sub-leading, after color/spin averaging.

Sequential showering with “back-reactions™:
A* - B*C' —» (DE)C
AP(B* - DE) _ (dP(A* = B*O)/dz"dkyr |, = [do*diss
3 c
dP(A* = BC)/dz dk2 dz di2

dZDE dk%,DE

e Mixed state evolution:

But in chiral EW theory, need “density matrix” treatment:
pij o Mgprod)*Mgprod)

_ Pij dPji [dPA—>B+O] S gl

(split)* 4~ (split)
& D=l
tr[p] dz di2 167255l I

d’P
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MULTI GAUGE-BOSON PRODUCTION

A t 1 OO TeV - M. Mangano’s talk d -initiated shower, 10 TeV
Diagramatic calculations 5 1 E
W W 5=770 pb 2 o
W W W 5=2 pb g | ?

10% E
WWZ G=1 6 pb g — fullshower | ;
WWWW o=15 fb 107 T ataony
[ ----- q—Vq uncorrected I
WWW/Z c=20 fb 10-4;_ -------- q—Vq PYTHIA |_____;
0 : 2 3
# W and Z

Each W costs you a factor Logarithmic enhanced
of ~ 1/100 (EW coupling) production: each W costs

~ 1/10
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AN EXAMPLE: WZ+J @ 100 TEV

2—2 + full weak FSR shower
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2—2 + PYTHIA weak FSR shower
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COHERENCE IN SHOWERING

s 00— < 10°g T T T TS
© - v/Z — W'W' splittings (e source) A © - v/Z - W*W splittings (e_ source) A
© 0.009 ' ., L = © L R -
8 E P ] 8 : :
g 0.008 : B g . v only OR Z only
e n - fixed-order ] o 107 3
g 0.007 3 FSR E £ E E
> 0.006 = o i i
E 0.00 E E S ot
c _ — c Bl = -
2 55 coherent L - 2 10 - -
S 0.004f | Shower = TR -
0.003 f— —f - i coherent B
- | . 10° = shower _
0.002 Z only —~ - E
0.001— | only = i ]
0:I | | | | | | | | | | | | | | | | | | : 10'6 | | | | | | | | | | | | | | | | | | | | | | | I |
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
M(W*W") (GeV) M(W*W) (GeV)
Coherent treatment important (almost)
(almost) a pure W' exchange a pure BY exchange
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HIGGS IN SHOWERING

h—hh (1TeV)

III|III|III|III|III|III|III|III|III|II
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1.2 14 16 18 2

0.2 04 0.6 0.8

.
o

(s0°0 19d) sjuana }

0.09

0.02 ¢
0.01—

%

AR(h,h)

Ultra-collinear behavior
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NEW PHYSICS WITH ENERGETIC
MULTI TOPS/GAUGE-BOSONS

SUSY examples: DhE ity et e = e

Heavy quark examples: 77", BB, ...

Energetic W7, Z, H,  as new radiation sources
from heavy W', Z’ decays,

subsequent showering.
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An Example: W’ Shower
Wi — th, tH(W™), bb(W), bE(WHTW).

20

|III|III
TeV W’ = t b, with EW FSR
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g Ok
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(o) -
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"6' L
©
N 1035‘
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M(QQ) (TeV)
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Qe

—t
<
N

fraction of events (per 200 GeV)

—t
<
(2]

I|III|III|III
20 TeV W™

|III|III|III|III|III|II
— I'v, with EW FSR

1-lep, no shower Y

104~

8 10 12 14 16 18 20

22

M, (leptons,E;) (TeV)

With W/Z showers, all t/b 1so-spin components exist.
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WW Partonic luminosities
TH, R. Ruiz, B. Tweedie, in prep

o df le dZQ 4 4 4
Pyyi(T) = 5VV/ 1) / / s / el 2 (7)
X [fV/q(ZZ)fV’/q’(Zl) e S | el (5 1z2) R )t v et o (5;@) g /p(f)]
A '\I'géT('aV')' . '1|O' ' '1|2
107 \
10°} 100 TeV
o 107K S
2 S ; +
S 1o} " —
10—1 A A\\\\ %L%
\
107 W
_5 | . LI
10 0.05 0.1

[t=Vs/S
Lumi(W+*:W-;) similar size to lumi(tt) @ 10 TeV;

Lumi(W+*W-) ~ Lumi(W=Y), Electro=weak
Lumi(W+*; W~ ) 100 times smaller: “untra-collinear’
Lumi(100/14) increased by 30 — 3000 for 500 GeV - 4 TeV!
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CONCLUSIONS
With the discovery of the Higgs boson, we

have a consistent QM, relativistic theory up
to high scales, where 1s A ~4 7 v?

Perturbative cutoff via SSB

EW sector Longitudinals/scalars
presents Chirality
rich physics: Yukawa showers

Neutral boson interference
Weak isospin self-averaging

EW splitting/showering will become an
increasingly important part at higher energies.
[t may serve as a tool for future discovery.
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