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VLHC LEADS ENERGY FRONTIER

"Old Physics” still rich at 100 TeV

Interesting scaling:
Process | 0 (100 TeV)/0 (14 TeV)

Totalpp | 1.25

w ~7
Z ~7
ww ~10

ZZ




NEW BEHAVIOR OF ‘““‘OLD PHYSICS”
At the new energy frontier Y 3

VILHC: v/y/s ~ 2.5 x107°
The EW gauge bosons & the top qua pretty

much “massless”: the EW symmetry 1s “restored”
In the collision processes

* Initial particles = partons
* Final state particles = narrow jets, radiations

* New physics @ heavier scales 2 W*/Z/H/top

- Studying W*/Z/H/top at higher energies:

- bread & butter (new) phenomena within SM

- st step toward understanding O(10 TeV)
scale physics
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TOP QUARK INITIATED PROCESSES

With 2, << I, The top quark /8§ as / i

massless at the VLHC as /-quark at @" & =

the Tevatron: e s e =

my g, ~ 3.5/1x102= 3.5X10'3

m, [ By~ 160/50x10° ~ 3.2x109
When a heavy scale M 1s involved, so that

o In(M?/m7) ~ O(1) 2 M ~(50-100) m,
then the collinear large logs need to be resummed

—> top quarks as partons

g”GGGGGGG
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. TH, J. Sayre, S. Westhoff: 1411.2588




New Physics Examples: TSk

With m, ~ v,

Top quark may hold the key to new physics:

* Vacuum stability

O 1O (¢ ) & oo
Most sensitive to the “naturalness” 1ssue.

TH, J. Sayre, S. Westhoff: 1411.2588

process S |IMJ? threshold behavior

o H e o

tt — AY fj\fi \S—Wav?,

th— HT g\i (988% /0 + gpls) same as HY, Mth an extra ¢
e Niﬁ (g7 + 938 ctor: S-wave; axial—m
e T g— g (2m?/s) fermion mass Suppressi)oy
th — Wj/f 28 (gv %+ 9402 /Ktb) same as Z;, with an extra /£
A ‘?\QTCS (94s3 (mtggnb)Q + 9255 (mgﬂb) ) fermion mass suppression
tt — Grx CF%\%CS (g5 (1 4+ 2mZ/s) + g38%) same as Z °

G £ (1+8m2/35)6% 6
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Partonic luminosities B NNE
Opp—H+x(S) = Z/ dxl/
oo T v L
dli; .
EZ/ dt L 5ii(s),
ey O
/s =my [TeV]
i <
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6' uu
= 107+
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Top lumi tracking gg, reaching few% of bb! Vs =m Tev)
Relevant range: 0.002 <z <01, for 200 GeV < /s < 10 TeV.

Lumi(gg, bb, tt @100/14) increased by
1000 — 10° for 500 GeV -4 TeV! | TH, 3. Sayre, S. Westhoff: 1411.2588
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5-flavor vs. 6-flavor:
(ACOT: massive top subtraction) b@

. . 25 3 35
m, . [TeV] m, . [TeV]

* b5-flavors usually underestimate the rate (better at low M)

* 6-flavors usually overestimate the rate (better at high M)

(too much resummation) =2 proper treatment needed

* Higher CM Energies better approximation
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Recollection: Double-counting and subtraction

Maltoni, Stelzer, Sullivan, Willenbrock
For my >> m; (my > 100 GeV),( )

it would be justihable to start with 5-flavors € >
H

bo> e
NLO correction at «, 5 Y
gb—-bH, gb—>0H i 5
But near the collinear regions, there =~ > Hi > ————— H
exists double-counting, that needs to 0 0
be subtracted out )

g 660G - 4414993

qq, g9 — bb H : :
Subtraction as well _gQ

g “EEEaT 0
R e e H - > H
NNLO correction at « 2



1.4¢

=m,,, ( ) . .

IRE A\ Ha Natural” factorization scale
T 120 N
S - N i} Yo 2
o b T e po~my
:\\3; 1_ AT “ : ”
o 0'95_/ ------------ i EffeCthG

0.8F “vowmmmmmmmtTTTT P : 2

07 Lk s Ay factorization scale

m, o [TeV] (Early discussions: Maltoni, Willenbrock)

1 (M?ﬁ) fdx_xft(xamHO)f%Ptg )10g( HO = Z> )fg(zxamHO)
O ==
; & fo(w,mu) [ Z Py >fg< o)

0.6 10° =it e 7
4 100 TeV ]
05 10 —_— m-— ACOT(,u mHo)
5 — f - 1t H (U= fe)
g (),4; < 1000 e
B 03f ] % 100}
< i 100 TeV ] 2 '
02" i ] b 10
071 VR v e S o e 1
0.07‘ ‘ ‘ 01 ! ! \
2 4 6 8 10 2 4 6 8 10
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GAUGE-BOSON INITIATED PROCESSES
At colliding energies £ >> M,

EW gauge bosons are new “gluons”!

“Effective W-Approximation”
S. Dawson, 1985;

G. Kane et al., 1984;
Chanowitz & Gailard, 1984

(Full treatment for VBF: Dieter’s talk)

0% 1 —|— (1 s 517)2 Q2
lﬂ T SR . o 2
2 7 A? “forward-jet tagging
5 S e B R Sl
Fy—qvi = (9v + 94)
; 2 T L
* V/,.radiation the same as g, y : I/ ~ p;*:
- “dead cone” at p; =2 0

- log-enhancement at high p; & soft x

In the EW theory:

FPy—sqvy = (9&2/ s 9?4)

“central-jet vetoing”

* V/, radiation no collinear enhancement/suppression,

not the same as a scalar radiation.
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WW Partonic luminosities TH, R. Ruiz, B. Tweedie, in prep
df le dZQ
Ao 5VV’ / //5 //€/z1 q,q' i

X [fv/q(22)fV’/q’(Zl) fq/p(f)fQ’/p (

f 2122

10;F
10°
10%E
10°

101
10°2
107
1({2 S R S - s =
107602 004 006 008 0.1 5 i3 \/2 553 35 4
\/* — m [TGV]
Lumi(W+*, . W-,) similar size to lumi(tt);
Lumi(W+,W-) ~ Lumi(W*Y), Electro=weak
Lumi(W+*, W~ ) 100 times smaller: Goldstones

Lumi(100/14) increased by 1000 - 105 for 500 GeV - 4 TeV!




W, W, Scattering:
e The existence of a light, weakly coupled
Higgs boson unitarize the WW amplitude:

-7

: Wi Wr W Wr Wi

no Higgs

Standard Model

W

~ s/v?

Wi W, W Wy

105 \\\\\\\\\\\\\\\\\\\\\\\\\\\

e Consistent perturbative theory up to A (7)

* New strong dynamics etfects may still exist,

but “delayed” to »~//1-.
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W, W, Scattering:

Different channels are sensitive to different physics:

/ 0 1 2

J=0 UO : ¢__7¢_7¢07¢+7¢++
LI . [ p, 0% pt -
2 || fY . t—— t, t T T

» | = 0: resonant in WTW™ and ZZ scattering
» | = 1: resonant in W Z and W™ Z scattering
» | = 2: resonant in WTW™ and W~ W™ scattering

Equally important: WIW = HH, i for H® & top couplings.
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MULTI GAUGE-BOSON PRODUCTION
FROM PROMPT PRODUCTION

At 100 TeV: v sy L
W =770 pb (Y. VY &
W WW 5=2 pb £ W
W W Z 5=1.6 pb
WW W W 5=15 fb
WWWZ 0=201b (M. Mangano)

Each W costs you a factor of ~ 1/100 (EW coupling)
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MULTI GAUGE-BOSON PRODUCTION
FROM SPLITTING/SHOWERING: -

At colliding energies E >> M,
In EW gauge boson splitting:

. A
/\/\qi o 1 | 02 ’
PVT—>VTVZ,Q == o [33(1 = Qj) | CE(l = Qf)] In —M‘%V

2
2
e = Ei’f(l —z)In M—%/

\/\/\ﬁ\j\r P S e
~~~ H Z Wk
oM s
“h

* I/, the "new gluons”!

* I/,/H radiations the Goldstone Eq. Theo.




SPLITTING PROBABILITIES:

J. Chen, K. Hagiwara, TH, B. Tweedie

Split Form Rate: E=1TeV 10 TeV
P IGV—2.8x10 In2(E/M,,) 1.7%
PV L£L1.4x1051n (E/M 0.5% 1%
8o proportiona tg) g W) : /

V. > V.V, 0.01x In2(E/M,,) 6%

B 10-In (E/M,) 015% = b3
2 Vohl  E7same

pure gauge couplings
Vo > VoV =515 [n2(E/M,,) 1%

e same

b= VoV same 5l
Vi D P 0.04x In(E/My;) 0%

B 0.01xIn(E/M,) 204
BT 510~ Proportionaltoge g 4z0 (53
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MULTI GAUGE-BOSON FROM SHOWERING:

Probability

—
Q

—

—
<
N

—
Q
W

104
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hard process

— ls=14TeV,p) o 1Tev Christiansen, Sjostrand: 1401.5238
- Vs =100 TeV, p; >10 TeV
T At higher energies, each W/
: costs you a factor of ~ 1/10 |
— We are 1n the process of
I —— developing a more complete
= EW showering code.
E | | T |
S Kruass, Petrov, Schonher, Spannowsky:
e AT PO 1403.4788
0.36 - - - - 0.06
pr, > 750 GeV e oAU
034} = ! o
= e > 0.055
% 032} s <
= 03r = 0.05
s R el et
§ gl T o 50 BB S - - é\] SNCZASM Al oo, Dyl MR =4
e R R S B B 5 =
= s S 0.04
0.9 Phes oo N |l
50 60 70 80 50 60




NEW PHYSICS WINDOW
WITH ENERGETIC/MULTI
TOPS/GAUGE-BOSONS

SUSY examples: bb* — tx= txT, iw= W+ — 4w bb.
Heavy quark examples: 77", BB, ...

Energetic W*, 7, H,  as new radiation sources

from heavy W', Z’ decays & W, W, scattering
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OVERALL
e With the Higgs discovery, the SM 1s

healthier than ever, valid to a scale up to A ~ ?

* VLHC will take the lead ftor searches:
gv tv b7 X:’Oy ---Hi, AO; Wi,, Z,
The top, W/ Z,H may hold the key for new discovery!

 Searching for new physics starts from
understanding old physics in the new regime:

- top, W7 may behave as partons to produce new heavy states;
- top, W7, H may serve as new radiation sources;

and may help reveal new heavy states.
- Thus, need precise understanding of the dynamics/kinematics

WHILE NEW PHYSICS SEARCHES EXCITING,
“OLD PHYSICS” REMAINS RICH AT VLHC!
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Spectal Thanks to Kaoru!

A mentor, a teacher, an old friend
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