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Forty years ago, | took my first flight ride
Beijing PEK > SFO > ORD > MSN
a place | lived longer than any other places
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A Prime Time for HEP: The SSC Era

One of my 15t papers:

> ‘% University of Wisconsiﬁ - Madison 0051 T T T~ \
'l‘ m,=600 GeV
"\' I71<1.5

MAD/PH/324
January 1987

Improved Transverse-Mass Variable for-
Detecting Higgs-Boson Decays into Z Pairs

V. BARGER AND T. HAN
Physies Department, University of Wisconsin, Madison, Wisconsin 58706 USA

R. J. N. PHILLIPS
Rutherford Appleton Laboratory, Chilton, Dideot, Ozon, England

ABSTRACT
A promising decay mode for detecting heavy Higgs bosons at a supercollider is H — | o 1 ;
=Y {; : I" + - + - H 0.2 014 0-6 0-8 l'o
ZZ — (£¥£7){v0), with one Z detected by e™e™ or p™ 1t decay and the other decaying to ' .
undetected meutrinos. Such events peak versus the transverse mass of the detected Z. We M'T (TBV )
show there is an even sharper peak versus the two-body transverse mass, incorporating 1/2
the missing transverse momentum carried by the second Z-boson. . MT(Z ) 2(?1' + MZ )

The “cluster transverse mass”

$ {MT(zls 32)] [ Pr +Mz)1!2 —]— wz 4 Mz)lfﬁ]
was introduced



From kinematics to dynamics

N versity of Wisconsin - Madison 4
MAD/PH/368 — .
September 1987 _""-——_.{—-""
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QUL ESCUING THE HEAVY HIGGS SIGNAL s
V. BARGER and T. HAN VBF q

Physics Department, University of Wisconsin, Madison, WI 58706, USA

i b e 7
I forward jet-tagging

Rutherford Appleton Laboratory, Chilton, Dideot, |mproving the Heavy Higgs Four Charged Lepton Signature

Vernon D. Barger (Wisconsin U., Madison), Tao Han (Wisconsin U., Madison),
Phillips (Rutherford) (Dec, 1987)

If the Higgs sealar boson H% has mass greater than 600.Ge' Published in: Phys.Lett.B 206 (1988) 339-342

ABSTRACT

have been foreseen in identifying it in pp collisions at the SSC. We show that the
H® — ZZ signat, with one Z — ¢t¢~ and one Z -+ vi decay, can be separated
from background by selecting events with: ¢T¢ at the Z mass plus large missing

pr plus two jets. This signal is enhanced by using an improved transverse-mass

variable. Improving the Heavy Higgs Boson Two Charged Lepton - Two Neutrino
Signal

Vernon D. Barger (Wisconsin U., Madison), Tao Han (Wisconsin U., Madison), R.J.N.
Phillips (Rutherford) (1988)

Published in: Phys.Rev.D 37 (1988) 2005-2008
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STANDARD MODEL HIGGS BOSON STUDIES

FOR
SUPERCOLLIDERS

TAO HAN
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More on the Transverse Mass:
kinematics vs dynamics

i N& University of Wisconsin - Madison
Heavy leptons at hadron supercolliders . 38 MAD/PH/5T1

V. Barger, T. Han, and ). Ohnemus f—{% )\ August 1990
Show

V ( INTERMEDIATE MASS HIGGS BOSON
10-9-22
AT HADRON SUPERCOLLIDERS

more

Phys. Rev. D 37, 1174 - Published 1 March, 1988

el
DOL: https://doi.org/10.1103/PhysRevD.37.1174 \ |§I T@T%ﬁ

V. BARGER, G. BHATTACHARYA, T. HAN, AND B. A. KNIEHL

L ) 0 Citations ¢ 46
Physics Department, University of Wisconsin, Madison, WI 53706, USA
2
Abstract '0E1u|=|-|||'§ 102 g——————T——
- =6 T =200 GeV (a)
The production, decay, and detection of a fourth-generation charged heavy lepton L at r< i (c) i V5216 TeV m eV la
hadron supercolliders is discussed for masses m;>My and m,,~0. The leptonic and hadi§ o L '"s'*geev 43 0
signals for single L production and LL™ pair production are evaluated. In all channels exa 3 ' i
. . . , . =z C \J80 1 o
heavy-lepton signal is smaller than backgrounds from single and pair production of W= - 41 =
bosons. However, it may still be possible to detect a heavy lepton from its contribution tl:i' 1 N —-J ~ 1 E
4 jets events where the Z(»vv )+jets background may be determined from measuremen‘é" N d - -
(Z=11")+jets events. ~ M E .
Z ' + I g
o S-S PRRY PTTOTs. I oY 10 E
174 2 (pH 20050\ | /2 2 p 2 E ------- © 3
Mz(2E, pr) = {pr (&) + m*(E0)} ™ + Ipg]| — Ipr(t8) + o] | :
- s 1 -
0 o0 120 10 160 180 20c 'O ?o
M (02, p;) (GeV) m{ed’) (GeV)
N. Glover, J. Ohnemus, S. Willenbrock: PDR 37 (1988) 3193: M- b d M => : lati
Higgs Boson Decay to One Real and One Virtual WW Boson T Oroaa: ( ) spin correlation



Forward-Jet Tagging & Central-jet Vetoing
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Wisconsin - Madison
MAD/PH/556
June 1990
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trong WHW™ Scattering Signals at pp Supercolliders

I

V. BARGERT KINGMAN CHEUNG] T. HAN] AND R. J. N. PHiLLIPS'

* Physics Department, University of Wisconsin, Madison, WI 53706 o
t Rutherford Appleton Laboratory, Chilton, Didcot, Ozon, England :/

10—4 ] I | I |
ABSTRACT 0 100 200 300

phard  (GeV)

Tj
Js5=16 TeV (b)
N hard
\th e p.‘.j > 60 GeV

Like-sign W boson production has been proposed as a probe of possible strong
scattering in the electroweak symmetry-breaking sector, that would enhance the 10

production of longitudinally polarized gauge bosons. We evaluate the expected

L Illlllll

signals in the channel pp -+ WTW+X, W* — £*v at pp supercolliders, for sev-
eral different theoretical models in which strong scattering occurs, using realistic
acceptance cuts and comparing with standard model background contributions.

We find that backgrounds are potentially a serious problem, especially those

I ITIIIHI

1 Il'llllll

from electroweak production of transversely polarized W bosons. However, veto-

ing events with high pp jets in the central region makes it possible to suppress all 10

backgrounds at little cost to the signal. With an integrated luminosity of 10 fb~?

I lll'lll

luminosity at the SSC or 100fb~! at the LHC and a dilepton efficiency of 50%,

| | Illllll

there could be 3 to 8 signal events, depending on the model, with about 3.5 (1.7) -2

background events at the SSC and 8.5 (2.5) background events at the LHC for 0 1 2 3 4 5 6
m, = 100(200) GeV. |"7j“°'d|



MAD/PH /638
FERMILAB-PUB-91/76-T
FSU-HEP-910404

April 1991

A Comparative Study of the Benefits of Forward
Jet Tagging in Heavy Higgs Production at the SSC

V. Barger,! Kingman Cheung,! T. Han,? J. Ohnemus,® D. Zeppenfeld !

# Fermi National Accelerator Laboratory

Single Forward Jet-Tagging and Central Jet-Vetoing

to Identify the Leptonic WW Decay Mode

of a Heavy Higgs Boson

V. Barger,! Kingman Cheung,! T. Han,? D. Zeppenfeld!

1 Department of Physics, University of Wisconsin, Madison, WI 53706

2 Fermi National Accelerator Laboratory, P. O. Boz 500, Batavia, I 60510
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EW Splitting:

In the unbroken phase
o> V-

Pq—>qVT = (912/ =5 9124)

For a longitudinal vector: ¢(k)”

* The PDFs for Vv,:

dP(f — W*f,’)
dz dk;

vs Kk, (z=0.2)

Kinematics & Dynamics
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trivial “scalarization”
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|
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|

= + O(M/E)

/ %% \

EW symmetry breaking

Broken phase ~v? /Q? = higher-twist effects like 4%,.,/Q%.

- no log(Q2/M?) = “Bjorken scaling” restoration

- Goldstone Boson Equivalence Theorem violation!
Kinematic basis “forward jet-tagging, central jet-vetoing”!

Ciafaloni et al., Hep-ph/0505047; J.M. Chen, TH & B. Tweedie, arXiv:1611.00788.

9



nggs on trial @ High Energies

> . e ‘STteW W, Hybrid Higgs mode
o 5_ m,= e 3
I 13533856/ d vl discovered
< : w,
) 10’15‘ _ qb =
£l | : 2
b b
sc e B

O U = exp{iw'r*/v}

< CERN LHC
Laser @ 1012 Hz
(2021, Ames Lab)~>

Ratio to SM

107 1 10 102
Particle mass (GeV)

EW Symmetry Restoration (EWSR)

v v (250 GeV)  Agcp (300 MeV)

v/E, mi/E, My |E — 0!

T TGP aNe 2 10 GeV

(¢) the physics of the transverse gauge bosons

(er, Zr,7v) and fermions is described by a mass- - :  Mw
less theory in the unbroken phase; elie metrica I Iy o= 2w

(#) the longitudinal gauge bosons (Wi Z;) are scalar-
ized as Goldstone bosons (w*,w?), and join the
Higgs boson to restore the unbroken O(4) symme-
try (w®,w? H) in the Higgs sector.

R. Capdeuvilla, TH, arXiv:2412.12336




Test EWSR @ LHC / muon Collider

Huang, Lewis, Lane, Liu, arXiv:2009.09429; R. Capdevilla, TH, arXiv:2412.12336.

Massless gauge sector & Higgs sector:
N ao(WZ) N o(WZ)
T eWy) M o(WH)

For 8 = My /2E << 1; 20¥rZn) g2 )+ (a2 o(WiZ1) ~ o(Wi H),

c(Wry) e QI +Q3 or o(wtw®) ~ o(wrH)
Utilizing the “Radiation Amplitude Zeros” (RAZs)
CW_’y Fa Qd 57 Qu CW_ZT % gc_l ol gﬁ
: Qa — Qu 4 % gd_ =g
Mikaelian, Samual PRL (1979) U. Baur, TH, Jim Ohnemus, PRL (1994)

do(da — W~ X) [fb]

do(pr — W~ X) [fb]

-1. —0.5 0. 0.5 1. —-1. —0.5 0. 0.5 1.

0 ~ My /2 TeV < 5% :

11
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What do we learn in testing EWSR?
“endlessly confirm the correctness of SM” ?!

- Carlo Rubia
SMEFT BSM VS. HEFT BSM
_ L[ V! _ 2i°Tafv a1 ¢
ga_\/5(qurHJrz‘qz‘)“)’ Ve with quﬁ_\/Q(_ f}% |
o' (2n—|—4) ’U2 ; 1
LsMEFT 6 == ), — 5 (P'0)" Lun = T tr[D, U'D*U|Fy (H) + 5 OuH OMH — V(H)

n=1

weakly coupled (SUSY) strongly coupled (composite)
new scale ~ /A nearby scale ~ 41t v
At the LHC: Higgs coupling SM-like ~ 10%
(light) Fermion Yukawa’s wide open:

00 (2n—|—4)

vV _
— — LY (H)UP_¢R +h.c.
_Z A2n "(Lppr +h.c.) \/ih'g( UP-Ln |

Yy(H) = \/_m“ + ) ek (H>k

k>1

E. Celada, TH et al., arXiv:2312.13082
12



Journey in phenomenology
before & after the Higgs boson
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Congratulations Vernon
for the 2021 APS Sakurai Prize!

2021 Sakurai Prize Lecture

Vernon Barger

University of Wisconsin - Madison







Back up slides
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Radiation Amplitude Zeros (RAZs)

VOLUME 43, NUMBER 11 PHYSICAL REVIEW LETTERS 10 SEPTEMBER 1979

Magnetic Moment of Weak Bosons Produced in pp and pp Collisions

K. O. Mikaelian and M. A. Samuel
Physics Department, Oklahoma State University, Stillwatev, Oklahoma 74074

and

D. Sahdev
Physics Department, Case Westevn Reserve University, Cleveland, Ohio 44106
(Received 5 June 1979)

We suggest that the reactions pp —W in and pp —'Win are good candidates for meas-
uring the magnetic moment parameter k in py = (e/2My) (1 +k). The angular distribution
of the W bosons in pp —W 7X is particularly sensitive to this parameter. For the gauge-
theory value of k = 1, we have found a peculiar zero in do(diZ—W™y)/d cosf at cosf = -3,
the location of this zero depending on the quark charge through cosf = - (1+2@Q,). A sim-
ilar zero occurs in do(ud—~W*y)/d cosf. We can offer no explanation for this behavior.

VOLUME 72, NUMBER 25 PHYSICAL REVIEW LETTERS 20 JUNE 1994 \
001 | H ] 1 | ] i i |
Amplitude Zeros in W*Z Production -1.0-8-6-4-2 0 2 4 6 810
cos 0
U. Baur ! e 10 e
Department of Physics, Florida State University, Tallahassee, Forida 82306 i\ a) e 7. - WZ

T. Han and J. Ohnemus 100 Ve = 2 TeV | I

Department of Physics, University of California, Davis, California 95616 = 1N ] w0tk

(Received 9 March 1994) & N sy ] F
- ® 107! |- W = 4 ~3
We demonstrate that the standard model amplitude for f; f — W*Z at the Born level exhibits 8 - 4 F

an approximate zero located at cos 8 = (g7 +¢72)/(gf* —g’?) at high energies, where the gf (i = 1,2) N - /-("_ 9 ] 107® ¢
are the left-handed couplings of the Z boson to fermions and @ is the center of mass scattering angle < 2 | N~ =" __ .

of the W boson. The approximate zero is the combined result of an exact zero in the dominant %{ : ///." (°'°)__'_. -""“‘\\_ ] I

helicity amplitudes M (%, F) and strong gauge cancellations in the remaining amplitudes. For non- © W, () S W1 o3

standard WW Z couplings these cancellations no longer occur and the approximate amplitude zero 10-3 §L -~ - L 3

is eliminated. N lﬁ
- A i d l ik l T PR L —
CW_ZT Ay g— —I_ g— 10 4—1,0 -05 0.0 0.5 10 1° 4—1,0
0 " d u cos f cos @

Jels Sl
16



Test EWSR @ LHC / muon Collider

Huang, Lewis, Lane, Liu, arXiv:2009.09429; R. Capdevilla, TH, arXiv:2412.12336.

Massless gauge sector & Higgs sector:

N ao(WZ) N o(WZ)
“ = W) 0 T4 G(WH)

FOr 8 — MW/ZE << 1: o(WrZr) i 92 (g{1)2-|- (9{2)2 g(W}Zﬁ) ~ c:J‘(I/I/'fJH):r

~ 2 2 .
o(Wrv) e Q1+ Q3 or o(wtw®) ~ o(wrH)
Utlllzmg the ”Radlatlon Amplltude Zeros” (RAZs)
'_ L?_C 14TeV | I § L;I_c, 14TeV |,
— — = 0.5TeV 107 =~ . f_ 1.0 TeV B o
= 101; N — — L% = 100L — __—f L:C CW_’Y e, Qd —|_ Q'Uz
o E — - F i o -
B e B R — Jwi| O Qi — Q
= [ T — WH 10 ~ = — = e 10 <L d u
T 10 Wy - e —T @ ;L " Wy __ | wH = ] = d
B - - — - ] = 8 ‘ S ] = U
© - — = = é © F - - = = f1* 7 W 2 J= 5 o
B L | W7z, | ] __2— -— — Wiz, == : 9 = d U
N E—y 0. 0.5 1. e T— 0. 0.5 L. (o
j: —Qw 00:': :|: —Qw ¢y
v, > WELWEZ § ~ My, /2 TeV<5%
10" . : : - 10* 107 ¢ : 2 10”
- MuC 10 TeV 1 - MuC 10 Tev 1
2 - V3> 0.5TeV — T < - V3 > 2.0 TeV — T
o107t — i —q10° E S 107 — , — J10° = :
B SR AETol R SR S iz = {0 = U. Baur, TH, Jim Ohnemus,
T T = — 1 = T T - ] =
=107 e 10 E ‘*:-L 02— T—=_ = 1102 z PRL (1994)
'< : OWH 5 - 1 R S I g
® . __:__—_ n,_/:_-_ .—__ | = % i _:_EEJ_-TH‘__;::T ] z
il A P -0 )Y el = P e Ty
—~ ~0.5 0 0.5 L. ~-1. =0 0 0.5 1.
—Qw co —Qw ¢y



Gauge / scalar separation: R.capdevilla, TH, arXiv:2412.12336

B N Mﬁg ~ _9:3;;12 ()\wS; o) [Q(1—2)09_Q(1+2)]:
flj:? — W ,Y,'r ME;Z ~ 99:V12 (Aw — ¢g) [g(_l 2) co — g(_1+2)],.
fifs = W*2Z, i b
B MWZ _9zV12 (1-2) g V12 ),
fifo > W*H. ; vz 22
WH 92V12
My o = 22 56,
e Gauge sector: Radiation Amplitude Zeros (RAZs)
. 2 &g
EM: < "= gd 5. EW (transverse): AT gd _iu

Mikaelian, Samual (1979) o _{ —1/3 (= 0.1) fordu — Wy~ (W;Zr), U.Baur, TH, JO, (1994)
* 11(r-03) forlv— Wiy (W5nZr),

* Higgs scalar sector: MWVLZr(§ < 1) m MWVER (S < 1)

. : 10%
— V3=0.5TeV
= V3 =30TeV

10°
i

1\\

2 Al
107 g\ s,
E N >

101}

-
=t ot
~~~~~~~~
-

do(diu — W~X) [fb]
do(pv — W~ X) [fb]

18



	Slide 0: Phenomenology     Before & After the Higgs Boson
	Slide 1
	Slide 2: A Prime Time for HEP: The SSC Era
	Slide 3: From kinematics to dynamics
	Slide 4
	Slide 5
	Slide 6: More on the Transverse Mass: kinematics vs dynamics
	Slide 7
	Slide 8
	Slide 9
	Slide 10: Higgs on trial @ High Energies
	Slide 11
	Slide 12
	Slide 13: Journey in phenomenology before & after the Higgs boson
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18

