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MOTIVATIONS

» Importance of vector boson scattering (VBS) / vector
boson fusion (VBF) processes:

- it helps verify the EW gauge structure and mechanism of EWSB
in SM
- it Is sensitive to anomalous contributions to the non-Abelian
gauge couplings (particularly quartic, but also triple)
* it may reveal a new resonance state
» VBF production processes can be dominant in certain new
physics scenarios.
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WL_I_ WL_ > WL+ WL_

» As an example, consider this process o

in the SM in the s » mn2, Mw?2 limit. >_<

* Tree-level Feynman diagrams in the i} N
unitarity gauge:

* 4-point interaction;
w due to non-Abelian nature

« Zand y in s and t channels; ’
m purely gauge bosons ot

* Higgs boson in s and t channels.
w involving Higgs 7N\

 Other V V.= V_/V_ scatterings have : .

wooowS
W w \/
similar structures. >H< '
Lee, Quigg, Thacker 1976 ~ » A
W wt
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WL+ W, — W(,_I_ W~

» Individual amplitudes of gauge diagrams:

2 8M2
iMy, = i4]€4§‘/ s+ dst +t* —AMz, (s +t) — SWut]
2 i 8M2
iM]T? = _i4]€4§[/ _(S—u)t—SM‘%V(S—u)—I— SWu2]
2
MIHE _14]@% 5(t — u) — 3M2,(t — u)]

» Individual diagrams grow like (E/Mw)*!

- The sum of them nicely cancel with each other to remove
such a divergence with energy.



WL_I_ W, — WL+WL_
- However, there is still an O((E/Mw)?2) divergence in the
sum, which needs a sufficiently light Higgs boson to cure:

E 2
IMEES = 922 ut O ((E/Mw)°) - (MW)
AM?2, e
Z-MHiggs — 92 (S B QMY%V)2 4+ (t I 2‘]\4%1/')2
2 2 2
4 M, s —my t—m;

2
z’4]€4V2Vu—|— O ((E/Mw)°) .
= complete (E /My )?* cancellation
* The success of SM is thus seen to rely on nice relations
among gauge bosons couplings (due to gauge invariance)
and a suitable Higgs boson (depending on EWSB

structure).
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WL+ W, — WL+ W~

- However, the story changes dramatically if gnvyv = Vé githy

as assumed:
,L-Mgauge

iMHEES

=

2

. g 0
_Z4MI%Vu+ O ((E/Mw)°) ,
s 0[5 2MR)? (= 2M3)’
4M§V S — m% t — mi

only partial (E /My )?* cancellation

* This gives rise to the “bad” high-energy behavior in the
scattering cross section.



VECTOR BOSON SCATTERING

Cheung, CWC,Yuan 2008
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« Assume mn = 200 GeV and an angular cut lcos6l < 0.8.

» Cross sections of processes involving resonant channels
grow with energy more dramatically than those without.

- Current Higgs data prefer almost SM-like curves.
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» t-channel contribution only.
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Cheung, CWC, Hsiao, Yuan 2009
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* Precision data at Z-pole already imposed.



REMARKS

- There may be another Higgs boson
(e.g. mp=1TeV in 2HDM on RHS)
resonance at a higher invariant
mass to unitarize the cross section. .

- When one convolutes the above-
obtained WW scattering with the .
PDF, using effective vector boson Yo @
approximation (EVBA), the anomalous behavior in
differential cross section at high energies will be less
conspicuous.

- S/B can be enhanced using appropriate cuts.
m following slides
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VBS AND VBT

- VBS: Quarks/Antiquarks radiate off space-like (g2 < 0) EW
bosons that scatter to EW boson final states.

- VBF: when such a scattering involves an s-channel
resonance.

will specialize mostly to
pp — (Y0 v + X
throughout this talk

N

(0,0 =e,p)

13



TYPES OF FINAL STATE

 What interests us here is one with the intermediate state:
p—=WTWTi5+ X

 There are thus the following three types of final states:

- leptonic: both W’s decay to leptons
w gold-plated modes, cleaner final state, easier charge
determination, lower BR’s

 hadronic: both W’s decay to quarks
w higher BR’s, more background, harder jet charge
determination
w could be improved with help of deep learning (for boosted W
and/or Z jets) Chen, CWC, Cottin, Shih in progress

- semi-leptonic: one W decays to leptons, the other to quarks
- silver-plated modes
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SIGNAL/BACKGROUND

VBS/VBF
signals

irreducible
gauge-inv.
companions
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FEATURES OF VBT

° Forward JetS I 2 tagg|ng JetS SM and exotic Hilggs alike

- Take the VBF production q1(p1)q2(p2) — q3(p3)q1(p3)H (ps)
as a simplified example, whose squared amplitude

(p1 'pz)(PS 'p4)
(¢7 — My, )% (a5 — Mg, )?
(1 =p1 — D3, G2 = P2 — P4)

My;|*

- For a fixed p; - p2 = 5/2, the cross section gains for
(1) alarger ps - ps = m3. /2,

w forward jets have larger invariant mass
(2) a smaller denominator

- 0i2 as close to 0 (upper bound) as possible

w jet pr = O(Mw), as ¢f — My, ~ — (ph.5 + Mpy)
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FEATURES OF VBT

« On one hand, each W has a small transverse momentum
equal to that of corresponding final-state quark.

- On the other hand, each W has to carry sufficient energy
around Mu/2 to produce the final-state Higgs boson.

* As a result, the W boson typically carries only a small
fraction of the incoming parton momentum.
w mostly longitudinal mode according to EVBA

» Tagging jets have small scattering angles
w |arge pseudorapidities (opposite signs)
- large Anj;

|7 Cheng-Wei Chiang @ NTU



CORRELATION OF Mji AND AY;;

| 3 TeV Ballestrero et al 2018

o (fb) per bin (mjj, IA yjjl): ob o (fb) per bin (m”, IA yjjl): a0

0.012
0.01
0.008
52 0006 2 %
0.004

0.002

[ I | T I Ll I (.
‘POO 200 300 400 500 600 700 800 © 200 300 400 500

m, (GeV) m, (GeV)

c(EW) =2.292 4+ 0.002 fb o (fb) per bin (m , Ay I): aZa?
o(QCD) = 1.477 4+ 0.001 fb 4'2
o(int.) = 0.223 + 0.003 fb ss

3

§= 2.5
2
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TYPICAL CUTS

- Typical cuts for VBS/VBF processes: fducial definitions in Run_|

 Forward jet tagglng Requirement  CMS  ATLAS

: pr > [GeV] 30/30 65/35
pr(j) > 30 GeV , m;; > 500 GeV ~ jl< 50 45
| Anji| > 2.5 2.0
An;; > 2.5, n; <5.0 Emiss [GeV]  N/A 30
mee > [GeV]  N/A 20

- Central jet veto:
0-jet with pp > 30 GeV

min max

o (fb) per bin (mﬂ, IA yjjl): ab

- Charged lepton tagging:
pr(0,0") > 20 GeV , [nee| < 2.5

‘P 00 200 300 400 500 600 700 800 O
m, (GeV)

» |solated leptons:
ARw > 03, ARje>03 (AR = /A2 + Ag%)
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ALLOWED INTERACTIONS

» The only possible interactions of doubly-charged Higgs
boson with SM particles allowed by the symmetries are:

proportional to g and va

gtAHW—W— T he.

Yij A_I“I_fz_fj_ + h.c.

Like-sign final states

T ? ATLAS 2017
T o100f ATLAS Prefminary "~~~
generally LFV, related to -V i l‘{3§r(_l1f3*—T> )2100% 1750
neutrino mass and mixing data % i s20
- More experimental efforts in the B
scenario with the latter type of B v O
interaction being dominant (smaller o/ | | e
. 0 20 40 60 80 100
triplet VEV, thus larger Yukawas). Bk %)

st ' A general lower
time for the large va scen?lrlo e o0 Gev

L

observed 95% C.L. m(H ) limit [GeV]



X PRODUCTIONS

- Various Hs** production channels at hadron colliders:

CWC, Kuo,Yamada 2016

va = 10 GeV 100 TeV

10
. 100G, - :
E * | £
@ 100 ‘ @
T 10 VBF H+| | F

e i Tl R B, Bt
RS VBA HF s, VBF H——
01 VBAHT[ L ] ™~ L=
200 400 600 800 100(
M, 1GeV!

100C

100

» DY: purely gauge interaction, indep. of va.
- VBF: dominant for va = 10 GeV and ms =z 300 GeV.

22



FiImr REsSULTS

- Fit based on Higgs signal strengths after ICHEP 2018, all
colored regions with 95% probability.

Bl - decays BN 77 decays

BN b decays W pp decays m .
Bl 7 decays Z~ decays flt
13001 11 71 Bl VW decays [ All sienal st.re.ngt.hs .

wrong-sign (Kv = —0.97) solution;

vi | 45 GeV . : dt (9018 . .
I Chiang, Cottin, Eberhardt (2018) not seen in pl”eVIOUS analyses

0TS
| 15
— 601 ]
g - _—
SR N L0
2 WL 0.5-
0 — T T ‘___“ .‘ LA B 00 '
160° -30° S’Yw 60°
Y

decoupling limit
Cheng-' 73 ), NCTS



GOLDPEN CHANNEL

- From total cross section of same-sign W
production along, a deviation could be due
to anomalous gauge coupling or existence

of a new resonance. CWC, Kanemura, Yagyu 2014
d
CMS 35'9 fb_1 (13 TeV) CMS 35'9 fb_1 (13 TeV) TTT IIVIBIFI|-I|:!’;t I7I T | TTTT I TTT |3|5|.|glflb|-1l(l1|3| Tlex)l
c S S B S B R D R e C fr o T T
5 - Data e - Data 1 = B
- EW WW f 150 |- EW WW 4 £ 30 — Observed CMS
n S0 mwz n n mwz 1 g ---- Median expected
c [ Nonprompt T i [ Nonprompt g I 68% expected
q>) Others q->) i Others _ 7 95% expected
L 100 B : N Bkg. unc. L 100 A\ N Bkg. unc. 5 200
: £
50 NN g ) - B
\\\\\\\;\\\\\\\\\*\\\\\\\\?\\\\\\\\: R ©
0 [y T e e e Ty 0 L ! ] I | ! !
500 1000 1500 2000 200 400 600 1 IIIIIIIIIIIIIIIIIIIIIII
200 300 40 500 600 700 800 900 1000
m; (GeV) m, (GeV) m,.. (GeV)
_ - CMS 2018
| exp o 2 2v 0.18 for my: /=0.2 TeV
s — 0.90% 022 or sin"y ! ————— <
1 70 246 GeV 0.44 formy=f =1 TeV

boumd much weaker than smiallFVa’seenaric? ™ 1



GOLDPEN CHANNEL

- From differential distributions, particularly

(a) mye and (b) cluster transverse mass
mé | m2()+ p2 () + [p| " pr(M)+ po

one can observe (a) a bump ending at mu.+ and (b) a
Jacobian-like peak edged at mn.-.
m hope to see such bumps

' [ | I T [ I T I T T T T T T
GMI15

CWC, Kuo, Yagyu 2013
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Normalized Events

VARIOUS PISTRIBUTIONS

Benchmark | signals only Thanks to Dean
V3 _— 42 Ge\/ BP1-cut (¢ = 1.0071E-02 pb) BP1-cut (¢ = 1.0071E-02 pb)

60 : L R : 70 , _pr() :
Mi++ = 254 GeV =
H++ o e 50 60 |- 2nd Jet | |
o= 100/ |
' » 40F 1 n
2 2
< g a0} _
— w w
L=6276/Tb@ |3 TeV 3 x
3 5 -
E E
S 21} i S
=2 =2 201 |
10} , 10l |
0 . . - 0
0 100 200 300 00 50C 0 400 500
my(GeV) p1(5)(GeV)
L=62.76 fb L=62.76 fb~!
BP1-cut (c= 1.0071E-02 pb) BP1l-cut (c = 1.0071E-02 pb) BP1l-cut (0= 1.0071E-02 pb)
25 : : i : : 35 : : |An;] : : 20 : : : Mjj : : :
[ 1stjet
[ 2nd Jet J
20+
15+ 4
8 i
5¢ s s
& 1 @
5 ° 10+ 4
10} g g
S S
=4 | =2
5k J
5k
0 0 L L L L L L L
-6 0 2 4 6 8 10 12 0 200 400 600 800 1000 1200 1400 1600
[Anjj| m;;(GeV)
L=62.76 fb! L=62.76 fb~!
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ProsSPECT AT LHC

BP1-cut (0= 1.0071E-02 pb)

[ ] [] [] [] [] B
- Comparison with distributions after R
[ 1stjet
L [ 2nd Jet ||
n n |
passing though Delphes simulations. :
2
g
. . =
> qualitatively the same (sh eaks)
E
2
> [ > F
© o0l © 2500~
o [ % L
2 i 2 [ 400 (.)(Gev)soo
= = 2000~ Py
< 8001 = [
w F w [ L=62.76 fb~"
r C 2 : : i : ]
600 15002 [ 1stet
[ r [ 2nd Jet
[ [ 20/
400 10005
L [ 2 5
200— 500~ &
i i 3
: : Thanks to Jack I
L r = |
50 100 150 200 250 300 350 400 % 50 100 150 200 250 300 350 400 2
First Jet P, [GeV] Second Jet P, [GeV] 5|
0
-6
< B ! < !
2 500 2 r 2 7o
0 = %) 0 C
Q@ 3 9 r e [
< L c F € E
W0l i} o i} :
300~ - = g
r 8 [ ]
[ r r K
200— L r E
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100 [ "
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GOALS oF HGCAL

- Searches for BSM physics at HL-LHC will include
reactions initiated by VBF and those involving boosted
objects giving rise to narrow (e.g. from T’s) or merged jets
(e.g. from W and Z).

At HL-LHC with high pileup, it is important to trigger
cleanly on and reconstruct the narrow VBF jets as well as
merged jets, without placing significant requirements on
the rest of the event content.

* As part of HL-LHC upgrade program, CMS proposes to
build a high granularity calorimeter (HGCAL) to replace
the existing endcap calorimeters.
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ENDCAP CALORIMETER

L

22 S ‘
—— ST I Y
frent

159
Magnetic field
"Off"

CMS-TDR-019

MEO

ME1/1

il

ﬁj

BH1000.8

4198.9 BH octive front

5231.6

5641 Back side of Back flange from IP

fro

CE-E: electromagnetic compartment (28 longitudinal samplings)

CE-H: hadronic compartment (24 longitudinal samplings)
Green region to lower left: silicon cells of size (0.5—1 cm?2)

Blue region to upper right: highly-segmented plastic scintillators (4—30 cm?2)
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RESOLUTION IN JET ENERGY

- Corrected jet energy response resolution in (left) Inl < 1.3,
(middle) 1.3 <Inl < 1.7, and (right) 1.7 <Inl < 2.8 as a
function of prGen for PF+PUPPI jets in the PU=200 sample.

» Only slight degradation in the forward region relative to the

central region.

14 TeV

T T 1 T T T I T
— CMS Phase-2 e 0<pS <1
| Simulation PU
G
1<pPU<2 i

Anti-k;, R=0.4 PF+PUPPI |
mGe"<1.3 |
PU=200 |

1 [ | ] 1 1
40 50 60 100 200 300 400
pE=" (GeV)

14 TeV
T T L} T Ll T [ Ll T T
— CMS Phase-2 e 0<pC <1
| Simulation PU
G
1<pPU<2 i
Anti-k,, R=0.4 PF+PUPPI )
B 1.3<®"<1.7 |
} PU=200
i I
S HE _
3 1
1 [ N A 1 1 1
40 50 60 100 200 300 400
pE" (GeV)
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PV signal id. efficiency
o o o
~ 0] (e}

o
»

b-)eT SIGNAL EFFICIENCY

* The efficiency increases with the leading b-jet pt, and it is

smaller at high pileup, especially in the forward region due
to tracks from overlapping pileup jets.

14 TeV

1.1
CMS Phase-2 Simulation .
; multi-jet events ]

- ml<1.5 -
! A noPU i
" " PU=200 :

50 100 150 200 250 300
leading jet P; (GeV)

PV signal id. efficiency
o —
© - -

S
e

o
\J

0.6

CMS Phase-2 Simulation
multi-jet events

1.5<h <25
A no PU
= PU=200

14 TeV

50 100 150 200 250 300

leading jet P; (GeV)

PV signal id. efficiency
o —
© - -

S
™

o
~

0.6

CMS-TDR-019

14 TeV

CMS Phase-2 Simulation
multi-jet events

- 25<ml <85

A no PU

7F ® PU=200

50 100 150 200 250 300
leading jet P; (GeV)

Efficiency to reconstruct the hard interaction
vertex and to identify it correctly as signal

primary vertex in multi-jet events.
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LHC/HL-LHC TIMELINE

LHC / HL-L

LHC

LS1 13 Tev Ls2 14 TeV 14 TeV
e

energy
splice consolidation INJECTOR UPGRADE El'-:otg1l7n;|
olimit -
7Tev 8 TeV button collimators TOIS absorber interaction : AL LH9 luminosity

R2E project 11T dipole & collimator regions installation }

Civil Eng. P1-P5 ﬂ
2011 | 2012 | 2013 | 2014 | 2015 | 2006 | 2017 | 2018 2019 | 2020 ’ 2021 | 2022 | 2028 | 2024 | 2025 | 2026 HHH ||| 2038

ATLAS - CMS radiation

experiment upgrade phase 1 damage ATLAS - CMS

‘ beam pipes 2 x nom. luminosity 2.5 x nominal luminosity upgrade phase 2
r:g:;\’inal nominal luminosity — | ALICE - LHCb —_ |

luminosity | / |.7%1034/cm?/s upgrade
Erd [ 150 fb | 300 fb 3000 " [ERC A

FP7
Hi-Lumi MAJOR CIVIL WORKS g TECHNICAL INFRASTRUCTURE
DESIGN STUDY
PDR PREPARATION ASSESS & TDR MAIN ACCELERATOR COMPONENTS PHYSICS
CONSTRUCTION AND TEST INSTALLATION

2011 2012 2013 2014 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

A
now HGCAL installation
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SMMMARY

- VBS/VBF plays an important role in understanding the
electroweak gauge sector as well as the Higgs sector.

» Characteristics of VBS processes: 2 forward jets, no
central jet activities (and 2 like-sign charged, isolated
leptons in the mentioned process).

 VBF production of doubly-charged Higgs bosons can be
more dominant than pair production (large vA scenario),
and is shown to have all the desirable features.

- HGCAL for HL-LHC upgrade phase 2 is promised to

improve the spatial and energy resolutions of the forward
jets, crucial for our signal selections.
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