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physics beyond the SM E L ' L
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Is it the sole Higgs boson? Is it really doing the Higgs boson job?

— Keep investigating the high mass region

— Measure with high precision (% level) the properties of the 125.5 GeV boson

— Measure the EW vector boson interactions, establishing if this Higgs boson
really can make unitarity-preserving the VV scattering amplitude at all energies
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EW Sector?

 Vector boson self-interactions

e Triple gauge couplings (TGC)

W

W+
}m W- W=
Z

v

Higgs Boson

e Quartic gauge couplings (QGC)
Wt w- Wt w- Wt w- W
0 0 Z zZ W

* Higgs self-interaction (not presented here)

+ W
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Vector Studies

\'A% scatterlng is the key process to probe Electroweak Symmetry Breaking (EWSB) and
high energy vector boson scattering will play a central role:

e both as a test of the Higgs boson nature

— If the discovered Higgs boson contributes fully to the EWSB, then most probably the
interaction among longitudinal weak bosons would remain weak at high energy

* and as a model independent research of alternative theory to explain EWSB

— if the 125.5 GeV Higgs boson is only partially responsible for the EWSB, then the VV

interaction could get strong at high energy. o ﬁ
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g % 3 -Fr.-"!'-;
M = i O((B/mw)?) o
- 1 4higgs : Q % 10% ¢ °5
1M =S 34’”1“; ud+ O((E/mw )?) v | 075
g _
a 10" F 0.9
im! - u(l —46)+ (’J((E/mw)ﬂ) : \
4mw . Cheung, Chiang, Yuan \v‘l
10° ' ' : '
TGC and QGC processes (contained in VV scattering 200 T Oy 0

amplitudes, but not only produced in that processes) may carry new physics phenomena
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e Studies made by ATLAS, CMS and several theorist indicates that
order of 100 fb' @ 14 TeV are needed to investigate

sufficiently deeply these processes.

 However, with the collected data at 7-8 TeV we can already start
to sniff some of the interactions aforementioned.

e Different way to explore them:

R.Bellan

Mono-boson produced in VV scattering (triple gauge couplings)

Di-boson produced in VV scattering (full set of diagrams,
depending on the chosen final state)

Di-boson produced inclusively (sensitive to triple gauge couplings,
not covered here, see E.-S. Protopapadaki's talk)

Multi-boson final state, namely triboson (sensitive to quartic
gauge couplings), not produced via VV scattering
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pology

e Large An(j,j) with rapidity gap between the jets

o large m, and m_

Interesting final states

pp — W*W*qq — I*vI*v 2j, most sensitive to SM deviations

pp — W*W+qq — I*vI*v 2j, quite large cross-section, ttbar is nasty
pp — WZqq — 3l v 2j, clean, interesting for no-Higss scenarios

pp — ZZqq — 41 2j, very clean, low cross-section

pp — Z72.qq — 21 2v 2j, clean, a bit more difficult but not low cross-section

pp — ZW/Zqq — 21 4j . . . .
largest cross section, but V+jets 1s an issue

pp — WW/Zqq — 1v 4j

pp — Zqq — 212j, (o, *) but similar topology as the process above
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e Search for a single Z boson decqaying in 2 lepqtons plus
2 tag jets well separated in (pseudo-)rapidity, with
high p_and large jj mass

« Exchange of colourless particle between the 2 initial
state quarks results in a hadronic activity rapidity gap

— Possibility of vetoing jets in the central (defined by the 0 B 7

two leading jets) region (done in ATLAS analysis)

— CMS analysis studies the 3rd jet distribution too

— Several phase space regions with different EW and strong Zjj production composition investigated
by the ATLAS Collaboration
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For m > 50 GeV, m, > 120 GeV, jet p, > 25 GeV Injl, Ar(3,j) > 0.5

CMS @ 8 TeV Measured a cross section of 226 + 26 (stat) £ 35 (sys) tb
(prediction at NLO: 239 tb).
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VBS

EW || QCD |
e The analysis aims to measure the QCD+EW production and EW production
separately, looking at two different search regions

e Inclusive analysis:

- Exactly 2 high p_ same-sign central leptons, m > 20 GeV

- Missing E_from W decays

- 2 jets (p, > 30 GeV) with large m, (> 500 GeV) and with b-tag veto
 EW analysis:

- Require also 1Ay(j,))I > 2. 4 (VBS contribution enhanced)
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pp — P e 1L p(*)

Look for production of opposite sign W bosons, produced via y-y interaction

y W+ y W . l.‘..l.‘?“."?.*S.iﬂe‘:’k.???*?..:
(qj; 7i_ e Data B orell-Yan E
8 . F inclusive w'w B Diffractive W'W* 3
3 6 Mo 5 ot =
E - — Blasticyy = vt - Inelastic yy — ' ]
_ _ 2 5t — 7 WW (SM) =
« Search done reconstructing events with 2 different flavour E
and opposite sign lepton and... no other tracks coming - ]
2 q =
from the 2-leptons common vertex o E
) S
- p(eu’) >30 GeV (>100 GeV for aQGC study) O =="80 100 1RO 200 " 250 300
8 CMS, Vs =7 TeV, L = 5.05 ft" E; [GeV]
. . ° . F T I T T
« 2 events found passing all criteria, against a B —— :
prediction of 0.84 + 0.13 background events L m f A

— Elasticyy = v - Inelastic yy — 1
5 — y — WW (SM) -

(2.2 £ 0.5 1s the SM prediction for the signal)

Events/100 GeV
7

Measured cross-section:

o o(pp — pPepp?) =211 b (1.1 0)

¢ G(pp — p(*)e*Wp(*)) <8.41tb (95 Yo CL) % 200 '460' 'etl)o' '860 idoo
m(ey) [GeV]
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* Process with production of 3 vector bosons: 1 photon 1 W into leptons the

other W decays hadronically: sensitive to QGC
e Only 1 high p_isolated lepton ME_> 35 GeV, not >N‘\ > """" t\

pointing towards leading-jet, M.V > 30 GeV

« 2 close-by central jets with p_> 30 GeV, anti-b- > 104

Ldt 19.2fb"' YVs=8TeV

(D c + Electron data B jets > v _§
. . . ~ T R&XZI MC uncertaint multijet .
tagged’ Wlth mjj n the InW/Z Wll’ldOW j{ 103 §_— SM+a,’ | A? yso Tev? = zy+ljelts _§
+ 1 central high p, isolated photon (p, >30 GeV) 5 10°f — PN
L ]
« Best observable for QGC: photon p,_ 10 = -
15 E
Predicted number of events: 193.9 + 3.9 + 10.8 £ 1.0 . T :
(147.6 + 4.8 + 9.6 + 0.7) in the p (e) channel. 10
Expected # signal events: 6.9 £ 1.5 (5.2 £ 1.1) 10° =L
Observed: 183 (139) events S g |-
Cross section upper limit: 241 fb @ 95% C.L. E e 4 -
. = '
(3.4 x SM cross section) 100 200 300 400
Photon E; (GeV)
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Anomalous Modelling

» Extension of the SM Lagrangian by introducing additional dimension-8 (or 6) operators:
Ci
Leff = Lopm + Z A2 O; + ... desideratum: A ~ 1-2 TeV
i

» Effective field theory is useful as a methodology for studying possible new physics effects from
massive particles that are not directly detectable.

— Underlying assumption: scale A is large compared with the experimentally-accessible energy

— These operators have coefficients of inverse powers of mass (A), and hence are suppressed if
this mass is large compared with the experimentally-accessible energy

— Limit: A so large that the effect is comparable to missing higher order corrections from SM
— An effective field theory is the low-energy approximation of the new physics

« coefficients in dimension-6 (i.e. c/A*) (e.g., hep-ph/9908254), may affects 3 boson vertices too:
- C ¢W/A2 (VBFNLO), a V/A% a "/A* (CALCHEP)...

« coefficients in dimension-8 (i.e. c/A*) (e.g., hep-ph/0606118), modifies 4 boson vertices only:

- £ /AN, JAC.
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e Sensitive to yy WW vertex

CMS, Vs =7 TeV,L=5.05fb"
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CMS: JHEP 1307 (2013) 116

-0.001}

-0.002

CMS, Vs =7 TeV, L = 5.05 fb”
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[ s CMS 1-D limit, 95% confidence region

* Standard Model
CMS 95% confidence region
(Acutort = 500 GeV)

(Ao = 500 GeV)

o
-0.0005 0 0.0005
al/A? [GeV™?

 For aQGC study, limit the search region to p_(ey) > 100 GeV

— Cross section limit w.r.t. Standard model prediction < 1.9 fb @ 95% CL
— No deviation from SM TGC assumed (A_ =0)

R.Bellan
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e (Channel sensitive to WWWW vertex

o Placed limits on EW chiral approach to aQGC modelling (o, and o)

e New physics scale in WWWW couplings set to be above 600 GeV
arXiv:1307.8170

LN T T 1T T TT L T T 17T L ‘ T T 1T | L | L | T T 17T | L
5 - p—
o ATLAS Preliminary -

0.6 20.3fb", \s=8TeV —

4l pp —> W* W= jj -

0. - K-matrix unitarization .
0.2 —

of |
-0.2[— confidence intervals ]

4 ~ [68% CL ]

0. - [95% CL -
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o Sensitive to WWyy and WWZy vertices

W W
a a .
CWT + WX+ Y k"WE+ Lo+ L+ L1
i

L —

o First two terms affect WWyy, the 3" one WWZy, f /A*both

o Exclusion limits are also translated on 8-dimensions operators f, /A*
(f, /A" already part of the parametrization above)
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e Several final states investigated by both Collaborations (ATLAS-
PHYS-PUB-2013-006 and CMS-PAS-FTR-13-006) for v's = 14 TeV
and two luminosity scenarios, 300 fb! and 3000 fb':

* Results interpreted in terms of Effective Lagrangian, to estimate

pp — 2Zqq — 41jj (VBS)

pp — WZqq — 3lvj; (VBS)

pp — W*W=*qq — I*vI*vj) (VBS)
pp — Zyy — llyy (QGC)

the sensitivity to new physics.

R.Bellan
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B4 TeV
6

e Standard VBS cuts:

— 4 leptons with p_ > 25 GeV, 2 jets with p_ > 50 GeV and M(jj) > 1000 GeV

: , Cow ¢
» New physics parametrized as ~ Low = —5Tr( WEW,,)0" 6

0 . — — 10
-% 35 ATLAS Simulation Preliminary . VBS ZZ (SM) —E .% E ATL‘AS | A
- IL=3°°° i 2 SMIVBS ZZ + - 3! 9F Simulation E
30 % Con = 15/TeV © g Preliminary =
25 sMzzacD = 77 3000 fb" E
. k=) u :
20 E 0 g —300 b E
15 = of 5
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. N 3F E
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[ ] [ ] L) [ ] 1} . {
 Significance of 5 sigma (300 fb!) T
0 10 20 30 40 50

— C ¢W/A2 ~ 35 TeV+ o
Cyw/A° (VBS ZZ-ITIT) [TeV?]
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@ 14 TeV %

o Standard VBS cuts:
— 3 leptons with p. > 25 GeV, 2 jets with p, > 50 GeV and M(jj) > 1000 GeV

. . Jr1

» New physics parametrized as L7 = 73 - Tr[ W, W] X Tr[W,s W]
it T E o 10— T T ]
S 450 ATLAS Simulation Preliminary . VBS WZ (SM) = - - ATLAS .
0 400k JL:SOOO fb' SM VBS WZ + 3 8 9F Simulation E
250 % fri=1.0 Tev4_§ § gl Preliminary E
) vBs wz (sm) 5 = - —3000 fb! -
300 = > /F -
2502— --------- SMWZ QCD —i U_) 62_ — 300 fb! —f
200 = : -
= = 5:.. ............................................................ -
150F- E : .
100 i = 4 E
= T = -
06 0.7 0.8 09 {1 2 E
my,, [TeV] 1B E
 Significance of 5 sigma (300 fb) : L :

0

SRR el
02040608 1 121416

—f /A" ~1.3TeV
f./A* (VBS WEZFVIT) [TeV™]
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@ 14 TeV %

CMS Projection: ys = 14 TeV, L = 300 fb'
T T | T T T | T T T T T T T T

e 300 tb! (Phase 1) with 50 pile-up

E I o [ 7]
event and current detector = 120 =WZ QCD
< 100 2z ]
. . @ ]
e 3000 fb! (Phase 2) with 140 pile-up 3 WWZEWK
. Y 80 ]
events and with the detector upgrad ]
(new tracker and Ecal, mu-detection g *0 _
down ton < 4) £ 4 E
20
« Typical VBF/VBS cuts: SR
0 1000 1400
- Lepton Pr > 20 GeV, jet Pr > 50 WZ Transverse Masg, GeV/c®
GeV, An(i.j) > 4, M(jj) > 600 GeV
Significance 30 50 . o
SM EWK scattering discovery | 75fb 1 | 185fb ! Ad‘fhtlon“ﬂ ngtrﬂ?glon
Fr/ATat300 b ! 08Tev 2 | 1.0 Tev 2 rom aQGC wi
4 -1 —4 4 f /A*=1TeV™
fr1/ A% at 3000 fb 0.45 TeV 0.55 TeV T1
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BS @ 14 TeV

o Standard VBS cuts:
- 2 leptons with p_ > 25 GeV, 2 jets with p_ > 50 GeV and M(jj) > 1000 GeV

. . 50 ; ;

e New physics parametrized as Lso = F[(Dp@)[qub)] x [(D*$)' D))
- T T T — 1 T T | — T ]
-é - ATLAS Simulation Preliminary . VBS ssWW (SM) - L, 0 n ATL/lﬂS | | .
o 200 jL:SOOO ft! 277, SMVBS ssWW + 1 8 9 Simulation E
3000 % fo=10TeV* § 8f_Prellmlnary E
2500;_ | smMssww acp _; = 77 —3000 fb"! E
- 777 _ ] 2 - -
2000 SMWZ + mis-ID 3 7p gL —300 b =
1500~ = | <l &
10005— S —é 4:_ E
500F- 77 ab E
1 2 3 4 5 2F =
my, [TeV] 15 —E
 Significance of 5 sigma (300 fb) ]

L 1
0 2 4 6 8 10

4 4
— 1 /A% ~10TeV /A (VBS WEWESEVEY) [TeV
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Entries [pb/Bin Size]

N4 TeV
6

« 2leptons with p_ > 25 GeV (1 above 160 GeV), 2y with p_ > 25 GeV
(1 above 160 GeV), leptons and photons needs to be well separated

f T8
-ET,S B_ulB WBcr Bwﬁ
e New physics parametrized as ng 5
Lro = Al Bﬂ,,HB‘“r Bg, B™
« Leadingy p_ is the observable
— 10— ——— - — 10
"'I""I""I""I""I""I""I""I""I"'_'E‘ | ATL'AS | 2 :
60 ) - . ) ) 9
ATLAS Simulation Preliminary S 9 Simulation O A
e fya0aTevt T G of Preliminary -8 a
50 - sM -8 - -2 - —3000 fb
+:Ij 5 i B 5 5 7 —300 b E
B 6 —300 b’ - @ 6 E
-1- L - - -
JLdt=3000 fb _: 5;, 5; 'é
\s= 14 TeV AL 4 E
3 3 :
o 2 Simulatior:
Preliminary
- 17 1i ]
200 250 300 350 400 450 500 550 600 O:' L 2 Ozf.”‘l.”..”‘.H.I.H.I.‘..%
leading y F’T [GeV/c] -1 -0.5 0 0.5 1 -3 -2 -1 0 1 2 3
t /A Zyy—ITyy) [TeV £ /A Zyy—ITyy) [TeV]
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 We discovered a Higgs boson, yet the comprehension of the Electroweak
Symmetry Breaking is not completed

— Need to test the boson self-couplings vertices

- Complementary to Higgs boson properties studies and high mass searches

* Several analyses on 7 and 8 TeV data started to explore the multi-boson final
states, setting limits on possible deviation from the Standard Model
predictions

e First Vector Boson scattering processes observed at LHC

Time of Vector Boson Scattering and mutli-boson production is coming

— it will be one of the hot topic of LHC Run II

Details on results can be found in the public pages of the two experiments:
https://twiki.cern.ch/twiki/bin/view/Atlas Public/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/
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o [pb]

Production Cross Section,

R.Bellan

Feb 2014 CMS Preliminary

= $7 TeV CMS measurement (L <5.01b™) .
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In the symmetry breaking (EWSB) mechanism the W and Z bosons get their masses
and acquire a longitudinal degree of polarization.

The mechanism responsible for the EWSB has to regulate the V. V. — V V. cross

section such that the unitarity is preserved above m,,,, ~ 1-2 TeV

VYV scattering is the key process to probe EWSB and high energy vector boson
scattering will play a central role:

e both as a test of the Higgs boson nature

— If the discovered Higgs boson contributes fully to the EWSB, then most probably
the interaction among longitudinal weak bosons would remain weak at high energy

e and as a model independent research of alternative theory to explain EWSB

— if the 125.5 GeV Higgs boson is only partially responsible for the EWSB, then the
VV interaction could get strong at high energy.

* Also TGC and QGC processes may carry new physics phenomena
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o If the cancellation of the Higgs diagrams is not complete, then we
expect a g ... coupling smaller than the SM.

o The W, W_will keep growing with \'s, up to the the new resonance,
or more generally to the new physics scale A.

o Suppose the Higgs-WW coupling is Vo Of the SM Value then the
amplitudes become

9 :;u,. WEWE = W W,
£ gauge __ . g OUE 0 LEd "
E-',-".V’l‘: hlggs s '3. 4: 5 14 5 —|— C)( (E/m W )ID} % e | 05
e F | 0.75
iM = —z‘g—gu(l _ 8) + O((E/mw)°)®
4m%‘, \ 0.9

Measure with high precision both the | ; - \ﬂ |
HVV coupling and the V, V, scattering - ey e o

\'ISWW (GeV)

Cheung, Chiang, Yuan
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=

SM No-Higgs

Unitarity violation

A A<1TeV Ag>1TeV

SB sector weakly coupled SB sector strongly coupled

-
M(VV)
— 2
SILH : 9, — g,/ J1+&c,,E=V/ f
Higgs a pseudo Goldstone Boson of a new strong sector
Both a light Higgs and Bosons strongly coupled
Modified higgs coupling  h — h/\/1 4 Ecy, € = v2 /f2 SILH Giudice et al arXiv:hep-ph/0703164v2
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Final Sta -sections

o Needs to simulate all 2 — 6 processes at least at the order Ao, °)

o Large interference among same order diagrams

« Signal has to be defined a posteriori, using kinematic cuts
arXiv:0801.3359

e Cross Sections for vs = 14 TeV from Phantom Monte Carlo Generator:

full simulation of 2 — 6 @ 0(a.,,°) + (0. %)
EW QCD
qgqquy/ev agqqu ee
no-Higgs 500 GeV no-Higgs 500 GeV
o (pb) | perc. | o (pb) | perc. | o (pb) | perc. | o (pb) | perc.
total 0.689 | 100% | 0.718 | 100% | 0.0305 | 100% | 0.0350 | 100%
signal 0.158 | 23% | 0.184 | 26% | 0.0125 | 41% | 00165 | 47%
top 0495 | 72% | 0494 | 69% | 0.0137 | 45% | 00137 | 39%
non resonant | 0.020 3% 0.023 3% | 00030 | 10% | 0.0035 | 10%
three bosons | 0.016 2% 0.017 29 | 00012 | 4% | 0.0014 | 4%
gqpepieps/ ecee qquppy ggu P
no-Higgs 500 GeV no-Higgs 500 GeV no-Higgs 500 GeV
7 (Ib) perc. | o (fb) | perc. | o (fb) | perc. | o (fb) perc. o (fb) | perc. | o (ib) | perc.
total 0.180 | 100% | 0310 | 100% | 4.182 | 100% | 4.152 | 100% 429 | 100% | 4.16 | 100%
signal 0.120 | 66.4% | 0229 | 74.1% | 1317 | 31.5% | 1.281 | 30.8% | 3.26 | 76% 3.11 | 75%
top 0 0% 0 0% 1817 | 43.5% | 1.828 | 44.01% 0 0% 0 0%
non resonant | 0.0364 | 20.2% | 00533 | 172% | 0673 | 16.1% | 0651 | 15.7% | 047 11% | 046 | 11%
three bosons | 0.0241 | 13.4% | 0.0268 | 8.66% | 0375 | 89% | 0392 | 9.5% 0.56 13% | 0.58 14%
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Accomando et a: hep-ph/0512219
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No Higgs
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* The VL are coupled to the Higgs and they are the ones sensitive to the EWSB.
* The behavior of the LL cross section only can give information on the scale at which the

symmetry breaks.
e Atlarge M(VV) the TT cross section is of the same order as the LL (in the no-Higgs case)

If there is a new resonance at a scale A, the LL cross section will not decrease until A.
0 Experimentally we should enhance LL wrt TT and measure XS at the highest M(VV)

- The cross section decreases rapidly at high invariant masses due to PDF — Hard life for LHC @14 TeV !
- The invariant VV mass is the equivalent of the CM energy of the elastic VV scattering
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?‘1 a(VV — VV) with mp = 120 GeV
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arxiv:0806.4145

R.Bellan
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Fiducial region for the cross-section measurement:

o Leptons: Inl<2.47,p >25GeV

Dileptons: 81 <m, <101 GeV, p, > 20 GeV
o Jets: lyl<4.4, Prj; > 55 GeV, Prj> 45 GeV, AR(,1) 2 0.3
« Dijet: m, >250 GeV

 Number of additional jets =0

° pralance < 015

balance —
= Pr " = Py + Pryy + Py + Pl / (Pl 1Pyl + 1Py + 1P 1)
Cross-section measurement (at 5 o level):

e O, =54.7 £ 4.6 (stat) ** _  (sys) £ 1.5 (lumi) fb
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