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What a W boson produced with another
heavy boson can teach us at CMS?
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QOutline

e Starting with the Higgs lamp post
- What does it tell us experimentally
- How it influences our physics program going forward

* WV (where V=W or Z) production
- Production mechanism
- Connection to Higgs & new physics searches

* Measurements in the post-Higgs-discovery world
- Anomalous gauge boson couplings
- Higher mass Higgs states
- VV scattering

e Summary

References (1 will point to CMS public doc #)
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResults
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Discovery of a Standard Model like Higgs Boson

CMS preliminary
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2013 Nobel Prize in Physics awarded jointly to Frangois
Englert and Peter Higgs, “for the theoretical discovery of
a mechanism that contributes to our understanding of the
origin of mass of subatomic particles, and which recently
was confirmed through the discovery of the predicted
fundamental particle, by the ATLAS and CMS
experiments at CERN’s Large Hadron Collider”.
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[What the Higgs observation tells us immediately

Mass: my = 125.7 £ 0.4 GeV

Given H mass, the SM predicts cross section & BR precisely.
And its quantum numbers: JP = 0*
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At LHC can only measure production rate x BR

Consistent with SM Higgs in all production & decay modes

Combined
u=0.80=0.14

H — bb
u=1.15=0.62

H— 1t
u=1.10+0.41

H— vy
u=0.77+0.27

H—- WW
u=0.68=0.20

H—- 2727
u=0.92=0.28

\s=7TeV,L<5.1fb" ys=8TeV,L<19.6fb"

CMS Preliminary m, =125.7 GeV
Poy = 0.65

p-value=
0.65 w.rt.
u=1

1 1.5 2

2 25
Best fit O/OSM

Combined
uw=0.80=x0.14

Untagged
u=0.78+0.16

VBF tagged
n=1.02=+0.34

VH tagged
u=1.02+0.49

ttH tagged
u=-0.15=+2.86

\s=7TeV,L<5.1fb" Vys=8TeV,L<19.6fb"

CMS Preliminary m, =125.7 GeV
Py = 0.52

p-value=
0.52 w.rt.
u=1
B
[ IR T W BTN\ YT E SR S
4 -2 0 2 4
Best fit O/O'SM

Combined signal strength: u=0.80+0.14

Kalanand Mishra, Fermilab
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[Spin-parity quantum numbers

Observation of Higgs signal in various decay
modes already tells us something about its spin ! -

EIEI
ssinm0. © @ © © ©
sin1 | @ | © © ©
sn2 © © | ® | ©

seen? Yes Yes ~Yes ~Yes

*Landau-Yang theorem — still worth testing in decays as there are caveats

Kalanand Mishra, Fermilab 6 /42



Pseudoexperiments

Have also measured spin-parity explicitly

CMS HIG-13-002 More JP hypotheses have been
CMS preliminary Vs=7TeV, L=5.115" {s=8TeV, L = 19.6 5" tested in a similar Wway
L L L L B L B B
0'1__ __ ]P CLS
I ] — 0
0.08 __ — CMS data __ 0 0'16 /0
I ] 02_ 8.1%
. . +
0.06 0 160 2 lngg 1.5%
i =V. §)
: S _ 0 2 maq <0.1%
0.041- N 1 <0.1%
i ] 1T <0.1%
0.02_— s
o R Evidence for scalar nature

B0 -20 10 0 10 20 30 0* but CP admixture not
2xIn(L; /L) completely excluded
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2A InL

Any CP violation in Higgs sector?

Significant CP odd contribution allowed by current data

CMS Projection
CMS Preliminary Vs=7TeV,L=5.11b";(s=8TeV, L =19.6 fb'
T T T T T T T T T T T T T T T
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CP violation probe down to
1-10% possible by 2017-20
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[One more thing ....

Many theories were proposed to imitate QCD
for the electroweak scale

Natural Weak Scale

(1) Technicolor SUSY e.g. MSSM,was

(2) Supersy .

(3) Extende : wounded by L.HC W.I’[h.
(4) Multisc( , new, severe direct limits.
(5) Walking i Models with a few %

(6) Topcolorgessi 2 fine-tuning still allowed.
(7) Top See

(8) Supersymm¥ o P fended Technicolor

(9) Strong \‘__,.. ZXTra-dimensions

(10)....

Most of these models were killed on July 4th 2012

Kalanand Mishra, Fermilab 9 /42



Now firmly in the post-Higgs era ...

"The Higgs boson changes everything. We're obligated to understand
it using all tools." - Chip Brock (MSU, co-chair Energy Frontier) in
the wrap-up talk at Snowmass 2013

IMO there are two obvious goals for HEP going forward

Goal 1: Under the Higgs lamp post

*Couplings to fermions & bosons
-Invisible width = couples to dark matter

*Higgs self coupling
eAnomalous gauge & Higgs couplings
*\WW scattering ...

Kalanand Mishra, Fermilab 10/ 42



Now firmly in the post-Higgs era ...

"We have now completed the Standard Model. It is high time for us to
go on to the dark universe." - Rolf Heuer (CERN DG, at ECFA 2013)

Goal 2: Search for dark matter particle or NP with natural
DM candidates at cosmic, energy, and intensity frontiers

Atoms
4.6%

Dark c\ll—l10-36 T T T TTTT T T T T T

;r;ellrgy g 1097 CMS Preliminary -
Dark 0
Matter
24%

-38
O 10 CMS,\S=7TeV, 51107 | .
@@ o

o 1039 ............................................ °

. O
/ci HadrorB recoil c 107

. (xv x@v"a)
Spin Independent, Vector Operator —+ 2
111 I 1 1 11111 I 1

Undetected 1 10 10° 10°
\ DM particley MX [GeV/cZ]
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I will describe measurements towards goal #1
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Make measurements to
tackle the sort of questions

*Does the newly observed
Higgs boson unitarize WW
scattering?

*|s the electroweak force (

merely the remnant of a
stronger, shorter-ranged
force?
-e.g., probe couplings,
dipole & quadrupole
moments of W

CMS

=|

Q 7 TeV CMS measurement -
® 8 TeV CMS measurement _:
~—— 7 TeV Theory prediction =
—— 8 TeV Theory prediction _
L CMS 95%CL limit =

Diboson production touches
on all of these issues.

This is where most
the action is !

4.9 b’ 4.9 fb'
3.5fbh" 19.6 b’

5.0 fb!

Kalanand Mishra, Fermilab 12142



Gauge boson couplings

A non-Abelian gauge theory will exhibit gauge boson self-
iInteractions. For example

S O = |

In the case of electroweak theory the self interaction could be

e trilinear (WWy, WWZ) or
e quartic (WWyy, WWZy, WWZZ, WWWW)

At LHC, can test these with unprecedented precision.
Observations of anomalous couplings would be an
indication of new physics.

Kalanand Mishra, Fermilab 13/ 42



Production of W boson with another heavy boson

l.e., WV, where W decays to évand V=WorZ
| will mostly focus on the case where V—qqbar

W g

MW

s-channel t-channel

eRate is a mix of TGC process and ISR/FSR

Kalanand Mishra, Fermilab

Similar diagrams for WZ

q W

W

14142




Understanding W interaction in semi-classical theory

CLASSICAL
ELECTRODYNAMICS

THIRD EDITION

JouN DAvVID JACKSON

4 Interaction between W and e.m. field
completely determined by three numbers:

-W’s electric charge
*Effect on the E-field goes like 1/r?

-W’s magnetic dipole moment
oEffect on the H-field goes like 1/r?

-W’s electric quadrupole moment
*Effect on the E-field goes like 1/r

4Measuring Triple Gauge Couplings (WWy)

= measuring the 2" and 3" numbers

-Because of « 1/r", largest at small distances
-Small distance = high energy (S)

Sensitivity to new physics is at short distances/ high §

Kalanand Mishra, Fermilab 15/ 42



In quantum mechanics ...

SM as an Effective Field Theory: Wilsonian approach
That which is not forbidden is required:

includes all interactions consistent with o0 () -
. i i+
space-time, global, and gauge Lepr = Lsm + ZZ AN O;
n=1 i
symmetries.
E<<A

For the case WWy and WWZ couplings

U s U s L g
w

(with) 4 three similar terms for the Z
Wi = 8, W, — 8,W,, — gW,, x W, _ o
+ nine other terms that do evil things
q 0 s W (violate CP and/or EM gauge invariance)
VA
a W Kalanand Mishra, Fermilab 16/ 42



[Connecting the two together

Think of these parameters as = muon “g-2”

eThe convention is that every parameter you
see (e.g. Agi%,AKy, \y) is zero in the SM.

eDimension 4 operators alter Ag:%,Ax, and
Axz: effects grow as 5

eDimension 6 operators alter A, and Az :
effects grow as s.

/

2+Ax + A
_ y y
Hy =€
oM,
Jackson Eqg. 5.59, 3rd ed.
_ 1+ AKy — /ly
w = —€ B
MW

Jackson Eq. 4.9, 3rd ed.

Much more constrained at LHC than at previous colliders

Kalanand Mishra, Fermilab
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Let’s look at the data

DR

Mont Blanc

e _LHC: proton-proton and lead-lead
collider at CERN (near Geneva,
Switzerland)

-Run [|: 2009-13, energy: 7-8 TeV g

e CMS: collaboration of over 3000
scientists from 42 countries
-Over 30% from US

Ve

1 Exotica
1 SUSY

1 QCD

| Top

1 Higgs
] Heavy lon
1 B physics

Number of papers
E & 8 & 8 & 8 &

T
L

nand Mishra, Fermilab 18/ 42




Events / 10 GeV

data / prediction - 1

E.g., W charge & dipole moment in WZ events

200 —

100

CMS Preliminary Vs=8TeV,L=19.6fb" CMS SMP-12- 006 =8TeV,L=19.6fb"
R I I I I I I I I I | I I I I | 1 I I I J I I | I I 1 1

-#- data (1480) B zz (15 .
- al (1398 W20 *\Very little background, good for illustration
| WZ (1184) VVV (38) 3 :

B conoronci EWY o) *Not the most sensitive probe of gauge couplings

200 |-
1 - i This region, however, is
- + This region is dominated by the S + sensitive to the higher
i ++ ++ dipole radiation from the W’ s C:’ i ++ (magnetic dipole and
+ motion. It’ s essentially a not-very- % i + + electric quadrupole)

—+ ++ good measurement of the W charge. 3 100

b +

B

+

i * +
-*E;Mfw ;!&-_-;‘_“_‘L‘L‘._;“_*z»_._.._.;

where new physics can
n show up.

4 1

|

_+ ° moments of the W, and is

&0000‘000“¢ ¢*¢‘+

A +++T+H P +H +’é

| '%_’.. ‘.m.l.,¢ mq»; + Jﬁ + - HLt

1 F 7

data / prediction - 1
o

0

200

WpT

300 400

. 0 100 200 300 400
W candidate P, [GeV]

/ PT P} 1GeV]
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W(—¢v) + W/Z(—qq)

H pt
60 Ge\/‘---...._\ _

Y
\
hY

MET
87 GeV

qq—WW + gg—-WW
no resonance

resonant mass peak

Jet2
54 GeV

Kalanand Mishra, Fermilab

CMS SMP-12-015

(" Signature:

one high pr lepton

two high pr jets

LT et
«"\112(3ev

Jarge missing E1 )

~

" Background:

W+jets (dominant)

top

(Ztjets, multijet

~

_/

201742



Events / GeV

Established presence of WW+WZ in such events

Large background. The main thrust of the analysis is to model
this well & control systematics.

CMS, /Ldt=5.0fb" \Ns=7TeV
T T T | T T T T

:-
-
1500_—-

1000}

5000

| T
WW/WZ

W+jets
top

QCD
Z+jets

data

CMS, /Ldt=5.0fb" Ns=7TeV
T T T T | T T T —

: 100" after bkg

. Su btrac%n |
5ol g _'

WW/WzZ
e data
Uncertainty -

50

A
100

== /////////%
_ o 1]
150 50 100 150
m, (GeV) m; (GeV)
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Very sensitive to new physics
New physics can enhance WW 1

or WZ production rate or produce
a new particle.

q
Technicolor,
Z’, W’, RS graviton Anew
LSP Buck_ley, H_ooper,.Kopp, particle
Martin, Neil; arXiv: 1107.5799

X1 N’%;zoo; R Ij:“‘a“"_
SUSY: chargino o | -
pair production 2
arXiv: 1206.6888 5% & 100
One of the most interesting i
SUSY searches these days o |

Kalanand Mishra, Fermile




CMS

Following CDF 2011 result increased m;; window

CMS EWK-11-017

CMS, [Ldt=5.0fb" \s=7TeV
T T T T | T T T T | T T T T 1

>100f" "] —WWWZ o rema—— i SRTTY
Q) I ° data = — Observed .
~—Uncertainty | € el d0 l~ L Expected
~ No - CDF-like Signal| ~w CL xpecte
4(2 ] 51 TR — vetdsion™ - Expected =16 3
§ - ieXCGSS § |:| Expected =2¢ ;
LI 50__ | after R 1o E— -99:9% Gl
background exclusion x
subtraction 1073 L o M -
B 2% CDF
0 bum
i | + | i 10~4 ....................................................... I ......................
1 1 | I| 1 1 I| | 1 1 1 1 | | | | | : : l l l I I I I l l
0 5 10 15 20
100 200 300 400 dijet cross section (pb)

m; (GeV)
Excluded several classes of BSM models such as low
scale technicolor, leptophobic Z', ... etc.

Kalanand Mishra, Fermilab 23/ 51



Data/MC -

Probe of anomalous couplings CMS SMP12:019

Anomalous couplings can show up at large W pr.

Q

CMS SLdt=5.0fb" (s=7TeV
......................................... > T T T T | T T T T | T T T T | T T T T
| | | | —@— Data . AV - CMS 95% CLs Limiton), and Ak, -
WwW+WzZ E A —
muon data = :,Z;jets - < 0.4_ ______ gfseegs; fL de5.0fb" (5 =7 Tev
E
W QCD 3 R = 1o
Z+Jets - L I+ 20
""" Shape uncertainty | 3
C ), =0.05,Ak,=0 |7 0.2 .
E B
E; -
1 oF -
2r - -0.21- | =
1[0 000 g-0: N 4 4g- 1O ¢ ] . aTGC values outside contour excluded |
OE , ) ... ' +‘ “‘:"g‘ E e TR N A N T T T S N TR N TR S NN S W B N
100 200 300 40,0 500 -0.1 -0.05 0 0.05 0.1
p; [GeV] A,
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Putting it all together: WWy couplings

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC

Only includes 7 TeV published results. (8 TeV results are in preparation)

Feb 2013

ATLAS Limits |

—
CMS Limits —
DO Limit o
LEP Limit o
| I Wy -0.410 - 0.460 4.6 fb™
AK y
Yy : Wy -0.380 - 0.290 5.0 fb
. WW -0.210-0.220 4.9 fp™
_ WV -0.110-0.140 5.0 fb™
o : DO Combination -0.158 - 0.255 8.6 fb™
—e— LEP Combination -0.099 - 0.066 0.7 fb™
% o Wy -0.065 - 0.061 4.6 fb”
Y — Wy -0.050 - 0.037 5.0 fb™
— WW -0.048 - 0.048 4.9 fp"
— WV -0.038 - 0.030 5.0 fb™
O DO Combination -0.036 - 0.044 8.6 fb
3 LEP Combination -0.059 - 0.017 0.7 fb™"
| | | | | | | | | | | | | | | | | | | | | | | | | | |
-0.5 0 0.5 1 1.5

aTGC Limits @95% C.L.

Kalanand Mishra, Fermilab

Dipole moment of
W constrained at
0(1072), quadrupole
moment at O(1074).

Compare this to
muon “g—2" which
differs by 0.1% from
the SM value (=3.4
sigma effect) !!!

25142


https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC

Feb 2013

Constraints on WWZ couplings

Only includes 7 TeV published results.

aTGC Limits @95% C.L.

Kalanand Mishra, Fermilab

| | | | | | | | | | | | | | | | A-i-LAéLlrlnltsl |;| |
CMS Limits —
DO Limit O
LEP Limit e
Axc — WW -0.043-0.043 4.6 fb™
Z — WV -0.043 - 0.033 5.0 fb™
e LEP Combination -0.074 -0.051 0.7 fb™
N — WW -0.062 - 0.059 4.6 fb
Z — WW -0.048 - 0.048 4.9 fb™
— WZ -0.046 - 0.047 4.6 fb™
— WV -0.038 - 0.030 5.0 fb™
R DO Combination -0.036 - 0.044 8.6 fb™
e LEP Combination -0.059 - 0.017 0.7 fb™
Agz — WW -0.039 - 0.052 4.6 fb™
1 — WW -0.095 - 0.095 4.9 fp
— WZ -0.057 - 0.093 4.6 fb™
o DO Combination -0.034 - 0.084 8.6 fb™
| +o|4 lLEP Combinatilon -0.054-0.?21 0.7 fb™
-0.5 0 0.5 1 1.5

Obtained assuming
equal coupling
parametrization

Az =X = A

Akz = Agf — Ak, - tan® Oy

The CMS limits
shown here and on
the previous slide
are the most
stringent in the
world, to date.
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Quartic gauge couplings involving W boson

This is a high priority — we need to understand QGCs to tell
if the Higgs unitarizes the process WW—-WW

*|n the SM, the allowed couplings are:
WWyy, WWZy, WWWW, WWZZ

o
Q
Q
Q
!
Q
o
o
O
’a W 7+
R
o
Q

*Observable in two topologies at the LHC Wﬁ*‘w.., .
-Triple gauge boson production (e.g., Wyy, o
WWy, WWW, WWZ: very rare processes) W
-Scattering process (yy — WW, WW — WW) 4 »W _

* Anomalous couplings
-Should use the linear realization with light Higgs
-aQGCs for SM allowed processes introduced at dimension 6
-However they are the same operators as aTGC (very constrained now)

e Lowest independent aQGC interactions are dimension 8

Kalanand Mishra, Fermilab 27142



Linear realization of EWK symmetry breaking

All dimension-8 operators
(includes light Higgs)

Lm have D6
equivalents
(ao, ac),

Lt are
novel to D8

s = BuB"B.sB*®
Lro = Ba,B**Bs B"

Lsg = [(D,,<I>)* D,,<I>] X [(D"d»)" D"cb]
(D,®)' D*®| x [(D,®)' D*®]

WWWW ZZZA | ZZAA | ZAAA | AAAA
Lso, Ls,1 X 0 0O 0 0
Lo, LarsLae g La 7 A X X 0 0
Latz Laa, Lara Las 0 X X 0 0
Lro Ly Lr2 X X X X X
Lrs .Lre L7 0 X X X X
[a' 9 a[’r 9 0] X X X X

Kalanand Mishra, Fermilab
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Non-linear realization (old idea, w/o a light Higgs)

*In the two realizations
-Linear: all lowest order independent aQGCs are dimension 8
-Nonlinear: a number of dimensions, QGCs involving y are dim 6

eConsider WWyy, the largest contributing nonlinear terms are
-Non-linear: limits set on a//A\?

0_ __¢ WY T o . T hep-ph/9304240,
L 16A2 Fpuw ”ﬂ Wa two-parameter chiral
Lg=—<5 e gWB . W, Lagrangian for QGC
-Equivalent linear terms Lo, ..., Lm7, limits set on g/A
-S4 Straightf d i
= = ral orwara conversions
Al AzM;zV g
eAdopt linear approach for setting aQGC limits
Burden . . . -
f leaac eHowever, in order to easily compare with the existing results
o gacy -use D6 equivalent for operators that exist in both approaches

Kalanand Mishra, Fermilab 29/ 42



Quartic couplings in yy—=WW process [eMsFsai2610

Limits on aQGC without form-factors:
—2.80 x 107¢ < af¥ /A% < 2.80 x 1076 GeV 2
—1.02x107° < af /A% < 1.02 x 107° GeV >

CMS Preliminary 2011, Vs=7 TeV, L=5.05 fb™

> 30 l T T T ‘ T T ‘ T T ‘ T T T T ‘ T T T T ‘ T T T T
g E - Data - Drell-Yant*t’ .
= 251~ = inclusive w'w [ Diffractive W'W 5 0( 1 02) X
= © —— Elasticyy =t - Inelastic yy — t*t 7
(2] - i
.'(]C-J. 20__ B —— WH+ets ] maore o
, + > [ —n-wwem ] constraining
) W o | _
150 vt = W'W (a0W=2E-4, aCW=0,A=500GeV) 1 than the
IR — vy — W'W (a0W=-2E-4, aCW=-8E-4, A=500GeV§ LEP
1 combined
o D 1 limit
4 W- I g
O0 50 100 150 200 250 300

p(eu) [GeV] 30742



[Probing quartic couplings via WVy production

Leading order diagrams

( References: A -

1.) Yang et al, arXiv:

1211.1641 via QED | - ‘ ,.

2.) LEP combination, radiation 'v\/vvvvv\< .
he)p-ex/0612034 from WW | | ‘gaE[T)?;i;tion
3.) Bozzi et al, arXiv: VN
.0911.0438 )

*SM production highly suppressed
-By a factor of 103 compared to WW

*aQGC at WWyy and WWyZ vertices
can enhance production for high photon

via QGC

pr events by several factors (anomalous)

Kalanand Mishra, Fermilab 31/42



Events/ 42 GeV

Ratio Data/MC

Cross section for WVy CMS SMP-13-007

CMS preliminary fL dt=19.3 fb! Vs =8 TeV

e Not sensitive yet to SM rate.

Muon Data jets — vy bkg

R MC Uncertainty Zy+Jets

10° SM +a) / A2 = 50 TeV™ -top- _; O-(WVY) < 241 fb
B Wy +jets 3 ]
gy s - wvy _ l.e, 3.4X Oswm
""""" B (for photon Et threshold 5 GeV)

10 - :_, . aQGC

Set limits on anomalous
quartic couplings.

Kalanand Mishra, Fermilab 32/42



Limits on WWyy and WWZy couplings

SMP-13-007

Observed Limits

Expected Limits

21 (TeV ~2) < ay / N2 < 20 (TeV ~
-34 (TeV ~%) < a/ N2 < 32(TeV ~
25 (TeV =% < fro/ A% < 24 (TeV
-12 (TeV ~2) < Ky'/ A% < 10 (TeV
-18 (TeV %) < k"/ A% < 17 (TeV

)
)
?)
%)

)

2

-24 (TeV ~%) < a/ N2 < 23 (TeV ~?)
-37 (TeV ~2) < af!/ N2 < 34 (TeV ~?)
-27 (TeV ~%) < fro/ A% < 27 (TeV —%)
12 (TeV ~%) < k' / N2 < 12 (TeV ~2)
-19 (TeV ~2) < kW/ A2 < 18 (TeV ~2)

Order of magnitude improvement over LEP, but less stringent than
vv—WW. In the dipole units, these limits are probing QGC O(100 %) !!

Observed Limits

Expected Limits

< fma/ N4 < 40 (TeV %)

)
_4)
-66 (TeV ~%) < fy 3/ A*< 62 (TeV ~4)

(

131 (TeV = %) < fy 1/ A< 123 (TeV —9)
(
(

-89 (TeV =% < fmo/ A% < 93 (TeV ~ %)
143 (TeV = %) < fy 1/ A< 131 (TeV =9
44 (TeV =% < fy o/ N* < 46 (TeV —9)
71 (TeV =% < fp3/ A* < 66 (TeV ~4)

The first ever limit on WWZy couplings ko and kc"V. The first limit on dim

8 parameters fw.

Kalanand Mishra, Fermilab
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Many studies of QGC done: now some complete analysis!

LEP L3 limits — CMS WWy limits S
July 2013 L
y DO limits CMS yy — WW limits EERE
Anomalous WWyy Quartic Coupling limits @95% C.L. Channel Limits L \s

WWy [- 15000, 15000] 0.43fb™" 0.20 TeV

vy — WW  [-430,430] 9.70fb" 1.96 TeV

WWy [-21,20] 19.30fb"’ 8.0 TeV

aV/A? Tev?
vy — WW [- 4, 4] 5.05fb™' 7.0 TeV

WWy [- 48000, 26000] 0.43fb™" 0.20 TeV

vy = WW [- 1500, 1500] 9.70fb™" 1.96 TeV

WWy [-34,32] 19.30fb" 8.0 TeV

a%/A? Tev?
vy— WW [- 15, 15] 5.05fb7 7.0 TeV

WWy [-25,24] 19.30fb" 8.0 TeV

fro/A* TeV™

-10°-10*10°102-10 -1 1 10 10%10° 10* 10°
Kalanand Mishra, Fermilab 34/42



o x BR [pb]

Can also search for any high mass Higgs state

-

o RN

N RN o
T 7 T T

—

<
N

TTT

10‘3§

H — Fvbp
ZH — I'Tbb

VBF Mo 1T =€,

YY

SM
E
WW — ['vIv
ZZ — I'Tqq
ZZ — [Tw

ZZ — I'T

V = VeV,

q = udscb -

4
10700

200

300 400 500

M, [GeV]

LHC HIGGS XS WG 2011

+ H->WW-—1vjj has the
largest BR x o over most of
the mass range

A Using W mass
constraint, the decay is
sufficiently reconstructed
to produce a mass peak

4+ Principal drawback is the
large W+jets background

* Employ data-driven
techniques to
understand and control
this process.
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[Phenomena of merged jet from boosted W

Example: boosted tt events

« \W jets can be identified using jet and
subjet properties:

Jet mass = W mass
Two subjets

Subjet mass << jet mass

Both subjets should have similar
momentum

Pure sample of hadronic W decaying to
a single jet (Cambridge-Aachen, R=0.8) =«
in tt (— {+MET + fat-jet + 2b-jets) events =

40 50 60 70 8 90 100 110 120 130
Pruned jet mass (GeV/c?)
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Now probe WW mass spectrum

CMS HIG-13-008

CMS Preliminary, 19.3 fb" at (s =8 TeV, W—e v

.W+jets .WW/WZ/ZZ
.ﬁ DSingle Top

== = ggHx10, 800GeV === qqHx10, 800GeV

@ Uncertainty

. data

Mu = 800
GeV signal

700

800 900 1000 1100 1200 1300 1400

m,; (GeV/c®)

—~ T
0 350
>
(0]
mw o
Q 300
CMS Preliminary, 19.3 fb" at /s = 8 TeV, W— e v 2
—_ FTTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTTH ()] 250
g - . >
N o
> | WW/Wz/zz tt -
© 350 ! —
o | 1 200
3 = | I:ISingIe Top IW+jets .
5, 3001 S5 —
@ S0r | o5 ) ]
GC_) B ;igg Egg Uncertainty | 150
> | il ] ]
W 250 (— - —
- 100
200
] 50
150 —
N 600
100 ]
o 20—
40 50 60 70 80 90 100 110 120 130 o
Pruned jet mass (GeV/c?) 4l

Kalanand Mishra, Fermilab

700 800 900 7000 1100 1200 1300 - 9400
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Oexcluded ! Osm

Limits on higher mass Higgs states

CMS prellmlnary [Ldt=17.01"(w)/16.9 fb'(e) Vs=

7TeV/8TeV

S AR ARAALRAD 55 GL Observea Limt 1 1]
T e 95% C.L. Expected Limit 7]

B [ =10 Expected Limit ]

o S — [ 1 #20 Expected Limit oo —
R WWwith E
N hadronic W—jj ]

1 - A
05 e QI s e T g
_I 1 11 | | | | | | | | | | 111 1 | | | | 111 1 | | | | | | | ]

|
950 200 250 300 350 400 450 500 550 600

M, (GeV)

Find no new states up to 600 GeV.

Interesting territory above 600 GeV.

Kalanand Mishra, Fermilab

Reconstruct hadronic W from two
resolved jets for my < 600 GeV,
as a merged jet for my > 600 GeV

10

CMS Preliminary, 19.3 fb" at s = 8 TeV, e+u

—— 95% C.L.Observed Limit

95% C.L.Expected Limit

- +10 Expected Limit

\: +2 o Expected Limit
—— SM Expected

WW with hadronic
- W—merged jet

0
600

650 700 750 800 850 900 950 1000

Higgs boson mass (GeV/c?)
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95% CL limit on o/og,,

Combining with other channels CMS HIG-12-045

CMS Preliminary ys=7TeV,L<5.1fb" ys=8TeV,L=<12.21fb"

S L L I R
| WW & ZZ modes  |E== gfs:;::: (68%) | *No heavy Higgs (or
10F combined & Expected (95%). VV resonance) up to
- (before including - 800 GeV
e 3 +Theidea of an S
] like Higgs gets fuzzy at
1 : high mass b/c the
] width ~ mn
| -S0, also present the
iy result in terms of a
107 E narrow particle with
Lo b o b oo o b modified couplings
100 200 300 400 500 600 700 800 9001000

my, (GeV)
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Oggoy, X BR,,w (Pb)

BSM interpretation

BR,o, =0 CMS Preliminary, 19.3 b at (s=8TeV, e+u
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
0.6—
- ----exp.,C'2=0.3 —obs., C'2=0.3 - th.,C'2=0.3
~  ----exp.,C'2=0.6 —obs., C'2=0.6 th.,C'2=0.6
0.5~ ----exp.,C'2=0.8 —obs., C'2=0.8 th., C'2=0.8
- ----exp.,C'?2=1.0 —obs,,C'2=1.0 - th.,C'2=1.0
0.4—

0.1}

8

~
~
., ~
0.3f-: )
. e
s,
=4

3 o
RN D
. - g -
0 2 N ! -
-~ .
“ ~ .
. i ~ .
. ~ae
. ~ 5
. ~e
‘. ~a
., ~

>,

RS .

. .

e .
~

~
b2 -
DRk
~

FTA
&
S
............
.., MmN T e e e e T e (T = =~ T = = = A
............
....................
................
........

00 650 700 750 800 850 900 950

Higgs boson mass (GeV/c?)

Kalanand Mishra, Fermilab

1000

CMS HIG-13-008

In the BSM interpretation,
search for an electroweak
singlet scalar, where a
heavy Higgs boson mixes
with H(126)

C2+C%2=1

The heavy Higgs cross
cross-section and width
are modified as

u' = C?*(1 - BRoew)
CIZ
(1 — BRuew)

" =Tgy x

40/ 42



Some projections for VV scattering

Projections done for WZ (all

CMS FTR-13-006

CMS Projection: ys = 14 TeV, L = 300 fb'

. . c I I ] | 7
leptonic) scattering at 14 TeV & o Wwzocp —
2 [zz i
g 100 —
> BWZEWK ]
= 80 3+ LT =
S 60 =
S -
3 _
£ 4 =
20 s
0 400 600 800 1000 1200 1400
WZ Transverse Mass, GeV/c?
Significance 30 50
SM EWK scattering discovery | 75 fb~" 185 fb~!
fr1/A* at 300 fb~—* 0.8TeV—* | 1.0TeV—*
fr1/ A* at 3000 fb~! 0.45 TeV—* | 0.55 TeV—*

Kalanand Mishra, Fermilab
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Summary

It has been just a year since a new boson was discovered. Thanks
to the outstanding performance of the LHC, we now know a
great deal more about the nature of this Higgs boson.

M WV events continue to play important roles in the study of
electroweak symmetry breaking

e Probe high mass Higgs states,VV resonances

e Sensitive to New Physics @TeV scale

4 Constrain gauge and Higgs boson couplings
e Trilinear gauge couplings @ few % level
e The first yy—=WW and VVV results on quartic couplings

W\L’P Y
» \x\bb WE%

Kalanand Mishra, Fermilab 42/ 42
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[Where to find Higgs: LHC at CERN

R o
FEE

X

-~ Switzerland.

Y
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[Where to find Higgs: LHC at CERN

R o
FEE

X

-~ Switzerland.

Y
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Instrument to detect Higgs decay chain
CMS detector

s MAUON ducti iron return yoke instrumented
= electron hadron superclon u; ng with muon chambers

: solenoi
== Charged hadron calorimeter

- == neutral hadron gy, calorlmeter
- == photon

silicon tracker

Analyses presented today rely most critically on

— electrons: tracks matched to clusters in EM calorimeter

—~ muons: minimum ionizing tracks, penetrate deep into muon system

— Jets / H;: constructed with combined tracking + calo info

— MET: constructed with combined tracking + calo info, hermetic detector

Kalanand Mishra, Fermilab 45/ 42



Higgs boson observation in a nutshell

For @ mass of my = 125.7 £ 0.4 GeV

Decay Expected Observed

77 7.1 0 6.70
vy 3:90 3:2 0 posons
WW 5.30 3.90
bb 2.20 2.10

} 3.4 0 combined!
TT 2.6 (0] 2-8 0] fermions

bb: includes VH and VBF, WW: includes ggF, VH, VBF

Kalanand Mishra, Fermilab 46/ 42



[Side note: why spin-2 can decay to bb but not tt

@ﬁ “L o “L photons

e

@ 2 @ W @ - fermions

e

@ — @ W N»W, Z bosons

—

@ — @ W @ " 1 ;" b quarks+gluon
@ % @ W @ [T leptons

alanand Mishra, Fermilab 47142




Enough events to measure spin-parity [EMSHIG13-002

In H—ZZ* full final state - CMS preliminary
reconstruction sensitive to JP S a0l DRy ETTL S i
*2 masses (Mz1, Mz2), 5 angles = = 277 5= 8ToV: L= 19.6
. 9 Z+X i
*Form a matrix-element based % In the mass window
discriminant & 20k 110-160 GeV, expect
21 Higgs signal
- 47 background
1ol } } } Observed = 71
Ll ey
100 200 400 800
m,, [GeV]
() P - 1
2% ’P]p (mz,, mz,, Qmy)
D]p = = |1+ -
Psm + P Popy(mz,, mz,, Q|my,)

Psy is the probability distribution for the SM Higgs boson hypothesis
P

j» is the probability distribution for an alternative model.
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Interesting Q: how much CP odd allowed by data?

Measure fraction of CP-violating contribution
Most general spin-0 H — VV amplitude

A = Z)—l [lhm%é‘.{é'i n a2f;;|(.;1]f‘(2)'”" + a3f;l(';1)f.('2),w.v) _CI 7cn‘ns F"rel‘imiTar\‘/ _ |/§¥=7‘Te‘\l,l.‘=5¥.1 f‘ti1;‘|(§=‘8T¥eV,‘L=‘19‘.6 fl!:i1
— A1 + A2 + A3 cﬂ 10? ........................ ............................. ........................... i
B - i —CMS Data : : :

— ----Expected | oo
At LO, SM a2=a3=0 I VA
A3 : CP odd amplitude ] e 7 o ]
Fit for fa3 - |A3|2 / |A1 |2 + |A3|2 4Z’.’"..9.5.(.)./9._9!:..........._................_.o':'.':l.':'.,..........Em
- check presence of CP violation (assume A . | R
a>=0, interference term negligible) I | T 68% CL :

[ ]‘:a3 = 0.00 0% I S VRN VS R
| Fraction of CP-odd contribution
fa3 <0.58 @95%CL
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CI+

Large NLO & radiative corrections (250% of LO)

_____

g - ---

Wt ———— - Wt g _H+ ( q g q
gq q_= q\,"("n_ g qL g RS S
“H- g-------- > q - - -

Gluon- gluon fu3|on dlagrams

7 . H+
q—o—---- ol
T H- qt T H-

H H(125) can
:::D-- - -< contribute up
g v /) to 5% for WW*

Box diagrams

’ ::']:—D< Ei MPI, ...
. . V g Vg Y diagrams

Kalanand Mishra, Fermilab 501/42




Some representative diagrams @NLO

1 QCD Real emission
Au g 6
Born s N ik
IMAAASAAAAIAAAASAAANS AU

1/‘3-/%4 1/%4

diagram 7 QCD=0. QED=3 real diagram 1 QCD=1, QED=3

(d~ One-loop QCD

W+ 3
WAANNADNANANNS

Ul

W
4 1

diagram 38 QCD=2, QED=3 diagram 39 QCD=2, QED=3

Kalanand Mishra, Fermilab B1/42



# Events / 50 GeV

10

107

107

Cross section for WVy

CMS preliminary Simulated [ L dt =19.3 fb” s =8 TeV

—— SM WVy MC
—— al'/A® =20 TeV?
—— al'/A% =31 TeV*?
kW/A% =11 TeV?
—— kW/A% =17 TeV?
— fr /A =27 TeV™

| 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 | 1 | 1 1 1 | 1 1 1 | | | |
100 200 300 400 500 600 700
Photon E_ (GeV)

o

Kalanand Mishra, Fermilab

CMS SMP-13-007

o(WVy) < 241 fb,
3.4X Oswm

Not sensitive yet to
SM rate. Set limits
on anomalous
quartic couplings.

52142



Triggers

4 All analyses shown here use single or di-lepton triggers

4 Typical single lepton triggers require
*one isolated lepton
ethreshold: 24 GeV for muon, 27 GeV for electron
*MET > 20 GeV in case of electron

4 Typical dilepton triggers require
*two leptons, at least one isolated
ecach with threshold that varies between 5-20 GeV

4 Offline analysis-level thresholds are higher than that in
trigger. Simulation is corrected for trigger & selection
efficiency.

Kalanand Mishra, Fermilab 53742



—

—

o
»

O o :
H o¢]
T T | T 1T | LI | LI | LI | T 1T

pileup contribution (GeV) / NPV

CMS
Dealing with pileup: subtract its contribution i’

4+Pileup affects jet energy, MET, and lepton isolation
« Example: pileup contribution to jet ptper primary vertex.
* Measure in data using several methods. Get consistent results.

N

CMS preliminary {s=8TeV CMS prellmmary, L= 1 6 fb1 /s =8 TeV
|||||||||||||||||||||||||||||||||||||||||||||||| < [TTT T[T T T T T T T T T T T T T T T rrTd ||||||||||_
- . > B 7
A 7 () - Il <0.5 .
B photons : O 30 . Average Offset (DATA) ’ -
B em deposits s Z - o Average Offset (MC) o4t
[ neutral hadrons - 5 - gmé_-
[ hadronic deposits & 251~ Jet Area (DATA) 5247 m
1 Can be %5 charged pile-up — = - o Jet Area (MC) o0usa"" ]
- Q_ - OD EI -
removed I charged hadrons | 20 982'- -
] IS_ - &\O(\ gEa" .
3 2\ e :
~ o 5\)\06\)&\’\\) ﬁgeﬁ including
: ?\\90 %\08 ﬁﬁﬁﬁﬁ charge
A \“O‘\(\ 5l e hadrons 1
— - |
0.2 . 1 i Anti-k; R=0.5 PFlow 1
O L 111 | L 111 | L 111 | L 111 | L 111 | L 111 | L 111 | L 11 I_
0 O 5 10 15 20 25 30 35

5 4 -3 -2 10 12 3 45
jet m

Kalanand Mishra, Fermilab 54151
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—

JEC uncertainty [%]
O a N W & 00 O N 00O © O

CMS prellmlnary,

Good understanding of detector performance

4+An example: jet energy scale
* Well calibrated

=1.6fb' (s=8TeV

—

Q. = M W » GO O N © © O

®= Total uncertainty -
— Absolute scale
~+ Relative scale
- Extrapolation

= Pile-up, NPV=12
= Jet flavor

- Time stability

Anti-k; R=0.5 PF
m 1=0
jet

Within 3% for jets
with pr> 30 GeV

#1000
p. (GeV)

100 2ooh

CMS preliminary, L = 1.6 fb"

s =

CMS

8 TeV

= Total uncertai
— Absolute scale
-+ Relative scale
- Extrapolation
-= Pile-up, NPV=1§
= Jet flavor

- Time stability

y

Anti-k; R=0.5 PF
pT=1 00 GeV

1% for central

Kalanand Mishra, Fermilab




Peep inside the merged jet, use grooming

0.14 GMS Preliminary, L = 5fb at \'s = 7 Te\

7 TeV AK7 DljetS _

012

Fraction

0.1
0.08
0.06

0.02

0.04

OJ._J

Filtered data RECO

Filtered PYTHIAG6, Z2 RECO
Filtered PYTHIAG6, Z2 GEN
Trimmed data RECO
Trimmed PYTHIA6, Z2 RECO
Trimmed PYTHIAG6, Z2 GEN
Pruned data RECO

Pruned PYTHIAG6, Z2 RECO
Pruned PYTHIAG6, Z2 GEN

|||||
-

ceteeteeet o L

=4,
1
|||||

IJ...JL_..L.JL..J.IL.J.IJ_.JL

0

02 03 04 05 0.6 07 08 09

Groom
Mg/ my

Pruning is the
most aggressive,
filtering is the
least aggressive

bimodal structure
provides good
separation for qq
signal

Comparison of grooming algorithms at particle Ievel (GEN),
reconstructed simulation (RECO) and data

Kalanand Mishra, Fermilab
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CMS

CMS analysis
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEWK11017

W — lv selection ]et selection
Single-lepton trigger pT > 40 GeV

Lepton identification and isolation pT , pT > 30GeV
) > 25 (35) GeV 152 + 52| > 45GeV
E1®) > 25 (30) GeV Aq(j1,12)] < 1.2

Mt > 50GeV Ac[)(ET, ]1) > 04
Exclude events with > 1 lepton 03 < pT / mj; < 0.7

Efficiency x Acceptance for a few typical models
eA
muons electrons

Signal model ¢ x B (pb) 2-jet 3-jet 2-jet 3-jet

Technicolor 7.4 0.065 0.020 0.039 0.011

7/ 8.1 0.070 0.023 0.042 0.014

WH 0.059 0.060 0.019 0.038 0.013

Kalanand Mishra, Fermilab 57151



https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEWK11017
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEWK11017

W+jets shape uncertainty

Two relatively unknown parameters in W+jets shape

eFactorization/renormalization scale (p)
*Matrix Element — Parton Shower matching threshold (q)

Need to vary them in the fit to get a good modeling of data:

JT"W+jets :@ ‘FW+jetS(;l‘g/ 07,2) +@ FW+jets(,”,2/ ‘75) + (1 — & — ;B) ' \FW+jetS(ill’g/ q(%)/

where0<a<1, 0<B<1

°a and 3 are consistent between muon and electron data
eData prefer smaller value for ME-PS threshold than 20 GeV

Kalanand Mishra, Fermilab 581742



Fit to extract diboson signal

*Diboson contribution floated completely
*QCD constrained using data (i.e., fit to MET distribution)
*Other backgrounds constrained using the most state of the

art theory predictions (NLO or NNLO)

Fit results

Process Muon channel Electron channel
| Diboson (WW+WZ) 1800 £ 380 783 £ 302

W plus jets 67384 + 586 31644 + 850

it 1662 + 117 046 + 67

Single top 650 + 33 308 + 17

Drell-Yan plus jets (Z+jets) 3609 + 155 1408 + 64

Multijet (QCD) 206 + 317 4195 + 867

Fit x2/dof (probability) 0.73/12 (0.64) 5.30/12 (0.95)

Total from fit 75420 39371

Data 75419 30365

Acceptance x efficiency (As) 5.153 x 10™° 2.633 x 107°
Channel Observed Expected (NLO) Theory has
Muon 1900 * 400 1700 about 5%
Electron 800 + 300 870 uncertainty

Kalanand Mishra, Fermilab

591/ 42



Events / GeV

—
o
o
o

CMS

Modeling of dijet mass spectrum

1500

500

CMS, /Ldt=5.0fb" \s=7TeV
T T T T | T T T T | T T T T

WW/WZ |
Bl W+jets 7
I top
s QCD 7

Z+jets 1
e data

excluded from
the fit, to not
bias the bkg -
modeling |

|
|
(|— Signal region-
|
|
|
|

100

200

300
m; (GeV)

Kalanand Mishra, Fermilab

400

CMS, [Ldt=5.0fb" \Ns=7TeV
T T T T ‘ T T T T ‘ T T T T

R
B N

Good modeling of data.
Same procedure as in semi-
leptonic WW+W/Z analysis.
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Gexcluded / Gpredicted

CMS

Also excluded several new physics models

\s =7 TeV

[ I
— = 95% C.L. Observed Limit
------ 95% C.L. Expected Limit
[ +10 Expected Limit
1 +2c Expected Limit

- excluded

excluded

YN

|
IL dt=5.0fb"

Technicolor

Leptophebic Z'

Kalanand Mishra, Fermilab

WH x 100

Exclude
several classes
of BSM models
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CMS

Weak interactions at high energy

Without Higgs boson, WW scattering becomes divergent

-+

21,2
= 9°L°(1 + cosf)
Qm%/

§+ g|
=
N
S S
-+
-+
|

- : B\ unitarity violated:
With Higgs boson grows as E2

- J

Higgs exchange needed to prevent unitarity violation in WW
scattering at high energies or New Phenomena possible. With
20/b, lvjj sensitive to weakly produced NP at 1 TeV.

Ballestrero et al, JHEP 1205, 083 (2012) [arXiv:1203.2771]
Kalanand Mishra, Fermilab 62/ 51




CMS

Weak interactions at high energy

Without Higgs boson, WW scattering becomes divergent

w:@jg%

unitarity violated:
grows as E?

(With Higgs boson

2172
9B (1 + cos6)
Qm%/ |

.
;@
[

/ no problem now!

Higgs exchange needed to prevent unitarity violation in WW
scattering at high energies or New Phenomena possible. With
20/b, lvjj sensitive to weakly produced NP at 1 TeV.

Ballestrero et al, JHEP 1205, 083 (2012) [arXiv:1203.2771]
Kalanand Mishra, Fermilab 62/ 51




CMS

[Signal over noise ....

Signal: probes the quartic coupling background
q

WW+2tag jets: ~1 pb

*An between tag jets > 4
e|nvariant mass > 600 GeV .
eStandard WW selection o

Already have a few hundred t
iInteresting events to analyze. 3
Aim for a result by Moriond. tt+2 tag jets: ~10 pb

Kalanand Mishra, Fermilab 63/ 51




Analysis strategy: improve S/B, systematics !!!

https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig12046 TWiki
http://cdsweb.cern.ch/record/1494573

Likelihood discriminant using uncorrelated variables

-nggs boson kinematics is fully described
y — {mWW, mJJ, 615 92, d) %1}

-mww is the variable we use to , o1
extract limit, so it is not included )

-m;j used to estimate background
normalization, so it is not included

ethe 5 angular variables are included

{61, B2, 6%, b, Py,

(pT)ww, Yww, lepton
charge}

e|_epton charge is a good variable since
signal is charge-symmetric, W+jets is not

Kalanand Mishra, Fermilab 064/ 42
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Events/ 0.04

Ratio Data/MC

100

80

60

40

20

Examples of likelihood output

CMmS preliminary

X
1=
o

3 J.L dt=12.0 fb"

{s=8TeV

T I 1T I L l L

Mu =190 GeV

7T

Ill]lllIIIIIIIIIIIIIIIIIIIII

M,t%m
4

T I T T | T

—4— Muon Data
B w+jets

WW/WZ/ZZ

B top

Z+Jets

| MC Uncertainty

— H (190) x 100

Illlllllll

III]II

K

T A T B A A R AR R

0.5 1
Likelihood discriminant ( MH=190 GeV)

Optimize 48 likelihoods: 12 mass points (Mn:170, 180, 190, 200,
250,.., 600 GeV) x 2 lepton flavors x 2 Njets (i.e., =2 or 3)
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Events/ 0.05

Ratio Data/MC

300

250

200

150

100

50

CMS preliminary

x1

J.L dt=12.0 fb™’ {s=8TeV

|ll]‘”IlllIIIIIIII[IIIIIIIIIIIIIIII

!
¢

IIIII

IOBI T I T T T ] T L I T T T l T T T I T T ] T T l_‘
- —4— Muon Data .

Mh =500 GeV  Jhloroe
. owwwzizz

I op .

- Z+Jets ]

. MC Uncertainty _|
—— H(500) x 200 —

11111_111111111|1|1

IR
llJl

0 0.5
Likelihood discriminant ( MH=500 GeV)



Use m;j; fit to obtain background normalization

CMS prellmlnary [Ldt=12.0 fb1 ls=8TeV CMS preliminary, /L dt = 12.0 fb Js=8TeV

= WW/WZ i WWNVZ il I
82000'— B Wets 150'_ W Wijets Slg_nal .
~ i op T It
P mmtiet | et region 1S
— L | +jets 4 | | Z+jet
GC)1 500_— | e data ] : | o d;{:S : eXCIqud
o | RSO0 4501 — (5001 from fit
1000} -
1 - CMS prellmlnary E 8TeV
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Now plot mww spectrum in signal region

Use data sidebands to model W+jets background shape
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Next: reconstruct H—bb peak

In the boosted regime the two 2 16) i -
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