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July 4, 2012

Scientists at CERN say they've found a new
particle consistent with the Standard Model
Higgs boson with 5-sigma certainty — a
false positive probability of about 1 in 9
trillion.

This Is hardly the end of the road for Higgs
study, though. It's only the beginning.

So a Higgs-like boson has been discovered.
What’'s next?



What do we know about this
New Boson

Its mass IS between 124 GeV andl126 GeV

Its production rates In various decay
channels have been found to be in good
agreement with the Standard Model (SM)

predictions.
The Higgs boson couplings to any SM

particles are found to generally agree with
SM predictions within 20%.
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Data and Theory

The observed Higgs event number
IS proportional to the product of
Higgs Production cross section
and

Higgs decay branching ratio

Into a specific decay channel (i.e. detection
mode).

arXiv: 1101.0593



SM Higgs @ 14 TeV LHC
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Branching ratios

Higgs decay branching ratios
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What’s this New Boson?

Hierarchy

Precision

Theory Problem Auv Ogh/gH LHC
Fundamental YES! v < 10° GeV 0%
Higgs ' © o
SUSY No v Mcut? <10% i
\L-‘
No [f>fewTeV| 50TeV | O(10%) ;
Dilaton No v -10TeV | O(100%) -
Higgsless/ |deal no narrow AR
TC No fermions I-10Tev scalar? -

Sekhar Chivukula, 2013




Precision Tests are needed

New Physics effects (from heavy particles)
could contribute In loops.

Hence, precision tests of Higgs production
cross sections and decay branching ratios

are needed.



Parton Model and QCD

« Nawe Parton Model

* QCD Theory

« QCD improved Parton Model
 Factorization Theorem




Rutherford Scattering

Rutherford taught us the most important lesson:
use a scattering process to learn about the structure of matter

o'

This story is well known:

H. Geiger and E. Marsden observed that a-particles
were sometimes scattered through very large angles.

B Rutherford interpreted these results as due to
the coulomb scattering of the a-particles with the

P ZZZ=====A atomic nucleus:

R
e VAT I

Fie. 1.




The SLAC-MIT Experiment

Under the leadership of Taylor, Friedman, Kendall
~ 1969

Electron scattered by
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First SLAC-MIT results

Two unexpected resulfts...

Deep-inelastic scattering (DIS)
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First SLAC-MIT results

Two unexpected results...

Deep-inelastic scattering (DIS) Scaling behavior
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Physical Interpretations of DIS
Structure Function measurements

* The Parton Model (Feynman-Bjorken)

» Theoretical basis of the parton picture and the QCD
Improved parton model

High energy (Bjorken) limit:
(large Q% and v, for a fixed x value)




Quantum Chromodynamics

Fields: Quarks %" and Gluon Geolor(A.T, g).

flavor
Basic Lagrangian:

ﬁ:&(iﬁ—g A't—m)’lﬁ—%G(A'Tag)'G(A'T:g)

e g. gauge Coupling Strength
—— o m,;. quark masses

e t & T: color SU(3) matrices in the funda-

mental and adjoint regresentaticl)ns.
Group factors: Cgp = 3 , T = 5 , Oy =3

Interaction Vertices:



Lepton-hadron Sc.
Master Equation for QCD Parton Model
— the Factorization Theorem

P, T E) =3 £ ’”) @F Nz, 2 " )+0(( )?)

12% —
ﬂa \
l Theory

I Input
Experimental T

Input Hard Cross-section
perturbative, calculable
(may contain og"Log"(M/Q))

universal Parton Dist. Fn.
Non-Perturbative Parametrization at Qo

GLAP Evolution to Q
extracted by global analysis
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— Q-dependence inherent in QCD
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governs the scale dependence
of parton distributions and hard

Ccross sections.

(DGLAP)

\ Rise with increasing

/

fll sl L | L peinl
x=0.65

Q at small-x

Flat behavior at medium x

decrease with increasing
Q at high x



Low Scale

CTI10 PDF plots
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|epton-lepton

The QCD-Parton Picture of High Energy

( At least one large momentum scale (Q)
short-distance interaction; asymptotic
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Why does QCD play such a crucial role
in High Energy Phenomenology?

« The parton picture language provides the foundation
on which all modern particle theories are formulated,
and all experimental results are interpreted.

« The validity of the parton picture is based empirically
on an overwhelming amount of experimental
evidence collected in the last 30-40 years, and

theoretically on the Factorization Theorems of
PQCD.

How could the simple (almost non-interacting) parton
picture possibly hold in QCD — a strongly interacting
quantum gauge field theory?



Answer: 3 unique features of QCD:

1. Asymptotic Freedom:
A strongly interacting theory at long-distance can
become weakly interacting at short-distance.

2.Infra-red Safety:
There are classes of infra-red safe quantities which
are independent of long-distance physics, hence are
calculable in PQCD.

3.Factorization:
There are an even wider class of physical quantities
which can be facforized into a long-distance piece
(not calculable, but universal) and short-distance
piece (process-dependent, but infra-red safe, hence
calculable).




Key concepts: Ultra-violet divergences, bare Green fns, renormalization,

Asymptotic Freedom

RGE, anomalous dimensions,
renormalized G.Fs

Universal (running) coupling:
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QCD and DIS

Master Equation for QCD Parton Model
— the Factorization Theorem

e By A
FACICQ Q) > LA lr(waq )+CK( )%)

a

A physical observable is
independent of u,

l.e., renormalization group
invariant.

;l is the factorization scale.
Usually choose x = Q: that is
how f(x,Q) acquires Q-dep.




“Renormalization” and “Factorization”

UV renormalization Collinear/soft factorization
A: Bare Green Func. Gg(ag,mg,..) | Partonic X-sect F,
B: Ren. constants Zi(p) Pert. parton dist. Fo(u)
C: Ren. Green Fun. Gr = Go/Z Hard X-sect F=F/Ff
D: Anomalous dim. v = %%Z Splitting fun. P = %%
E: Phys. para. a,m agZi. .. Had. parton dist. fa resummed
F: Phys sc. amp. a(p) Gr(m, p) | Hadronic S.F.'s  Fa  fa(p) x F(p)

Some common features:
A : divergent; but, independent of “scheme” and scale u;

B : divergent; scale and scheme dependent;
universal; absorbs all ultra-violet/soft/collinear divergences;

C & D : finite; scheme-dependent;
D controls the p dependence of E & F;

E : physical parameters to be obtained from experiment;
F : Theoretical “prediction”; p-indep. to all orders,
but p-dep. at finite order n; ,u% ~ O(a"t1)

Note: “Renormalization” is factorization (of UV divergences);
“factorization” is renormalization (of soft/collinear div.)



Hadron Collider Physics

L.D. partons, |S:D. L.D.

hadrons . gauge bosons, leptons, hadrons

.é\\'\/SM and New

: o
| physics ? frag. functions
(universal) hadronization models:
parton Distributions MC programs
jet algorithms




Factorization Theorem

1 >
Thih = g / axydxa ¢;/p (T, Q°) Hij ( 2 C,')(‘)-"' /e (22, Q)
i,] . l 120 \

Nonperturbative. Infrared safe (IRS),
calculable 1n pQCD

but umversal.

CTEQ Qlence measurable

MSTW
NNPDF




Hard part calculations

e Precision measurements at hadron colliders
 Precision Electroweak Physics at hadron
colliders

 Physics of Drell-Yan pairs, W and Z bosons,
and Higgs boson



W-boson production at hadron colliders

parton
model

—

Ohh! —W+X = Zf dzi1dzs {q?ﬁf/h (1) G5 Q5 n (T2) + (21 & 212)}

SN

PDFs are known from partonic “Born™
deep inelastic scattering cross section of ff — W7




W-boson production at hadron colliders

W
parton /
distribu

tion

underlying events
(from proton remnants)
parton

distribu
tion

fragment

7 N\ ation \
PDFs: probability of ISR and FSR:
finding a “parton” - ~ Jet  kcolored) initial and
. inside the hadron ) 9 LO final states
can radiate gluons )
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Fixed order pQCD prediction
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 Virtual Corrections

e Real emission contributions

+ e



Theory Calculations

There are a variety of programs available for
comparison of data to theory and/or predictions.
+ [ree level (Alpgen, CompHEP, Grace, Madgraph...)

Les Houches accord

+ Parton shower Monte Carlos (Herwig, Pythia,...
r'y
MC@NLO

« N'LO (EKS, Jetrad, Dyrad, Wgrad, Zgrad,.Horace

+ recover NLO (NMNLO7?) normalization
+ Resummed (ResBos)

Important to know strengths/weaknesses of each.



Shortcoming of fixed order calculation

= Cannot describe data with small g, of W-boson.

@ Cannot precisely determine my at hadron colliders without knowing the transverse
momentum of W-boson. Most events fall in the small g, region.

dy

(at NLO)

q- (W)

=
. / Transverse momentum




QCD Resummation Is needed
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Resummation calculations agree with data very well

Predicted by ResBos:

A program that

includes the effect of
multiple soft gluon emission
on the production of

W and Z bosons

in hadron collisions.
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ResBos
(Resummation for Bosons)

Initial state QCD soft gluon resummation
and
Final state QED corrections

In collaboration with

Csaba Balazs, Alexander Belyaev, Ed Berger,
Qing-Hong Cao, Chuan-Ren Chen, Zhao L.,
Steve Mrenna, Pavel Nadolsky, Jian-Wei Qiu,
Carl Schmidt




What’s it for? An Example

e Transverse momentum of

g + q W
Drell-Yan _>.7’.Z\< ) W+ _
q | 9

V H \ gg—>H
q N t

N\

Including QCD Resummations.

« Kinematics of Leptons from the decays
(Spin correlation included)



W Charge Asymmetry: A Monitor of

Parton Distribution Functions

a Difference between u(x) and d(x) in proton cause ud — WTand #@d — W~

to be boosted in opposite directions

da(W')ldy, —da(W)ldy,

Rapidity charge asymmetry is
sensitive to d(x)/u(x) ratio at high-x
— primary interest of PDF fitters.

?

Alyy) = dcrl[WJr]'fd}'w +do(W7)ldy,
Al ) ) (x) — dlx,Ju(x,)
(V) = w(x,)d(x,)+ d(x,)u(x,) /

\ ® cannot reconstruct y_ directly

©® measure charged lepton only

mp-  4(n)

do(I")ldn,—da(l”)ldn,
do(l")ldn, +doll”)ldn,

s . N
L -
-y e+ \\
Aln) = ﬁ ® v ——i®
gL A\
L : I]..,
== ani proton direciion  projon direction — & v
\ J
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Corrected Asymmetry

&

ResBos Is also needed for
Rapidity distributions
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. Landry, K. Brack , PO st iy, CF. uan,
Phys.Rev.067 0730162003
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What’s QCD Resummation?

e Perturbative expansion
do

dg; 1
 The singular pieces, as el (1 or log’s)

~ o 2
0515 S e (2

2
~as{l+as+as+--- }

qu qT n=1 m=0 qT
1 _nl Q
~ —{ “s(l—"‘l) L=In(¥]
Oy

+a52(L3+ L* + L+1)

+a§(L5+L4+L3+L2+L+1)
4 .. }

Resummation is to reorganize the results in terms of the large Log’s.



Resummed results:

> Determined by A® and B®

2 3Lkl alw)s(enr)

doy o
J—  +d(L+)) +a§’(L3+L2) +o ]
Determined by < 3
Determined I — 4+ (L+l) foee ]
Fee } s Determined by
A® and B®

mmmmd> QCD Resummation

In the formalism by Collins-Soper-Sterman, in addition to
these perturbative results, the effects from physics beyond
the leading twist is also implemented as

[non-perturbative functions].



CSS Resummation Formalism

1 o o
# = EGGE) (Q)_ —;1'.{r;- )
dg; dydQ~ S ‘ '

{( 1)q J‘ 425 gfr_:..—-ﬁﬁ}(Ij_Q’A.M-E).[le—perulrbati\-’e functions]

(2r) _ |

] N
+7(g7.7.0)g LI E
DR ( S ]fm(@'“)
A

=e""C®f(x,) C®f(x,)

A d@C [éj'b"“ A

Y

Sudakov form factor S(5)= J'(i) ‘5‘1:" [1 {fa JA(,U)JrB(I)

| Non-perturbative functions| are functions of (b,Q.x,,Xg) which
include QCD eftects beyond Leading Twist.



To recover the “K-factor” in the NLO total rate
mm=)  To include the C-Functions

2

R
dQ°dy dor

| 2 o, ydQ? 7
Finite + :[:;+>Q’:‘: [
do | Singular Gy
dq; | 5(qu)
I
I
I
I
o Py O;

mmm=)>  The area under the g, — curve will reproduce the total rate at
the order & if Y term is calculated to @ as well.



Include NNLO in high g+ region

* To Improve prediction in high g; region
e To speed up the calculation, it Is

Implemented through K-factor table which

IS a function of (Q, g+, y) of the boson, not
just a constant value.

ResBos predicts both rate and shape
of distributions.




Where Is 1t?

 ResBos: http://hep.pa.msu.edu/resum/
e Plotter: http://hep.pa.msu.edu/wwwlegacy

ResBos-A (including final state NLO QED corrections)

has not been updated.
Why? Because it was not used for Tevatron experiments.

The plan is to include final state QED resummation inside ResBos.




Physical processes included in ResBos

W +
Z Including gauge invariant set amplitude
7/’ for Drell-Yan pairs
H
vy, LL,\WW

New physics: W', Z', H*, A%, HO ...



Physics processes inside ResBos

Process A [ B [ ) | order of Pert. part
A+B—-W+ [t 4+v4+ X 3 2 1 NNLO
A+B—-W- =" 4+v+X 3 2 1 NNLO
A+B—Z" =1 +1"+X 3 2 1 NNLO

A4+B = 2%~ — 1T+ +X 3 2 1 NNLO
A4+B =" = 1T+ +X 3 2 1 NNLO
A+ B — g9 — H' — v+ X 3 2 1 NNLO
A+B—gg—H" = Z"ZWTW~- 4 +X | 3 2 1 NNLO
A+B—-WH W+t 4+ H 4 X 3 2 1 NNLO
A+ B—-W* W 4+H +X 3 2 1 NNLO
A+B—-Z" - Z"+H' + X 3 2 1 NNLO

A+B—qfg— v+ X 3 2 1 NLO

A+ B —gg — v+ X 3 2 1 NLO

A+ B —qgg— Z"'Z"+ X 3 2 1 NLO

A+ B — WTW~ + X (upcoming) 3 2 1 NLO

New Physics (upcoming)

Process AW [ BW 1 ) | order of Pert. part
A+ B—-W =1l 4+04+X 3 2 1 NNLO
A+ B—Z' =1 +1"+ X 3 2 1 NNLO
A+ B —bb— A"/H" + X (THDM) 3 2 1 NNLO
A+B—ecs— HT+ X (THDM) 3 2 1 NNLO




PYTHIA predicts a different shape (and rate)

Higgs pT spectrum
All our Higgs MCs are generated with:
Pythia - using LO CTEQ6L1 PDFs D.oat- — Pyt
0.08-
ﬂ.l.'l'-l"i— ) Resbos NNLO
Corrections to the Higgs pT spectrum “-“ﬁg‘_' -
ingg—H: 005
In the past: reweight to Sherpa m_
Plan: reweight to Resbos 3
0.01F o
456 554056607680 b6 00
Higgs p_[GeV]

||||||||||||||||
||||||||||||

Krisztian Peters b



Limitations of ResBos

e Any perturbative calculation is performed with some
approximation, hence, with limitation.

« To make the best use of a theory calculation, we need to
know what it is good for and what the limitations are.

It does not give any information about the
hadronic activities of the event.

==> |t could be used to reweight the distributions

generated by (PYTHIA) event generator,

by comparing the boson (and it decay products)
distributions to ResBos predictions.

This has been done for W-mass analysis by CDF and DO)




CTEQ-TEA
Parton Distribution Function
Global Analysis

 CT10 NNLO PDFs

« Some remarks about the precision of global
analysis at LO, NLO and NNLO

CTEQ-Tung et al (TEA) Collaboration:

S. Dulat, J. Gao, M. Guzzi, T.J. Hou, J. Huston,
H.-L. Lai, Z. Li, P. Nadolsky, J. Pumplin,
C. Schmidt, D. Stump, C.-P. Yuan




CT10NNLO and CT1X NNLO PDFs

CT10 NNLO: distribufed since 06-2012, officially published in
arXiv:1302.6246, is an NNLO counterpart to either CT10 NLO or

CT10W NLO
In good agreement with early LHC data

CT1X NNLO: - a preliminary extension of CT10 NNLO that
iIncludes latest HERA data on Fr.(z, Q) and Fs.(z,Q), LHC 7 TeV
dafa (ATLAS W & Z, ATLAS jets, CMS W asymmetry). So far, the
new data provide minor improvements compared fo the CT10
data set. We investigate its agreement with the CT10 data sefs
and await for more precise LHC data and new theory
calculations o be included in the CT1X public release

CT10 Website:
http://hep.pa.msu.edu/cteq/public/ct10.html



http://hep.pa.msu.edu/cteq/public/ct10.html
http://hep.pa.msu.edu/cteq/public/ct10.html
http://hep.pa.msu.edu/cteq/public/ct10.html
http://hep.pa.msu.edu/cteq/public/ct10.html

Interpretation of experimental data
at LO, NLO and NNLO

Factorization Theorem

== Data depends on
PDFs and Wilson coefficients

Higher order calculation (including both
PDFs and Wilson coefficients) yields better
description of experimental data.



Compare the quality of global fits
at LO, NLO and NNLO

 Chi-square per data point is
about 1.1 at NNLO and NLO, and

about 1.5 at LO.

» The overall data points included in the global
analysis 1s at the order of 3000, including DIS,

Drell-Yan (W/Z) and jet data.
(LHC data are not yet included in the released PDF sets.)




ID ‘ Experimental data set

N, | CT10 NNLO | CT10 NLO | CT10 LO |

159 | Combined HERA1 DIS [?] 579 | 1.07 1.05 1.54
101 | BCDMS F7 [7] 339 | 1.16 113 1.24
102 | BCDMS FY [7] 251 | 1.16 1.04 1.13
103 | NMC F7 [7] 201 | 1.66 171 2.19
104 | NMC FY/FF 7] 123 [ 1.23 1.01 0.05
108 | CDHSW ¥ [7] 85 | 0.83 0.73 0.94
109 | CDHSW F? [? 96 | 0.81 0.70 0.87
110 | CCFR E7 [7] 60 | 0.98 1.04 2.29
111 | CCFR 2 F7 [7] 86 | 0.40 0.37 0.66
124 | NuTeV v di-p SIDIS [?] 38 1 0.78 0.91 0.72
125 | NuTeV 7 di-p SIDIS [?] 33 | 0.86 0.83 1.47
126 | CCFR v di-y SIDIS [7] 10 | 1.20 1.27 0.73
127 | CCFR overlinev di-p SIDIS [?] 38 10.70 0.79 0.63
140 | H1 Fy [?] 8 1.17 1.30 3.60
143 | H1 °° [?] 10 | 1.63 1.55 3.19
145 | H1 6™ [7] 10 0.78
156 | ZEUS Fy [7] 8 | 0.74 0.95 3.34
157 | ZBEUS F5 [7) 97 | 0.62 0.81 2.78
201 | E605 DY process o(pA) [?] 119 | 0.80 0.79 0.78
203 | E866 DY process o(pd)/(20(pp)) [?] | 15 | 0.65 0.45 0.55
204 | ES66 DY process o(pp) [7] 184 | 1.27 1.292 1.38
225 | CDF Run-1 W charge asymmetry [?] | 11 | 1.22 0.78 1.57
227 | CDF Run-2 W charge asymmetry [?] | 11 | 1.04 1.33 0.99
231 | Run-2 W charge asymmetry [?] 12 | 2.17 1.91
234 | Run-2 W charge asymmetry [?] 9 1.65 1.22
260 | Run-2 Z rapidity dist. [?] 28 | 0.56 0.57 1.83
261 | CDF Run-2 Z rapidity dist. [?] 29 | 1.60 1.76 4.47
504 | CDF Run-2 inclusive jet [?] 72 | 1.42 1.56 1.85
514 | Run-2 inclusive jet [?] 110 | 1.04 1.14 1.63
505 | CDF Run-2 inclusive jet [?] 33 1.64
515 | Run-2 inclusive jet [?] 90 0.76

Totals Ny: 2641 2753 2641

Totals x? : 3026 2954 3870




Experimental access to the proton structure
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CT10NNLO Hessian error PDFs

Q=2 GeV
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Constraining the gluon PDF in the Higgs

production region
(S. Dulat, J. Gao, T.J. Hou, C. Schmidt, et al.)

The goal: find ways to reduce PDF uncertainty on g(z, Q) at
r ~ 0.01 relevant for Higgs production

B Defermine experiments sensitive 10 g(z, Q)) af small z, besides
the HERA DIS data

» LHC jet production, 1o some extent ¢t production

B Obtain reliable (N)NLO predictions for these processes;
benchmarking of MEKS, ApplGrid, FastNLO codes for NLO
iINnclusive jet production

B Understand theoretical and experimental systematic errors
on g(z,Q)



Correlations of Higgs cross sections to PDFs

GF strongly correlates to
g(x) around x=0.01
@ 125 GeV

Correlation of ;g and filx, G=125. GeV)

E— g ga—+h (MNNLC
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Ratios to central value

Ratios to central value

LHC collider energy dependence
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H (gluon fusion) ipb )

PDF induced Correlations of
gg — H and tt cross sections

o(tt) and o(ggH) af the LHC are nof correlated at the same /s,
mildly (anti-)correlated af different /s
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Higgs Boson
Cross Sections
and
Distributions



NNLO cross section and PDF induced
uncertainty for gg->H
(using ResBos2 program)

Aoppr =

B
2

M=125 GeV

arXiv:1205.431 | [hep-ph]

CTEQ6.6

CT10 NLO

CT10W NLO

CT10 NNLO

MSTW2008NNLO

NNPDF2.3NNLO

Tevatron

0.77 £ 6.9%

0.77 £ 6.9%

0.76 = 7.0%

0.77 £ 6.9%

0.78 + 6.4%

0.80 £ 4.6%

LHC 7 TeV

12.80 £ 6.1%

13.33 £6.1%

12.82 + 5.1%

12.65 £ 5.8%

12.69 £+ 4.5%

13.73 =+ 3.0%

LHC 8 TeV

16.31 + 5.5%

16.53 £ 5.5%

16.95 + 4.8%

16.63 + 5.6%

16.30 £ 4.5%

16.90 £ 5.5%

LHC 14 TeV

42.39 + 8.5%

42.64 + 8.5%

42.91 £ 7.1%

41.87 + 7.7%

43.10 £ 6.4%

43.28 + 5.9%

TABLE II: The total cross sections (in pb) for Higgs boson production via g + g —+ H + X at the Tevatron (1.96 TeV) and
LHC (7 TeV, 8 TeV and 14 TeV) by using different PDF sets in ResBos2. The PDF induced uncertainties are estimated at

90% confidence-level, and expressed in the form of percentages.




PDF induced uncertainty at NNLO

 Default a, values at M., are different for
CT10: 0.118
MSTWO08: 0.120
NNPDF2.3: 0.119

« They predict different cross sections for GF
and VBF processes (not even within each
other’s error bars, e.g., CT10 vs. NNPDF).




CT10 vs. NNPDF2.3 @NNLO
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Further Checks with LMM

» Apply Lagrangian Multiplier Method
(LMM) to study the Higgs boson cross
section from gluon fusion processes.

* |n contrast to the Hessian Method (HM),
the LMM does not require quadratic
approximation.

« We find only small increase in the PDF and
a . induced uncertainties, as compared to the
HM predictions.



Uncertainties of cross sections for gg->H
(using ResBos2 program)

1
- \/[0’0 — Jy Az)
(at 90% CL, with the range of 0.116 to 0.120)

(AU)2 - (AO’})UI.')z T (AO'Q;;)2 .

M=125 GeV

CT10-NNLO
‘levatron
LHC 7 TeV
LHC 8 TeV
LHC 14 TeV




FIG. 1: The different theoretical predictions on the transverse momentum distributions for the Higgs boson production at the
Tevatron (1.96 TeV) and the LHC (7 TeV, 8 TeV and 14 TeV). In the bottom of each plot, the ratios to ResBos2 predictions

are also shown.

Transverse momentum distribution of
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Total NNLO cross section for gg->H
(comparing various codes)

mgyg (GeV)

ResBos2

ResBos

HNNLO (NNLO)

HqT2 (NNLL+NLO)

Tevatron

115

+9.2%
0.987: 7%

+15.7%
0.91_6_9%

+13.6%
0'96—13.7%

+14.2%
0'97—13.8%

120

1+9.2%
0.87 550

+15.8%
0.80_6‘6%

+13.4%
0'84—13.7%

+13.9%
0‘85—13.8%

125

+9.1%
0.77 g s

+15.9%
0.717 %o/

+13.5%
0’75—14.2%

+13.8%
0'75—13.8%

130

+10.3%
0.68_5_9%

+15.9%
0.63_6.4%

+14.5%
O'66—13.1%

+13.9%
0'67—13.8%

LHC 7 TeV

115

+7.8%
15.11+7-8%

+8.3%
14.2118:3%

+9.0%
15.1675 ) 7o,

+10.8%
15.197 5o

120

+7.8%
13.89° .75

+8.4%
13.06°; ¢o,

+10.6%
13.80575 5%

+10.2%
13.947 5o

125

+7.7%
12807 2o,

+8.5%
12.0378:5%

+10.2%
12.72_10_6%

+10.7%
12.83_10.4%

130

+7.7%
11.831777

+8.6%
11.1213:6%

+10.8%
11.757 07

+9.9%
11'84—10.4%

LHC 8 TeV

115

+7.5%
19.157 -,

+8.1%
17.587 1

+9.9%
19.055 5

+10.8%
19.25+10.5°

120

+7.5%
17.65+7-5%

+8.1%
16.2175:1%

+9.7%
17.59197%

1+9.8%
17.76 7751

125

+7.5%
16.317 470,

+8.1%
14.9818:1%

+10.2%
16.26_10_4%

+9.8%
16.39775 1

130

+7.5%
15117

+8.1%
13.897 517

+10.9%
15.077 ) s

+10.3%
15.177 50

LHC 14 TeV

115

+7.6%
48.84" o,

49.4%
49.24_9.8%

+9.0%
48.90" ¢

120

+7.5%
45.4577-2%

4+10.4%
45.57_9.5%

+10.3%
45.52_8_4%

125

+7.4%
42.39" .o

+9.6%
42.61195%

+9.7%
42.577 ¢ o

130

+7.3%
39.657 . 50

+11.1%
39.937 ¢ 5o

+9.7%
39.75" ¢ g0

TABLE I: The ResBos2, ResBos, HNNLO and HqT2 predictions on the total cross sections (in pb) for Higgs boson production
via g+g — H+ X at the Tevatron (1.96 TeV) and LHC (7 TeV, 8 TeV and 14 TeV). The upper (lower) uncertainties, expressed
in the form of percentages, are obtained by dividing (multiplying) the canonical scale by a factor of two.




Jets in QCD



Two-jet Events:
Quark — anti-quark Pair Production

Typical et e~ event with hadron final states:

TTTEe0 em. T

Parton process underlying 2-jet events

e 7



3 Jet Events and the Gluon Parton

A typical 3-jet event (~ 10% prob.):

V) . N ™ ST
—<7Z) DELPHI Interactive Analysis 25 48 o o
q Beam: 45.6 GeV Run: 26154 DAS : 25-Aug-1991 Act (168) (248) (38) ( 0)
7 . 21:30:55 o 7 o 0
Proc: 30-Sep-1991 Evt: 567 Scan: 17-Feb-1992 || Deact (o) ( 24) (24) ( 0)

[

a

Parton process underlying 3-jet events




Outlines

) Motivation

) Jet function

) Resummation

) Jet energy profile

) Jet mass distribution

) Summary

arXiv: 1107.4535 [hep-ph]
1206.1344




Jet Production

Calorimeter-level jets

Jets are collimated spray of hadrons
originating from quarks/gluons coming
from the hard scattering

L1 1 1
| -
1
1
1
1
1

(Jets are experimental signatures of quarks

\\\ St ‘ and gluons)

Hadron-level jets

Hadronization Unlike photons, leptons etc, jets have to
0o G be defined by an algorithm for
Parton-level jets “

4 quantitative studies

Need a well-defined algorithm that gives
close relationship between calorimeter-
level jets, hadron-level jets, and parton-
level jets

Underlying event

October 16, 2007 MSU HEP Seminar



Jet Clustering Algorithms

Algorithms should be well-defined so that they map the experimental
measurements with theoretical calculations as close as possible.

Different algorithms with different parameters provide different sets of
resulting jets.

“Simple” event “Complicated” event
(all algorithms give essentially the same results) (Resulting jets depend on jet algorithms)

Raw Jet PT [GeV/c] Event 1222318 Run 152507 [ Raw Jet P;[GeVic] Event 1860695 Run 185777
— JetClu R=0.7 — JetClu R=0.7

K, D=0.7 >82 - K, D=10 201
/ - K, D=07

408

Only towers with E;>0.5 GeV are shown Only towers with E; > 0.5 GeV are shown

October 16, 2007 MSU HEP Seminar




= = = - Neutral Hadron (eg Neutron) <
0
hotan E- C Al

M
Flectron
——— Charged Hadren e, Pian| \ | hadronic calorimeter
' beam

tracking
(in B field )

.:"h| ”‘J e *
|I|IIJ | | ‘

vertex detector

i
supercenductling
o Rt L4

Tt s ok s perked muon chambers
with Muon chambier s TITI

. objects ¢ Typical variables

Photons: no tack, energy in ECAL, no energy in Transverse momentum: py

RUE , ; Azimuth angle: ¢
Electrons: tack, energy in ECAL, no energy in

HCAL Pseudorapidity: n=-In(tg(6/2))

Muons: tack, tack in the muon chamber Relative isolation: AR=(A ¢2+ A 1’]2)1/ &

Jets: tracks and energy in the calorimeter

Missing transverse enegy (MET) : inferred from
the conservation of momentum in a plane
perpendicular to the beam direction




Jet “Definitions” - Algorithms at CDF

Cone algorithms (JetClu, Midpoint) 1,5..cd unsafety:
B Cluster objects based on their soft parton emission changes jet clustering
proximity in y(n)-¢ space
B Starting from seeds (calorimeter
towers/particles above threshold),
find stable cones
(pr-weighted centroid = geometric center).
Seeds have been necessary for speed, but source of infrared unsafety.

In Run II QCD studies, often use “Midpoint” algorithm, 1.e. look for
stable cones from middle points between stable cones > Infrared
safety restored up to NNLO.

B Stable cones sometime overlaps = merge cones when overlap > 75%

N.B., Recently a new version of seedless algorithm (SIScone) became
available which 1s fast enough for practical use.

October 16, 2007 MSU HEP Seminar




Jet “Definitions” - Algorithms at CDF

k, algorithm
B C(Cluster objects in order of increasing their

relative transverse momentum (k)

AR*
D>

2 . 2 2
d; = Pr.i> dij = Inin (pT,i:pT,j
until all objects become part of jets : *
: L K. jet Cone jet
D parameter controls merging termination and ‘ ‘

characterizes size of resulting jets

No issue of splitting/merging. Infrared and
collinear safe to all orders of QCD.

Every object assigned to a jet: concerns about vacuuming up too many
particles.

Successful at LEP & HERA, but relatively new at the hadron colliders

[0 More difficult environment (underlying event, multiple pp interactions...)

October 16, 2007 MSU HEP Seminar




Other clustering algorithm

® p=1

+ the reqgular k; jet algorithm
® p=0

+ Cambridge-Aachen

algorithm

® p=-1
anti-k- jet algorithrm ——
Cacciari, Salam, Soyez '08
also P-A Delsart '07

soft particles will first
cluster with hard particles
before clustering among
themselves

no split/merge

leads mostly to constant
area hard jets

\ 4
4
\ 4
\ 4

2
. . 2p 2p i
d; = mln(pT,i9pT,j) D’

i — Pr

® #1 algorithm for
ATLAS, CMS




| Camf&achen, R=1 |

= N
oo ugo

N
(3]

W b D e b |y

Y
T Tuw
%S I

= o N
o oumo

Anti-Kt jet clustering algorith

arXiv: 0802.1189
Cacciari, Salam, Soyez




Jet Finding

o Calorimeter jet (cone)

+ jetis a collection of energy deposits with a
given cone R: R=+/4¢> + A’

+ cone direction maximizes the total E; of the jet
+ various clustering algorithms

- correct for finite energy resolution
- subtract underlying event
- add out of cone energy

e Particle jet

+ a spread of particles running roughly in the
same direction as the parton after hadronization

HCP School 8/12/2008 Ursula Bassler - Irfu/SPP CEA Saclay



Need to simulate jets properly: particle
composition, multiplicity, ]
momentum distribution etc Pir)=——2,
¢.g2. 2 hadrons with p, =50 GeV/c .
# 20 hadrons with p. =5GeV/c . eor [l Prefiminery

due to calorimeter non-linearity L 1=¥(r) Midpoint Algorithm (R=0.7)

pr(0,r) N
Njets plj”et(O’R)

@ DATA
} —— PYTHIA Tune A
@ DATA - i
— PYTHIA Tune A

-~ PYTHIA < ’ ' PYTHIA ( no MP I)
... PYTHIA (no MPI) d m \ H ERW|G

~HERWIG 777

CDF Il Preliminary

0.1 < 1Y <0.7

37 < P < 45CeV/c

0.1<1Y*1<0.7

|
00 0.2 0.4 0.6 0.8

1
0 | '
r/R 50 100 150 200 250 300 350

Tuned MC, PYTHIA Tune A (enhanced ISR + MPI), describes the data P/ (GeV/c)

October 16, 2007 We know how to model the jet fragmentation reasonably well !!




Various Theoretical

Predictions




Various Theoretical Predictions

() Event Generators: leading log radiations,
hadronization, underlying events, etc.

() Fixed order QCD calculation: finite number
of soft/collinear radiations

() Resummation: all order soft/collinear

radiations

Parton showering

ouxtgoing parton
Hard scatter
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QCD Dijet
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mass

Thaler & Wang, arxiv:0806.0023
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Our resummation results

At the first time that pQCD resummation
approach is established to investigate jets.

Improve predictions on Jet energy

profile and jet mass distribution to
describe CDF and CMS data.




Jet energy profile @ CDF

JE(l Pr. 1/9 R,r) O;
= TE(L P A RR) T oe

= ().6E
0.4

01 02 03 04 05 06 C_ 08
r 5;0.6E

0.4

CDF data 0.9t

PRD71(2005)112002 o

01 02 03 04 05 06 0.7
r

Gluon jet dominates in low pT region.



73 GeV < P, < 84 GaV

84 GeV < P, < 97 GeV

166 GeV < P, < 186 GoV

185 GeV < P, < 208 GoV

304 GeV < P, <340 GeV

340 GeV < P, < 380 GoV




Jet energy profile @ CMS

) Af / 40 GeV < P, < 50 GeV

01702 03 04 05 06 0.7

01 02 03 04 05 0.6 0.7 01 02 03 04 05 0.6 0.7
r r

Predicted by perturbative resummation
calculation, and non-perturbative physics
input is not needed.




Dependence on pT@ LHC

’-
.

\'S=7 TeV
anti-k; R=0.7
20 GeV < P*' <30 GeV

CMS 10 nb™
Quark Resum

Gluon Resum

\'S=7 TeV
anti-k; R=0.7
80 GeV < PF' <100 GeV




Use Jet Energy Profile to
distinguish Higgs Boson
Production Mechanisms

(Separating weak boson fusion
from gluon fusion processes)



Discriminate Higgs Production Mechanisms
Using Jet Energy Profiles

Important to measure the couplings of Higgs
boson to other SM particles.

Need to separate vector boson fusion (VBF) from
gluon fusion (GF) production mechanisms for the
Higgs boson.

Various kinematical distributions look alike after
Imposing relevant kinematic cuts.

Propose to study the final state jet energy profiles
to discriminate VBF from GF processes.

Hep-ph/1306.0899
V. Rentala, N. Vignaroli, H.-N. Li, Z. Li, CPY



Higgs production mechanisms

SM Higgs Production

oo fusion WW/ZZ tusion
o B
q N9 (B)
\W’,Z
HU
/W,Z
dqa o ¢,4
(C2)
e

associated WH. ZH




SM Higgs @ 14 TeV LHC

10—'1_

\'s= 14 TeV

| - IIIII|
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Branching ratios

Higgs decay branching ratios

1 I I I [ [ [ [ E %
ZZ 13
i |5 For 125 GeV Higgs,
-1 ] ) ]
10 ] Total decay width is
1  4.03 MeV.
] Br(bb) = 0.58
| Br(Ww) = 0.22
102 _ Br(gg) = 0.086
. Br(zt) = 0.06
i Br(cc) = 0.028
. Br(ZZ) = 0.027
- Br(yy) = 0.0023
—3 | | | | | | | | BT(ZV) = 0.0016
107700 200 300 500 1000

M, [GeV]



Higgs + 2 jets, In di-photon channel

= Following CMS analysis: °%

T~ 9
pr > 1./ 2.

Pt > 30 GeV,

(

A?}” ~ 3.5,

pr > my /4 |, <

P > 30 GeV, |

D_1_—
0.08F
0.06f
0.04f

0.02-

0 100

200

VBF

I'I|||JJ = 500 GeV

300 400 500 600
central-jet p_(GeV)

- 2.0, 0.08F-

GF

D.1_—

M, > 500 GeV

_ 0.06}-
< 4.7, B

0.04f

0.02}

UD 100 200 300 400 200 500
central-jet p_(GeV)

Longer tail in GF, due to
large M;; cut.

P; Peaks around MTW In VBF,
due to weak boson propagators.



Jet Energy Profiles
Jet energy profile @ CDF

1.2_ ; ‘¥(r)
1= N I-O O— —— 5 1-%(r)
08~ . . o W = Y Eep
T 06 Resummed X X T 7 o
9" et \\ » ,’/
0.45 | 37 GeV < P <45 GeV N\t |, #//
0.2;—
[P (Y TN TN TN AT SN TR T WO (N TN T SN SN NN YO SN TN TN T SN T T W AN SO S W S (N M “f.:"'/l"/
0 0.1 0.2 03 04 05 06 0.7 V
r
CDF data PRD71(2005)112002 (r) = N:ﬂ‘ sz: ;;r‘(c(');?)) 0<r<R

Predicted by pQCD with resummation calculation,
in contrast to fitted by tuned PYTHIA, etc.



PQCD Resummation calculations

The perturbative QCD resummation
technique Is applied to improve prediction
on jet energy profile to describe CDF and
CMS data.

Final state quark jets can be statistically
separated from gluon jets by studying their
corresponding jet energy profiles.

Hep-ph/1107.4535; 1206.1344
H.-N. Li, Z. Li, CPY



Separating Quark from Gluon Jets
Dependence on pT@ LHC

1.2
= Quark i R
0.8 — -
= i \s=7 Tev
0.6— anti-k, R=0.7
- . e Gluon 20 GeV < PF' < 30 GeV
0.4 .
S . 1.2
02— * ? B
N 1— e
11 | Y 1 L1 | 1 —
0794 0.2 -
08—
- \s=7 Tev
c L -
s 0.6— anti-k, R=0.7
= E 80 GeV < P¥' <100 GeV
oA = CMS10nb’
O (e Quark Resum
02— | Gluon Resum
0 BR 1 I 1 1 1 I 1 1 1 I 1 1 L 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
0.1 0.2 0.3 04 0.5 0.6 0.7

Radius



For 125 GeV SM Higgs Boson

CMS | 23% 77%
0.11 fb 0.38 fb
HJ‘ET*'IS 1.6 1.2

TABLE I. CMS cross-sections at the 8 TeV LHC
using tight cuts and the corresponding compo-
sitions of VBF and GF to the total SM rate
2]. The factor, I\FEMS., is the correction factor
needed to rescale the MadGraph cross-sections
to agree with the CMS data.

M;j > 500 GeV Simulate H+1,2,3 jets events
8 TeV| GF VBF with MadGraph v5

L

Pass them to Pythia v6.4 for
showering and hadronization,
and use MLM prescription for

matching.

Jets are reconstructed using
SpartyJet, a wrapper for
FastJet, using the anti-k; jet
algorithm with R = 0.7



Compare Jet Energy Profiles from
Pythia and pQCD

Mj; > 500 GeV

W(r)
10}

08

06
04

02+

FIG. 7: Energy profile of the central jet for SM
obtained by analyzing the jet substructure af-
ter Pythia v6.4 (default tune) showering, com-
pared to the theoretical pQCD prediction using
jet functions [11, 12].
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0.1 02 03 04 03 0.6 0.7

> pr(r’)

Jrm.lII {;.}4

W(r) = —.
> pr(r')

<R

The central jet is chosen,

for its jet energy profile (JEP)
could be better measured
than a forward jet.



Our Analyses

Pythia predictions depend on the specific tune
considered (Pythia tune-A).

PQCD resummation predictions, without
iIncluding power suppressed contribution, do
not depend on any non-perturbative physics.

Hence, we use pQCD prediction to determine
the central value of the JEP, and use Pythia
results to estimate the error on the JEP.



W(r)
10}

M;; > 500 GeV

08

0.6 -

@14TeV LHC

04+

02

Compare various mode|
predictions in JEP

Compare SM prediction
with two hypothetical cases
of a Higgs produced via
pure VBF or GF.

The statistical errors
are derived from
Madgraph+Pythia
simulation.



Event rates and f,, at 14 TeV LHC

M;; > 500 GeV|M;; > 250 GeV
14 TeV GF VBF GF VBF
MG x KF¥5| 32%  68% | 38%  62%
057t 1.2fb |0.88fb 1.4 1fb
TABLE II: SM expected cross-sections at the 14
TeV LHC, using tight cuts with M;; > 500 GeV
and with M;; > 250 GeV. (with 100 1/tb)
fv |Mj; > 500 GeV |M;; > 250 GeV
SM 0.68 + 0.05 0.62 £ 0.04
Vv (1) = Jv ¥ver(r) VBF| 1.0 £ 0.04 1.00 £ 0.03
+ (1 = fv) ¥ ar(r) GF | 0.00+0.06 0.00 % 0.05
TABLE IV: Fraction of VBF-like events ( fy-) for
| I — be™" SM., pure VBF and pure GF events with error
P(r) = | — pe—aR’ bars shown for both tight cuts with A;; > 500

GeV and with M;; > 250 GeV. fy is determined



Background contamination

Assume the (yyjj) background JEP, yz(7),

can be measured from (side-band) data, so
that the signal JEP, 1. (r), can be obtained
from the observed JEP, ¢ ;. (7).

B

L.’S{:?'} — 1 .Eb:&‘{?rjl T ? {L-ir:-bs{r) — U B“}J

':: The errors scale by the factor

B
. oB
\/l T




Background cross sections

14 TeV Background
M;; = 500 GeV [M;; = 250 GeV
MG (.74 fb 1.5 th
S/B 2.3 1.5

i

TABLE VII: Upper Table: Background cross-

8 TeV Backeround sections extracted from the number of back-
- = 50 I]E GV ground events using 5.3 fb~! of data from CMS
Mo ™

e ¢ (listed in Table 2 of [2]) and the MadGraph

CMS 0.25 b (MG) prediction for the irreducible yvyjj QCD

M 0.93 th background after tight selection cuts and after

applying an additional cut, 124 < m,, < 126
GeV. Lower Table: Estimated background cross-

sections and signal-backeground ratios at the 14
TeV LHC.



Summary on JEP

= We use (quark vs. gluon) Jet Energy Profile
to discriminate the production mechanism of
Higgs boson, VBF vs. GF.

= Similar techniques can be applied to probe

New Physics.
e Separation of Q) yy versus GGy y con-
tact operator coefficients in dark mat-
ter mono-jet searches.

e Distinction between different types of
dijet resonances (colorons, Z-primes,
Et{f,).



The Big Question

 As requested by Prof. Mihoko Nojiri

 After separating weak boson fusion process
from gluon fusion process, we need to study
the scatterings of weak bosons in the TeV
region, for the final state of weak bosons or
top quark pairs.

—)

To probe electroweak symmetry breaking mechanism
by studying Unitarity property of scattering amplitudes



* No (other?) fundamental scalars observed in nature

* No explanation of dynamics responsible for
Electroweak Symmetry Breaking

* Hierarchy or Naturalness Problem

N k(A)
\_J = mi% x N2

m*(A)

e Triviality and Vacuum Stability Problems...

\f / 3/\2 \ - 3
=B = D2 > 0 () 272 log

A
[L




Triviality and Vacuum Stability

B0 T T T T [T T T
~ 600 —| For 125 GeV Higgs,
> - A ~ 101 GeV
S L 4 withm, =173 GeV
m 400 Triviality —
= N not allowed 7
=00 :— alowed o RRGCOTR X XD
u not allowed o
oL L | L0 1y [Vaguum, Stability
103 108 109 1012 1015 1018
A (GeV)
dA
4X* + 2 1
d lﬂg L 871'2 [ gt ]

T. Hambye and K. Riesselmann, Phys. Hev.
D55, 7255 (1997). [hep-ph/9610272].
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Or: other particles (e.g. superpartners)
could stablize the potential...

Elias-Miro, et. al., arXiv:1112.3022



Further tests in the TeV region
are absolutely needed

= Must study the longitudinally polarized
vector boson scatterings in the TeV region
to check the unitarity property.

= |f the scattering amplitudes are shown to be
unitary, then the discovered Higgs boson is
responsible for the electroweak symmetry
breaking. Otherwise, New Physics must
exist to unitarize the longitudinal vector
boson scatterings in the TeV region.



Loss of Unitarity in

X e
w Wi



> B4

Graphs g %_—
(a) 3 4 6 cosd + cos36
(b) —4 coso
(¢) 3 — 2Ccosf — cos20

Sum 0




=

T L R cy 3, 15
b N L2 (€) —24 L5cosh
EHWW (d+e) —1—1Icoso

» O(EY) = 4d my bound: my < \/167/3v ~ 1.0 TeV

Sum 0
»If no Higgs = O(E?) = E <+4rv~0.9 TeV including (d+e)

Lee, Quigg, Thacker



Weak Boson Scatterings in the
TeV region

= Consider an Effective Chiral Lagrangian,
with custodial symmetry (as g — 0):

Jd<4d) 1—,‘-: =LV 1 s 1, . ‘ .
L(.:;ﬂ_- = —111 T ‘H — ZBH”BIL + 1 (I.”‘2 + QH'E"H + Hsz) Tr(D,HZ D'ﬁ E)
1 . m2 A3 A4
+§(¢H)(aﬁ H) - THHQ 3 iy b L 0 ZH

/

Y =exp[iT @/v]. D,I= oﬁmegf i g B,Srs

v~ 246 GeV
Hep-ph/0211229



Dimension-6 Operators

Og 1 = {'Dﬂ@))T Ot P (DH®) , I: - fﬂ (j}
Opw = @Tgwﬁfw‘l’a eff — Z F 1
Opw = Tr ([D#: ﬁf’up} [D“ﬁ ﬁ.rup ) , "

g”

Opp = == (0uBy,) (8" B""),

2 y e g s

| Loy pp— ZpZ1jj — U0 j5, 070 vig,
v = 32 (810)2, (819). W53 ot o
Op3 = E (qﬁq)f pp — W W, jj — £Tuvltvjj,
. 3 3 . T — YA — - 2 L f—=f— =
pp— W W, 35— vl vy,
pp— Z Wi jj— (70 (Tvjj,
pp— Z Wy ji— 0 vjj.

Owww = TI[I-ALLL,I-%-’”PLAL-’;]:
Oww = ®TW,, WH,
Opp = ®'B,, B*®,

Ow = (D ®) WH (D, ®),

Op = (D, ®) B*(D,®), hep-ph/0303048
B Zhang, Y.-P. Kuang, H.-J. He, CPY



Bad high-energy
behavior cancelled

by:

Chanowitz, Furman, Hinchliffe


cp
Line


Thanks for your attention!
It 1s a very long lecture.



Backup Slides



What accounts for
Vector Boson Mass Generation?

==> Higgs Mechanism

Electroweak Symmetry Breaking (EWSB)

= The Standard Model Higgs Boson
= Make the Higgs Composite: Little Higgs

= Make the (Multiple) Higgs Natural:
Supersymmetry



The Higgs Mechanism (EWSB)

The polarization tensor 11,,,.(p) is defined as:

PN P |
H AN llrﬂ'dﬂ'-'ﬂ'k"r"*"'""-’ M ¢ HJ:.M(F) = "!-(;!r'}.hf-"u —F E.[ﬂ:.u }Hl{fj 2.]'

e ——

where the form of I1,,,(p) is governed by gauge invariance, i.e. it satisfies

P‘HHH:;{P] —_ p”HPu[}J} = 0.

The renormalized propagator is the sum of a geometric series

Ly Piprs
NNl o 50
A - Ay A — A )m-" O .
"/ NN, PT07)]
The pole at p? = 0 is shifted to a non-zero value if: “Eaten” Goldstone Boson
_ 2.2 w j w=
n(p?) ~ — . Z° N AW Z°

!-J'd 1) -Ji':l"

Then p?[1 + T1(p?)] = p? — g*v?, vielding a gauge boson mass of gv.



Trial answer: the SM with a Higgs

A Fundamental Scalar Doublet:

b= a8
© — ‘-'.ﬁo

with potential:

| 2\ 2

Is employed both to break the electroweak sym-

metry and to generate masses for the fermions
in the Standard Model.




Matrix Notation

Define ¢ = i0-¢™ and

d=(0¢) = dlo=0d =(s'¢)T.

Under SU(2); x U(1)y, ® — LORT,
w?(xz)o? ib(z)o3
2 2

Lzexp( ,Rzexp(

The Higgs-sector Lagrangian becomes
%Tr (DFdD, b1 + 2 (Tr (dol) —02)* .

Dy® = 9, +igW,® —idg'B, .

The potential manifests the symmetry
SU(?)L X SU(?)R — SU(Q)U




Non-linear Representation
A "Polar decomposition” of ¢

& () = % (H(z) +v)(2)

2 (x) = exp(ir(z)o®/v) .

neatly separates the radial “Higgs boson” from the “pion”
modes (Nambu-Goldstone Bosons).

By gauge choice, () =7.

Eroken Symmetries = Nambu-Goldstone Bosons

Gauge SU(2)w < U(1)y = Higgs Mechanism

T.':I:, ¥ — L’l"rf, 4y,

_,gll,_f-'lrll'.-?' p— E _ V= 1 = E-%GEF
2 - -— V26,




Custodial Symmetry: SU(2)v

SU(2)p x SU(2)p — SU(2)y

Due to residual SU(2)y ‘“custodial symmetry’
for ¢ — 0, the SU(2); gauge bosons are
degenerate.

This, plus my = 0, tells us

(97 \
2 =2 9°

- _ 2 o

2 g géq

\ —g9’  ¢'7 )

and hence

72
pE ﬂrf'[‘{rf

M2 cos? Oy




Violations of Custodial Symmetry

Conventionally, one speaks of Ap=p—1
Electromagnetism: O(a) corrections to Ap from

33;?
3272

Yukawa Couplings: (i.e. mass differences) Ap =
t t.b
M . - )

Experiment finds |Ap| < 0.4%, which constrains
physics beyond the SM.




Custodial Symmetry

IS an Important part
of any theory of EVWSB!






