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Outline

Quick review of the SM and the Higgs mechanism

Constraining the Higgs: theoretical constraints and
electroweak precision

A phenomenological profile: decays of the Higgs boson
Production mechanisms at e*e” and hadron colliders

Searches at the Tevatron and the LHC

Appendix: gluon-fusion Higgs production, a case study in QCD

Mostly SM, but will try to mention possible deviations



Success of the Standard Model
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Building a gauge theory

Guiding principle in construction of SM is gauge symmetry
Pick a gauge group

Assign matter fields (fermions, scalars) to a representation. of
the gauge group, e.g., the fundamental N-component vector

for SUN)

To make the matter Lagrangian gauge invariant, replace 0,—D,

1
[: p— —§TI' [FM,/F’LLV] I Cmatter (\If, DM\P)

gives Feynman rules governs gauge-matter
for gauge self-interactions interactions



Problems with mass

The Lagrangian of the SM:
U(l)y SU(2)L SU(3)c
»Cgauge—l—ferm . _Z B,ul/B _Z W/U/Wa _Z G/u/Ga
+ Y ifpf
f
———

f:QL 7uR7dR7LL7€R

We know the W+, Z bosons have mass, but this is not allowed by

gauge symmetry
1
Loiats = 5m*WEWl = AL #0 under G.T

mass mass

Similarly, fermion mass terms are not allowed by SU(2)1, or Uy

LT = i frfL + fLfER]
-
transforms as SU(2)r, doublet, > Y #0



Spontaneous symmetry breaking

* The solution: Lagrangian is symmetric, ground state isn’t =
spontaneous symmetry breaking

* Complex scalar transforming as (1,2,1/2) under SUGR)cxSU@)1xU@)y
V(H)

Higgs Potenhia

Va

o 2
»CHz'ggs : (DMH)TDHH — A (HTH _ %)

w o (1)

DM = 9" —igWhH— —ig' BM=

Vacuum expectation value: < H > =

Expand around vev: H = v+ h iy
(¢*,x can be removed

by G.'T, set to zero)



T'he Higgs mechanism

* Work out the kinetic part of Higgs Lagrangian

ot = 5 (an )35 (itita, )

b

1 A 2 2,2 1 (a2 12\, .2
(D"H)' D,H = 28Mha“h+(1+> o W*‘*W;+§<g +4g ) 7, zn
v v \ ~ _
" e J
Wl xiw?
Z, = wai—SWBM,AM:SWW/f—FCm/BM, Wf: = =
V2
Cw — / SW — g/
\/92_|_g/2’ \/92_|_g/2
(________——__2___\
M,

* W= Z acquire mass by “eating” ¢,y : Prediction: p =

T — — T — N — e — Y S R— ™ ¢ N L o = VS S i S mn At s RO

(tree-level; more later)



Fermion masses

Yukawa interactions with Higgs doublets give fermions mass

Ty — _AdQLHdR — )\UQL(iO‘QH*)uR — )\BZLHGR + h.c.
h — . )\f?}
= — (1 _|_ ;) fzuzdemfff Wlth mf — ﬁ

(matrix in generation space, implicitly diagonalized at price of
Vckum in charged currents)

Sum of all pieces so far give the SM Lagrangian:
»CSM — ['gauge—l—fe'rm - LHiggs =+ EY’UJ{

The single Higgs doublet is just the simplest way to break
SU@).xU@y—U@zenm; EWSB could be more intricate.
But this is the benchmark to compare other theories against.



Feynman rules

* Work out the experimental predictions with Feynman rules:

f h w

AN
2
: _ .y \\ _Q'MW
e o — — 1 - Z 2 glLLl/
(Y // U
f h , w
1%
b oM :
= — 41 Juv N M2
U N . 1%
= 2
w v 2 g,UJ/
/ (v
y4 h , y4

2
= — 27;% G From muon decay;
z v v2=1/(GpV2) = v=246 GeV

® Only scalars with vevs have linear HV'V couplings

_______________________________



Unitarity of S-matrix

* Conservation of probability in QFT:

1

ST1S=1= o= glm{/\/l(ﬁ =0)}

-
forward scattering

* Decompose into Legendre polynomials

M

=4

4

167 » (20 + 1) Py(co)ay
[=0

1 1

| dep P

327 |, 1(cg) M
16 —

— (21 1)\@;\2



WW scattering

* Longitudinal modes: er.= (p/M, o, o, E/M ) (boost from (0,0,0,1))

S

E :E:: M WL = WiV 321 v?
M2

T ag(WWr, — W W) —» ——X&
8mv?

Exercise: Derive these values for a, j

* Probability not conserved W1thout Higgs; with, Mu<9oo GeV
(perturbative argument)

* Other mechanisms possible: for example, exchanges of Kaluza-
Klein modes in extra-dimensional Higgsless models csaki et al 2004



'Theoretical constraints

° Landau pole of Ah4 coupling

s T =M !
\>< \)</ —
‘// =< P \\\ 2/02 1 _ 3 MIQ‘I an
: Se o R N 472 2 v
+...
(large A limit)
Breaks down at some QQ ~ ~
For validity up to Q=A (A<e), | Eyercise: Derive this RG
upper bound on My equation
- Y,

* Shape of Higgs potential: A>0 = lower bound on My

—_ = — - —

800|||||||||||||||

top quark drives

coupling negative e =

9 _

Wi Q o = 00f =

sr2 1 Q, SEEE E 5

)\(Q) =00 1 9y In< 200 [— -
= n — =

167‘(‘2 Qo - =

Validity of SM to high scales & | |, 1,1, ]

103 106 109 10l1R 1015 1018

0

(small A limit)

restricts allowed My =



'Theoretical constraints

800|||||||||||||||_
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103 10% 1092 101% 1019 1018
A (GeV)

¢ Theory tells us to expect the SM Higgs in the
range 100 GeV < My <1 TeV

¢ What does experiment say?



Electroweak precision

Can experimentally probe properties of the Higgs directly (try to
produce at a collider) or indirectly (through quantum effects)

LEP+SLC: millions of e'e—=Z—ff, high-precision measurements
of SM electroweak parameters = effect of Higgs?

Study one-loop predictions of SM

Basic idea in renormalizable theory: fix most precisely known
quantities, calculation others in terms of them

Gr = 1.166367(5) x 10°> GeV~* (muon decay)
o~ ' = 137.035999679(94) (low-energy experiments)
My, = 91.1875(21) (LEP)

Example: we’ll outline prediction for Mw



Muon decay

Muon-decay at tree-level:

GF 62

. = - = ()
v ou \/5 SMX%[/S{%V (m [ )
M2
“ s o= 11— Mvg (on-shell scheme)
Z
L Gr o
: V2 2My, (11— My, /ME)
1/2
M?2 2v/2
S M2, = “Z]li14|1- fm;
Ve 2 GFMZ

~ 80.94 GeV  => experiment gets 80.4 GeV!

Keep only leading corrections (m¢, My, running of o; others

defined as ‘small’)

GF 62
— = 1+ A
v s,
i)
M2 2v/2ma (1 + Ar)
Wy s =2 —



A and non-decoupling

2 \
. . C
Ar receives important A= Aa——Ap |
. : W I
contribution from gaUGE™ 1 Iy (0) Iizp(0) !
boson self-energies N VS M2 |
|
I I S
2 quadratic in m

4 Y 3G rm?
AD ferm = ik AR subleading terms
J 8m24/2 : :
Exercise: Derive these

f1

h Ve
8 ) 3G M2s? M
v N v | ) ApPHiggs = — PYRZowW gy Z2H subleading terms

AAANNNNNN A ANAANAN, 47r2+/2 M,
N——

logarithmic in Mg

Decoupling theorem holds _ A
only if dimensionful V2

parameters made large Mz =2)\* = Mg — oo, vfixed = XA — oo

= m; — 00, v fixed = A\ — o0



Bounding the Higgs mass

Logarithmic dependence on My allows Mw to bound it (but
very sensitive to the top-quark mass)

July 2010
I

- |
1 — LEP2 and Tevatron (prel.)

8043 4

Hu:j N\ | MW=80.399i0.023 GeV 805 1 LEP1 and SLD
. . (world average) 68% CL
80.40 4 ;I
M, | , (D) 7
80 39 g 804_ -----
R0 38 -: : ; | d
-
fn <:) uTm 4(;41 m:)n 803 ]
.l/”
(Refinements needed for real comparison _ oY
to data; important In(m¢) and other terms; 150 175 200
see PDG and refs within)
m, [GeV]

MEree = 80.94 GeV = My, “°°P = 80.39 GeV (Mpy = 120 GeV)



Global EW fit

* Do the same for large set of LEP-SLC measurements

Measurement Fit  10™?-Q"/o™
o .1 2 3
m,[GeV] 91.1875=0.0021 91.1875
I,[GeV]  2.4952:0.0023  2.4958
ol [Nb]  41.540=0.037  41.478
R, 20.767 = 0.025  20.743
AY 0.01714 = 0.00095 0.01644
R, 0.21629 = 0.00066 0.21582
R, 0.1721 £0.0030  0.1722
ASP 0.0992 £ 0.0016  0.1038
AY° 0.0707 = 0.0035  0.0742
A, 0.923 = 0.020 0.935
A, 0.670 + 0.027 0.668
A(SLD) 0.1513+0.0021  0.1481 |——
m, [GeV] 172.4 1.2 172.5 §

July 2008

6 July 2010

Excluded

Ao

()

had —
— 0.02758+0.00035

} +~0.02749+0.00012 ]

m .= 158 GeV

Preliminary

0
30

http://lepewwg.web.cern.ch/LEPEW WG/

100 300
m,, [GeV]

SM Higgs mass: Mu<-160 GeV from EW precision measurements


http://lepewwg.web.cern.ch/LEPEWWG/
http://lepewwg.web.cern.ch/LEPEWWG/

S, ‘I, and hiding a heavy Higgs

e How robust are these bounds? Consider corrections that are
obligue: aftect only gauge boson propagators

a'l’ Ap
My, M3 (Not a complete basis, but these are
a o _ 1zz(M 7) Tzz(0) often the most important ones)
452 ¢ M? M?2

* (Calculate for reference My, propagate through all EW parameters

04— —¢ doublet mass splitting
- o . ~ o5
030 SGF A7nfe7“m BGFM%S%/V ] Mg
Example: 4th P

A new — — n
£ 8m2+/2 Vo

0.2
generation :

o.1;
Kribs et al. 2007 -

- => increase My, cancel with Am

-o}

-0.1f

Need direct searches!

-0.2f

-0-37- ‘ | | | \- ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ |



Decays of the Higgs boson



Higgs decays

Since gHw~my, Higgs tends to decay to heaviest kinematically
accessible states (with many important caveats...)

Tree-level decays to various massive final states:

3/2 o\ B2
T M 1 Amy T Gt o m3 | 1 S
p— m — — .
qq 4\/77_(_ H f 7‘[12;[ ; l — 4\/77_‘_ H f 7‘,12__[
B = M: (1 —4x 1 —4x + 12z Wlth:c——n = |, w7 ==
e 8\/§7T7”LV H( ) ( ) H i :

Threshold structure depends on spin, CP (3/2—1/2 for CP-odd A)
Note ['e~Mu, while I'vv~(Mn)3 = when W, Z channels open, Higgs

becomes very broad

For light Higgs (Mus13o GeV), expect bb, tt, cc to be important



Equivalence theorem

* Growth of VV width comes from longitudinal gauge modes

+ — MY%V + — + _ b
(V) MW
_ Mz M2
Alh =W/ Wp) — _T+O(M2)
1 GpM? M?
T _ 2 _ H 4 0o =X
ww 167TMH’A‘ Siv2 (M,%,)

* In the high energy limit, longitudinal mode interactions equivalent
to those of eaten scalar = Goldstone boson equivalence theorem.

/’/ M2 M2
o =—2H A(h — ¢t¢) = ——1

[ Exercise: Work out from Liggs j




T'hree-body decays

* Since Mwz>>myp ., H=>VV'—=V{t important for Mu<2Mwz

3G% My, 3(1 — 8z + 20x?) 3r—1
Cywre = = Mgy N/ arccos 57373

3
(2 — 132 + 47z°) — 5(1 — 6z + 4:132)111:13}

1l —=x
v 2%

v = My /Mg

* Important mode even down at

Mpu=130 GeV since f=e,u

Tree-level,
single fermion




Loop-induced H—gg

* (Can we leverage the large Htt, HVV couplings at low Mu?

* Two important cases: h—=gg (production more important), h—yy

2

(T £ GraiM3 |3 , M%
Fgg — 367T3\/§ Z Z]'—l/g(TQ) with TQ= 4m2Q
I _ L f + crossed diagram Q
2
0000000 £ ]:1/2(7') — 2 [T+ (7= 1) f(7)]
arcsin®,/7T T <
— - 2
) —3 {lnif\/ivi::l — iﬂ'} Tl
T—=0 = Fip— % *Independent of m¢ when mg—>co = true for any
omZ 12 heavy fermion that gets its mass entirely from Higgs
ooy p — — 2an gf
H MQ

[ Exercise: Derive m—> <o result from direct integration j




Loop-induced H—vyy

* Crucial for low-mass Higgs search at LHC

V4
h h
h _ _ , _ _ T _ _ S
Ve
"N 7 Z4
2

_ GF(){ZM% 2
YT s zf: S
Fi(r) = —% 272 + 37+ 3(21 — 1) f(7)]
=T — —7 W contribution larger than top-quark, they

interfere destructively



Putting 1t all together

I5E 1000
100
0.1} i
10
0.01 1
0.1
0.001 i
0.01 |
0.0001 0.001 ' ' ' ' ' . .
130 160 200 300 500 700 1000 100 130 160 200 300 500 700 1000

I'/M~107 I'/M~o0.2

Most important channels:
Mi < 130 GeV: bb, 17, vy (clean signature)
Mi >130 GeV: WW, ZZ

(boundaries are rough)




Refinement: low-energy theorems

Can exactly calculate QCD corrections to h—gg, vy (two-loop
diagr ams plllS real r adiation fOI' gg decay) Djouadi, Spira, Zerwas early 1990s

Usetul, illuminating alternative approach for 2m>Mpy

I h
A

. . 2
i T —imy 1 ,mt( 1 )
> =3/
K —my fF—my v f—my v K —my
(L 0 1

v Omy K — my

GGenerates both diagrams in the My—o limit

Diagrammatically; clear that Higgs interaction comes from
derivatives of the top part of the gluon self-energy:

M(hgg) =_ el M (gg)

v Omy

pH—0



Eftective Lagrangian

* Integrate out top quark to produce effective Lagrangian

e —
= GZ/ : Cg

N~
EFT field

= Lprr = -—

1

Equate propagators in full QCD and EFT

4GZVG/;V _|_ Etop . .
Lguv Lguv 1 +1L.(0
G, _p2<3 _p2£+ ¢(0)]
full QCD >t
u
Cs = (3 = 1+1L(0)
_GCL/ G,LLI// 1_|_H O ) :
4 H¥ 4 = Lgrr = —[ 4t( )]GM/VGg /

* (Can generate hgg amplitudes from derivatives of gg amplitudes:

hgg
EEFT

4v \ Omy
s [ i? ] "T(1+¢) ¢ Much of the Tevatron/
6m | mj € LHC phenomenology
as h

\ -
el el 2 based on this franework
/



QCD 1n the EFT

Reduces 2-loop calculation = 1-loop; separates m: dependence

Systematically improvable to all orders in s

h
Lipr = —Ci-G Gl
I ag as (11 1. p?
C, = ———1d1 — i
! 127r{+7r<4 6nm§>+ }

Correctlon to h%llght hadrOnS: K =1 +’l_721(_)_7 (Ii. 4 152.5( (11}2 + 381.5( (1_:):'{

' ' — 1-H0.65038+ 0.20095 + 0.01825.
(must include qq at higher orders) L +0.65038 + I ,

Lar ge' Baikov, Chetyrkin 2006

Can do same for h—vyy decay, for W contribution also

For references and subtleties, see Chetyrkin et al.1997, Kniehl, Spira 1995



Decays beyond the SM

°* MSSM: cancellations between top/squark loops in gg, vy modes

* MSSM: opposite signs for A¢, 1 terms = suppresses h—bb

9 } .
m; 1 . 6 — 2 tan > - -9
A (a2 =2 7 2\ : o O T \
5 ——(3p° — A, )+ 1| = - [;:.—1;_:,2:1; —11 ,u]
mz 27° 150
1.8 R
Vi & Br(h->bb) )
T T rm 09
. B 2k — |:0 S
60 14 O
50 0.6
< 40 0.5
= o B 0.4
“ =) l-)
B ] o
10 | 2 0.1
).2 | 1 0
10 1 200 250 300
I

) 20000 100 Lo SO [N | 2(0) | 40 [ GIM)

Djouadi, hep-ph/9806315 Draper, Liu, Wagner 0905.4721



Decays beyond the SM

NMSSM: decays to light CP-odd scalar can produce final states

h—aa—bbtt,TTTT,TTYY,...

Extended scalar sectors: decays to stable scalars (dark

matter) can make Higgs invisi

mp, /Ma, Branching Ratios Nobs/Nexp | Y5 \i;f‘

(GeV) |hy — bb hy1 — ajay|ay — 77 |units of 1o

U5.0/2.6 | 0.062 0.926 0.000 2.25/1.72 |2.79 1.2
100.0/9.3 0.075 0910 0.852 1.98/1.88 |2.40 1.
100.2/3.1| 0.141 0.832 0.000 2.206/2.78 11.31]| 2
102.0/7 0.095 0.887 0.923 1.44/2.08 |1.5¢ 1.¢
102.2/3.6 .17 0.789 0.814 1.80/3.12 |1.03 . P
102. 1. ).O| 0.173 0.793 0.875 1.79/3.03 |1.07] 3.
102.5/5.4| 0.128 0.848 0.938 1.64/2.46 |1.24] 2.4
105.0/5.3 ] 0.062 0.926 0.038 1.11/1.52 |2.74 1.2

Dermisek, Gunion 2003

ble decaying

1 l h
Ls= 50,505 — —)m G —]H] S 4—81

_ —_

h—SS decays can dominate

Burgess, Pospeloy, ter Veldhuis 200r;
Davoudiasl et al.2004

Many deviations, some drastic, from SM predictions possible!



Producing the Higgs boson



Direct searches at LEP

* LEP:2 ran at energies reaching Vs < 209 GeV =
* Dominant production process: ete—=HZ
* SM analysis utilizes the following channels:

h

oh—

‘:), Z%qq , T 5=200.210 GeV

3 -+ LEP loose

D
. :161 :) :) ’ Z%V’V ? 20 . = background
D

mmm hZ Signal
(m=115 GeV)

:
b, Z—=11 (I=e,) T i %ﬂ!{

*h—bb, Z—11 Y S sssi ettt

00-210 GeV

oh—

.l 1:1: Z c qq - ] g ; 10 " 4 LEP medium
== " q - ) background
~ | ) f - | B
I s hZ Signal
10 LEP Ja | = @ [ mmR =115 Ge\ ‘
sy
- 1 e\ ‘JL + 1
10 | | ‘F |
__________ / _{. Lot ‘TH— 1
,‘ 0 e e e e ~ — oo et o b A )
: ! o ,’:I . > © \5=200-210 GeV
| e i s |
‘7 I 10~ [ : %0 -« LEPtigh
I MH>II404 Ge I / ; z = background
5 (15 ' 4 s hZ Signal ‘
I , [0 /]:1., | 1153 | ' (m, =115 GeV)
\ ’ l. ‘ L -.l 1 e I
__________ ) ’ “ 2 p— .‘:‘l ;" ‘,'l
10 e {185 L w» 2 in l l
100 102 104 106 108 110 112 114 116 118 120 [ I
m{(GeVic') 0 0 "2 _40'— " 60 80 uo IE: u '
Reconstructed Ma sm [Ge ]



Model-independent search

® 'This is optimized for SM decays, any way to remove this bias?

Limitonk

OPAL y
s =91, 183-209 Ge) s /
Y
=
L
4
y e Wysegved
i Lo g /' l'\l‘\i'(l'll
10 - S (CL=95%)
pe ’
k' 0
OSM

-2
10

10° 10

20

30 40 50 60 70 S0 90 100

m/ (GeV)

Measure two leptons in final state,
demand they reconstruct to Z mass

Pet T DPe— = P+ +D—- +PX
= pu . +Dx
:>M)2( — S—2Ell—|—Ml2l
Predicted peak : M3% = M3
Y e = \

—— . . .S S S S S S S S S . e e s

Many other searches
designed for specific models



Hadron collider basics

* The basic picture of hadronic collisions: factorize long and short
time processes 1

time scale: Tproton ~

Agcp

\

~~

e

/

7\
r N\

. 1
time scale: Thqrq ~ —

Q

factorization scale

o 2 9 Agep "

i /d$1d$2 fhl/q;(l'l; HE )fhl/j(%;MF)fijeX(ﬂflaiU%MFa{Qk}ZJFO( 0 )
PBrFs partonic c:"(r)ss section ~~ %
power corrections




Parton distribution functions

“TTTTTTT TN

PR BTSSR S —

PR SRS —

L~ M H / \/g LHC evatron

]'DE

10°

LHC parton kinematics

10 E

10°

X, »
Q=

= (M/14 TeV) exp(y)
M M= 10 TeV

M=100GeV

Lots of gluons, at LHC especially

DGLAP



Higgs at hadron colliders

* C(learly want to use large gluon luminosity; W, Z assisted
production another option

proton - (anti)proton cross sections

gg Fusion tt Fusion 10° gre—— Ty 10°
8 8 10 10°
0101 . ~
10 Tevatron LHC 110
10° == 110
. = O H 10° — 110°
10° ' 4 10°
8 8 10 o (E;" > Vs/20)

c (hb)
o

[+ ?
N l,‘.' ) -
GZ

e —
o (B > 100 GeV)

Higgs-Strahlung w WZ Fusion

N

q

a3 -
events/secforo=10"cm's

Can’t do LEP search, Vs not Any hadron collider search
fixed at hadron machine
must confront backgrounds



Overview of Higgs cross sections

* Gluon-fusion dominant at both colliders; WH next at Tevatron,
WBF at LHC

SM Higgs production

TeVA4LHC Higgs working group

1 \\\\\\\‘\\\\\\\

I ‘ IR A N B A 1052“\\

100 120

140 160 180 200

m, [GeV]

o[fb] -

10° =

E gb — qth

TeVALHC Higgs working
\ ! | !

group
!

SM Higgs production
T T T I ‘ I T T T

qq — Zh

LHC

100

200

300

* SUSY: grph~tan2fd; becomes dominant at tan 5 ~ 10

500
m, [GeV]



Weak boson tusion: etfective W/ Z.

* Important throughout large region of Higgs mass and in many
decay modes; forward jets give experimental handle

* First approximation: inclusive cross section for My>>Mw 7z

1
# (pl — p3)2 — M‘Q/

= Tq—V 1/MV

= peaked at p; - p3 =0
\%

h

_— e — —

q

* Should be able to factorize, think of V as a parton in q

Oqq—VV—h = /dzldz? fQ/Vl (Zl)fq/Va (22) oV vV —n



WBF + the equivalence theorem

* (Can derive when My<<vs (small angle scattering dominated)

1 1
Og1qgy—VV—h = / dz1 / dz2 fq/vi (21) fq/vi (22) OV v —n(21228)
2Mv /'8 2Mv /'3
T £z
O-VLVL—%(:B) : % Q%ﬂ/vm(s(m - MIQJ) . . .
4 [ Exercise: Derive this j
g+ gil—=z
fQ/VL (Z) e 47_‘_2 >

* Angular momentum cons. prevents emission of transverse boson
with forward quark: at(p2) dut(p'2) = Set ¢=~"2 = gigl%i ==

] ‘ Good channel to
VL study strong EWSB

VL

q = Dawson 1984; Chanowitz, Gaillard 1985



Kinematics of WBF

Forward tagging jets

O

o
O

—

Central-jet veto

do/dpq; [fb/GeV]

100 [~

8o

LHC (a)
pp - HjX
my=120 GeV ]

0 4
0

Higgs decay products

— 0 since pi || p3, p2 p4[

M(q1g2 — q3qah +g) o< M(q1g2 — q3qah) T {

25 50 75 100 125 150
Prj [GeV]

Two energetic (pr~40 GeV) jets with large rapidity separation

2500 —
2000 |-

1500

1000 |

do/dn; [fb]

500 |

- LHC

pp - HjjX
my=120 GeV

P3 €  Pa-€ DP1°€
P3 - Dg P4 - Dg P1 - Dg

N;
Rainwater, Zeppenfeld 1999 and many
others... check refs+citations

Extra gluon emission suppressed; impose central jet veto

a
=2

P2 - Dg

}

Exercise: Derive this ]



Gluon fusion production

* Largest mode at Tevatron and LHC; through top-quark loops

Gra? |3 M? M?
LO Fs H H
O\ 3 = — f T 5 1—=2 , TQ — . R = ~
gg—h 2887T\/§ A %: 1/2( Q) ( ) Q 4777%2 P

* NLO QCD corrections require 2-loop virtual, 1-loop real-virtual

--------------- ~N 5 ’.7\_.. . T T T T T T T T - T T
= . '~ N | W 2.5 K(gg — H) B 3k K (gg — H) .
o B\, B N\ V5 = 1.96 TeV
o 'y .". [ I _,' ,. \/EZ 14 TeV /
Q 7 v g P 2 - 25 -
1 TN TG ZoToTo]o Rl T8 /\——/ . K. !
15F Ko . 2r - 3
EdsT+1+10% - 1 ’."-.‘ "s's" 1.5 F
R 1k K
§ pe=s WO ) R B0 e o 00, eeeeaneeeeene
v % 0.5 [T 05k
® -~~~  NTHUDTOY 4 & K virt K virt,
0 gqq 0 k K,
: . . ag K,
Dawson; Djouadi, Graudenz, Spira, Zerwas 1991, 1995 o o il o , _
100 1000 100 150 200 300
My [GeV] My [GeV]

®* (Can reach Kn10=0N1.0/01.0~2 at LHC, 3 at Tevatron!

" Work through calculation in !
|

l Appendix slides ,
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Searches at the Tevatron and LHC



levatron analysis overview

* Inclusive gg—h—bb not feasible at low masses

* WBF only slightly adds to analyses designed for other channels

Cross Sections at 1.96 TeV

—_

= Total inelastic SM Higgs production
E ‘l;' I T T T T T T 7 T T T ‘ T T T T T T T ‘ T T T 1T T T ‘ T T i 1
g L 103 TeVI
! . B ]
o 10 bb o o [fb]
8 ' qq — Wh
Y 16° Fub
]ﬁE W 4000
B = 400
,]C;IEI _
o tt 1
10 _
14| Hi s 0.03- i
10 H Ig g S g g H TeVA4LHC Higgs working group
_fb 03 1 eSS R
1012 100 120 140 160 180 200

100 120 140 160 180 200
Higgs mass (GeV)/c’ m, [GeV]



Combined exclusion Iimit

* No observation, so collaborations report 95% C.L. exclusion
by combining many possible channels

Cross section
excluded,
normalized to SM

Most sensitive:

CDF Run Il Preliminary, <L> = 5.6-5.9 fb™

Wh,Zh—Ivbb,vvbb

\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
% B ———  WH+ZH+VBF—jjbb 4.0 fb™' Obs ———  WH+ZH—METbb 5.7 fb™ Obs -
----- +ZH+ —jjbb 4. Xp === +ZH— 5.7 Xp
3 LEP WH+ZH+VBF—jjbb 4.0 fb™ E WH+ZH—-METbb 5.7 fb™' E
=10 ~ L Excl. ——  H-w23fb’ Obs ————  WH—Ivbb2j5.7 b Obs =
= - e H-tww23fb ' Exp = 02----- WH—Ivbb2j 5.7 fb™ Exp :
- - ———  ZH-lIbb 5.7 fb™” Obs ——  H-—>yy5.41b" Obs B
_ I ZH-llbb5.7fb " Exp = 0 =---- H—yy 5.4 fb™ Exp 1
o L.
N 10 2| L ——  H-WW5.91b" Obs B
'-on) - /U T H—-WW 5.9 fb™ Exp .
- / m——  Combined Obs ]
B ‘Y, @ mmmEm Combined Exp .
LAt high mass, all
| sensitivity from
{ H-=WW
———————— =
f’_‘_f— ]
=~ -___'f"
1 SM=1 .‘\3 tr"'
- July 19, 2010 -

100 110 120 130 140 150 160 170 180 190 200
m,, (GeV/c?)




Basic acceptance cuts :

Wh—lvbb analysis

plr > 20 GeV
Fr > 20 GeV
2-3 jets, 1-2 b-tags
pl > 20 GeV

“"Estimating the background
contribution after applying the event
selection to the WH candidate
sample is an elaborate process”

o ‘) W+jets: normalization from

data; heavy-flavor fraction

from ALPGEN for shape

Process | tag 2 tags
All Pretag Cands.| 50644.0 = 0.0 |57174.0 = 0.0
WW 56.2 + 6.2 04+ 0.1 |
WZ 23.0 + 1.7 48 + 0.5
77 0.8 + 0.1 0.2 + 0.0
TopL.J 1213 x 17.1 23.8 =39
TopDil 48.8 £ 6.8 14.1 &+ 2.3
STop'T 64.0 £ 9.3 o8 ==
HTH]).\' 40.6 £ 5.7 12.8 + 2.1
Z+jets 374 =55 2.1 £03
"Total MC 3020 £ 350 | 599 + 7.5
Whb 538.7T = 162.5

Wee/We 489.1 £ 150.9 \_68 £ 2.3
Total HF 1027.8 £ 31231 771 £ 24.7
Mistags 158.0 + 57.9 2.2 + 0.6
Non-\W 135.5 £ 54.2 90 1+ 3.6
Total Prediction [2013.3 + 324.1| 148.2 + 26.1
"WH100 9.5 + 0.8 290 + 0.3
WHI105 8.6 £ 0.7 27103
WHI110 7.6 £ 0.6 24+ 0.3
WH115 6.3 = 0.5 2.0+ 0.2
WHI120 49 + 04

WH125 1.0 = 0.3

WHI130 3.1 £ 03 1.0 £+ 0.1
WH135 23 + 0.2 0.7 == 0.1
WH140 1.5 + 0.1 0.5+ 0.1
WHI145 1.0 = 0.1 0.3 + 0.0
WH150 0.7 £ 0.1 0.2 £+ 0.0

(tree-level)+data for norm.;

' check with NLO

" Combined theory

+experiment error

Observed

1998.0 + 0.0

156.0 £ 0.0

From CDF, after event selection



1

h—WW—lvlv

Basic acceptance cuts (CDF) :
° pr% > 20 GeV
o pf > 10 GeV
o Fr >15—25GeV

from Do

ee pre-selection

ee final

ep pre-selection

ep final

Z — ec 218695+ 704 108 £ 14 280.6 + 3.3 0.0
Z — up - - 274.6 £ 0.9 58+ 0.1
L =TT 1135 + 16 1.4 + 0.5 3260 + 3 7.3+ 0.1
tt 131.4+ 1.4 399+ 0.8 272.0 £ 0.3 82.5 +0.2
W 4jets 241 +5 98 + 3 183 + 4 78.6 £ 2.8
WWwW 172.2 + 2.6 668+ 1.6 421.2 £ 0.1 154.7 &£ 0.1
W2z 11254+0.2 9.68 + 0.05 20.5 4+ 0.1 6.6 + 0.1
27 98.24 0.2 7.68 4+ 0.07 5.3+0.1 0.60 4+ 0.01
Multijet 1351 =+ 55 B pie 279 + 168 B9 B

Signal (My = 165 GeV)

9.45 = 0.01

6.13 = 0.01

17.1 £ 0.01

12.2 + 0.1

Total Backeround

221937 £ 707

332 £ 15

4995 = 168

337X 10

Entries /

(for various final states) Data 921530 336 1995 329
e Look separately at 0,1,24+ jet bins
70 ) | ‘ff‘[‘;i;":’é"f}‘}”“‘”;',m:,,',:.',,i__;;o GV,-« tt: affects 2-jet bin; rate taken from NNLO
60, | ‘Eg\;ﬁ; N 0 7 ets ~ calculations
50 | C \se7Tev W jets: jet fakes lepton; from ALPGEN+data-driven
40} ? Ldt=35p5" methods
3 WW: taken from MC@NLO

ad Ll

: PR o
0 1 2 3 < 5 6 7 8 9 10
Jet multiplicity




Kinematic discriminants

DO Preliminary  |Runll, 4.2 fb™
H—- WW - eu

—— dalA

events

’lll{{lllllllllllllllllllllllq
- B

50

| |

40

| [

==
=

30

20

lllllllllllllllllllllllll
L
0\:{‘ 3
\
‘

< l';"-}‘\

10

— (H4X) X 10 M =165

o
mp
-d =
dh
o
N
Nr—
W

=

=

0]

-

~ ol L L LI

- Lo Satan o S SRS SR Jveer vy e S
5]
0 . . £ 10°E DO Preliminary |
A primary handle for o-jet bin: Ay : Run 30 |
H-—- WW - uu -
. . . . . ‘o? ;J
Spin correlation: leptons in same direction m
- NN Analysis Variables 7 10 % —§ ]
pry of leading lepton rrify hey o | =
pr of trailing lepton prita 1(]
Minimum of both lepton qualities min{qey.qrz) 1k —
Vector sum of the transverse momenta of the leptons: pr(fy) + pr(fz =} s
Scalar sum of the transverse momenta of the jets Hy N lpr (et -]
Invariant mass of both '-'|x'|-l|~ '.f,“._.t!;_‘l‘_'l 3 ; (5]
Minimal transverse mass of one lepton and §, M 10 2 f
Missing transverse energy " - Il -
Scalar transverse energy ala =

i

I

Azimuthal angle between selected leptons A

Solid angle between selected k plons (ep only) A
AR between selected leptons (eu only) ARI

Azimuthal angle between leading lepton and I, A

A

Azimuthal angle between trailing lepton and “,’.‘



High-mass exclusion

* Combine CDF+Do exclusion limits: 158 < M < 173 GeV at 95% CL

Tevatron Run II Preliminary, L 8.2 b

10 “\PTITI | $I Jo e P e [ e o, r
5 xpectec 2 L
. Observed 1‘(, val I’Q I
*16 Expected Exclusion

| #20 Expected /

95% CL Limit/SM

—_—

March 7. 2011

130 140 150 160 170 180 190 gOO
m,, (GeV/c™)
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o(pp — H+X) [pb]

—h
<

1072

LLHC physics overview

Qualitative change; gluons now overwhelm scattering rate

\s=7TeV -

LHC HIGGS XS WG 2010

100 200 300 400 500

1000

M, [GeV]

H

LHC Higgs cross section working group, 2011

Ratio of LHC and Tevatron parton luminosities

LHC vs Tevatron




LHC Higgs summary

* [Entire mass range covered, much with multiple modes

-1

—m— ggH— qgWW
—— qgH— gare
H—ry
H— 77— 4l

ttH,H— bb
—A— H-WW—= kv
—— Combined

=
L=]
(%]

Working plots with updated statistical methods.

..............................................

=
(=]
%]
—
o

Luminosity for 50

Luminosity for 5¢ discovery, fb

10 T H-svy cut
H—-vy opt
1',. ...................... HoZZ-4l |rense
El H->WW 212y
1 100 200 |300 400 500 600
M, GeV/c”

l
h—77—4l assures discovery

h—vy, WBF h—tt cover low mass range Sk
over entire high-mass range

Mpu>130 GeV: only few b h—WW—lvlv again
Mu<130 GeV: 20-30 Hr important at LHC



Events / 5 GeV

10°g-

10°

10%F

10°

10° |8

10

10"
10
10°

hezzehhlglz

ATLAS " :
[ Z+jets =
H— eeww (m“=4oo GeV) ) top
-1 B Diboson
J. ol ] W+jets
\s=7TeV B Multijet

—— Signal (m =400 GeV) 5

200
ET* [GeV]

¢ tt background estimated
from Monte Carlo

¢ Data from control
regions used for Z+jets

95% CL limit on 6/c,,

LI

—t
o
N

Tasil TIU”I

ATLAS

J Ldt~35pb ' ,\s=7 TeV

L1

10 r =
n PCL limits m
1 LT_. " $0000006000000080000000000000 ._:__:.4
: O Observed Ooserved :
= Tsaseieme ——Hsyy  mssaa il s 22N <]
T i H—s WW— IVV Foe H— 22 WQq .
'''' = M- WW - hqq | oo s Hs 22— IV R

100 200 300 400 500 600

my, [GeV]

¢ Dominant mode in the
220280 (GeV region



(Global analysis of couplings

* Observe Higgs in many modes: gluon-fusion, WBEF, W/Z+h (not
discovery at LHC, but after My known using boosted

methods Butterworth et al., 0802.2470 ) . :
Scaling degeneracy if

0, X BR(h — xz) = <%) X FpFFac total width unknown:
- 5N —— I, —» fI;,, T — f°T
NP effects cancel, calculate measure
35 15 1 [ @(H.2) %9 15 ....... F(H2)
Mild assumption: giyy < 1.05 X ghyygnr =29 e Eees iy,
o8 i s
Allows any # of scalar doublets, T r—— or—
new particles in loops, small o 2Exporiments | 08 2Experimants
contributions of scalar triplets * Jraczoon C Wk 210015 -
= Assumption+VBF 03
measurement of (I'y)?/T" breaks 02
degeneracy 01 7
e s

m,, [GeV] m, [GeV]

Dubhrssen et al. 2004; Lafaye et al. 2009



Conclusions

We must find a Higgs boson or something else which consistently
breaks EW symmetry

Phenomenology of Higgs intricate and highly dependent on its
mass; detailed experimental program needed to find it

Very sensitive to quantum effects; better have a good handle on

QCD
Stay tuned for LHC search results this summer!

Potential to determine whether the Higgs is SM or not
with LHC measurements



Appendix: Higgs production at NLO



Effective interactions

B Can get exact 2-loop NLO corrections without effective interaction
(Djouadi, Graudenz, Spira, Zerwas 1995), but next term too tough

Effective field theory: exploit heavy mass of virtual particles

"Two scales: :]>__ , >__ _
MHiggs, IMtop ‘A0

Q 11 «
Y St 1 S 5ab ) pv v
ZBm; { + 7 —7T } [p1 D29 p1p2}

(also cubic, quartic gluon vertices)

p2v ,b



Effective interactions

B Can get exact 2-loop NLO corrections without effective interaction
(Djouadi, Graudenz, Spira, Zerwas 1995), but next term too tough

Effective field theory: exploit heavy mass of virtual particles

"Two scales: :]>__ , >__ _
MHiggs, IMtop ‘A0




1ree-level

(Z = mhz/ XIXZS)

Orh, b — /dxldﬂfzfg(xl)fg(fmﬁ(z)

+ smaller partonic channels

pLu ,a

p2v ,b
= 1 §° Qg 2
MP> = X |[M? = (=)
M| 256(1 — €)? M 576v2(1 —e€) \ 7
PS 0 1 A
5 = §—25(1 — z) (with § = z12495)

5o(2) = 0p6(1—2)= 5776;12 (‘;‘TS)QM—Z)



Gluon-fusion: virtual

8 Virtual:

W

Leading soft+collinear singularity; emitting
gluons from gluons gives color factor Ca=3

B UV renormalization: counterterm for os at leading order

Full d-dimensional LO First term in beta-function
 (d) Qg F(l + 6) 1 ’'4
= 9o (Z) - (47_(_)_6 Z [_2 b()]
= 2 3 €

Number of light fermions



(Gluon-fusion: real radiation

singular
1 ddpg dde
25 | (2m)4 (2m)d
1 s~ ¢

" 167é (4m)=<I'(1 — e) (1= Z)l_%/() A A=A

S f=(pr—py)® = —8(1—2)A, @ = (ps—py)> = —5(1 — 2)(1 = A)

Phase space (27T)(5(p3) (2m)6(p% — M%) (2m)%6'YD (py 4 p1 — py — PH)

= (1 —2¢) M& + 5* +¢* + o € (M3 + 82 + 12 + 42)?
‘M‘ —240&80'0 IR -+ 5 <
(1 —¢) st 2(1 —¢) St
v
—1—2e\—1—¢ —1—e¢
= (1—2) /)\, (1 =) A—0,1: collinear
Z—X: soft

singular regulator



Real radiation and plus dists.

B Extract singularities using plus distribution expansion

L [ma

W = —15()\) + —— —¢ [ ] + O(€%), ete.
€ A +

[Al+

| dwr@io@le = [ delr@ - 10)gt@

( cancels virtual poles
QU s \ T3 3 6 1 62(2%2 — 2+ 2)
= "07(4wz>/<< L—z*z} M=z =cq—, e
1/T'(a-e) \
6 In(1 — 2
+ B3-—7m)6(1—-2)— T | 12{ i—z )LL
. N 121 j. 5;z B 45222 : 23223}



Remaining terms

B PDF renormalization: counterterm for initial-state collinear sings.

one for each PDF

as I'(1+¢€) 1 subtracting P, from PDF same as adding to
2w (4m)=€ € partonic cross section
r \

(121 - ]\;F)é(l—z)—l— 1 _62]+ —62(z° — 2+ 2) } F+1]

N 7
~N" "~

\ cancels UV counterterm cancels real radiation J

~(d
— 254" (2) Pyy(2) —>

as I'(1 4+ €)
m (4m)=€

/"

: . : 11
B [Effective Lagrangian correction: = 00% 75 (1—2)
™




(Gluon fusion: final result

@ Arrive at the final NLO correction

s 11 In(1 —
EN—— aga— {(— + 7'('2) 6(1 —2)+12 [ n( Z)] —122(—2z + 2 +2)In(1 — 2)
s 2 -2
11 . i 1 ) (integration over
- 7(1 —2)° + 61I1M2 [[1 2. —2(2" -z + 2)] } (MZ/SSZSI) PDFs)=>integration
over z

¢ First source of large correction: 11/2+m> = 50% increase
# Second source: shape of PDFs enhances threshold logarithm

wout b-2 (valence)

0.03 <4

Ohad = T/Tl dz U(ZZ) L (g)

=y
L(y) = /d:ﬂ;fl(x)fé(y/x) (partonic luminosity) 2o

Assume fi~(1-x)P; plot L for various b
Look for peak near z=1 oot |
|

—Sharp fall-off of eluon PDF
g
0 et gy ——— @
01 02 03 04 05 06 07 08 0O 1.0

enhances correction

| b-10 (gluon)



