TESTOVI ELEKTROSLABE
TEORIJE

EW PRECIZNOST PRIJE I
NAKON POTVRDE HIGGSA

= POOPCENJE QED NA EW
= PRECIZNO MJERENE OPSERVABLE

= SPECIFICNE I UNIVERZALNE KVANTNE
POPRAVKE



KVANTNE PETLJE u 2. redu QED
— upoznate na diplomskom studiju
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" S
ELEKTROSLABE KOREKCIJE

HIGGSOVA FIZIKA - NOVA
ERA FIZIKE EW PRECIZNOSTI

= A) PRECIZNO MJERENE OPSERVABLE

= B) PRECIZNE PREDIKCIJE VISOKO-
ENERGIJSKIH OPSERVABLI

= C) UNIVERZALNE RADIJACIJSKE
POPRAVKE 4-FERMIONSKIM PROCESIMA

= D) NOVA EW PRECIZNOST



" S
A) PRECIZNO MJERENE
OPSERVABLE

Basic set: (Ocem , Gp, MZ)

fantastic exp. accuracy: 1
* (82).
?
° T, g.,.2,V

e 7/ line shape



"
MJERENE NA VELIKU TOCNOST:

Mz = (91.1875 £ 0.0021) GeV

Gr = (1.166371 £0.000006) - 107> GeV~~
a~t = 137.035999 710 + 0.000 000 096
Mz = 91.150(30) GeV (from LEP, SL.C),

Gr = 1.16637(2) x 107° (GeV) ™ (from 1 — ev,,),
a = 137.0359895(61)"" (from ¢ ~ 2 of electron),



Pitanje kuta slabog mijesanja
s NIJE FUNDAMENTALNI
PARAMETAR TEORIJE

= DVIJE DEFINICIJE - konzistentne na
granastoj razini:
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RAZLOG
PONASANJA DOPRINOSA HIGGSA
(Veltmannov “screening theorem?)

Odsutnost vezanja W1 Z na higgs, koje
bi u unitarnom bazdarenju bilo

proporcionano higgsovom kvartichom
vezanju



B) PRECIZNE PREDIKCIJE ZA
SPECIFICNE VISOKO-
ENERGIJSKE OPSERVABLE

I,,My,0,,R, Ry, Al AP AT

1)01 5 see
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OPSERVABLE
NA
Z-REZONANCI

= UKUPNA SIRINA
n Z-ASIMETRIJE
= Parametar Rb



Usporedba
mjerenja i
analize SM
s globalnom
EW-
prilagodbom

as_oﬁtgo_meas

1

3

Measurement Fit éOmE
)

91.1875+£0.0021 91.1875
24952 +0.0023  2.4957
41.540 £ 0.037 41.477
20.767 £ 0.025 20.744

0.01714 £ 0.00095 0.01645

0.21629 £ 0.00066 0.21586
0.1721 £0.0030  0.1722
0.0992+0.0016  0.1038
0.0707 £0.0035  0.0742

0.923 £ 0.020 0.935
0.670 £ 0.027 0.668
0.1513 £ 0.0021 0.1481

80.398 £ 0.025 80.374
2.140 +£ 0.060 2.091
1709+£1.8 171.3
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OKUSNO-SPECIFICNE.
NEUNIVERZALNE KOREKCIJE

E.g.
R, = I'(Z — bb) leadir-lg m.t dep.’
['(Z — had) driven by
R,=R,[1-G,m2 212 +...]~0.2182 -0.0024) l
g’ Yt2<q)+q)>zuwabL
M2W
|
tree—level

+ flavour—universal corrections
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Mjerenje

Rb

(LEP,SLD) =
odreduje =7
masu t- .
kvarka

100 - -
0.213 0.217 0.221



LORENTZOVE S(METRIIE

\KAEUN U SLUEATU \

nostavak dodir?omske maine [ I FEC ‘3]

GRANAST| DIJAGqRAM] / UNITARNO

BAZDAREN)E
na Postijedilofomsku :
DITAGRAMI ¢ PETLIANA preduosk
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C) UNIVERZALNE
RADIJACIJSKE POPRAVKE
4-FERMIONSKIM PROCESIMA

= NETZRAVNE-UNIVERZALNE (“oblique™)
(vakuumska polarizacija)

s IZRAVNE (“direct”) korekcije vrhu i
pravokutnom dijagramu



" A
EFEKT VLASTITIH ENERGIJA
W & Z BOZONA
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" S
S, T, U EW-PARAMETRI
PESKIN-TAKEUCHIJA
za fiziku BSM, uz pretp.:

= U igri samo EW bazdarni bozoni (ali mogucéi
novi fermioni ili skalari BSM)

= Vezanja NP na lake fermione su potisnuta
= Skala NP velika prema masama W i Z
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REVIJE “up to the Higgs
discovery”

= Hewett, Takeuchi, Thomas:hep-
ph/9603391

m 6. Isidori/0911.3219
m R. Barbieri:1503.08153



Usp. PDG
Fig. 10.3
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BeFore s

\
. \
LE PDat.a on fifidamental electroweak parameters Yn 1990. There was broad
consistency with minimal SU(2) x U (1), but little sensitivity to radiative corrections.
/ / \ b
/) \

1.0

2000

U=0 Constraint

0.5

= oo

m™ = 175 GeV

/ mg™ = 100 GeV

N N i | L
AFTEEB;.O -0.6 0.0 0.5 1.0
S

. LE P Data on fundamental electroweak parameters in 2000. Careful inclusion of
the radiative corrections, including loops containing both W and Z bosons and the
color gluons of QCD, is necessary to do justice to the data. One can discriminate
the effects of the top quark mass and the Higgs boson mass.
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PRISTUP EFEKTIVNIH

TEORIJA
~ lérm 0 1 H}‘%V
S = o~ 8q2%(W3 — B) o and T = po (m% o0 l)

= odgovaraju korekcijama operatora S i
T koji su dim 6

the dimension-six part of the Lagrangian, .%;_¢ = (cr/A%)Qr + (cs/A?)Qs

1612 STy
A2 AT = cT A2 .

AS = —Cg



0.5

Figure 1: Experimentally allowed range for the S and 7" parameters (blue ellipses), from Ref. [1]. The
AS = AT = 0 point corresponds to the SM prediction for m; = 175 GeV and m;, = 100 GeV. The black curve
s the SM prediction for m; = 171.4 GeV and different values of my, (in GeV).



D) NOVA EW PRECIZNOST

We are in the era of precision Higgs physics
— Calculations + experiment
— Theory may be limiting factor in precision coupling extraction

Higgs production is a window to high scale physics

— Need to look at big picture—new physics in the Higgs
sector is typically associated with new particles (more
Higgs particles, SUSY particles, top partners...)

— 2 Higgs production can discriminate between models

The SM is an extremely good effective theory



HIGGSOV SEKTOR JE

PERTURBATIVAN
2
V= Mhp2 oy ap3 g Mg
2 4 V(0)
A
my
SM Ny =y =1k
—/
. Fundamental test of model 0

* Ay~ .13 is perturbative o Vi/'2



Many possibilities:

— Supersymmetry (squarks in loop)

— Color octet scalars [Kribs]

— More scalars (neutral or charged) [Thomas]
— New operators involving Higgs particle

— New fermions (top partners)

— Higgs produced in NP particle decays[Haas,
Kribs, Thomas]

How far can Higgs What is the
production get from Higgs telling us?

the SM prediction?



PRIMJER 1: 2HDM

Many models have extended Higgs sectors

— Two Higgs doublet models can be used as effective
theories for many of these models

— 5 Higgs bosons: h, H, A, H*
— 4 types of 2HDM models which avoid tree level FCNCs
— Classified in terms of tan p=v,/v,, a, m,

| [ M?% 4+m?
sin 2cv = —sin 23 H L
S\ M% —m3

" H "h

— Predictive models (MSSM is special case)



Couplings to h:
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S. Dawson
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tanf

t

PRILAGODBE 2HDM-a

Type-1
95% Confidence Level

T
— Current Limit

300 i Projection
~~ 3000 fb Projection |

|
1
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|
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[ 1
1
i
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b

|
FER 02 04 06 08
cos(p-cr)

Type-1I
95% Confidence Level

— Current Limit
300 fb7 Projection

== 3000 fb " Projection

cos(f-a)

[Chen, Dawson, 1301.0309; Chen, Dawson, Sher]

tanf3

10— R T R
r — Current Limit
dg .
3| =+ 300 fb - Projection
S
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Flipped
95% Confidence Level
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i
r :Ii — Current Limit 1
| -1 .
sl w1 - 300fb Projection
I | == 3000 fb” Projection |
6

Lepton Specific

95% Confidence Level

SM limit is
cos(a—f)=0

We are near
SM couplings
already!

0—1 -0‘8
S. Dawson

cos(p-a)

[Thomas]
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LIMES ODVEZIVANJA
2HDM-a TIPA-II

Assume M,,, M, >> M,

Coupling shifts are small:

AS ~

' 3 | U 5
|2n({) ( — 1) og ‘[ 6

aAT wO(

Oghvv 23[} cot? /3
Ty M
%) q, 7 _ 2M % cot? /3
mj,, - 2M7
(//H M J[j

09/
- ‘_Q’W(H 9i ”)
h

Higgs physics is new precision
electroweak physics



Buduéi da je svijet "SM-like"”

Higgs Couplings in Type-ll 2HDM

| ————
0 - .
E ~ 2 1 | This requires sub-
S R === | percent level
=" ] measurements of
S ot Higgs couplings to
> distinguish the 2HDM
001 model from the
. Standard Model
0001 T |

| | | | | | | | |
1000 000 3000

M, (GeV)
=>If we don’t see any new
particles, this will be very hard!



Mjerenja vezanja higgsa

* Higgs coupling extracted from global fit
— Measure c*BR L ~ gniififih

i rﬁ‘rfﬁra S M
Jhii = (1 + < | Ihii
jhft

LHC LHC ILC 250
(300 fb-1/exp) | (3 ab-/exp) [(250 fb-1)
7T — H.T% .0 SY 1.3%

OGh W W

SM
9w w

Assume systematics~1/\L

S. Dawson
[Janot, ICFA Higgs factor workshop,

European Strategy Report]



" J I )
Komplementarni pristup
Look for new particles of 2HDM (H,A,H*)

CMS \s=7TeV,l<51f" Vs=8TeV, <531

A —— L (L :
FIO prm——rr gy = cos( -
S * | wmene Expected - sin «v
- - | %88 Expected + 16 ! 9t — \ =
__,C:J 10 E | Expected + 2 - sin 3
= =
_

)
SI:
Lo —
(@)

10

200 400 600 800 1000
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PRIMJTER 2: Top See.saw,.LittIe Higgs,
Composite Higgs...

« Special cases of models with weak singlet vector like
charge 2/3 quark, U_, which mixes with SM-like third
generation g, ~(u,,d.), Uur dg

« (Generic mass matrix

L, =-ag,Hu,-bg, HU , - cU,u, hc

* Physical top is mixture of (u, U)

(;f ) — (Gﬂ _Sﬂ)(u""-‘ J T is charge 2/3 top partner

L Sp ¢ U L

2 parameters: M-, 0,



“Mijesc Jjesanje topa s partnerom

STU 95% CL Allowed Region
(below curves)

— M, =120GeV]| |
—— M, = 140 GeV

sin 6, (allowed)

i i i i i i Il 1 i 'l i i
000 T 15000 2000

M (GeV)

As Higgs mass gets larger, allowed
parameter space shrinks

S. Dawson
[Dawson, Furlan, 1205.4733]
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Eksperimentalna granica

+ Assumes BR(T — bW)=1
 Here, additional suppression of (sin6, )*

CMS (s=7TeV usjets (4.9 fb), e+jets (5.0 fb™)

' —e— ohserved
------- expected
) " tloexpected
Qr +20 expected
< — (T predicted

107 F

CL;95% CL upper limits

W80 S0 50 600
M- (GeV)
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Model s top-partnerom

Production suppressed (but not observably so)
g "eosee g "OseeTn
t I>H T DH LNl_lM_[Q—[(l_ﬁ%
R P o s A OsM 60 m; M;
cos6), 2 sin®, 2

Top partner model, Vs=7 TeV

Example of model where new

physics will be observed by top
partner production, not by

S |  measuring Higgs properties

M, = 125 GeV

O-NNLO/O-NNLO(SM)

0.4 0.6
sin GT
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Produkcija higgsa i t-partnera

¢ T-)th
— Branching ratio can be O(30%) Tth :~ sin(QQL)2

102 IIIIIIIIIIITIIIIIIIIII

T 1771 I T 3
E ATLA S mlﬂ]]m][l Theory (approx. NNLO prediction + 1) E
3 : Pl’eliminary ssssen=ss 95% CL expected limit
\% 10 = - 95% CL expected limit-1o —
: E I:l 95% CL expected limit+2c
|_ : — 95% CL observed limit
o\ 1 =
O E 3
O
~—
o)
107 E
_2 [ —
107 1s=8TeV
- - _
L= 143" suE) singie
‘3 | | [ 1 I L1 1 | | L1 1 1 I | | [ 1 I L1 1 | I L1 1 1
0300 400 500 600 700 _ 800 _ 900

M- (GeV) N

S. Dawson



Sazetak 2 modela
« 2HDMSs, Top Partner models

These models have parameter spaces restricted
by experimental Higgs measurements

Knowledge about NP from coupling constant

measurements requires 1-10% percentage
accuracy

BUT.....all of these models have new particles
not present in the SM

S. Dawson



