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Much celebrated discovery!

- Next step, detailed understanding its properties. 

- Many possible connection to other searches, 
measurements.

Focusing on EWPT here. 
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Figure 7: Combined search results: (a) The observed (solid) 95% CL
limits on the signal strength as a function of mH and the expec-
tation (dashed) under the background-only hypothesis. The dark
and light shaded bands show the ±1� and ±2� uncertainties on the
background-only expectation. (b) The observed (solid) local p0 as a
function of mH and the expectation (dashed) for a SM Higgs boson
signal hypothesis (µ = 1) at the given mass. (c) The best-fit signal
strength µ̂ as a function of mH . The band indicates the approximate
68% CL interval around the fitted value.

provide fully reconstructed candidates with high reso-
lution in invariant mass, as shown in Figures 8(a) and
8(b). These excesses are confirmed by the highly sen-
sitive but low-resolution H!WW (⇤)! `⌫`⌫ channel, as
shown in Fig. 8(c).

The observed local p0 values from the combination
of channels, using the asymptotic approximation, are
shown as a function of mH in Fig. 7(b) for the full mass
range and in Fig. 9 for the low mass range.

The largest local significance for the combination of
the 7 and 8 TeV data is found for a SM Higgs boson
mass hypothesis of mH=126.5 GeV, where it reaches
6.0�, with an expected value in the presence of a SM
Higgs boson signal at that mass of 4.9� (see also Ta-
ble 7). For the 2012 data alone, the maximum lo-
cal significance for the H!ZZ(⇤)! 4`, H! �� and
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Figure 8: The observed local p0 as a function of the hypothesized
Higgs boson mass for the (a) H!ZZ(⇤)! 4`, (b) H! �� and (c)
H!WW(⇤)! `⌫`⌫ channels. The dashed curves show the expected
local p0 under the hypothesis of a SM Higgs boson signal at that mass.
Results are shown separately for the

p
s = 7 TeV data (dark, blue), thep

s = 8 TeV data (light, red), and their combination (black).

H!WW (⇤)! e⌫µ⌫ channels combined is 4.9�, and oc-
curs at mH = 126.5 GeV (3.8� expected).

The significance of the excess is mildly sensitive to
uncertainties in the energy resolutions and energy scale
systematic uncertainties for photons and electrons; the
e↵ect of the muon energy scale systematic uncertain-
ties is negligible. The presence of these uncertainties,
evaluated as described in Ref. [138], reduces the local
significance to 5.9�.

The global significance of a local 5.9� excess any-
where in the mass range 110–600 GeV is estimated to
be approximately 5.1�, increasing to 5.3� in the range
110–150 GeV, which is approximately the mass range
not excluded at the 99% CL by the LHC combined SM
Higgs boson search [139] and the indirect constraints
from the global fit to precision electroweak measure-
ments [12].
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Figure 13: The CLs values for the SM Higgs boson hypothesis as a function of the Higgs boson
mass in the range 110–145 GeV. The background-only expectations are represented by their
median (dashed line) and by the 68% and 95% CL bands.

7.1 Significance of the observed excess

The consistency of the observed excess with the background-only hypothesis may be judged
from Fig. 14, which shows a scan of the local p-value for the 7 and 8 TeV data sets and their
combination. The 7 and 8 TeV data sets exhibit an excess of 3.2 σ and 3.8 σ significance, re-
spectively, for a Higgs boson mass of approximately 125 GeV. In the overall combination the
significance is 5.0 σ for mH = 125.5 GeV. Figure 15 gives the local p-value for the five decay
modes individually and displays the expected overall p-value.

The largest contributors to the overall excess in the combination are the γγ and ZZ decay
modes. They both have very good mass resolution, allowing good localization of the invariant
mass of a putative resonance responsible for the excess. Their combined significance reaches
5.0 σ (Fig. 16). The WW decay mode has an exclusion sensitivity comparable to the γγ and ZZ
decay modes but does not have a good mass resolution. It has an excess with local significance
1.6 σ for mH ∼ 125 GeV. When added to the γγ and ZZ decay modes, the combined signifi-
cance becomes 5.1 σ. Adding the bb and ττ channels in the combination, the final significance
becomes 5.0 σ. Table 6 summarises the expected and observed local p-values for a SM Higgs
boson mass hypothesis of 125.5 GeV for the various combinations of channels.

Table 6: The expected and observed local p-values, expressed as the corresponding number of
standard deviations of the observed excess from the background-only hypothesis, for mH =
125.5 GeV, for various combinations of decay modes.

Decay mode/combination Expected (σ) Observed (σ)

γγ 2.8 4.1
ZZ 3.6 3.1
ττ + bb 2.4 0.4
γγ + ZZ 4.7 5.0
γγ + ZZ + WW 5.2 5.1
γγ + ZZ + WW + ττ + bb 5.8 5.0

The global p-value for the search range 115–130 (110–145) GeV is calculated using the method
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Coupling SM-like?Krisztian Peters ATLAS Higgs 

Summary
Discovery of a new boson in 3 final states γγ, ZZ and WW and 2 production 
modes gg and VBF

Mass measurement in high resolution channels (γγ, ZZ)
- mH = 125.2 ± 0.3 (stat) ± 0.6 (syst) GeV

Observed signal strengths of the 5 channels compatible with a 13% probability 
with the SM expectation

35

No significant deviations from 
the SM in all tests performed
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Coupling SM-like?

- Yes. 

- Any deviations? Nothing significant, of course.
There are plenty of rooms though.

Krisztian Peters ATLAS Higgs 

Summary
Discovery of a new boson in 3 final states γγ, ZZ and WW and 2 production 
modes gg and VBF

Mass measurement in high resolution channels (γγ, ZZ)
- mH = 125.2 ± 0.3 (stat) ± 0.6 (syst) GeV

Observed signal strengths of the 5 channels compatible with a 13% probability 
with the SM expectation

35

No significant deviations from 
the SM in all tests performed
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1. Electroweak two loop 
corrections for Rb [Freitas, Huang, 1205.0299] 

Now         discrepancy. > 2�

Global fit (Gfitter):

2. Higgs mass directly 
measured!

�2/d.o.f. = 21.8/14, p = 0.08

[arXiv:1209.2716]
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Interesting to ask: 

- What new physics can “fix” Zbb?

- Implication for Higgs couplings.
Constraints!

Connection to possible deviations.
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Possible resolutions of              discrepancies

Ab
FB , Rb1. New physics directly alters            

Ab
FB , Rb

Ab
FB , Rb2.               due to  measurement errors

•  Focus on tree level shifts to        couplings               Zbb̄

•  Remove measurements from EW fit. Is there 
tension with 125 GeV Higgs?

How compelling are each of these resolutions?

To answer this question, we have performed a 
global fit to the precision electroweak data 
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            due to systematic effectAb
FB , Rb

SM w/o              :  Ab
FB , Rb

SM w/o              
+       ,                :

Ab
FB , Rb

EW data alone (w/o LHC Higgs mass measurement)

S, T mref
h = 125

mh = 70± 30 GeV

S = �0.08± 0.10
T = 0.0± 0.08

• Only Slight tension between mh = 70 and 125 GeV  
• New contribution to S and T ⇒ marginal improvements. 

• No obvious motivation for NP in this case.

�

2
/d.o.f = 5.6/9

�

2
/d.o.f = 5.6/12
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[Choudhury, Tait, Wagner ’01]Modify         couplingZbRb̄R

AFB =
3

4

g2Le � g2Re

g2Le + g2Re

g2Lb � g2Rb

g2Lb + g2Rb

[Haber, Logan ’99]

gRb =
1

3
s2w ⇡ 0.0771

gLb = �1

2
+

1

3
s2w ⇡ �0.43

Goal: shift        and          Ab
FB Rb

Rb ⌘
�(Z ! bb̄)

�(Z ! hadrons)
' g2Lb + g2RbP

q[g
2
Lq + g2Rq]

Z-pole data allows 4 solutions in                  , off-peak
data for         eliminate 2 possible solutions      Ab

FB

(�gLb, �gRb)

This approach leads to a better fit then SM-alone
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∆gRb

∆g
Lb

Best-fit region:
positive δgRb

�gRb � 0.015± 0.005

�gLb � 0.001± 0.001

[Choudhury, Tait, Wagner ’01]
[Kumar, Shepard, Tait, Vega-Morales ’10]See also:

Another possible region 
(not shown in Fig)
large negative δgRb

�gRb ⇠ �0.17± 0.005

Always |δgRb| >> |δgLb|
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Putting in New Physics
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Adding new ingredients

Basic idea:   Mix new vector-like quark B’L,R

                  with bottom quark 

Diagonalize mass matrix via rotations of            , with angles bi(L,R) ✓L,R

�gLb =

✓
t3L +

1

2

◆
s2L, �gRb = t3Rs

2
R,

Shifts in couplings sensitive to mixing angles and
SU(2)L representation of new B’ (in particular its T3L,R)

L ⇥ �
�
b̄0L B̄0

L

�✓ M11 M12

M21 M22

◆✓
b0R
B0

R

◆
+ h.c.
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Higgs physics

1. Rotations shift in the        vertex:hbb̄

Partial width             suppressed by   h ! bb̄

2. Heavy quark     contributes to              and 
           

h ! ��B

see also Wagner, Morrissey ’03

Lhbb ⇥ �c2R
mb

v
hb̄b

h ! gg

c4R

Main effects in Higgs production and decay:
           

can be characterized 
in terms of ratios

also define: µi =
�(pp ! h ! i)

�SM(pp ! h ! i)
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What does the signal strength data say?

Shallow direction in
             plane

r�

µi =
�(pp ! h ! i)

�SM(pp ! h ! i)
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Minimal models.

�gLb =

✓
t3L +

1

2

◆
s2L, �gRb = t3Rs

2
R,

Shifts in       couplings:Zb̄b

Single out 3 possible vector-like representations:

�L,R ⇠ (3, 2, 1/6), (3, 2,�5/6), (3, 3, 2/3)

“beautiful mirrors”[Choudhury, Tait, 
Wagner ’01]
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s2L, �gRb = t3Rs

2
R,

Shifts in       couplings:Zb̄b

Single out 3 possible vector-like representations:
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Minimal models.

�gLb =

✓
t3L +

1

2

◆
s2L, �gRb = t3Rs

2
R,

Shifts in       couplings:Zb̄b

Single out 3 possible vector-like representations:

�L,R ⇠ (3, 2, 1/6), (3, 2,�5/6), (3, 3, 2/3)

δgLb > δgRb, not useful

Only consider these

“beautiful mirrors”[Choudhury, Tait, 
Wagner ’01]
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Mixing between T and top quark ⇒ WtRbR coupling

Ruled out by b→sγ. 

�gLb =

✓
t3L +

1

2

◆
s2L, �gRb = t3Rs

2
R,

 L,R ⇠ (T,B) ⇠ (3, 2, 1/6) Choudhury, Tait, Wagner ’01
Morrissey, Wagner ’03

T3R(B) = -1/2
Want to have δgRb ≈ -0.17
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Mixing between T and top quark ⇒ WtRbR coupling

Ruled out by b→sγ. 

�gLb =

✓
t3L +

1

2

◆
s2L, �gRb = t3Rs

2
R,

 L,R ⇠ (T,B) ⇠ (3, 2, 1/6)

No T-t mixing ⇒ Large custodial breaking. 

Precision data: MT.B 100-200 GeV, very heavy Higgs. 
Inconsistent with mh = 126 GeV !

Choudhury, Tait, Wagner ’01
Morrissey, Wagner ’03

T3R(B) = -1/2
Want to have δgRb ≈ -0.17
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Mixing between T and top quark ⇒ WtRbR coupling

Ruled out by b→sγ. 

�gLb =

✓
t3L +

1

2

◆
s2L, �gRb = t3Rs

2
R,

 L,R ⇠ (T,B) ⇠ (3, 2, 1/6)

No T-t mixing ⇒ Large custodial breaking. 

Precision data: MT.B 100-200 GeV, very heavy Higgs. 
Inconsistent with mh = 126 GeV !

Choudhury, Tait, Wagner ’01
Morrissey, Wagner ’03

Even if this can be fixed. 
Sizable negative δgbR ⇒ large HBRbR  coupling.

MT.B 100-200 GeV ⇒ μVV ~ 2.4, in conflict with Higgs data!

T3R(B) = -1/2
Want to have δgRb ≈ -0.17
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 L,R ⇠ (B,X) ⇠ (3, 2,�5/6)

�gLb =

✓
t3L +

1

2

◆
s2L, �gRb = t3Rs

2
R,

X charge -4/3. No mixing with top quark. 
Only need smaller mixing angle: sR ≈ 0.2

Want to have δgRb ≈ 0.016

Good fit to precision data. 

Consistent with Higgs data. 
Deviation from SM very small.
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Explore more variations 

•  Adding singlet exotic fermions:

•  Quantum numbers under

• Such representations can find motivation in                  
composite Higgs models

[Agashe, Contino, Da Rold, Pomarol  ’06]
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• Custodial limit: 

• Note that                  explicitly break custodial 
symmetry, but only small values required to obtain 
required shifts 

Lagrangian
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Integrate out heavy fermions to obtain effective theory

lead to shift in}
lead to shift in}

Yukawa contributions small, suggested by collider limits

Yi = yiv/
p
2 ⌧ M1,2,3
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V
f f̄
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To fix Zbb,                                         

Yi = yiv/
p
2
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To fix Zbb,                                         

  b-quark mass &
  hbb coupling                         

Large corrections to            possible if      large  

Yi = yiv/
p
2
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and               :  Use low energy theorem
[Ellis, Gaillard, Nanopoulos `76]
[Shifman, Vainshtein, Voloshin, Zakharov `79]
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Direct searches for Heavy Quarks

• Most robust limit comes from top prime searches 
CMS search in dilepton channel [CMS-EXO-11-050]

Bounds masses heavier than

•  These bounds apply since     decays via

Other possible decay mode                   requires
                            , not favored by Higgs data (see shortly)

•   Also bounds exist from bottom prime searches:

[CMS-EXO-11-036]
Bounds masses heavier than

� ⇠ (3, 2,�5/6) ⇠
✓

B
X

◆
• Signatures similar to minimal                    model

[Kumar, Shepard, Tait, Vega-Morales ’10]

Sunday, April 7, 13



Results:
top prime searches

We have fixed

Higgs signal strength
             regions

tension with

Best-fit regions display 
enhancement 
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Results:

We have fixed

Higgs signal strength
             regions

tension with
top prime searches
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Outlook:

• 125 GeV Higgs discovered - as suggested by EW data

• Higgs SM-like. Still plenty of room for deviation, such 
as in μγγ.

• Two discrepancies in EW data: Ab
FB 2.6� (      ), Rb 2.4�(      )

• Can shift             by           mixing Zb̄RbR b�B

• Exotic B-quark can cause deviations in Higgs 
properties, interesting limits from Higgs data already.

• Model is directly testable at LHC via search for exotic 
(“beautiful mirror”) quarks
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Backup
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Caveat:  Vacuum stability

As emphasized recently 
in several works, new 
fermions with O(1) Yukawa’s 
drive Higgs quartic negative 
at low scale

Jogelkar, Schwaller, Wagner `12
Arkani-Hamed, Blum, D’Agnolo, Fan `12
Reece `12

In our model,

e.g.                                           VL threshold       

at

• Model requires a UV completion to stabilize vacuum...
• Obvious candidate is a SUSY version (beyond scope here)
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Ingredients going into the electroweak fit:

mZ , ΓZ , σ0
had, R!, Rc, Rb,

A!
FB , A!, Ac, Ab, Ac

FB , Ab
FB , sin2 θeff ,

mW , ΓW , mt, ∆α(5)
had, mh

•  Observables

•  Vary SM + NP parameters in fit

•  Theory predictions taken from various 
numerical parameterizations in literature...

mH ,mZ ,mt,��(5)
had,�s,

S, T, ⇥gLb, ⇥gRb
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         Ab
FB

Consider the process e+e� ! �, Z,! bb̄

⇥F,B = ⌥
Z ±1

0

d⇥

dcos �
dcos �Forward, backward 

cross sections:

 Polarized 
cross sections:

�LL ⌘ �(e+Le
�
L ! bLb̄L), etc.

Forward-backward 
asymmetry:

AFB =
�F � �B

�F + �B
=

3

4

�LL + �RR � �LR � �RL

�LL + �RR + �LR + �RL

On Z-pole: �LL / gLegLb

mZ�Z
, etc.

AFB =
3

4

g2Le � g2Re

g2Le + g2Re

g2Lb � g2Rb

g2Lb + g2Rb
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Z boson partial width:

Rb ⌘
�(Z ! bb̄)

�(Z ! hadrons)
' g2Lb + g2RbP

q[g
2
Lq + g2Rq]

Note: both              depend on couplings Ab
FB , Rb

Suggests common resolution:  tree-level shifts in 
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Measurement Fit |Omeas<Ofit|/mmeas

0 1 2 3

0 1 2 3

6_had(mZ)6_(5) 0.02750 ± 0.00033 0.02759
mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874
KZ [GeV]KZ [GeV] 2.4952 ± 0.0023 2.4959
mhad [nb]m0 41.540 ± 0.037 41.478
RlRl 20.767 ± 0.025 20.742
AfbA0,l 0.01714 ± 0.00095 0.01646
Al(Po)Al(Po) 0.1465 ± 0.0032 0.1482
RbRb 0.21629 ± 0.00066 0.21579
RcRc 0.1721 ± 0.0030 0.1722
AfbA0,b 0.0992 ± 0.0016 0.1039
AfbA0,c 0.0707 ± 0.0035 0.0743
AbAb 0.923 ± 0.020 0.935
AcAc 0.670 ± 0.027 0.668
Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1482
sin2eeffsin2elept(Qfb) 0.2324 ± 0.0012 0.2314
mW [GeV]mW [GeV] 80.399 ± 0.023 80.378
KW [GeV]KW [GeV] 2.085 ± 0.042 2.092
mt [GeV]mt [GeV] 173.20 ± 0.90 173.27

July 2011

Precision Electroweak Data (circa December 2011)
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SM w/o              :  Ab
FB , Rb

SM w/o              
+        :

Ab
FB , Rb

Including LHC Higgs mass measurement:

S, T
S = �0.08± 0.10
T = 0.0± 0.08

mh = 125.7 GeV
p = 0.67

p = 0.78

• Marginal improvement with oblique parameters.
• No strong argument for new physics to pull up Higgs mass

             due to systematic effectAb
FB , Rb
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Oblique corrections

• Contribution from new mirror quarks
•                vertices modified - include       and subtract off SM
• Restrict to      regions determined by fit (including          )

[Peskin, Takeuchi `90, `92]
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