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Outline
 2012:  “Higgs” discovery 
➜	 we now have to get acquainted with it !

 fits of gHXX and sign degeneracies

 production channels with  direct sensitivity to the    
top-Higgs coupling  gHtt

 prod. channels with  direct sensitivity to gHtt  sign

 single-top plus Higgs production :
 the t-channel  pp ➜ t H q : sensitivity to gHtt sign

 pp ➜ t H q  (H ➜ γγ, WW, τ	  τ	  )	  	  :	  	  	  S vs B vs (CV, Cf)

 exclusion  potential  in the  (CV, Cf)  space at 8 TeV 
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 test gHXX (magnitude and structure) to vector bosons (EWSB), to 
fermions  and  self-couplings

is the LHC signal really a SM Higgs ?
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threshold. For large masses, MH >∼ 500 GeV, the Higgs becomes obese since its total width
is comparable to its mass, and it is hard to consider it as a resonance.

In e+e− collisions, the main production mechanisms for the SM Higgs particles are,
Fig. 2.6a, the Higgs–strahlung [38, 71] and the WW fusion [72] processes

e+e− → ZH → f f̄H and e+e− → ν̄eνeH (i)

The final state Hνν̄ is generated in both the fusion and Higgs–strahlung processes. Besides
the ZZ fusion mechanism [72] e+e− → e+e−H which is similar to WW fusion but with an
order of magnitude smaller cross section, sub–leading Higgs production channels, Fig. 2.6b,
are associated production with top quarks e+e− → tt̄H [73] and double Higgs production
[74, 75] in the Higgs–strahlung e+e− → ZHH and fusion e+e− → ν̄νHH processes. Despite
the smaller production rates, the latter mechanisms are very useful when it comes to the
study of the Higgs fundamental properties. The production rates for all these processes are
shown in Fig. 2.7 at energies

√
s = 500 GeV and

√
s = 1 TeV as a function of MH . Other

sub–leading processes such as associated production with a photon e+e− → Hγ and loop
induced pair production e+e− → HH have even smaller rates and will not be discussed here.
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FIGURE 2.6. Diagrams for the dominant (a) and subleading (b) Higgs production mechanisms at ILC.

The cross section for Higgs–strahlung scales as 1/s and therefore dominates at low en-
ergies, while the one of the WW fusion mechanism rises like log(s/M2

H) and becomes more
important at high energies. At

√
s ∼ 500 GeV, the two processes have approximately the

same cross sections, O(50 fb) for the interesting Higgs mass range 115 GeV <∼ MH <∼ 200
GeV favored by high–precision data. For the expected ILC integrated luminosity L ∼ 500
fb−1, approximately 30000 and 40000 events can be collected in, respectively, the e+e− → HZ
and e+e− → νν̄H channels for MH ∼ 120 GeV. This sample is more than enough to observe
the Higgs particle at the ILC and to study its properties in great detail.

Turning to the sub–leading processes, the ZZ fusion mechanism e+e− → He+e− is similar
to WW fusion but has a cross section that is one order of magnitude smaller as a result of
the smaller neutral couplings compared to the charged current couplings. However, the full
final state can be reconstructed in this case. Note that at

√
s >∼ 1 TeV, the cross section for

this process is larger than that of Higgs–strahlung for MH <∼ 300 GeV.
The associated production with top quarks has a very small cross section at

√
s = 500

GeV due to phase space suppression but, at
√

s = 800 GeV, it can reach the level of a few

II-18 ILC-Reference Design Report
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H	 ➜ γZ   1.6 ‰*

H ➜	 bb  56%*
H ➜	 cc  2.8%H ➜	 ZZ*  2.9%*
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 EWPT’s highly constrain (CV,mH) through (indirect) loop effects :

 no constrain  on Cf  (enter only at two loops in EWPT’s)

in-direct   gHXX  determination : 
what  we  knew  before  LHC data !
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universal  modifier  of 
H f f   couplings

Yf = Cf Y SM
f ,

universal  modifier  of 
HWW  and  HZZ  couplings

gHV V = CV gSMHV V ,

CV = 1.01 ± 0.06   (95% CL)
Azatov, Galloway

Cf = ???
Ct

tZ
H

HZ
CV

Let’s 
assume :

 for mH = 125 GeV
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direct  gHXX determination : what we know today !

starting point of new exciting chapter of experimental measurements 
(regardless of possible further new-state discoveries at the LHC !) 

note: one-loop decays (H➜γγ) and production (gg➜H) are very sensitive to 
new heavy degrees of freedom that do not decouple !

new generation of  Precision Tests opened up with excellent sensitivity 
to BSM effects   (➜  cf. EWPT’s at LEP)

ability to reach accuracies on  gHXX’s as large as  possible is crucial !
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  H	 ➜γγ  breaks Cf ➜-Cf  degeneracy
W and top loops interferes destructively in the SM

Ct~+1(SM) ➜ Ct~-1 enhances BRγγ
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ATLAS-CONF-2013-034

Higgs a LHC

• Accoppiamenti con bosone di Higgs proporzionali alle masse:

➔ Produzione Higgs dagli accoppiamenti con bosoni W/Z o quark top

• Produzione a collider adronici:

• Decadimenti per bosone di Higgs di massa moderata (m
H
 < 300 GeV)

σ(H➜γγ) ~ (5CV-Ct)2 
gives asymmetric 
constraints for Ct ➜-Ct

enhanced σγγ rates 
favor  Cf <0  ranges

CF

CV



Barbara Mele Trento,  18  September  2013

   gHXX  global  fits
enhanced σγγ rates favor  Cf <0  ranges
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BSM  theories  can predict  Cf <0  !
example : Minimal Composite Higgs Models
global symmetry in a strong sector broken at a scale
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Example:$Composite$Higgs$

! $An!alterna>ve!to!SUSY,!which!removes!the!SM!hierarchy!problem,!!
!!!is!if!there!is!no!fundamental!scalar!!
!
! !A!composite!Higgs!could!result!as!a!pseudo&Goldstone!Boson!!
!!!from!a!global!symmetry!in!a!strong!sector,!broken!at!a!scale!fH!>!v!
!!!Higgs!mass!generated!at!1&loop!"!Low!mass!Higgs!natural!
!
!!ex)!!SO(5)!&>!SO(4) ! ! ! ! ! !1!Higgs!doublet!
!!!!!!!!!Minimal$Composite$Higgs$Model$(MCHM)!
!
!
!!!!!!!!!!SO(6)!&>!SO(5) ! ! ! !!!!!!!!!!!!!!1!Higgs!doublet!+!1!singlet!
!!!!!!!!!!SO(6)!&>!SO(4)!x!SO(2)!!!!!!!!!!!!!!!!!!!!!!!!2!Higgs!doublets!
!

Agashe,!Con>no,!Pomarol,![hep&ph/0412089]!

Georgi,!Kaplan!
Giudice,!Grojean,!Pomarol,!Ra\azzi!
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Signatures$of$Higgs$compositeness$

! !The!composite!Higgs!is!treated!in!an!effec>ve!theory!below!the!!
!!!compositeness!scale.!Role!of!fH!similar!to!pion!decay!constant!
!
! !Modifica>on!of!tree&level!couplings!in!MCHM!
!
!
!
!
!
!
!
! !Loop&induced!couplings!to!gluons!and!photons!indirectly!affected!!
!!!by!modifica>ons!to!top!and!W!couplings!
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ModelEindependent$coupling$measurements$

 Too premature to see deviations
for v/f~1/2!

from, e.g., Montull,Riva 
arXiv:1207.1716
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Figure 2: Predictions of a generic MCHM in the (ghff/g
SM
hff , ghWW /gSMhWW )-plane. The di↵erent curves corresponds

to di↵erent values of n, going downwards from n=0 to n = 5. The red part of the curves is for 0 < ⇠ < 0.25 and the
blue one for 0.25 < ⇠ < 1. The contours are the 68%, 95% and 99% CL for a 125 GeV Higgs as obtained in Ref. [15]
from the CMS data.
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3 Higgs couplings to SM fermions

In composite Higgs models the Higgs couplings to fermions generically deviate from their SM values
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Agashe,!Con>no,!Pomarol,![hep&ph/0412089]!

Georgi,!Kaplan!
Giudice,!Grojean,!Pomarol,!Ra\azzi!
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Looking for some way to experimentally 
discriminate the  Cf  sign .....

linear  terms  in  Cf  needed  ➜  look at 
interferences  in  squared  amplitudes

in decays: mainly in loop channels

what  about  production  mechanisms ???

9

Higgs a LHC

• Accoppiamenti con bosone di Higgs proporzionali alle masse:

➔ Produzione Higgs dagli accoppiamenti con bosoni W/Z o quark top

• Produzione a collider adronici:

• Decadimenti per bosone di Higgs di massa moderata (m
H
 < 300 GeV)

, Z
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main  sensitivity  to  Cf  through  gHtt

indirect (➜ top quark not 
observed) and dominant 

10

Higgs$fermions$coupling$both$in$
production$and$decay

Bra
nd$

new

Higgs$fermions$coupling$both$in$
production$and$decay

Bra
nd$

new

direct (top quark observed) 
but not yet quite at reach 

  both  σ’s  depend  on  Ct2
 :

no  sensitivity to  gHtt  sign !

σ|8TeV ~ 20 pb

σ|8TeV ~ 130 fb
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Single top-quark + Higgs  production

ask for an extra Higgs in single top production

 EW  process,  where Higgs emission from a top-quark   
interferes with Higgs emission from a W :

     σ ~ Ct2 a  + CW2 b + Ct CW c

11

p p ➜ t H x     ( x = q,W,b )

sensitivity to Ct sign

April 18, 2013 0:15 WSPC/INSTRUCTION FILE topreview
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q q0

b t
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b
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t
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q

q̄0

b̄
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W
q q0

b̄

tW
b

Fig. 3. Example Feynman diagrams for single top quark production at LO QCD. From left to
right: t-channel production as flavor excitation and as W -gluon fusion; s-channel production; tW -
channel production.

Table 2. Approximate NNLO QCD calculations of the total cross sec-
tions for single top quark and anti-quark production in pp collisions atp
s = 7 TeV. The first uncertainty corresponds to the scale uncertainty,

while the second one (where given) is the PDF uncertainty.

Production mode (author) �
t

[pb] �
t̄

[pb]

t-channel (Kidonakis 71) 41.7+1.6
�0.2 ± 0.8 22.5± 0.5+0.7

�0.9

s-channel (Kidonakis 72) 3.17± 0.06+0.13
�0.10 1.42± 0.01+0.06

�0.07

s-channel (Zhu et al. 73) 2.81+0.16
�0.10 1.60+0.08

�0.05

tW -channel (Kidonakis 74) 7.8± 0.2+0.5
�0.6 7.8± 0.2+0.5

�0.6

either considered through the b-quark PDF in the proton (flavor excitation,
massless scheme) or produced via gluon splitting g ! bb̄ (W -gluon fusion,
massive scheme);

• In the s-channel mode, a time-like W -boson is produced from two quarks
belonging to an isospin doublet, e.g., ud̄, and subsequently decays into tb̄;

• In the tW -channel mode, which is also called associated production, the
top quark is produced in association with a close-to real W -boson.

Single top quark production is interesting for various reasons. Its proof of ex-
istence provides a relevant test of the standard model. It is important to measure
all three production modes, since they are sensitive to the Wtb vertex in di↵erent
ways. Non-standard couplings would indicate the presence of contributions from
new physics. Also, single top quark production allows to directly measure the CKM
matrix element |Vtb| (assuming R = 1, see Eq. 3 in section 2.3), without making an
assumption on the number of generations, and to verify the unitarity of the CKM
matrix. Deviations from the SM expectation could indicate a possible fourth gen-
eration. The flavor excitation production allows constraints on the b-quark PDF,
though this requires significant statistics. Standard model single top quark produc-
tion constitutes a background in several new physics scenarios, for instance produc-
tion of a new W 0 or a charged Higgs H+ boson (tW - or s-channel signature). New
physics involving FCNC would lead to single top production via ug ! t (t-channel
signature).

The cross section for single top quark production in hadron collisions was calcu-
lated at NLO QCD ten years ago 75,76. The most recent calculations also incorporate
NNLL resummation 71,72,73,74. The numerical results are summarized in Table 2.
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 σ(pp➜ t H + X) in the SM: 3 channels

12
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where the Ct dependence is more critical, and the most favored regions of the LHC fits lie [10,
11]. Figure 2 shows that in the SM Ct = 1 case the destructive e↵ect of the interference of
the two diagrams in Figure 1 is maximal, and that a sign change in Yt produces a dramatic
enhancement in the p p ! t q H production cross sections.

Similarly, the destructive interference between the W and top loops in the H ! �� decay
gives rise to an enhancement in the width ��� after switching the Ct sign. On the other hand,
the overall BR�� dependence on Ct is mostly influenced, in the Cf = Ct hypothesis, by the Cf

impact on the Higgs dominant decay widths into b quarks, and ⌧ leptons.

Since the cross section and BR�� dependencies on Ct are both crucial for the results of the
present analysis, we plot in Figure 3 (for

p
s = 8 TeV) and Figure 4 (for

p
s = 14 TeV) the

ratios Ri of the Ct dependent �(p p ! t q H), BR��, and product �(p p ! t q H)·BR�� over
the corresponding SM values, for �1.5 < Ct < 1.5. An enlargement of the positive Ct range
is given in the lower plots of both figures. Going to negative Cf values has a dramatic e↵ect
on both cross sections and production rates for H ! ��. On the other hand, BR�� is mostly
sensitive to a reduction of the |Cf | magnitude, and less influenced by the Cf sign.

For the sake of completeness, we also evaluated the total cross section and Ct dependence
for the top-Higgs associated production with a W in the process g b ! WtH, and for the
s-channel qq̄0 ! tb̄H. We obtain (summing up cross sections over the two charge-conjugated
channels), at

p
s = 14 TeV,

�(g b ! WtH)SM ' 16.0 fb , (10)

�(g b ! WtH)Ct=0 ' 34.9 fb , (11)

�(g b ! WtH)Ct=�1 ' 139. fb , (12)

�(q q̄0 ! t bH)SM ' 2.26 fb , (13)

�(q q̄0 ! t bH)Ct=0 ' 1.49 fb , (14)

�(q q̄0 ! t bH)Ct=�1 ' 0.39 fb , (15)

to be compared with the t-channel cross sections, at
p
s = 14 TeV,

�(q b ! t q0H)SM ' 71.8 fb , (16)

�(q b ! t q0H)Ct=0 ' 276. fb , (17)

�(q b ! t q0H)Ct=�1 ' 893. fb . (18)

Although there is a nice sensitivity to Ct also in the W -associated production, we do not
concentrate on this process here, because of its lower rates with respect to the t-channel q b !
t q0H. Nevertheless, we checked that its contribution to our event selection analysis, optimized
for the p p ! t q H process, is negligible.

6

(t-channel)

(W-assoc.)

(s-channel)

sensitive to gHtt and gHWW

σ(t-channel) ~ 1/10 σ(ttH)

hep-ph/0106293

(dominant !)
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 switching off either gHtt       or gHWW   

13

q̄0 ! tbH. We obtain (summing up cross sections over the two charge-conjugated
channels), at

p
s = 14 TeV,

(s-channel)
(t-channel) (W-assoc.)

Ct=0

SM

CW=0

Ct=0

CW=0
CW=0

Ct=0

SM

SM

 t-channel ( pp ➜ t H q ) most sensitive  
 to  gHtt and gHWW  variations
 largest cross sections !

hep-ph/0106293

σt (Ct= 1) =  72 fb
σt (Ct= 0) = 280 fb
σt (Ct=-1) = 890 fb

σW (Ct= 1) =  16 fb
σW (Ct= 0) =  35 fb
σW (Ct= -1)= 140 fb

σs (Ct= 1) =   2.3 fb
σs (Ct= 0) = 0.39 fb
σs (Ct= -1)=  1.5 fb

SM ➜ SM ➜ SM ➜

(CW=1)

q q ’

tb

H

W

W

q q’

tb

H
W

Ct=0 CW=0

(CW=1) (CW=1)

mH mH

σ/σSM
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σ(pp➜ t H q)   vs   Ct

14

q q ’

tb
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W

q q’

tb

H
W

 Ct =+1 (SM)  ➜  Ct =-1
increases tHq  production 
rates by factor  ~ 13  

1.510.50
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Ct

�
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p

strong 
destructive 
interference
in the SM !

p
s = 8 TeV

prompted  
dedicated  studies !

σt (SM) =  15  fb

(BGM)
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S. Biswas,  E. Gabrielli,  B.M.     (BGM)                            (H ➜ γγ + top (had))  
“Single top and Higgs associated production as a probe 
 of the Htt coupling sign at the LHC”,     JHEP 01 (2013) 088   [arXiv:1211.0499]

M.Farina,  C.Grojean,  F.Maltoni,  E.Salvioni,  A.Thamm,       (H ➜ bb+top (lep))
“Lifting degeneracies in Higgs couplings using single top production in association 
with a Higgs boson”,                               JHEP 05 (2013) 022  [arXiv:1211.3736]

S. Biswas,  E. Gabrielli,  F. Margaroli,  B.M.    (BGMM)          (H ➜ γγ, WW, τ	  τ)
 “Direct constraints on the Htt coupling from the 8 TeV LHC data”, 
                                                               JHEP 07 (2013) 073   [arXiv:1304.1822] 
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main  references on  tHq sensitivity to  Cf  sign

main  focus here  on  BGMM  results : 
sensitivity to  Ct sign 

of  present  7 + 8 TeV  data  set !
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premise

most of plots in the following  shows 
Ct  dependence  (at  fixed  CV=1)

easy to see that in  (single-top + Higgs)  production :

 ➜ straightforward to get CV- from Ct-dependence !

what is  physical  is the relative sign of  gHff  and  gHVV

we will assume CV > 0  following  exp.s’  fits
 2 benchmark scenarios :

 universal  Cf  (=Ct)    (described first, and more extensively)

  free  Ct , and  SM-like  Cb=Cc=Cτ= 1

16

2 Coupling parameter setups

In the analysis of the potential of the channel p p ! t q H ! t q �� at the LHC, we will focus
on the dependence on both magnitude and sign of the Ct scale factor. Nevertheless, our results
on the p p ! t q H cross sections can straightforwardly be extended to a larger framework,
where the W coupling factor CW has a non-standard value. This follows from the CW and Ct

dependence of the relevant production rates for the q b ! t q0H process:

d � = d �(CW , Ct) = |CW |2 d �(1, Ct/CW ) . (4)

Hence, the critical parameter for cross sections in the present study is the relative phase of the
Ct and CW scale factors, while a further variation in the W coupling magnitude |CW | will just
a↵ect the production rate normalization. From now on, we will then assume CW = CV = 1.

Of course, the CV and Cf setup have an impact not only on the Higgs production cross
section but also on the branching ratio

BR�� ⌘ BR(H ! ��) (5)

that enters the p p ! t q �� event rates. In order to make our results as model independent as
possible, we will consider two di↵erent parameter setups :

• Universal Yukawa rescaling, that is assuming just one free parameter Cf = Ct (and
CV = 1) both in production and decay amplitudes. BR�� is then a function of Ct, which
enters both the H ! �� width and the Higgs total width through Cf ;

• Ct and BR�� as independent parameters (and CV = 1), with Ct a↵ecting only production
cross sections, and BR�� describing the overall e↵ect of new physics on the Higgs decay
rate.

All the remaining couplings and physical degrees of freedom entering this study will be just the
SM ones. The final results for the two setups can be easily related by just rescaling the event
rates by the proper BR�� ratio.

3 Signal production rates versus Ct

In this section, we study the p p ! t q H cross section dependence on the Ct scaling factor,
assuming CV = 1. From now on, all the numerical cross sections discussed will refer to the
hadronic p p collisions, even when the partonic initial state is shown. In order to compute
the production rates at leading order, we used the MADGRAPH5 (v1.3.33) software package
[26], with the CTEQ6L1 parton distribution functions [27]. We set both the factorization and
renormalization scales at the value Q = 1

2(mH + mt) for the p p ! t q H signal, where mt is

4
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 combination  of  3-object  products:
forward light jet  (➜ rapidity-cut)

 t ➜ W (had, lept) +  b-jet  (tagged)
 

tHq  signatures  under  scrutiny

17

q q ’

tb

H

W

W

q q’

tb

H
W H ➜ γγ, WW, τ	  τ	   

H ! �� , H

, H ! WW ⇤ ! `⌫`0⌫, `⌫ qq0 , H

, H ! ⌧⌧ ! `⌫⌫ `0⌫⌫, `⌫⌫ + had(s) ,

Higgs most robust 
signatures at 

reach at 8 TeV !

H ! �� , H

, H ! WW ⇤ ! `⌫`0⌫, `⌫ qq0 , H

, H ! ⌧⌧ ! `⌫⌫ `0⌫⌫, `⌫⌫ + had(s) ,



Barbara Mele Trento,  18  September  2013

pheno  mostly  ruled  by  σ/σSM and 
BRi/BRiSM   behavior   versus  Ct

18

, RBR��,WW,⌧⌧ =
BR��,WW,⌧⌧

(BR��,WW,⌧⌧ )SM
R� =

�

�SM

R�·BR��,WW,⌧⌧ =
� · BR��,WW,⌧⌧

(� · BR��,WW,⌧⌧ )SM

signal strength vs Ct :
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BRi/BRiSM and σi/σiSM  vs  Ct

19

BRγγ and BRWW  mostly ruled by 1/ΓH ~1/(Γb+ Γτ) ~1/Ct2 
➜ enhancement for |Ct| ➜ 0 in  (asym.)  BRγγ  and   BRWW

 σ/σSM  levels up corresponding signal strengths for Ct < 0 !
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changing  Cv in BRi/BRiSM and σi/σiSM
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tHq  signal (H ➜ γγ, WW, τ	  τ)	  	  vs bckgr
parton level study  (MadGraph 5)
includes mostly irreducible bckgr’s  
➜ fair approx. for multi-photon / multi-lepton final 
states
list of included signal final states :

2 photons + jet (forward) + b-jet + jets

2 photons  + lepton + jet (forward) + b-jet + jet

3 leptons + jet (forward) + b-jet

2 Same-Sign leptons + jet (forward) + b-jet + jets

always requires a forward light-jet and a b-jet tagging
no requirement on ETmiss  from neutrinos
studies (combined)                  versus  (CV, Ct)  
at  √S =8TeV  for 50 fb-1  (~ present ATLAS + CMS data set)

21

S/
p
(S +B)

BGMM
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bckgr studies : H ➜ γγ  + top (had)
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±
p
s = 8 TeV (50 fb�1) Signal (S) Background (B)

Cut Ct = �1 Ct = 0 Ct = 1 2� tj 2� tt̄ tt̄H 2� b 3j Total

2� + b+ (� 3 j) 6.4 5.1 0.18 8.2 9.2 1.6 249 268
|⌘jF | > 2.5 & pTjF

> 30 GeV 3.0 2.5 0.08 3.3 0.32 0.06 22 26
|Mbjj �mt| < 20 GeV 3.0 2.4 0.08 2.8 0.20 0.02 4.5 7.5

|Mjj(top) �MW | < 15 GeV 2.8 2.3 0.07 3.2 0.19 0.02 1.8 5.2
|M�� �mH | < 3 GeV 2.8 2.3 0.07 0.12 0.02 0.02 0.57 0.73

S/
p
S +B 1.5 1.3 0.08

p�1T > 40 GeV, p�2T > 30 GeV, pj,bT > 25 GeV, |⌘�,b| < 2.5, |⌘j| < 4.5.

�Ri,j =
q
�⌘2i,j +��2

i,j > 0.4 ,

• pp ! 2 � + t+ j;

• pp ! H(! ��) + tt̄;

• pp ! 2 � + t̄ t;

• pp ! 2 � + b+ 3 j.

event numbers

BGMM

for any photon/ lepton/ parton pair 
in all channels

(universal Cf scenario)
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H-> gamma gamma
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bckgr studies : H ➜ γγ + top (lept)

24

p
s = 8 TeV (50 fb�1) Signal (S) Background (B)

Cut Ct = �1 Ct = 0 Ct = 1 2� tj 2� tt̄ tt̄H 2�W bj Total

2� + `+ b (� ,j) 3.01 2.35 0.08 7.0 6.5 0.8 5.0 19.3
|M�� �mH | < 3 GeV 3.01 2.35 0.08 0.16 0.18 0.77 0.09 1.20

|⌘jF | > 1.5 2.54 2.01 0.06 0.12 0.04 0.15 0.03 0.34
S/

p
S +B 1.5 1.4 0.09

p�T > 20 GeV, pµT > 20 GeV, pe,j,bT > 25 GeV, |⌘�,l,b| < 2.5, |⌘j| < 4.5.

• pp ! 2 � + t+ j;

• pp ! H(! ��) + tt̄;

• pp ! 2 � + t̄ t;

• pp ! 2 � +W + b+ j.

event numbers

BGMM
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(H ➜ WW, τ	  τ	  	  	  	  	  	  3 leptons)

bckgr studies : 
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p
s = 8 TeV (50 fb�1) Signal (S) Background (B)

Cut Ct = �1 Ct = 0 Ct = 1 tt̄W tt̄Z tt̄H tWWj Total

`±i `
±
i `

⌥
j bq 0.96 0.81 0.06 3.69 0.14 1.07 0.04 4.94

|⌘Fj | > 1.5 0.81 0.70 0.05 0.64 – 0.18 0.01 0.83
S/

p
S +B 0.63 0.57 0.05

Signal (S) Backgrounds (B)

Ct = �1 Ct = 0 Ct = 1 tt̄W tt̄Z tt̄H tWWj Total

`±i `
±
j `

⌥
j bq 3.11 2.58 0.18 12.2 43.5 3.3 0.2 59.2

|⌘Fj | > 1.5 2.72 2.22 0.14 2.6 11.0 0.6 0.1 14.3
M`+j `�j

/2 [86.2, 96.2] GeV 2.16 1.76 0.11 2.0 0.2 0.4 - 2.6

S/
p
S +B 0.99 0.88 0.07

N` = 3 p`T > 20 GeV, p
(j,b)
T > 20 GeV |⌘`,b| < 2.5, |⌘j| < 4.5 ,

• pp ! tt̄+W ;

• pp ! tt̄+ Z;

• pp ! tt̄+H;

• pp ! t+WW + j;

• pp ! t+WZ + j;

• pp ! b+WZ + j;

• pp ! b+WWZ .

, with H ! `⌫(⌫)`⌫(⌫) and
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3.2 H ! WW ⇤ and H ! ⌧⌧

Several combinations of number and charge of leptons are available in the p p ! t q H!
bWqWW, bWq ⌧⌧ final states. We will narrow our study to the ones that are of larger potential
in terms both of sensitivity to a signal, and in robustness against poorly known backgrounds,
i.e. events where at least two W/⌧ decay leptonically. As BR(H ! ⌧⌧) is approximately a fac-
tor 3 smaller than BR(H ! WW ⇤), in the SM, and the ⌧ branching ratio in electrons/muons
is larger than BR(W ! e(µ) ⌫), the final states with multi leptons will in general be sensitive
to a mixture of W and ⌧ .

3.2.1 Final state with three charged leptons

The final state in this case is 3 ` + b + j (with ` = e or µ). Two of the three leptons have
their origin from the decays of two W ’s or ⌧ ’s coming from the Higgs decay, and the additional
prompt lepton comes from the top semileptonic decay. The irreducible backgrounds which
contribute to this final state are:

• pp ! tt̄+W ;

• pp ! tt̄+ Z;

• pp ! tt̄+H;

• pp ! t+WW + j;

• pp ! t+WZ + j;

• pp ! b+WZ + j;

• pp ! b+WWZ .

We impose the following event selection criteria

N` = 3 p`T > 20 GeV, p
(j,b)
T > 20 GeV |⌘`,b| < 2.5, |⌘j| < 4.5 , (17)

which has a large acceptance to the signal, while keeping large rejection for the above back-
grounds. Similarly to the other channels investigated, all final state particles are required to
be su�ciently isolated by imposing the isolation criteria in Eq.(15). A rapidity cut |⌘| > 1.5
on the forward jet has also been applied.

In connection to di↵erences in the backgrounds, it is useful to discriminate among two
di↵erent sets of tri-lepton signatures, depending on the combination of charges and flavors of
the leptons. In particular:

• e±e±µ⌥ and µ±µ±e⌥ signatures, where out of three leptons, two leptons have the same
charge and same flavor, while the third one has opposite charge and di↵erent flavor. This
final state is defined here as `±i `

±
i `

⌥
j + b+ jets (with i 6= j).
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We impose the following event selection criteria
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T > 20 GeV |⌘`,b| < 2.5, |⌘j| < 4.5 , (17)

which has a large acceptance to the signal, while keeping large rejection for the above back-
grounds. Similarly to the other channels investigated, all final state particles are required to
be su�ciently isolated by imposing the isolation criteria in Eq.(15). A rapidity cut |⌘| > 1.5
on the forward jet has also been applied.

In connection to di↵erences in the backgrounds, it is useful to discriminate among two
di↵erent sets of tri-lepton signatures, depending on the combination of charges and flavors of
the leptons. In particular:
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• The complementary signature to the above 3-lepton one, defined as `±i `
±
j `

⌥
j + b+ jets.

p
s = 8 TeV (50 fb�1) Signal (S) Background (B)

Cut Ct = �1 Ct = 0 Ct = 1 tt̄W tt̄Z tt̄H tWWj Total

`±i `
±
i `

⌥
j bq 0.96 0.81 0.06 3.69 0.14 1.07 0.04 4.94

|⌘Fj | > 1.5 0.81 0.70 0.05 0.64 – 0.18 0.01 0.83
S/

p
S +B 0.63 0.57 0.05

Signal (S) Backgrounds (B)

Ct = �1 Ct = 0 Ct = 1 tt̄W tt̄Z tt̄H tWWj Total

`±i `
±
j `

⌥
j bq 3.11 2.58 0.18 12.2 43.5 3.3 0.2 59.2

|⌘Fj | > 1.5 2.72 2.22 0.14 2.6 11.0 0.6 0.1 14.3
M`+j `�j

/2 [86.2, 96.2] GeV 2.16 1.76 0.11 2.0 0.2 0.4 - 2.6

S/
p
S +B 0.99 0.88 0.07

Table 3: Same as in Table 1, but for the signal p p ! t q H, with H ! `⌫(⌫)`⌫(⌫) and t ! b`⌫,
and corresponding irreducible backgrounds.

A large fraction of the background is characterized by the emission of a Z vector boson in
place of the Higgs boson. Then, in order to suppress the latter backgrounds, the invariant mass
of two opposite-sign (same-flavor) leptons is required to be M`+`� /2 [86.2, 96.2].

In Table 3, we show our results for the event yields, under three di↵erent Ct assumptions,
and the corresponding background yields. The extra background contribution coming from
tWZ, bWZj, bWWZ processes, arising in events where the opposite sign leptons share the
same flavor, is e↵ectively suppressed to a negligible level once the Z mass veto is applied. The
relative contribution of p p ! t q H with H ! WW ⇤ and H ! ⌧⌧ to the tri-lepton signal is
approximately 2 to 1.

3.2.2 Final state with two same-sign leptons

The final state in this case is `±`±b qqq (with ` = e or µ). In order to achieve the same-sign
dilepton production, one of the charged leptons must arise from the top decay, while the other
from the leptonic decay of the W (or ⌧) that shares the sign with the W coming from the top
quark. The main backgrounds in this channel are, in order of importance:

• pp ! tt̄+W ;

• pp ! tt̄+ Z;

• pp ! tt̄+H;

• pp ! t+WW + j;

• pp ! t+W + jjj.
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bckgr studies :      
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p
s = 8TeV (50 fb�1) Signal (S) Backgrounds (B)

Cut Ct = �1 Ct = 0 Ct = 1 tt̄W tt̄Z tt̄H tWWj tW 3j Total

`±`±bqqq 7.8 6.3 0.53 45.1 3.7 8.4 0.5 0.3 57.9
|⌘Fj | > 1.5 GeV 6.6 5.4 0.42 11.3 0.6 1.8 0.2 0.1 13.9
S/

p
S +B 1.5 1.3 0.11

N` = 2 p`T > 20 GeV, p
(j,b)
T > 20 GeV |⌘`,b| < 2.5, |⌘j| < 4.5 ,

• pp ! tt̄+W ;

• pp ! tt̄+ Z;

• pp ! tt̄+H;

• pp ! t+WW + j;

• pp ! t+W + jjj.
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) and t ! b`⌫,H !⌫, `⌫ qq0, and⌫⌫, `⌫⌫ + had(s) , leading to the following

(H ➜ WW, τ	  τ	  	  ;	  	  	  2 SS leptons)
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             close to 3 at Ct ~-1 ;    > 2.5 for -1.5<Ct<0
best single channels : 2 photons and SS leptons
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C h an n e l s T o t al

Process ��bqqq0 ��b`q0 `±i `
±
i `

⌥
j bq

0 `±i `
±
j `

⌥
j bq

0 `±`±bqqq0

Ct = �1.5
S 2.6 2.4 0.91 2.4 3.6 11.9
B 0.78 0.69 0.86 2.7 14.3 19.3
S/

p
S +B 1.4 1.4 0.68 1.1 0.85 2.5

Ct = �1
S 2.8 2.5 0.81 2.2 6.6 14.9
B 0.76 0.56 0.83 2.6 14.0 18.8
S/

p
S +B 1.5 1.4 0.63 1.0 1.5 2.8

Ct = 0
S 2.3 2.0 0.70 1.8 5.4 12.2
B 0.71 0.19 0.65 2.2 12.2 15.9
S/

p
S +B 1.3 1.4 0.60 0.90 1.3 2.5

Ct = 0.3
S 1.0 0.80 0.33 0.84 2.5 5.5
B 0.72 0.25 0.70 2.3 12.7 16.7
S/

p
S +B 0.76 0.78 0.33 0.47 0.64 1.4

combination

BGMM

Channels Total

Process ��bqqq0 ��b`q0 `±i `
±
i `

⌥
j bq

0 `±i `
±
j `

⌥
j bq

0 `±`±bqqq0

Ct = �1.5
S 2.6 2.4 0.91 2.4 3.6 11.9
B 1.04 0.73 0.86 2.7 14.3 19.6
S/

p
S +B 1.4 1.4 0.68 1.1 0.85 2.5

Ct = �1
S 2.8 2.5 0.81 2.2 6.6 14.9
B 1.02 0.60 0.83 2.6 14.0 19.1
S/

p
S +B 1.4 1.4 0.63 1.0 1.5 2.8

Ct = 0
S 2.3 2.0 0.70 1.8 5.4 12.2
B 0.97 0.23 0.65 2.2 12.2 16.2
S/

p
S +B 1.3 1.3 0.60 0.90 1.3 2.5

Ct = 0.3
S 1.0 0.80 0.33 0.84 2.5 5.5
B 0.98 0.29 0.70 2.3 12.7 17.0
S/

p
S +B 0.71 0.77 0.33 0.47 0.64 1.4

Table 5: Event rates (S) for the signal p p ! t q H, for di↵erent Ct values and Cf = Ct (at
CV ' 1), in the five di↵erent final states corresponding to the decays H ! ��, WW ⇤, ⌧⌧ , with
integrated luminosity of 50 fb�1 at 8 TeV. The corresponding background rates (B) and related
significances are also detailed. The total significance (last column) is obtained by summing up
in quadrature individual significances.
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exclusion potential in (CV,Ct) plane

28

BGMM covers all critical  
Cf < 0  region !

8 TeV,  50 fb-1

(universal Cf scenario)

H ➜ γγ, WW, τ	  τ

ATLAS-CONF-2013-034 CMS PAS HIG-12-045
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comparison with H ➜ bb potential (8TeV)
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Figure 8: Example of a Feynman diagram contributing to the signal with three b-tags. The
final-state particles are explicitly shown.

Figure 9: Rapidity distributions for the final-state particles (the lepton and the b from the
top quark, the b’s from the Higgs, and the jet) in the t-channel at the LHC.
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3-b tag
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Figure 10: Reducible backgrounds in the 3b-tag analysis coming from the production of a tt̄
pair and jets. The c quark coming from the decay of a W is misidentified as a b quark. In
tt̄ production (a) the s quark is the forward jet while in tt̄j production (b) the s-quark jet
is missed.

g

b

b

b

b

t

h

W+
W

q

q"

l+

ν

Figure 11: Example of a Feynman diagram contributing to the signal in the 4b-tag analysis.
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Figure 12: Reducible background in the 4b-tag analysis coming from the production of tt̄bb̄.
One of the quarks coming from the W is missed while the other provides the forward tag.
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4-b tag

Signal Backgrounds

Cuts cF = 1 cF = �1 Total tZj tbbj tt ttj

Acceptance Cuts + ✏ 0.18 2.88 600.81 0.61 1.01 456.40 142.80
|mbb �mh| < 15 GeV 0.15 2.55 245.95 0.02 0.11 184.2 61.65

mbbj > 270 GeV 0.10 2.02 31.78 0.01 0.08 0. 30.68
|⌘j | > 1.7 0.08 1.70 17.98 0.01 0.06 0. 17.24

Events at 25 fb�1 1.9 42.5 449.4

Table 3: Cross sections in fb for the 3 b-tag case at 8 TeV. In the event line backgrounds are

Signal Backgrounds

Cuts cF = 1 cF = �1 Total tZb̄j tbb̄b̄j tt̄bb̄ tt̄bb̄ (mis) tt̄j

Acceptance Cuts + ✏ 0.043 0.63 7.81 0.11 0.26 2.66 2.25 2.54
|mbb �mh| < 15 GeV 0.039 0.58 4.06 0.03 0.08 0.94 1.29 1.71
min mbb > 110 GeV 0.023 0.30 0.67 0.002 0.015 0.20 0.44 0.
min mbj > 180 GeV 0.008 0.15 0.014 0. 0.007 0.002 0.004 0.

Events at 25 fb�1 0.2 3.8 0.4

Table 5: Cross sections in fb for the 4 b -tag case at 8 TeV. In the event line backgrounds are

arXiv:1211.3736

challenging !

(universal Cf scenario)
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comparison with H ➜ bb potential (8TeV)
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Figure 6: Regions of the (cV , cF ) plane excluded at 95% CL by our analysis of th ! hbb̄ (3
and 4 b final states combined), at 8 TeV (left) and 14TeV (right), assuming an integrated
luminosity of 25 fb�1 and 50 fb�1 (dashed and solid respectively). The 68% and 95% CL
contours of a fit to current Higgs data are also shown, in green and yellow respectively. A
universal rescaling by cF of the Higgs coupling to fermions is assumed. The Higgs coupling fit
is based on the data reported by ATLAS, CMS and Tevatron after ICHEP 2012 and collected
in Ref. [28].

now is therefore to systematically identify additional processes that could complement the
first LHC information and lift degeneracies appearing in Higgs coupling fits.

In this Letter, we have studied single top production in association with a Higgs boson,
focussing on the Higgs decay into bb̄. We discussed the form of the amplitude of the hard
scattering process Wb ! th, showing that for nonstandard couplings of the Higgs to the W
boson and/or to the top quark a striking enhancement of the cross section can be obtained. The
enhancement is due to the non-cancellation of terms that grow with energy in the amplitude
and lead to violation of perturbative unitarity at some UV scale. We estimate the cuto↵ scale
to be at least 10TeV, concluding that corrections to our computation of the cross section from
physics at the cuto↵ are always negligible.

We have performed a parton-level study of the LHC signal processes pp ! thj and
pp ! thjb, and of the corresponding irreducible and some of the most relevant reducible
backgrounds. The combination of the two final states, containing 3 and 4 b-jets respectively,
shows that if a universal rescaling cF of the fermion couplings is assumed, already at 8 TeV
parts of the preferred region with cF < 0 can be excluded. On the other hand, a moderate lu-
minosity of 50 fb�1 at 14 TeV can conclusively remove the degeneracy between the two regions
that are at the present time preferred by Higgs data, reaching a 4.1 � exclusion of the best
fit point with negative cF . In addition, we investigated the case where only the htt̄ coupling
di↵ers from its SM value while the other Yukawa couplings are standard. Here, the best fit
region with negative top Yukawa coupling can be completely excluded at 8 TeV with 25 fb�1,

12

arXiv:1211.3736

50 fb-1

25 fb-18 TeV,  50 fb-1

(universal Cf scenario)

some complementarity, since H ➜ bb drops at small |Cf| 
where γγ and WW are enhanced

at this stage H ➜ γγ, WW, τ	  τ	  	  looks more promising ! 

ATLAS+CMS 95% CL
ICHEP 2012

H ➜ bbH ➜ γγ, WW, τ	  τ
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BRi/BRiSM and σi/σiSM  vs  Ct  (Cf≠t=1)
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changing  Cv in BRi/BRiSM and σi/σiSM
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comparison with H ➜ bb potential (8TeV)
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Figure 7: Regions of the (cV , ct) plane excluded at 95% CL by our analysis of th ! hbb̄ (3 and 4

b final states combined), at 8 TeV (left) and 14TeV (right), assuming an integrated luminosity

of 25 fb�1 and 50 fb�1 (dashed and solid respectively). The 68% and 95% CL contours of a

fit to current Higgs data are also shown, in green and yellow respectively. The top Yukawa is

assumed to be rescaled by ct, while we have set cb = c⌧ = 1. The Higgs coupling fit is based on

the data reported by ATLAS, CMS and Tevatron after ICHEP 2012 and collected in Ref. [28].

reaching a 2.9 � exclusion of the best fit point with ct < 0.

Our results therefore motivate the undertaking of a full-fledged analysis by the ATLAS

and CMS collaborations on one side, and the improvement on the accuracy of the theoretical

predictions on the other. In the former case, in addition to having a complete simulation of

th events, one could also study the possibility of improving the signal over background ratio

by using further discriminating variables (such as for example the di↵erent rates for th and t̄h

with respect to the main backgrounds which are symmetric) or multivariate analyses. On the

latter, it would be certainly interesting to evaluate the (possibly significant) impact of NLO

QCD corrections to signal and irreducible backgrounds, i.e., thj and tZj, a task that can now

be accomplished in a fully automatic way [15,29–31].

Further information on the Higgs couplings to heavy quarks could also come from other

processes at the LHC. One example is double Higgs production, gg ! hh. This process

proceeds through a triangle and a box diagram, which, again, interfere destructively in the

SM and therefore result in a sensitive probe of the Higgs-heavy quarks interactions, see, e.g.,

Refs. [32–34]. Finally we remark that complementary information could a priori also come

from the observation of Bs ! µ+µ� very recently reported by LHCb [35]. The measured

value of BR(Bs ! µ+µ�) agrees well with the SM prediction [36]. The SM contribution is

actually dominated by the interactions associated to the top Yukawa coupling and therefore

this measurement could be naively expected to provide a good probe of any deviation of the top

Yukawa itself. However, only the Yukawa interactions between the Goldstone bosons and the

quarks contribute to this process. What we have proposed to probe via th production is rather

13

free  Ct with  Cf ≠ t = 1  scenario

arXiv:1211.3736

BGMM

8 TeV,  50 fb-1

H ➜ bb  keeps now good rates at small |Cf| 

H ➜ γγ, WW, τ	  τ	  	  	  weaker  at   CV < 1 !

H ➜ bb
H ➜ γγ, WW, τ	  τ
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Outlook
Higgs coupling fits still subject to substantial 
fluctuations   (see this-year CMS update ...)

not yet clear when the (BSM) Cf < 0 region will be 
excluded  by “traditional” fits

p p ➜ t H q  production seems to be an excellent probe 
of the  negative Cf  region

combining multi-photon and multi-lepton channels could  
have a great potential even with the present data set

full simulation plus possible improvements (ex. hadronic 
tau decays)  needed to realistically assess 
the  p p ➜ t H q  potential  at 8 TeV and beyond !
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CMS  gHXX  fit
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Couplings: κV, κf 

50"Chiara&Mario)&

@ mH = 125.7 
 
&Γ(H!&γγ) ~&|α κV&+&β κf|

2&&,&&α/β = �&0.2&
 ΓBSM = 0 

CMS PAS HIG-12-045

Vκ
0.0 0.5 1.0 1.5

Fκ

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0 CMS Preliminary -1 = 8 TeV, L = 12.2 fbs  -1 = 7 TeV, L = 5.1 fbs

CMS PAS HIG-13-005

(universal Cf scenario)

(18 April )


