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The phenomenological implications of the Standard Model (SM) are governed by the accidental 
symmetry structure of the dimension-4 Lagrangian. In this talk I discuss the next order in 
an expansion in fields and in derivatives, that parametrize the largest effects of heavy physics 
beyond the SM. The remaining symmetries of this dimension-6 Lagrangian imply relations 
between experimental observables that should be used to test the consistency of deviations 
from the SM, to design new physics searches and to make them more sensitive. 

1 Motivation 

The Higgs bosons discovery marks the culmination of searches for the Standard Model (SM) of 
particle physics. All of the SM sectors have finally been probed and most of its parameters 
accessed experimentally, with different levels of precision. At the same time direct searches for 
physics beyond the SM (BSM) have been unsuccessful, suggesting the existence of a mass gap 
between the SM states and any possible mass scale characteristic of the new physics sector. 

In this situation, where the energy of our experiments seems to be insufficient to produce 
BSM degrees of freedom on-shell, we can still hope that their virtual exchange induces some 
visible effects, as modifications of the interactions between SM states. This represents the main 
motivation to perform SM precision tests. 

For these tests to bear any quantitative physical significance and for their results to be readily 
interpretable in the framework of searches for new physics, an appropriate parametrization of the 
possible departures from the SM is necessary. This parametrization is naturally provided by an 
SM effective field theory (EFT), which groups all possible interaction among the SM fields in a 
series expansion in inverse powers of the scale of new physics A: Leff = L4 + £5 + · · · , where 
L4 is made of dimension-4 operators and defines what we call the SM Lagrangian, while £5, that 
contains dimension-6 operators suppressed by A 2 , gives the leading BSM effects.a From a bottom­
up perspective, these interactions can be considered necessary and their coefficients (the scales 
associated with each of them) can be fixed only through experiments, in the same way as one fixes 
the SM input parameters through precise measurements of the input observables (a, mz, G F, . . .  ) . 
From a top-bottom perspective, on the other hand, specific BSM models can be matched straight­
forwardly to the EFT description, by integrating out the relevant massive particles. This twofold 

a Assuming lepton and baryon number conservation. 



interpretation of the EFT parametrization, makes it a suitable tool to characterize departures from 
the SM in such a way that precision SM tests can be turned into searching tools and their results 
compared with other direct or indirect searches. 

In this note I review the leading departures from the SM in an EFT description. Interestingly, 
of the many accidental symmetries and relations that define the SM Lagrangian, some resist at the 
leading order in the EFT expansion (equivalently: the number of observables affected by the leading 
EFT effects, is smaller than the number of operators characterizing the leading EFT Lagrangian) .  
For this reason the EFT analysis implies some relations between observables (the analog of, e.g., 
the SM relation mw = mz / cos ew ) ,  that represent an important piece of information about the 
BSM structure. In fact, these relations can be used the test the assumptions behind the EFT 
(e.g. a separation of scales or the exactness of the SM symmetries); alternatively, they can be 
used to identify the directions that have been weakly probed by current and past experiments and 
understand which observables deserve particular attention. 

2 BSM Primaries 

There are several possibilities to write £5. From a top-bottom perspective, different operator bases 
for £5 can facilitate the comparison with explicit BSM scenarios. For instance, the SILH basis 1 

was constructed to capture the effects of universal theories (where the new physics couples only 
to bosons) , such as SUSY or Composite Higg:f, while the basis of Ref. 4 makes the matching with 
theories with (partially) composite fermions more straightforward. From a bottom-up perspective, 
however, these formulations are all equivalent as one is only interested in complete sets of opera­
tors. In fact, from this point of view, we can treat £5 in exact analogy with the SM Lagrangian 
£4: we chose the most precise experiments to fix its parameters (for the SM, £4, we typically 
take a, mz, Gp, . . .  ) and then express all other observables in terms of these input parameters 
(observables in terms of observables). To this end, we must identify a set of well-measured input 
observables (which are actually affected by the modifications implied in £5) that allows us to fix 
the parameters in £5. This matching between coefficients in £5 and well-measured observables 
was performed in Refs. 5,5,7 and named BSM Primaries basis, and I summarize it here. 

The first important step is to recognize that there is a class of BSM operators, which in the 
gauge eigenstate basis corresponds to operators of the form IHl2 x £sM, which can only be tested 
in Higgs physics 6'10• In fact, when these operators are measured in the vacuum (h) = v, they can 
be absorbed into a redefinition of some SM parameter and they have, therefore, no physical effect. 
The number of such operators equals the number of SM parameters which, if we limit ourselves to 
CP conserving quantities and a diagonal flavor structure', reduces to eight, which we write as: 
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•see Refs.2•3, and references therein, for analysis of the contributions to the EFT of Supersymmetric and Com­
posite Higgs models ''' . 

cThese arguments can be easily extended to higher-order effects in a Minimal Flavor Violation (MFV") expansion6 
or to more complicated flavor structures12 • 
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where f = u, d, e runs over different types of fermion. Here, I denote h = v + h( x) the Higgs 
field, where h denotes the physical Higgs degree of freedom; �h includes interaction which are 
irrelevant for experiments in the near future" and I define Zµv = Zµv - igcew w1tw:i , Aµv = Aµv -
igsew w1tw:i and W:Z, = W:Z, ± igW1!(sewA + cewZ)v] · Written in this way, £6 is automatically 
ready to incorporate the experimental information from measurements of the Higgs decay and 
production rates: measurements of the rates h -+ 1Z, //, ff, the production channel GG -+ h and 
the - custodial preserving - hVµ Vµ and h3 vertices (the latter not yet accessible) ,  allow to fix the 
parameters {K,,z, Kl'/' ' Og�u' Ogad, Og�e ' KGG, Og�V ' Og3h}· Notice that in the above expressions, and 
throughout this note, I absorb powers of mi/ Ar or v2 /A 2 into the coefficients Ki and 8gi: in this 
way, for the EFT to make sense, we expect Ki, 8gi « 1. Unfortunately (see e.g. Refs. 8•9•13) this is 
not the case for the 8gi couplings at present, implying that the use of the EFT parametrization in 
this case is not yet justified. However, for the Ki couplings the constraints are already very stringent: 
at the 953 C.L.8•13•6 Kn E [-1.3, 1.8] x 10-3 , Kz,, E [-2, 4] x 10-2 , KGG E [-1, l] x 10-2 . Then, 
Eqs. (1-6) automatically imply a prediction that the coefficient of structures like hZµvzµv, which 
modifies the differential distribution of h -+ ZZ* (see below) , receives contributions from Eq. (1) 
and Eq. (2) , but this contribution is limited within the range of given above. A second class of 
BSM effects contained in £6 can instead be measured both in Higgs physics and in the vacuum. In 
the language of effective operators, these effects are associated with structures like Ht O"a H, which 
transforms non-trivially under SU(2)L and implies measurable EWSB effects for (h) = v. In this 
case, at present, the measurement of these effects is more easily performed in the vacuurrf and, 
for this reason, w�2Parametrize this se�lp[ of the effective Lagrangian as, ] A rV _ " Z zµ- + " Z zµ- Cew (w+µ - + h ) u,1..,ee - ugeR2 ER/µER ugeL 2 EL/µeL - r.; VL/µeL .C. v v v 2 

· 2 " z h [zµ- cew (w+µ - h )] +ug,,L v2 VL /µVL + v'2 VL /µEL + .c. ' (7) 

' 2 ' 2 ' 2 " z h µ - " z h µd- d " z h [ µ - cew ( +µ - )] uguR2z UR/µUR + ugdR2z RIµ R + ugdL 2 z dL/µdL - Ir. w UL/µdL + h.c. v v v v 2 
' 2 " z h [ µ - cew ( +µ - )] +ug,,,L v2 z UL /µUL + v'2 w UL /µdL + h.c. 

ligf [igcew( zµ (w+vw;v-h.c.) + zµvw:w;) 

all these effects, in the vacuum, can be measured as modifications of SM couplings (meaning that 
their contribution interferes with the SM in the amplitude-squared) and from a comparison with 
LEPl data, we finc!15 

o9;L = o.4±0·5 x 10-3 , o9;n = -0.1±0·3 x 10-3 , o9; = -i.6±0·8 x 10-3 , (n) 
lig?;,L = -2.6±1.6 X 10-3 , ligfL = 2.3±l X 10-3 , 

lig?;,R = -3.6±3·5 X 10-3 , ligfR = 16.0±5·2 X 10-3 , 
dThis is not necessary true for effects that grow with energy and can be measured in V H associated production 

processes, as discussed in Ref. 14• 

(8) 

(9) 

(10) 



with a correlation matrix reported in Ref.15 ; from LEP2 data, on the other hand, we obtairf 
8g1,z = -o.os:t:g:g� and 8fb1 = O.os:t:g:g! . 

On the other hand, the following effects, which also affect Higgs and EW physics, do not 
interfere with the SM: 

A 2 
n£w -8 w h w+- µd h R - 9n v2 ,, UR"f R + .c. , 
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" z (,.,, - µv z cew - µvd w+ ) h J + u t;,q .L 3qLCY qR µv + v'2 U£CY R µv + .C. , 

( 12) 

(13) 

for quarks q = u, d, where the coefficients are assumed to be real and T3 denotes weak isospin (and 
similarly for leptons). Here lig}i is expected to be suppressed by both the down- and up-type 
Yukawas in a MFV expansion so that (together with the fact that it doesn't interfere with the SM 
and its contribution is therefore suppressed in inclusive quantities) it can be neglected. On the 
other hand the (j,,,� can be measured in dipole-type experiments and we omit the result here. 

Finally £5 includes interactions that do not involve the Higgs field. In particular 

" £ - i>..-y (( Aµv zµv)w-pw+ J "-" ,\� - 2 e + gcew v pµ , mw 
" £ _ t;,3G GAvGB QC pµ 
"-" 3G - -2-gsEABC µ vp · mw 

(14) 

and four-fermion interactions, which can be found in 10. LEP2 datal5 gives >..1 = O.oo:t:g:g� , while 
"'aG and four-fermion interactions involving quarks can be constrained using dijet searches at the 
LHC 17. Interactions involving leptons and quarks can be constrained at LEP 18 and LHC'·19. 

In summary, Eqs. (1-6) together with Eqs. (7-10), Eqs. ( 12,13), Eq. (14) and the four-fermion 
interactions, offer a complete parametrization of all BSM effects accessible at the leading order 
in an expansion in inverse powers of the new physics scale. They are organized in such a way 
that experimental (input) constraints can be readily implemented and the physical consequences 
quickly extrapolated, as we show in the next section. 

3 Consequences 

The main predictions from this analysis are the following.6•5 First of all, from Eqs. (7,8) it is clear 
that the W ff and Z ff vertices are related at the level of £5, while the W dipole-type interaction 
for the fermions are related to those of A and Z as can be read from Eq. (13). Furthermore, 
there are only 3 types of CP-conserving TGC, characterized by2° 8gf, Ofb1 and >..7 , while QGC are 
related to them through 

z ,SgZ ,SgWW Ogzz ,Sg!Z (jgl = -:Z- = 2 2 WW 2gSZM
Z 1Z (15) 

9sM Cew9SM 9sM 

and Eq. (14). Finally, there are only 8 Higgs BSM primary effects (for one family) ,  given in Eqs. ( 1-
6), while all other Higgs interactions can be written as function of the parameters of £6 discussed 
so far. An interesting example is the differential distribution of h --+ V f f1•22•23•24•25•26,27,28,29 , 
whose amplitude is generically written as 

where q and p are respectively the total 4-momentum of V and the fermion pair in the f'( current 
( J'jL R = h,R'Yµ h,R) , Eµ is the polarization 4-vector of V, and I have defined 

v v -vP2 + Mi v v 1 z:v 1 z:v A! = a1 + a1 2 M2 , Bf = b1 2 M2 + b1 2 (bf = O for V = W) . (17) 
p - v p - v p 

'The extraction of these parameters from data, is complicated by the limited experimental information available, 
as discussed in Refs. 15'16 .  



Now, the coefficients aj and bj are associated with Lagrangian structures, such as hVµv vµv, whose 
coefficient in £5 can be readily read from the expressions in the previous section. For the case of 
h --+  Zll, we find 

8az ----jf E [-0.2, 0.1] , alL 
8az ;R E [-0.2, 0.3] , alR 

oat;, _2 =z E [-8, 7] X 10 , bi;, E [-2 , 5] x 10-2 , alL 
oaf,, _2 -z E [-8, 7] X 10 , bf,, E [-3, 2] X 10-2 , alR 

-z -2 b1L E [-2, 5] , x lO , 

-z 2 b1R E [-2, 5] x 10- . 

Although the allowed range in af is quite large, we notice that their impact on the total am-L,R 
plitude, when summed over lepton chiralities, is much smaller, 2 Ll=lL,lR gkaf / Ll=lL ,lR (gk)2 E 
[-6, 4] x 10-2 . This implies that the expected BSM modification in the differential distribution 
of Higgs decay is already fairly constrained: our analysis sets the goal for future Higgs physics 
experiments to be competitive. 

Interestingly, this differential distribution, although not directly tested by experimental col­
laborations so far, has been probed by measurements of the custodial parameter >.wz during LHC 
Runl. In fact, momentum-dependent deformations of the h VJ f coupling behave differently when 
tested in h --+ Wf J' or h --+ Zf f, because of the difference between mz and mw. In some 
sense, the custodial parameter >.wz is sensitive to the SM custodial symmetry breaking, through 
custodial-preserving momentum-dependent interactions. Through our analysis we find 

>.wz - 1  = 
r(h --+ WW) r8M(h --+ ZZ) z -2 

rSM(h --+ WW) r(h --+ ZZ) 
- 1 � 0.891 - 0.lt;"Y - l .6t;z"Y E [-5, 6] x 10 , 

We see that Eq. (18) puts a bound on >.wz stronger than the experimental limit 8 : (>.wz - 1) E 
[-0.45, 0.15]. 

4 Conclusions 

The SM EFT motivates SM precision tests, providing a framework in which searches for departures 
from the SM can be interpreted as searches for new physics and can be compared with direct 
searches of explicit models. In a bottom-up approach, the parameters characterizing the leading 
BSM piece of this effective Lagrangian, £5, can be fixed through the most precise SM precision 
tests. Then, since the parameters in £5 are less than the observables that are modified by £5, 
we can relate different observables and extract concrete, but generic, predictions. This task is 
facilitated by writing £5 in the BSM Primaries basis, where observables can be written in terms 
of other observables. Using this procedure, we have provided a quantitative prediction for the 
expected variation of the differential distribution of h --+ VJ f decays, for the custodial parameter 
>.wz, for the W couplings to fermions, for quartic gauge couplings and for dipole-type interactions 
involving the W-boson. These relations can be used to understand which observables deserve more 
attention in future experiments and which, instead, are already well measured. 

Acknowledgments 

I thank the organizers of Moriond 2015 for the invitation and for financial support, and I acknowl­
edge support from the Swiss National Science Foundation, under the Ambizione grant PZOOP2 
136932. 

References 

1 .  G. F. Giudice, C. Grojean, A. Pomarol and R. Rattazzi, "The Strongly-Interacting Light 
Higgs," JHEP 0706 (2007) 045 [hep-ph/0703164]. 



2. R. S. Gupta, M. Montull and F. Riva, "SUSY Faces Its Higgs Couplings,'' JHEP 1304 (2013) 
132 [arXiv:1212.5240 [hep-ph]] . 

3. M. Montull, F. Riva, E. Salvioni and R. Torre, "Higgs Couplings in Composite Models,'' 
Phys. Rev. D 88 (2013) 095006 [arXiv:1308.0559 [hep-ph]J .  

4 .  B. Grzadkowski, M. Iskrzynski, M. Misiak and J .  Rosiek, "Dimension-Six Terms in the 
Standard Model Lagrangian,'' .JHEP 1010 (2010) 085 [arXiv:l008.4884 [hep-ph]] .  

5. R .  S .  Gupta, A .  Pomarol and F .  Riva, "Bsm Primary Effects,'' Phys. Rev. D 91 (2015) 3 ,  
035001 [arXiv:1405.0181 [hep-ph]] .  

6 .  A .  Pomarol and F .  Riva, "Towards the Ultimate Sm Fit to Close in on Higgs Physics," .JHEP 
1401 (2014) 151 [arXiv:1308.2803 [hep-ph]] . 

7. E. Masso, "An Effective Guide to Beyond the Standard Model Physics,'' JHEP 1410 (2014) 
128 [arXiv: 1406.6376 [hep-ph]] .  

8 .  [ATLAS Collaboration] , ATLAS-CONF-2013-034. 
9. M. Montull and F. Riva, "Higgs Discovery: the Beginning Or the End of Natural Ewsb?," 

.JHEP 1211 (2012) 018 [arXiv:1207.1716 [hep-ph]] .  
10 . .J. Elias-Miro, J. R.  Espinosa, E. Masso and A. Pomarol, "Higgs Windows to New Physics 

Through D=6 Operators: Constraints and One-Loop Anomalous Dimensions,'' JHEP 1311 
(2013) 066 [arXiv:1308. 1879 [hep-ph]] .  

1 1 .  G. D'Ambrosio, G .  F. Giudice, G. Isidori and A.  Strumia, Nucl. Phys. B 645 (2002) 155. 
12. A. Efrati, A. Falkowski and Y. Soreq, "Electroweak Constraints on Flavorful Effective The­

ories," arXiv:l503.07872 [hep-ph] . 
13. A. Falkowski, F. Riva and A. Urbano, "Higgs at Last," JHEP 1311 (2013) 1 11 . 
14. A. Biektter, A. Knochel, M. Krmer, D. Liu and F. Riva, "Vices and Virtues of Higgs Effective 

Field Theories at Large Energy,'' Phys. Rev. D 91 (2015) 055029. 
15. A. Falkowski and F. Riva, "Model-Independent Precision Constraints on Dimension-6 Oper­

ators,'' JHEP 1502 (2015) 039 [arXiv: 1411.0669 [hep-ph]] .  
16. G .  Brooijmans, R .  Contino, B. Fuks, F. Moortgat, P. Richardson, S .  Sekmen, A .  Weiler and 

A. Alloul et al., "Les Houches 2013: Physics at TeV Colliders: New Physics Working Group 
Report,'' arXiv:1405.1617 [hep-ph] . 

17. 0. Domenech, A. Pomarol and J. Serra, Phys. Rev. D 85 (2012) 074030. 
18. S. Schael et al. [ALEPH and DELPHI and L3 and OPAL and LEP Electroweak Collabora­

tions] , "Electroweak Measurements in Electron-Positron Collisions at W-Boson-Pair Energies 
at Lep,'' Phys. Rept. 532 (2013) 119 [arXiv: 1302.3415 [hep-ex]] .  

19. J. de Blas, M. Chala and J. Santiago, "Global Constraints on Lepton-Quark Contact Inter-
actions,'' Phys. Rev. D 88 (2013) 095011 [arXiv:1307.5068 [hep-ph]] .  

20. K .  Hagiwara, R .  D. Peccei, D. Zeppenfeld and K.  Hikasa, Nucl. Phys. B 282 (1987) 253. 
21 .  S. Choi, D. J. Miller, 2, M. M. Muhlleitner, P. M. Zerwas, Phys. Lett. B 553 (2003) 61. 
22. Q. -H. Cao, , et al.Phys. Rev. D 81 (2010) 015010. 
23. Y. Gao, A. V. Gritsan, Z. Guo, K. Melnikov, M. Schulze and N. V. Tran, Phys. Rev. D 81 

(2010) 075022 [arXiv: lOOl.3396 [hep-ph]J .  
24. D .  Stolarski and R. Vega-Morales, Phys. Rev. D 86 (2012) 117504 
25. G. Isidori, A. V. Manohar and M. Trott, arXiv:1305.0663 [hep-ph] . 
26. G. Isidori and M. Trott, arXiv:1307.4051 [hep-ph] . 
27. B. Grinstein, C. W. Murphy and D. Pirtskhalava, arXiv:1305.6938 [hep-ph] . 
28. M. Gonzalez-Alonso, A. Greljo, G. Isidori and D. Marzocca, "Pseudo-Observables in Higgs 

Decays,'' Eur. Phys. J. C 75 (2015) 3, 128 [arXiv: 1412.6038 [hep-ph]J .  
29. M .  Gonzalez-Alonso, A .  Greljo, G .  Isidori and D .  Marzocca, "Electroweak Bounds on Higgs 

Pseudo-Observables and h -+  4l' Decays," arXiv: 1504.04018 [hep-ph] . 


