Higgs as a BSM probe

David Marzocca

Les Rencontres de Physique de la Vallee d’Aoste, 11/03/2016

,[/A:ag-v-x

‘,._A ._"" E

qCLY

X -

Based on works with various subsets of ' v
{M. Bordone, M. Gonzalez-Alonso A. Greljo, A. Falkowski, G Isidori, J. Lindert, D.M., A. Pattori}

Eur. Phys. J. C75 (2015) 3, 128 arxiv: 1412.6038 Phys.Rev.Lett. 116 (2016) 1, 011801 arxiv: 1508.00581
Eur. Phys. J. C75 (2015) 7, 341 arxiv: 1504.04018 arxiv: 1512.06135 Accepted in Eur. Phys. J
Eur. Phys. J. C75 (2015) 8, 385 arxiv: 1507.02555




Introduction

Run 1 at LHC: discovery of the Higgs and
good measurement of many of its couplings...

The SM is complete.

N = e —_— e — —




Introduction

Run 1 at LHC: discovery of the Higgs and
* | good measurement of many of its couplings...

The SM is complete.

Scale of New Physics is high
Anp > my,




Introduction

Run 1 at LHC: discovery of the Higgs and
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The SM is complete.
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What else can the LHC tells about the Higgs?

Run 2 (and beyond): High Precision Higgs era.

Search for smooth deviations from the SM.



Learning on BSM from the Higgs: 2-step approach

.

Measure all the physical properties of the Higgs,
In production and decay,
with the highest possible accuracy.



Learning on BSM from the Higgs: 2-step approach

.

Measure all the physical properties of the Higgs,
In production and decay,
with the highest possible accuracy.

2

Interpret the results of these measurements
In explicit BSM scenarios to learn about the UV.
Eg. SMEFT, SUSY, Composite Higgs, ...

L=LM4)" %0326 + (dim > 6)



’ LHC Legacy: How to collect all available information on this state,
| in the most general and theoretically unbiased way?
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, LHC Legacy: How to collect all avallable information on this state,
| In the most general and theoretlcally unbiased way’?
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The goal of pseudo observables is to
encode all the experimental information
on a given physical process
in a few parameters with a
well-defined theoretical interpretation.



Higgs PO: QFT definition

Defined from:

decomposition of on-shell amplitudes (NWA),
based on Lorentz invariance, unitarity, and crossing symmetry,

and a momentum expansion (on measurable quantities)
based on analytic properties of the amplitudes (physical poles),
assuming no new light states in the kinematical regime of interest.



Two-body Higgs decays

Higgs PO: parametrize the relevant on-shell amplitude.

f,5M 2 possible Lorentz structures:
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Two-body Higgs decays

Higgs PO: parametrize the relevant on-shell amplitude.

nySM _ Cop 2 possible Lorentz structures:
A(h = ff) = e\/— f(rr+iA5 75) f  CP-even & CP-odd.
5 SMeff
A b= (g, e)v(¢, )| =i Z; e ey [k (9" -4 — g"q") + )\%Pguupaqpq(/j]
5 SMeff
Alh = Z(q,€)v(q', €)] =1 f; €€ [k (9" a-qd — q"q") + AF5 e P 4, ]

' In the SM
§(M el ygﬁs from best SM prediction of the decay rate. | nthe s
KX — 1, )\%P

. —

= (SM
D(h = £ Py = [ + OF P T = FHoy
The kinematics is fixed. o | r the total rate is all that can be
No polarisation information is retained. » " extracted from data

\
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(maybe possible to measure in TT channel)



4-fermion Higgs decays and EW Higgs Production
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4-fermion Higgs decays and EW Higgs Production
Vide

By crossing symmetry, all these processes are described in full generality

by the same correlation function.
(in a different kinematical region and with different fermionic currents)

On-shell Higgs and two on-shell EW currents

| Use the same parametrization of Higgs decays |
| also for the production. ‘
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Je

OIT {Jf (), J}(y), h(0) } |0}

Only 3 tensor structures allowed by Lorentz symmetry:
e.g. h— ete utur

2ms )
A =i—Z (evae) (fiypp) X
VE
e e q1-q2 9° — @2%q1” e o 9. €%PPq0 a1,
Fi'(q3,43)9%" + F#(d3, 43) — + Eh(ai, g5) m2p
A A
Longitudinal Transverse CP-odd

Ultimate experimental goal for any of these processes:

measure the double differential distributions in (g2, ¢22)
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Assuming: New Physics scale > Energy scale of the process
We perform a momentum expansion around the physical poles of the SM states:
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The Higgs PO are defined from the residues on the physical poles.
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The Higgs PO are defined from the residues on the physical poles.
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The Higgs PO are defined from the residues on the physical poles.

contact terms

-~ only new source of
2m% _ ~ flavor dependence
A =i ,UFZ (evae) (firyp ) % . // P

e M M €
9797 €ze 97 €zu 9% ) of
KzZZ T + g+
[( Pz(q7)Pz(q3) = m7 Pz(az)  m7 Pz(qi)
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Only quark contact terms are
not probed also in h = 42 decays.

Goal: measure the differential distribution in 771 7},.
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Only quark contact terms are
not probed also in h = 42 decays.

Goal: measure the differential distribution in 771 7},.

pp — ZH @ 13 TeV

mzn correlates with the p72.
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pr (Jet) (GeVl)

VBF Higgs production

~

qi° ~ PTjet;

g correlates with the prje;;

Higgs VBF @ 13 TeV LHC

kzz=1, xyw=1, €2, =0, €z,r =0,
600 - €zaL =0, €zr =0, €pur =0

O 100 200 300 400 500 600 700
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pr (Jet) (GeVl)

VBF Higgs production

pre——

g correlates with the prje;;

qi° ~ PTjet;

ﬂ

Higgs VBF @ 13 TeV LHC

..................................
kzz=1, xyw=1, €2, =0, €z,r =0, Lt ]
600 - €zaL =0, €zar =0, € =0 A

O 100 200 300 400 500 600 700

—q° (GeV)

1.6x10~3

1.3x10™4

1.x107°

pr(j2) (Geb)

N
o
()

W
o
o

| xzz=1, xww =1, €200, ez =0,

500

400}

RN
-
o

€zd1 =0, €z4r =0, €y =0

100 200 300 400 500
pr(j1) (Gel)

F(q4i,q3) = F(piv, prs)

5.x1072

5.x1073

5.x10™4

5.x107°

5.x1070

5.x10~7

Double-differential distribution in the jets pT.
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Parameter counting and symmetry assumptions

EW decay and production:

Higgs (EW) decay amplitudes

Amplitudes Flavor + CP Flavor Non Univ. CPV
h— yy,2ey,2uy Kz7,Kzy, Kyy, €77 CP 3CP 4 CP
; ’ ) ) ) € ,E 57, A ; A
de, 411, 2e2p €7ey,Ezex A S2MR zz: "2y My
Kww , Eww Ezv,, Re(ewy,) | &y Im(Ewe,)

h—2e2v,2U2v.eviLV

4

8ZVe ’ Re(8W€L)

Im(gW,LLL)

Higgs (EW) production amplitudes

Test UV symmetries!

Amplitudes Flavor + CP Flavor Non Univ. CPV
VBF neutral curr. 4 [ Kzz,Kzy,€z7 } €Zcrr€Zcy [ 8%5, QLZC;,D ]
and Zh EZur » €Zug SZdL7 8ZdR €Zs1» €Zsg
VBF charged curr. | Kww, Eww | Re(ewe;) Im(ewy, )
and Wh Re(ewu,) Im(ew,,)

15 coefficients for 12 independent processes & lots of differential distributions!!



Tool for signal simulation: NLO description
Higgs PO have been implemented in a FeynRules/UFO model:

www.physik.uzh.ch/data/HiggsPO/

Decays:

Hard process QED / QCD soft radiation

. G} '/P _] = 1% precision (NLO EW)
O | otos / Pythia differential & for BSM points

\ MadGraph5 / Sherpa h— 40 checked with Prophecy4f

EW Production @ NLO:

OpenLoops ~ — -
NLO QCD description | x ’ Sherpa
- Matched showering at NLO

| differential & for BSM points
| (in progress) |

\

\\\ -

—
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http://www.physik.uzh.ch/data/HiggsPO/

The Linear SM Effective Field Theory

Integrate out the heavy BSM states.
Low energy theory specified by Symmetries & Field content

Assuming h(125) is a SU(2)L doublet: Scale of New Physics is high
(linear) SMEFT

(8)-H(be) T
@’ 5 \ v+ h(x

15



The Linear SM Effective Field Theory

Integrate out the heavy BSM states.
Low energy theory specified by Symmetries & Field content

Assuming h(125) is a SU(2). doublet: Scale of New Physics is high
(linear) SMEFT and

B (p+ B 1 0 ANP >> mh

"”‘( o )‘E<v+h<x>)
| Assuming L and B conservation
C; _ ,
L=L"M4 A—;(’),SZ_G + (dim > 6)
Standard Model é
Lagrangian (d < 4)

"Leading deformations of the SM |

"N

' 59 independent dim-6 operators if flavour universality.
2499 parameters for a generic flavour structure.

V.

[Grzadkowski et al. 1008.4884, Alonso et al. 1312.2014]
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The power of the EFT: relating different observables

The same operator can contribute to different processes.

g 1 ]
Forexample: Oy = i(H'D,H)fy"f = =2/ g* + 92 Zu(v + 1) fA"

Z Z
- 0 W/“\_‘.—\‘ Z couplings odgzr

m
Jfl

Higgs decay & production
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The power of the EFT: relating different observables

The same operator can contribute to different processes.

g 1 ]
Forexample: Oy = i(H'D,H)fy"f = =2/ g* + 92 Zu(v + 1) fA"

V4

Z
- 0 ’\/\/\/“Q—\‘ Z couplings odgzr

14
Jfl

Higgs decay & production

,
o <> - G Triple Gauge Couplings
5K2, 5g]’z, AZ
V V

Use LEP 1 and LEP 2 data
to obtain bounds on some Higgs PO.

Combine LEP data with Higgs data
to derive stronger constraints for the EFT.
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The power of the EFT: relating different observables

Assuming the strong LEP | constraints (51 °/o) [Pomarol Riva 2013; Efrati et al. 2015; Berthier, Trott 2015]

and MFV, only 10 independent combinations of coefficients contribute at
tree-level to Higgs and LEP |l (WW) observables.

[Corbett et al. 2013; J. Elias-Miro et al. 2013;
Pomarol Riva 2013; Gupta et al 2014; Falkowski 2015]

Constraints on TGCs from a Global fit
[Falkowski, Gonzalez-Alonso, Greljo, D.M. PRL 116 (2016) 1, 011801 - arXiv 1508.00581]

10: ;EP IL(WW) | | LEP Il data alone suffers from a flat
M Higgs w

B LEP II + Higgs 1 ﬁ direction in the TGC fit. [Falkowski, Riva 1411.0669]

05 | i
i A ] +

Higgs data (mainly via VH and VBF production)

IS sensitive to a different direction.
[Falkowski 1505.00046]

| | | Together they provide strong and robust
10 | | constraints on the TGC.

5g1,z
All other coefficients have been marginalised.
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Constraints on the Higgs PO in the linear EFT

We match the Higgs PO to the SM EFT: relations with LEP observables.

e.gh—42: sz 2 N , "
€z f = 59 — (CQT -+ SQYf)135g17Z -+ tQYflg(Slify
2 f
2 1
0€Ez7 = 0€~nmy + —0€7~ — —=0K
Y tQ B Cg B

[Gonzalez-Alonso, Greljo, Isidori, D.M. 1504.04018]
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Constraints on the Higgs PO in the linear EFT

We match the Higgs PO to the SM EFT: relations with LEP observables.

e.g h—42¢: sz 74 - ) )
€zf = — (59 — (cgTs + 54Yf)130g1 > + tQYf135l€fY)
2 1
5€ZZ:5€7’)/+t 6€Z’y__25/<37 wo
2 CQ M hs2e2u
0.100 |
[Gonzalez-Alonso, Greljo, Isidori, D.M. 1504.04018]  oosol. |
-
(Kzz\ [ 085E0IT = 000
€20, —0.0001 £ 0.0078 § 0010
eze, | = | —0.025+0015 |, S
K2~ 0.96 + 1.6 -
Foryr )\ 088+0.19 ) 000
" my>4GeV
1 .72 60 .19 .83 o
1 35 —16 62 1500O 20 40 60 80 100
p = S 1 .02 47 |. 1,400
. . . 1 .20 1.300 -
\ . . . . 1 ) ?Ej 1.200F
S 1100
From these bounds we can extract Z o
precise predictions for Higgs data, 0800
such as di-lepton invariant mass T
my, [GeV]
spectra.
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Constraints on the Higgs PO in the linear EFT

Any measured deviation would have deep physical consequences:

non-linear realization of EW symmetry, flavor non-universality, ...

Crucial to test these predictions from data!

\_ ) B
[Gonzalez-Alonso, Greljo, Isidori, D.M. 1504.04018] ~
(Kzz\ [ 085E0IT =
€Z10r, —0.0001 £ 0.0078 §
€zt | = —0.025 = 0.015 : .
K2~ 0.96 + 1.6 -
Ky~ ) \ 0.88 +0.19 )
1 .72 .60 .19 .83
1 .35 —.16 .62
p=1 - - 1 .02 47 |.

C : 1 .20
>
:
From these bounds we can extract 3

precise predictions for Higgs data,
such as di-lepton invariant mass
spectra.

0.002}-
: m[[>4GeV

0.001-—
0

1.500

I | I I I | I I I | I I I | I I
20 40

7100

1.400|
1.300|
1,200}
1.100}
1.000/ -
0.9001 |
0.800
0700

my; [GeV]

100
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Summary

Higgs PO

Characterize all the measurable properties of on-shell Higgs boson processes

In a robust and model-independent way.

This information can be fed to specific BSM models, such as SMEFT,
which allow us to derive:
1) stronger bounds via combination of different processes

2) predictions to be tested directly in Higgs physics.
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Backup
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LEP-1 Strategy: on-shell Z decays

[hep-ex/0509008; Bardin, Grunewald, Passarino '99]

The goal was to parametrise on-shell Z decays as much model-independently as possible.

= 11 ) Unfold QED (and/or QCD) soft radiation effect
— 40 N -
S [ oo i 2) Parametrize the shape with some PO
30 ora . defined at amplitude level:
| mz, 1z
20 5 - .
- Lineshape
o measurements error fars 9
10 ___ofomf't | X(S) — GFmZ i .
[ e QED corrected 87“'\/§ S — m% —|_ ZSFZ/mZ
P T T R N \|/Ml| Loy ]
86 88 90 92 94 | _
o [G€V] Parametrise the on-shell Z ff vertex as

AN th.\
The PO are defined as 1 g/ = Re gf gf — Re gf '
A

3) Fitthe PO from data




Radiative Corrections in h—42¢

- ho2edu
0.100_m* 1 GeV H \
The most important radiative corrections are  ~
" " " " l
given by soft QED radiation effects since they > 0.050|
distort the spectrum. <
mZ < m02 é\
S
, . 0.010
mo Y jS ‘
h I 0005} /
1.15}
Effect described by simple and universal =R _
radiator functions w. Also described by SqoolTTNCS~S \
showering algorithms (e.g. Pythia, Photos). 2 095} 10 -
ch 0.90F — QED "dressed" LO
. w4~ : Prophecy4f NLO EW
dFNLO _ dFLO w(xl)w(ajg) 0.85 W ¢ :Prophecydf NNOEW ]
dmopidmoadxidxs dmoi1dmoo 0 20 40 60 80 100 120
2 m g+ - (GeV)
LT ~15% effect!
ma Other NLO corrections are small: =1%
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NLO (QCD) corrections in Vh Production

Dominant NNLO QCD correction in diff. distribution in the SM is known.
[Ferrera, Grazzini, Tramontano 1107.1164, 1312.1669, 1407.4747]

With ren. and fact. scale H7/2

the NLO shape effects greatly reduced:
almost flat NLO correction.

|

Better convergence of the
perturbative series.

gg — Zh treated as background
(different physical correlation function).

Effort to disentangle experimentally,
see template cross sections.

do/dprz [pb/GeV]

d O.NLO / d O.LO

pp - ZH @ 13 TeV

Leading NLO EW corrections up to ~-15%: large Sudakov logs — factorize.
[Denner and Pozzorini hep-ph/0010201, hep-ph/0104127, Denner et al. 1112.5142]

10—2 T [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ I_E
- 40
= - 13
- SM 1z
L 1~

. Q

10 — —
= - £
- 14
L — K=
B B ani
- B2

104 —
- —— LO -

 —
: NLO ._I—_I_ :
uo = Hr/2 ~ 20% correction '—:|E

107 = | | | | -

1.6 EA———— S

1.4 — —

1 E .

0.8 —

0.6 — —

0.4:I | | | | | | | | | | | | | | | | | | | | I:
0 100 200 300 400 500

prz [GeV]



NLO (QCD) corrections in VBF Production

Dominant NNLO QCD correction in diff. distribution in the SM has been computed
very recently. [Cacciari et al. 1506.02660]

With ren. and fact. scale /17/2 the NLO shape effects greatly reduced.

Leading and sub-leading jet pT:

_ . op > H.t2 (VBE) @ 13 TV 2D jet pT distribution:
antl-kTJetS %' ) =N L L A L L L BN L IR \Eg 800 e
R=0 4 S ES - Higgs VFB @ 13 TeV LHC -
Ve ‘,[%10*3 %— ég /(zzz_h /(WWi(l), 0 0 0
= E EE | €=V, €r =Y, €=V, €r =Y, €y =
AV] j1j2 = 3 DR EE >00 PT()>30 GeV, 17()|<4.5,
o5 L B mj;>500 GeV, |Ay;;[>3 o
T I Ny
107° E — LO - n ;\}
= o = - NLO K factors O
Important cut for Wil et <4 % [ineachbin Ny 0,720
P e e 2 ' & o5 -
background reduction & 4=, | | | - 5 %0 Y
stabilize NLO 3 e SR o> lossgs| s
.. . < e - I +0.04 :
prediction in VBF O — = 200} (der 7007
S 08— —
06 = - (‘% 0.72%0¢ 1 0.7300¢ 0.76100
IRRR R R AR R R [ 73508
o E 100F
3 CE = 0.85+002( 0.82+002 | () 82+02 0.84+001
Q : E i 0.00
EL 0'8:‘—'—-—'—‘—'_‘—'_—'1_,_'_‘; 0 097%ol o v o Voo b
C o6l ‘ ‘ ‘ ‘ E 0 100 200 300 400 500 600
100 200 300 400 500ij [Ge\?]oo pr (]1) (GeV)

Leading NLO EW corrections up to ~15%: large Sudakov logs — factorize.
[Denner and Pozzorini hep-ph/0010201, hep-ph/0104127, Ciccolini et al. 0710.4749, 0707.0381]



Prospects for PO in EW Higgs production

Flavor-independent PO probed in 4—4¢ decay. —# Focus on quark contact terms.

For simplicity let’s assume Minimal Flavor Violation. Consider 7 PO:

Rzz , RwWWw , €Zur €Zup €Zdr €Zdr EWur

We fix an upper cut on the g2 of 600 GeV for
| controlling the momentum expansion validity.

| | . 2 2
' Consistency condition: €x; |Gl S M7 9%

\
N =

—— —_— ————

With 3000 fb-': ~ 2000 events in VBF (h—2I12v)
~ 130 events in all leptonic Zh
~ 67 events in all leptonic Wh

VBF: fit of the 2D pr distribution.
Zh, Wh: fit of the 1D prv distribution.

\_ _
—— =

LHC will be able to measure all the

contact terms with percent accuracy!
Same conclusion also if no information on the
total rate is retained.
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Validity of the momentum expansion (VBF)

The first check is given by the consistency condition €x; G| S 07 9§(

Study in detail by considering an explicit NP contribution: Z’ coupled to light quarks:
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7z
We can expand this form factor for g2 << Mz and match to the PO. N

Light & weak Heavy & strong ™"
VBF @ 13 TeV LHC: Z' model VBF @ 13 TeV LHC: Z' model
VBF fit with:
- Full model
- PO (linear)

Sur

- PO (quadratic)

W
)
[}
[}
)
o )
)
.
'
'

Z'model — ] -4 et

i HPO W — . : Z’}%)Ogel —
-1 O-' HPOQ linear ss=s ] 6 i HPO linear ====
-1.0 -05 00 05 1.0 6 -4 -2 0 2 4 &

8dR &dr 26



Validity of the momentum expansion (Zh)
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