Pseudo-observables
IN Higgs Physics

-
“ '
g
SR
. - l i
: =

._“
g

HEFT, Copenhagen, 28/10/2016 N



Outline .

- Motivation and introduction. N /

- What are pseudo-observables (PO)? NG
- PO in Higgs Decay. & Electroweak Higgs Production.
NLO corrections.

- Matching to the SMEFT at LO

Based on works with various subsets of
{M. Bordone, M.Gonzalez-Alonso, A. Greljo, A. Falkowski, G. Isidori, J. Lindert, D.M., A. Pattori}
and many discussions with the community

PO in decay: Eur. Phys. J. C75 (2015) 3, 128 arXiv: 1412.6038 & Eur. Phys. J. C75 (2015) 8, 385 arXiv: 1507.02555

PO in production: Eur. Phys. J. C76 (2016) 3, 158 arXiv: 1512.06135

PO Chapter in YR4: arXiv: 1610.07922

Eur. Phys. J. C75 (2015) 7, 341 arXiv: 1504.04018
Phys.Rev.Lett. 116 (2016) 1, 011801  arXiv: 1508.00581

PO & linear EFT:

~


http://arxiv.org/abs/1412.6038
http://arxiv.org/abs/1507.02555
http://arxiv.org/abs/1512.06135

INntroduction

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

The SM is complete.

N = _ — —

Scale of New Physics is high**

Anp > my

* - So far, from direct searches:

What else can the LHC tells about the Higgs?

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

Search for smooth deviations from the SM.



| earning on BSM from the Higgs

... Given we do not know what the New Physics will be like

.

Measure all the physical properties of the Higgs,
In production and decay,
with the highest possible accuracy
as much model-independently as possible.
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In production and decay,
with the highest possible accuracy
as much model-independently as possible.
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Interpret the results of these measurements
In explicit BSM scenarios to learn about the UV.

Eg. SMEFT, SUSY, Composite Higgs, 7?72, ...

LMY S om 1 @m > 6



How should the experiments
oresent thelir result

Experimental data

Unfolding of collider &
soft radiation effects.

Unfolded distributions,
fiducial cross sections

PO Idealized observables,
well defined quantities (in QFT).

Experiments

Matching to a given model
at given order in pert. theory

Theorists

Constraints/measurements on theories



| EP-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.

Opad [nb]

T T w) 1) Unfold QED (and/or QCD) soft radiation effect
40 - : g 1 5
: %:égﬁl i : o(s) = ng/s dzH(tQEt)D(z, $)Oew(28).

: 2) Parametrize the shape with some PO
defined at amplitude level:

mz, 1’z
Lineshape
(s) Grms S
s) = .
= My ] X 8m\/2 s — mz +isl'y /my
8 88 90 92 94
E_ [GeV] ~ T T
Parametrise the on-shell Z f vertex as Vu (G, + G7 75)
e f The PO are defined as
gl =Re@/, g/ =Red]
e 7 3) Fitthe PO from data



PO used at Run 1: the k-framework

At Run-1, measurements of Higgs properties were reported in the x-framework:

On-shell Higgs in the narrow width approximation:

o(ii — h+X) x BR(h — ff) = 0j T~ 2 osm X BRgy
h h
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model independent (on-shell Higgs is key),
can be matched to any EFT in any basis.
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PO used at Run 1: the k-framework

At Run-1, measurements of Higgs properties were reported in the x-framework:

On-shell Higgs in the narrow width approximation:

|
o(ii = h+X) X BR(h = ff) = 0;; = = 2
rh Kh

osm X BRgy

Pros: Clear SM limit (x — 1),
theoretically well defined,
systematically improvable,
model independent (on-shell Higgs is key),
can be matched to any EFT in any basis.

Cons: Limited to total rates:
can’t describe deviations in differential distributions, e.g. CPV or h — 4f

|
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Higgs PO: QFT definition

PO are defined from:

decomposition of on-shell amplitudes (NWA),
based on Lorentz invariance 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.

yefﬁSM _  CP 2 possible Lorentz structures:
Alh = ff) = NG f (ks +iXfv5) ' CP-even & CP-odd.

2 SM eﬁ

A [h — ’}/(q, 6)’7((]/, 6’)] — ;/; 6,/u€1/ [H},yfy(g,ul/ q,q/ o q,qu/V) 4 AS$8uupaqpqg]

Same decomposition for h—Zy

§<M et yefffs from best SM prediction of the decay rate. ' In the SM
o kx =1L, AYE =0

-




Two-body Higgs decays

Higgs PO: parametrize the relevant on-shell amplitude.

yefﬁSM _  CP 2 possible Lorentz structures:
Alh = ff) = NG f (ks +iXfv5) ' CP-even & CP-odd.

2 SM eﬁ

Ah = (g, e)v(d,€)] =i Z; €uev [ (0" a-d' — a"q") + 25 €77 qpqy ]

Same decomposition for h—Zy

§<M et yefffs from best SM prediction of the decay rate. ' In the SM
o kx =1L, AYE =0

-

D(h = fF) e = [15+ OGP T(h = £HED

The kinematics is fixed. ‘ " -
o _ ' the total rate is all that can be
No polarisation information is retained. > " extracted from data

N
N\

(maybe possible to measure in TT channel) ~ -




4-fermion Higgs decays and EW Higgs Production

ViJe
Je

S Ju

By crossing symmetry, all these processes are described
by the same correlation function.
(in a different kinematical region and with different fermionic currents)

On-shell Higgs and two on-shell EW currents

T {5 ), T ),

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

e - - = — == .
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Je

As an example, let’s focus on A
h = ete utur
\‘ﬁ J
u
v %
(O|T {Jf (), T} (y), h(0) } |0)
Only 3 tensor structures allowed by Lorentz symmetry:
e.g. h— ete utur
2my )
A =i—Z (eyae) (ysu) %
UF
el 2 2\ af cns o onq1q2 §P — @ qr” w9 9. EP7q0,q10
FL (Q1792)9 JrFT (Q17Q2) 2 +FCP(Q17Q2) 2
A4 A4

Longitudinal Transverse CP-odd

11



As an example, let’s focus on A
h = ete utur
\$ J
u
7!
O|T {J} (), J5:(y), h(0) } |0)
Only 3 tensor structures allowed by Lorentz symmetry:
e.g. h— ete utur
2m3, )
A =i—Z (eyae) (ysu) %
UF
en; 2 2\ _af cns o onq1q2 §P — @ qr” w9 2 EPP a1,
FL (Q1792)9 JrFT (Q17Q2) 5 +FCP(Q17Q2) 2
my my
Longitudinal Transverse CP-odd

Ultimate experimental goal for any of these processes:

measure the double differential distributions in (¢12, ¢2?)
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Long-distance (non-local) modes (poles):

/ propagation of EW gauge bosons.

includes -

Short-distance modes:
contact terms, x and/or y — 0

12



Long-distance (non-local) modes (poles):

NeRN / propagation of EW gauge bosons.
Jo |

A includes - > Short-distance modes:
contact terms, x and/or y — 0

Assuming: New Physics scale > Energy scale of the process
We perform a momentum expansion around the physical poles of the SM states:

(const)oy (const)1y 2 2
Fx(q3,q3) = + + (const) + free(q7,G3)
o zv: (¢ —mi) (g3 —md)  (qiy—mi) e

2 poles 1 pole no poles

To truncate the expansion, we have to assume gZmax < A2
No problem in Higgs decays.

12



The Higgs PO are defined from the residues on the physi

Jr
o
b -
'LI+
Jr
"
€ =€L,€ER, H= UL, LR
om2 B
A =i= 2 (eva€) (rysp)

(ot
Pz(q7)P7(q3)

Inthe SM kx — 1, ex — 0

_I_

L
€Ze Uy

Iy

e
€Zu Y9z

m3, Pz(q5)

_I_

m3, Pz(q7)

Jf

+ AM (43, CJ%)) 9P+

Pz(¢°) = ¢ —my +imzly

cal poles.

eV ~38%x1077,

SM-1L

~ 6.7 x 1073
13



cal poles.

Jf

The Higgs PO are defined from the residues on the physi

Iy

Jr
o
h h h
R - Lo Lo
H Jh
Jr !
H J
€= €L,CR, M= KL, R
2m2
: 7 _
A==~ (evae) (Aysp) X

[(RZZ 124, + 2 + L9z + APM(gf CJ%)) g+
Pz(q})Pz(q5) m% Pz(¢3) m3 Pz(q?)

¢ 2
959z SM-1L< eQugy Qg ) sM-1L € WeQp SM( 2 2
( Pz(qi)Pz(g3) T \@Pz(d) i Pz(d3) N T 2 3 (41,93

: af _ a, B
% d1 - 42 g . q2 41 n
my

Inthe SM kx — 1, ex — 0

eV ~38%x1077,

ex M~ 6.7x107°

13

Pz(¢°) = ¢ —m% +imzTl'y



cal poles.

Jf

The Higgs PO are defined from the residues on the physi

Iy

Jr
o
h h h
R - Lo Lo
H Jh
Jr !
H J
€= €L,CR, M= KL, R
2m2
: 7 _
A==~ (evae) (Aysp) X

[(RZZ 124, + 2 + L9z + APM(gf CJ%)) g+
Pz(q})Pz(q5) m% Pz(¢3) m3 Pz(q?)

¢ 2
959z SM-1L< eQugy Qg ) sM-1L € WeQp SM( 2 2
( Pz(qi)Pz(g3) T \@Pz(d) i Pz(d3) N T 2 3 (41,93

: af _ a, B
th q2 g . Q2Q1+
my

€
2 Pa)P2(3) 7 \BPz(E)  @Pz(d3 7 die 2

e M e eQ,.q" o2 caBpo
n ( CP 97,97 L (CP ( eQuay, n Q 92)) e QeQ,u) TquQpQ10]
7

Inthe SM kx — 1, ex =0

eV ~38%x1077,

ex M~ 6.7x107°

13

Pz(¢°) = ¢ —m% +imzTl'y



cal poles.

Jf

The Higgs PO are defined from the residues on the physi

Iy

2 ft[ i
H S / /
€ = €L, €ER, M= HUL, R

contact terms
, only source of

2m2 ) _ flavor dependence
A =i—Z (eyqe) (iyam) X A//‘// p
VF
L

[ (%ZZ geZgg 4 €Ze Yz . €Zu g% 4 ASM<q2 q2)) go‘5+
Pz(a})Pz(¢3) ~ m% Pz(@3)  m% Pg(¢d)
9597 SM-1L < ¢Qudy Qe ) smo1L € QeQy SM( 2 2
+ | ezz + Kyz~€ + + Kon€ 4+ A (q q > <
( Pz(qi)Pz(g3) T \@Pz(d) i Pz(d3) N T2 3 (41,2

: af _ a, B
y d1 - 42 g . q2 41 X
my

€
2 Pa)P2(3) 7 \BPz(E)  @Pz(d3 7 die 2

e M e eQ,.q" 2 caBpo
n ( CP 97,97 L (CP ( eQuay, n Q 92)) L (CPE Qer) TquQpQ10]
7

Inthe SM kx — 1, ex — 0

eV ~38%x1077,

ex M~ 6.7x107°

13

Pz(¢°) = ¢ —m% +imzTl'y



The Higgs PO are defined from the reS|dues on the physical poles.

Jr
e ”
----fl---- = __h__ + __h__
ur Z
Jr
b T
non-local NLO
e =€r,er, [ =[ML,HR Z-pole PO SM contribution
2m As measured at LEP-| — (very small)
A =1 e’y e IWY/J’,U | / |
VE “ / \ &
€Ze ‘

ngZ €Zu SM af3
KZZ + + + APM (¢ q))g +
[( PZ(ql)PZ(q2) mZPZ(qz) mZPZ(ql) b

9597 SM-1L < eQuyz Qe ) (SM-1L € QQeQu SM/ 2 2
+ | €22 + Kz ~€ + + K + A (q q > <
( PA)P2@) 7 \@Paa) T GPd)) T dd S

: af _ a, B
Xéh q2 g . Q2Q1+

my
n ( CP 9%9% + €SP ( eQQugy n eQcq’, > e eQQer) 5O‘BPUQ2pQ1a]
! )

27 Py(q?) P2 (d3) ¢ Pz(q)  4iPr(d; R m?

Inthe SM kx — 1, ex =0

eV ~38%x1077,

ex M~ 6.7x107°
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Pz(¢°) = ¢ —my +imzly



EW HIggs production

The hard contribution to these scattering processes is:

ViJe

Physical process: all external particles are on-shell.

Higgs + 2 EW currents

/vfﬁ

Same as 4-fermion Higgs decays:

h —_ — = =

\\b],&,

14



New PO not accessible in h—4¢

Only quark contact terms are not probed also in 7—4¢ decays.

Flavor-independent PO probed in 7—4¢ decay. —

+ Flavor

——

‘ €ZCL ) EZCR

\

EZSL7 GZSR

» Focus on quark contact terms.

+ CP-violation

RG(EWCL) |

__J

——

N\

:m(EWCL)

_J

15



New PO not accessible in h—4¢

Only quark contact terms are not probed also in 7—4¢ decays.

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

Jr

Vh: q1?>> (mn + mvy)?

—

EZU,L7 EZ”LLR

N

€Zd;»€Zdgp

+ Flavor

RG(EWuL)

S

—

1

EZCL ) 6ZCR

EZSL7 GZSR

+ CP-violation

RG(EWCL) |

__J

—

N

::Hl(GWuL )

:m(EWCL)

__J

q22 ~mv? (if V experimentally taken on-shell)

VBF: ¢i2%, ¢2*> <0 (t-channel)

Need to be careful with the validity of the momentum expansion around

the physical poles.

15



EW decay and production:

Higgs (EW) decay amplitudes

Parameter Counting & Symmetries

Amplitudes Flavor + CP Flavor Non Univ. CPV
h— yy,2ey,2uy Kz7,Kzy, Kyy, €77 CP 3CP 4 CP
) ) ) ) ) € L€ 57, A : A
4e, 41,22 €Ze;+EZer ZHL SZUR 2222y » "y
Kww , Eww Ezv,, Re(ewy,) | &y Im(Ewe,)

h—2e2v,2U2v.eviLV

4

EZve ’ Re(8W€L)

Im(gW,uL)

Higgs (EW) production amplitudes

Test UV symmetries!

Amplitudes Flavor + CP Flavor Non Univ. CPV
VBF neutral curr. 4 [ Kzz7,Kzy, Ez7 } €Zcrr€Zcy [ 8%5, )LZC}{) ]
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!!



P, [GeV]

Associate Zh/Wh production

To extract the contact terms:

measure the differential distribution in 771 7},.

My correlates with the

[See also Ellist et al. 1410.7703 and Englert et al. 1511.05170]

Zh production @ 13 TeV LHC in the SM

800} kzz =1, €2,=0, €z,r=0,
| €2a1=0, €z4r =0

600}
400}

200}

200 400 600 800 1000120014001600
myy, [GeV]

I 2.% 10_2

pre.

1.6x1073

1.3x107

1.x107°

pr, [GeV]

2500

2000

1500}
1000}

500}

kzz=1, €2,1,=0.1, €z, =0, e

" €z41=0, €z4r =0

- BSM

0 1000 2000 3000 4000 5000
myy, [GeV]

1.x 107

1.x107°

Same variables also relevant for assessing the validity of the momentum expansion.
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pr (Jet) (GeVl)

VBF Higgs production

~

qi° ~ PTjet;

g correlates with the pre,

I )
Higgs VBF @ 13 TeV LHC
--------------------------------------- 2.x1072
[ «zz=1, xww=1, €2, =0, €z, =0, Lt ]
600— €zar =0, €zar =0, €z =0 L

1.6x1073
1.3x10™4
1.x107°

O 100 200 300 400 500 600 700

—q° (GeV)

18



pr (Jet) (GeVl)

VBF Higgs production

r— = - = Rt ———

qi° ~ PTjet;

g correlates with the pre,

Higgs VBF @ 13 TeV LHC

kzz=1, kyw=1, €2, =0, €z,r =0, cet
600 - €zaL =0, €zar =0, € =0 A

O 100 200 300 400 500 600 700

—q° (Ge))

1.6x10~3

1.3x10™4

pr(j2) (Geb)

N
-)
o

| xzz=1, xww =1, €200, ez =0,

500

400}

W
-]
o

100}

€zd1 =0, €z4r =0, €y =0

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

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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NLO corrections

- PO describe the small-scale (local) contribution to the amplitude

- QCD & QED IR radiation effects (largest NLO corrections) factorize.

m? < mo?

l _h__ O y

Assumption: IR physics (QED & QCD) is unaffected by New Physics.

Universal description of IR corrections

!

Goal: fully differential QCD NLO description of the process for arbitrary PO.
Done for the decays, in progress for EW production.

[For analogous work in the EFT context see Maltoni et al. 1311.1829]
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Higgs PO and the SMEFT

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

e.g h—4¢:
T L I
Higgs basis €7f = Z (5ng — (CgT})’ + 55Y7) 13601, + t%Yflg(Mv)
U
5 p— 6 2 5 1 5 [Gonzalez-Alonso, Greljo, Isidori, D.M. 1504.04018]
€27 = EWJr—H GZW_C_Q Ky
0

r—. N— = —— — "

LEP-I:

Naively ~10-3 bounds, however the theoretical error is of ~1%. H

[Berthier, Trott 2015]
" No qualitative influence for Higgs physics at present precision. |

0g%t'= 1072  [Efrati, Falkowski, Soreq 2015]

The less constrained coefficients are the TGC.

We use our combined LEP Il + Higgs global fit to derive constraints on the Higgs PO.
[Falkowski, Gonzalez-Alonso, Greljo, D.M. 1508.00581]
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Predictions for h—4£ in the SMEFT

5 independent PO only, in the linear EFT.

(
\

Rzz
€z¢;,
€Z0r
RZW
Ry

)

/

(

\

0.80 £0.17
—0.0001 £ 0.0078
—0.025 = 0.015
0.96 £ 1.6
0.88 =0.19

1 .72 .60 .19

1 .35 —.16
1 .02
: 1

)

/

.83
.62
A7
20

From these bounds we can extract
precise predictions for Higgs data,
such as di-lepton invariant mass

spectra.

LHC with Higgs data could test this.

0.200

0.100

0050+ |

0.020

0.010

T~ dr Jdm,, [GeV !

0.002

0.001
0

1.500

1.400 -
1300
1200
1.100 -
1.000 - -
0.900 - |
0.800
0.700,

Ratio w.r.t. SM

0.005

— SM
95% CL

i m”>4GeV

h-2edu

20

1 40 1 1 1 60 1 1 1 80 1 1 1 1 00

I 20 I

40 60 80 100

mj, [G@V]

Small deviations allowed in the shape.
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PO vs. EFT
choose the right tool for the job

+ Well defined QFT objects at all orders in perturbation theory:

residues of poles in on-shell amplitudes
P O + Naturally provide the best parametrisation for the process:
Data parametrisation what are the physically observable objects.

== Can be matched to linear or non-linear EFT at LO or NLO, etc..
= Can’t be used as couplings in loop computations
= (Can’t connect different classes of processes

= Choose the EW representation for the Higgs and a basis
E F T = Decide the order in perturbation theory and the scheme
= Recognize the “independent observable parameters in each
process”: e.g. Higgs basis.
+ Can be used in loop computations, e.g. SMEFT at NLO
+ Can connect different experiments and allow for global fits

Interpretation, global fits

22



Conclusions

Higgs PO

Characterize all the measurable properties of on-shell Higgs boson processes
In a robust and model-independent way.

- general framework to describe on-shell Higgs properties: /
decay and production.

- defined from physical properties of the Green functions
- clear implementation of QED and QCD soft radiation (leading NLO effect)

- _simple matching with the SMEFT. Possible both at LO and at NLO.
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Backup
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Radiative Corrections in h—4t

B 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 < Wlo2 é\
S
, . 0.010{
mo Y B ‘
h [, 0005
1.15}
_ _ | Q 1.10}
Effect described by simple and universal = 1.050 - _ :
radiator functions w. Also described by : (1)-80 | I ~ L]
. . . = . 5- -~ LO
showering algorithms (e.g. Pythia). S 0.901 — 0D “dressed” L
. w4~ : Prophecy4f NLO EW
dl'nro _ dl'ro w(a:l)w(ajg) 0.85 W ¢ :Prophecydf NNOEW i
dmoidmoadxidxs dmoi1dmoo 0 20 40 60 80 100 120
5 m p+ - (GeV)
LT ~15% effect!
ma Other NLO corrections are small: =1%
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Radiative Corrections in h—4¢

0.100|L" =1GeV h—2e2u ‘
=~ 0.050}
. |
Taking this effect into account is S
necessary to extract the PO from data. N
S 0.010¢
= ‘ N
. 0.005|/ N 4
= [ [ 4 \’\~~ -:;:/'/
- | |
0.001| / \ ]
All these benchmark points give a SM-like total rate. 0 20 20 60 80 100 120
€722.€2¢, €20 €20, + €241,
1.30F ... (0,026 0,026 0
Q == {1.3,-0.05,0.05,-0.05,0.05} _ _
~ 1.20F — 0.3 -045, 0.0 0) et T Showering algorithms
> 1.10F M T . ] (e.g. PYTHIA) correctly
£ 100k = e 0 N ] describe these corrections.
= 1.
a4
0.90¢
0 20 40 60 80 100 120
m .+ .- (GeV)
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Prospects for HL-LHC

Consider 7 PO:  kzz , KWW , €Zup s €Zug >
| We fix: qzmax = 600 GeV
. control the momentum expansion validity.

AN
\
———

——

With 3000 fb-1: ~ 2000 events in VBF (h—2l22v)
~ 130 events in Zh (Z— 22, h—2122v)
~ 67 events in Wh (W—2v, h—40)

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.

€Zd;

€Zdn

6VVUL

HL-LHC with 3 ab-

Fomee——— i
kzz F—+--
e gp—1+ ¢
ww b=t~
e e
77777777777 o
€ZulL
— -4
,,,,, S E
€ZuRr
- -
R T R —_—
€7dL
- —
[ A
€7dR
- -4
- —
EwuL
ettt
~0.03 -0.02 -0.01 0. 0.01 002 0.03

Marginalized 1 and 20 bounds
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