Pseudo Observables in EW Higgs production

F7HlE %) Universitat
2 Zurich™

Jonas M. Lindert

work in collaboration with:
A. Greljo, G. Isidori, D. Marzocca

Future of VBF measurements
Durham, 22th September 2016



Run-Il Higgs Precision Era

* Run-l Higgs legacy:
v discovery of the Higgs!
v all measured rates and BRs are in very good agreement with SM

* Run-ll Higgs prospects:
= precision probe of the Higgs sector
= 3s long as direct BSM searches indicate no clear signal: Ayp > my,
= search and parametrize smooth deviations from the SM
= has to be done in the most general and theoretically unbiased way

(SMHEFT?
» dynamical assumptions (H € doublet?)
* basis choice
* fix order In perturbation theory
* flavour assumptions

...still: EFT approach is of course very powerful!
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Pseudo Observables

How to parametrize smooth deviations from the SM
in the most general and theoretically unbiased way?

Experimental Lagrangian
Observables parameters
Raw data on tape, Gauge structure, couplings,
reconstructed events running masses,

fiducial cross sections, ... Wilson coefficients, ...
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Pseudo Observables

How to parametrize smooth deviations from the SM
in the most general and theoretically unbiased way?

QATLAS

Experimental
Observables

Raw data on tape,
reconstructed events
fiducial cross sections, ...

Pseudo
Observables

Pole masses, decay width,
kappas, form factors, ...

pioneered In the context of Z-pole PO
[Bardin, Grunewald, Passarino, ‘99|

Lagrangian
parameters

Gauge structure, couplings,
running mdasses,
Wilson coefficients, ...
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Pseudo Observables

How to parametrize smooth deviations from the SM
in the most general and theoretically unbiased way?

@ATLAS

Experimental Pseudo Lagrangian
Observables Observables parameters
Raw data on tape, Pole masses, decay width, Gauge structure, couplings,
reconstructed events kappas, form factors, ... running masses,
fiducial cross sections, ... \yfflcient&
encode experimental information can be matched to an explicit model
as idealised Observables (at the desired perturbative order)
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Kappas

Coupling strength scaling factors

I K7 K
o(ii » h+X) x BR(h = ff) = o; L = ﬁ Gsm X BRgy

11
I'y Ky
19.7fb" (8 TeV) + 5.1 fo” (7 TeV)
CMS & 68% CL ATLAS Preliminary
— 95% CL \Vs=7TeV,45-47H" +/s=8TeV,20.3f""
s ===
=0.96707% e
ARERARRE RN RERRS
0.28 :
= 0.647 5 el Ry = 0.5670 32 .
Ke _082+g}g - Rz = 018705 -
K, = 1.6070% D —— Ruw: = 14753 —
: Ry = 0.81+219 -
Kg = =0. 75+8 12 . o ~0.49 :
1017 : Rpp = 0-33:1):(2):53 — =
K =0. 98 0.16 | —T_ | | +0.43 :
—— SE— ! — E— RComb/ned O 96 -0.31 4:+7
0 0.5 1 1.5 2 2.5 my = 125.36 GeV
Parameter value S IRATL I E

-1 -05 0 05 1 15 2 25 3 35

CMS-HIG-14-009 OVBF+VH /TggF st

[OvBFvH/Oggrsttnlsm

Main problem: loss of information for NP effects moditying kinematical distributions!
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Pseudo Observables

ooal;
encode all experimental information
on a certain physical process
in a few parameters
with a well-defined theoretical interpretation
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EW Higgs production

Physical process: 2 on-shell EW currents + on-shell H
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EW Higgs production

Physical process: 2 on-shell EW currents + on-shell H

/]E

[Gonzalez-Alonso, Greljo,
Isidori, Marzocca, '14, 1 5]

SdMme 4ds. h ————

\bjﬁ,
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EW Higgs production

Physical process: 2 on-shell EW currents + on-shell H

/ Je
, o [Gonzalez-Alonso, Greljo,
sdme ds. h Isidori, Marzocca, '14, 1 5]
\AJK,
all three processes are described by the same correlation function:
OIT {JF(x), J}(y), h(0) } 10)

(in different kinematic regimes and with different fermionic currents)
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PO forVBF Higgs production w = PP

h
|) Decompose amplitude into flavour structures allowed by Lorentz symmetry >.<
42 = P2 — P4

neutral currents:

An.o(qi(p1)aj(p2) — qi(p3s)a;j(pa)h(k)) =i szqz(ps)w(pl)q (Pa)0q; (p2) T (g1, QQ)

; y ; q1-q2 9" — @2"q1” " eMPo 49,416
TH (g1, qo) = [Fq U (g2, ¢2)g" + FEY (g2, ¢2) — + FE¥ (41, 45) m;’m J
Z 7z

/ ~\

charged currents:

Ace(ui(pr)d;(p2) = di(ps)ui(pa)h(k)) =

ZmW

i (p3)yuwi(p1) @ (pa) v di (p2) THY (qa, q2)

; 5 ; q1-q2 9" — @"q1” ; NP qa Q16
TH(q1, qa) = [G”’“l(qf,qg)g“ + G, ¢2) - + G2 g2 — L ]
My My

—try measure these form-factors as accurate as possible!
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PO forVBF Higgs production w = PP

h
2) Perform an momentum expansion around the physical poles (of the SM states) >‘<
42 = P2 — P4

(const)oy (const)1y 2 2
Fx(qi,q3) = + + (const) + freg(qt,3)
o zv: (g =mi)(az —my) (g0 —mi) B

2 poles 1 pole no poles

for example for the longrtudinal form-factors:

qi; 495
04 €Zq¢; 9z €Zq; UGz SM 2 2
quj(q27q2):/{ZZ 297 - J - : —|_A nc(Q7Q)7
L b2 Pz(¢9)Pz(q3)  m% Pz(q3) m%5 Pyz(q) Fonee A2 52
ik gl gl ik
ij w9 Cwik 9 Cwit 9
Glgkl(qi C]g) = Rww Sl + 2 W2 T 2] W2 + Ail,vc[.c(Q%a C]g)

Pw(qi)Pw(qy)  miy Pw(qy)  myy Pw(ai)
Py(q®) = ¢ —mi +imy Ty

3) Define PO from the residues on the poles such that SM corresponds to £; — 1, ¢; — 0
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PO counting

Higgs (EW) decay amplitudes

Amplitudes Flavor + CP Flavor Non Univ. CPV
h— vy,2ey,2uy Kz7,Kzy, Kyy, €27 CP SCP
) y y ) ) € : € 8 : 6 : 5
de, 41, 2e2p €21 EZen “HL TR 22072y
h— 2e2v,2U2V,eVULV W, Eww ezv,- Re(ewy) | &y Im(ewe, )
Ezv,, Re(8WeL) Im(SW,LLL)

Higgs (EW) production amplitudes

Amplitudes Flavor + CP Flavor Non Univ. CPV
VBF neutral curr. [ Kz7,Kzy, Kyy, €27 } €zc15€Zcp €ZZ 7 5%77 5%/P
and Zh E7u; » €Zup+ E2d; » EZd €Zs1.»€Zsk
VBF charged curr. | Kww, Eww | Re(ewe,) €5y ], Im(Ewy, )
and Wh Re(&wy, ) Im(ewe, )

[...] : present both in production and decays.

=  Flavor-independent PO probed in h—4f

= in EW production focus on quark contact terms
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Matching PO to effective couplings

 at LO there Is a direct correspondence between PO and these effective couplings

2 2
2
L = k7= 2, 2" + myw — W W et
gf)/fy h ~ ~ h ~ gZZ h ~ ~ h 4 T,

2h - :
‘|‘Z€Zfij 7 ,ufz’)/'ufj—i_
f

2h 2h 2h

Rk 7, Vauxt y SPRNI (O R ¥, Van r X AP T ¥ R 7, Vanat L RGN L ¥
+ € pis » W, Veiry eL—|—eWu,L-LdJ W, ary dL—|—eWu,}~%dj W, ugy dy + h.c

L v R U

* can easlly be implemented in any Monte Carlo (via publicly available UFO model)
...tested within Sherpa & MadGraph_aMC@NLO
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Matching PO to effective couplings

 at LO there Is a direct correspondence between PO and these effective couplings

2 'm 2
Lelt = /izz—Z ZPh + kyww W+W Hh+
Eyy 1 v h v €zzh Bt
— 7;AMVA'M _EZ’y_Z/,LVAlu — 7;2 Z'u —EWW;WMVW H +

h h h h
— m—AMVA 627 Z,LWA g EZ—Z—ZILWZ’LL — EV[/{/V?}I/VHL W ’uy

7 Fi ]
+Z€wa » " 2,7 f+4M

/ p
%/ h
f 1

+ €y pis —W Veszy"eL + €5y » W+uLfy“d‘2 + €y ' W+uRfy“d‘7R + h.c.

L v R U

* can easlly be implemented in any Monte Carlo (via publicly available UFO model)
..tested within Sherpa & MadGraph_aMC@NLO
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Measurement of PO in VBF

Practical problem:

Fx(qi,q3)

Gx(q¢?,¢2) not directly measurable

* not even ¢7,q; measurable (in particular not in H=WW)
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Measurement of PO N \/BF non

* Crucial measurement:
double differential cross section in jet pT's
(order by pT and/or An;; )

° | | ~
allows for extraction/fit of PO! F(q%, q%) _ F(p%lap%?)

Higgs VBF @ 13 TeV LHC Higgs VBF @ 13 TeV LHC
Ll o=, D, e, - ARDAARRARRRARRIR AR RARARARARE 2.x10~
600 €zdL =16, €24R =16, 6WuL_26 0. 600 L~ :%’ h :B, EVLI{/uL_Sé k2 =0,
500¢ : 500}
[ : ; 1.7x1072
< a00 S < 400} NP
N ' ) [
ED/ - O i |
= = 300¢ 1.4x1073
> S :
= = _
S X, 200}
I % 10-4
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Of — e .
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NLO QCD corrections

pT,jl’Q > 30 Ge\/, ‘nj1,2| < 45, and mj1j2 > 500 GeV

pp — H+2j (VBF) @ 13 TeV

— T 1 T T 71 T T 71 T T 71 T T 71 T T T 0w . .
% — | | | | B Ang i, > 3
< — [ _ =
P‘é'-‘lo_Bi MO_HT/Z :E 600""|""|"--|----| T
= = =< - Higgs VFB @ 13 TeV LHC
QU C — < I
E 104 | & kz=1, kww=1,
= % E 500_ €.=0, €x=0, €4=0, €4x=0, €,=0 A
105 L n L p1(/)>30 GeV, 71))|<4.5, |
E mji>500 GeV, |A77jj/>3 005
C [ _ 0-64-0.09
1076 L ol HOHR
e s | 0.72%3%%
E O i 657005 :
L = 300} Sl\/l .09 0,08
1.4 — S I
gb 2 = 'y _ o 0.68+9%% 0.6973:93
3 L . 200} o
) 17 i
,J | | 3
4 o8 e 'T - 0.72:584 | 0.73:504 0.76*5%
& - - ' 73503
i . 100 ‘
0.6 — — I
e R A N B B R [ JossthBlost |08 | osadl
S C 2 - 097—001.
3 TE — 0 100 200 300 400 500 600
Q 12 — = .
Y | = - pr (1) (Geb)
Fc — —
0.6 — —] : .
- - . @)
B o  mild NLO QCD corrections: max ~15-35%
100 200 300 400 500 600

prj [GeV] * NNLO ~10% shape effects
* NLO EW ~10-15% shape effects
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Measurement of PO InV

Practical problem:
» process governed by ¢ = m3,,

* not measurable in all decay modes (V=W or H=>WW)

Zh production @ 13 TeV LHC in the SM Zh production @ 13 TeV LHC

800f t, - e =0 pnet, - 2500} k=1, €nu=0.1, €nn=0, |
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NLO QCD corrections

pp — ZH @ 13 TeV pp — ZH @ 13 TeV
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* canonical scale inVH is uo=Q = v/(pn +pz)?
* but stabilisation of shapes with o = Hr/2
* QCD corrections mostly affect overall normalisation
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do/dptz [pb/GeV]

d O.NLO / d O'LO

* process independent implementation of Higgs PO @ NLO QCD in Sherpa+Openloops

1070 E
1.6 F

1.4

1.2 F

0.8 E
0.6

0.4

NLO QCD corrections in PO

pp — ZH @ 13 TeV

I ‘ T T T ‘ T T T 1T T T

SM: Kzz — 1

do/dprz [pb/GeV]

d O.NLO /d O.LO

pp — ZH @ 13 TeV

‘ T T T ‘ T T T ‘ T T 1 ‘ T T 1

PO: Kz7z = 1’€ZuL = 0.0195

L R
; — L —'_'—|_|=i
= L1 N B B
100 200 300 400 500

prz [GeV]

* NP shapes largely unaffected by QCD corrections

* detalled study in preparation
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Prospects for HIL-[ HC
Rz7z KWW €Zur €CZun €Zdr €Zdn CEWur,
Assume: flavour universality & CP
e | | Very simplified study:
kzz F—+--
o * ignore backgrounds
(I)' 05 1. 15 2 '
*********** L+ | e*assumed systematic uncertainty due
- 4 to missing higher orders: | 0%
o e ————+ - (However, still statistics limited!)
ZuR Loy ]
T - : e assume SM rates @ HL-LHC
B e o — » for VBF h—2l2v ~2000 signal events (SM)
- S - »for ZH:h—=2[2v ~130 signal events (SM)
- T » for WH: h—4l ~ 67 signal events (SM)
F-—t-
—OI.03 —OI.02 —OI.O1 0. 0.61 0.62 0.63 . .
HL-LHC with 3 ab™! * percent level constraints on PO feasible!
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Match PO to toy model: Z

3 matching um
/ / 7 VM zy
LD —2ggmzZ"Z,h+ Z gé,fW“qu «—> =gy ——a MZ, = 0f M2,
J=rL,/r
consider parameter space: {ng, guR}
VBF @ 13 TeV LHC: Z' model VBF @ 13 TeV LHC: Z' model
1.0f ]
0.5
- .
s 0.0[
—0.5:' “““““ ] ™
Z model — —AL e Z model —
T T HPO linear ---- ] eh HPO linear - ]
-1.0 -0.5 0.0 0.5 1.0 -6 -4 -2 0 2 4 6
8dR &dR

*for Anp > my PO nicely reproduce limits obtained in explicit model

* If possible always perform quadratic fit of PO
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HPO vs. SMEFT

* HPO and SMEFT interpretation go hand in hand
* add a given perturbative order HPO can be matched to coefficients of dim-6 of SMEFT

LO matching d|m—6 FFT
M . .
HPO (Higgs Basis)

Kzz = 1+60Z+g20ZD :

kww = 14+ 08¢y, +82€wm :

2myz ( zf g’ f 2 efo )
£ = 08™ + = (T —Qrsg)c.o+——c :
f= v & 2 ( f 9> ¢ 2 ™ ALDZS = h [250wm%,VW+W_ + 6e,my 2,7,

\/zmw 2 97 97 -
Ew s = ; Sg Wf + ECW : +Copp W;;WW + Cow W;;WW + cwng? (W# 8VW;§, + h.c.)
2 gs a a 2A A €gr A g%
SM—1IL g + g/ tCog— GWGW + C’Y’YZ Ay + szgzwf p sz4—CQZWZW
€27 = &7 22 s ’ ’
2 +czDgLZ 0y Zyw + 40919y Z,,0, AL
/ 2
sM—1L _ 88 9> e - egr . - g
Ezy = EZy 7021/ ) +Cgg=0 GZVGZV + C’Y’YZANVAHV + CZ’YQ—COZMVAHV + sz4 2 Zy Z
_ oSM—-1L ¢
Eyy = Eyy — 5
2
SM—1L &
Eww = Eww 2 ~ Cww
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HPO vs. SMEFT

* HPO and SMEFT interpretation go hand in hand

* add a given perturbative order HPO can be matched to coefficients of dim-6 of SMEFT

HPO <t EFT

» Basis and EFT independent

» directly related to physical properties of
process at hand

» allows to classify ALL information that can
be experimentally obtained from a given
process

» defined at all-orders in perturbation theory

» allows to relate different process classes with
same operators (e.g. ttbar and VBF)

» combined predictions/limits across different
classes of processes

» allows for studies of UV completion
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Conclusions

* Higgs Pseudo Observables (HPO) offer a framework for model independent
barametrisation of NP effects in Higgs decays and Higgs EW production

* based on physical properties of the Green functions

* can easily be matched to specific models

* trivial factorization of soft QCD and QED radiation
o L[ +NLL EW effects via redefinition of PO
e can be extended to VBF-V

* FeynRules model for Higgs PO @ LO+PS is publicly available at:
http://www.physik.uzh.ch/data/HiggsPO/
...can easily be used within Sherpa or MadGraph_aMC@NLO
...NLO QCD++PS will follow soon!
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Backup slides
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