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1. Introduction
1.1 The importance of Higgsstrahlung

Measure Higgs couplings (e.g. y, ) to appreciable precision.
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Source: LHC Higgs WG.

Sources: [1| ArXiv:1808.08238 (ATLAS), [2]| ArXiv:1808.08242 (CMS).



https://arxiv.org/abs/1808.08238
https://arxiv.org/abs/1808.08242
https://www.nytimes.com/2014/04/29/science/for-lab-rats-a-male-scientist-effect.html
http://opendata.atlas.cern/release/2020/documentation/visualization/the-higgs-boson.html

1. Introduction
1.1 Theoretical predictions (SM)

In the SM, the higher-order QCD corrections to Vh at NNLO+PS are well-known [1,2,3].

(B-type) (C,D-type) (A-type)

A dedicated Monte Carlo event generator has for example been made available in the POWHEG MiNNLOps

framework [4].


https://doi.org/10.1007/BF01679868
https://doi.org/10.1016/0550-3213(91)90064-5
https://arxiv.org/abs/1112.1531
https://arxiv.org/abs/2112.04168
https://arxiv.org/abs/2209.06138

1. Introduction
1.2 Theoretical predictions (BSM)

CD operators
What about new effects” Q P

:
(4m)?

Have already been considered in ref. [1].
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https://arxiv.org/pdf/2204.00663.pdf
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2. Details of the calculation

2.2 gg-initiated contributions

h
. 3 +b /’
How can we calculate the relevant SMEFT matrix elements? M
3 2
(B-type) _
~ 2[21] ([41] (13) + [42] (23 (C,D-type) (A-type)
AZOgQZA (1;,2;,35 ,43) = — 21 (1 ]<<12>> [42)(25)) (1 — ;—122> yp
X mg Co(s12,0,0,mg, mg,my) .
The axial current contributes.
Apogaza (19_ 125,37 ’427t> = —Afogazn (1; 29,47 3?) : — gauge anomalies?
Al (2,237 47 ) = Al (12.25,473F)
- +\ - +
h (9z2¢ = 92¢) = =9z — 92) »

’ 2
! A0wD7 % Z Z ( 10+ Z mg Aq,3> Is required in the SM to cancel the relevant
g — \ O 9 )
2 \ 82 (O = 1)? hg,he==% | q=t,b N s—+ my anomalies in the SM.
I 2 with

_ h
(924 = 924) 970 Ghz2
Dz(s12) Dz(s34)

q _ q hg ohg oqhy 1—hy
Ap = Apogozn (19 S A ) :
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The irrelevant anomalies (depending on the
loop momentum routing scheme) can be
cancelled with a local counterterm.

11


https://arxiv.org/abs/2012.13989
https://arxiv.org/pdf/2012.07740.pdf
https://arxiv.org/abs/1801.03505

2. Details of the calculation . | ;e

5
3

2.3 Matrix element library — — = —
We implemented all squared matrix elements in a self~-contained Fortran library.
It includes the spinor-helicity amplitudes for the dimension-four SM and
dimension-six SMEFT contributions as well as the definitions for the couplings and
the propagators depending on the EW input scheme.
25yB;; = —N Mgy (MY ), T, T, .
BOgOV B1gOV BOglV BigilV B2gOV BOg2V a ; et {Ck})ij.ﬁié. S
——— ——— B ——— ——— T colours ’
COgOV  DOgOV
AOgOV Bi" =Ny M({i}sj) M ({i}.s)) (e5)" €,

— {i},sj,s;-

Bl1gOV_colour BlgOV_spin

B1g0Z(il,i2,i3,14,i5,K,f1,f2)
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https://gitlab.com/lucschnell/vh-amplitudes

2. Detalls of the calculation
2.4 POWHEG event generator

We implemented the matrix element library in a POWHEG MiNNLOps event generator.

|
! Cuts

I
min_z_mass 10d0
max_z_mass 10000do
min_h_mass 10d0
max_h_mass 10000d0

I
I Model parameters
|

I Input scheme
InputScheme 2 ! Input scheme. @ = (Alpha, MZ, MW), 1 = (GF, MZ, MW), 2 = (Alpha, GF, MZ)

I Input parameters
mz 91.1876d0

Gfermi 1.1663788d-5
alpha 7.81549186d-3

mh 125.09d0
gh 4.1d-3
mt 172.5d0
mb 4.78d0

! Cutting—-edge calculations for the SM
mw 80.361d0
gw 2.089d0
gz 2.4952d0

I Switches
SM 0 I Switch (on/off). Whether to include the SM contribution or not.

Linear 1 I Switch (on/off). Whether to include the linear NP corrections or not.
Quadratic @ I Switch (on/off). Whether to include the quadratic NP corrections or not.

We will make it available for download on the POWHEG-BOX web page [1].


https://powhegbox.mib.infn.it

4. Results
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4. Results

4.1 Spectra

do /dpr.z [tb/GeV]

pp — Zh — €70 h

—SM
(3) 2
= 0.05/TeV
0.100¢ Cre /Te
0.0105_‘—\_‘_‘—
0.001}
4
10 g o 2Re(MSM*Mdim-6)
E _____ |Mdim-6|2
combined
10—5....|....|....|....|....|....|....
100 150 200 250 300 350
olosm
1.6
1.4}
1.2;—4‘_‘_,—'7
| .( je——————

do/dinz] 1]

10E

pp - Zh — 070" h

L SM
p — CHW = —0.05/T6V2,

1k Cup = 0.015/TeV?
0.10%
E — 2Re(MSM*Mdim-6)
: _____ |Mdim-6|2
combined
(0 )

00 05 10 15 20 25 30 3.5
\1Zfosm
1.05¢
1.00¢
0.95F
0. 9 () bt

00 05 10 15 20 25 3.0 3.5

do /dpr.z [tb/GeV]

— SM
0.100¢ — C§) = 0.05/TeV?
0.010k
0.001 F——]
'_"""" === T R ]
1074¢ :
: 1
: I 2Re(MSM*Mdim-6)
10_5 g _____ |Mdim-6|2
F combined
100 150 200 250 300 350
o /osm

pp — Zh — €70 h
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4.1 Spectra

0.100}

0.010

0.001}

pp — Zh — €70 h

do /dpr.z [tb/GeV]

— SM

C) = 0.05/TeV?

=

2Re(MSM*Mdim-6)
L |Mdim-6|2

combined

S v v by by e b by )y
10 100 150 200 250 300 350
o/osMm
3 3
1.4F
1.2j

1.0

do/dinz| Ifb]

g ~—8t— g5 ~—0.38

pp - Zh — 070" h

10

L SM
p — CHW = —0.05/TGV2,

1k Cup = 0.015/TeV?
0.10%
E — 2Re(MSM*Mdim-6)
: _____ |Mdim-6|2
combined
(0 )

------------------

00 05 10 15 20 25 30 35

.10,.2LTsM

1.05E

1.00¢

0.95}

0. 00
00 05 1.0 15 20 25 3.0 3.5

4

874 ~ ggf + g5 ~ 0.60

1)— 1)— 1
o) = oxf) ~ )

do /dpr.z [tb/GeV] pp — Zh — L4 h
; __SM
0.100¢ — —CY) = 0.05/TeV?
0.010¢
0.001 F——+
. —Im _______
- == < P N .
10~k :
E — |
: I 2Re(MSM*Mdim-6)
10—5 g _____ |Mdim-6|2
F combined
100 150 200 250 300 350
o /osm
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4. Results

4.2 NNLO vs NLO

do /dpr,z [fb/GeV] pp — Zh — £70"h

do /dpr,z [fb/GeV] pp—>Zh—>£+£_h da/.d?.n.fo [fb/GeV] _ . pp—)Zh—>£+£_h | R L B
LJSNNL L L R UL DL L I Y JNNL N I L R L BN N R N L NN DL L R LN R L R L LR B R 0.50_ 1 -
_ Crw = —0.05/TeV?, - C%) = 0.05/TeV?
______ Cup = 0.015/TeV? |
0.100 -"1=J i----ZC
0.050f 0.20¢ = 0.100}
______ === i LR
0.050+
................. 0.10¢ L__ i
0.010} [ ]
ot b=
0.005} - | i
0.05¢ ===
O [ --- SM, NLO 0.010f --- SM, NLO
F ___ SM, NLO —— SM, NNLO b - —— SM, NNLO
5.x 1074} SM. NNLO 0.021 oM : :
[ s, --- SM+SMEFT, NLO SM4+SMEFT, NLO
. 2 R [ — SM+SMEFT, NNLO 0.005 | SM+SMEFT, NNLO
PSRN T N TN T TN S N TN TN T NN SN S TN T NN TN ST ST W N TN TN ST T NN SN T T 0_01----l---"'--"'""""""' PR S T (NN YT TN ST TN (NN TN YT O SO (NN TR T W TN AT TR T NN SN (N TR TN TN WA N NN R
100 150 200 250 300 350 200 250 300 350 400 450 100 150 200 250 300 350
14 ONNLO/ONLO 1.100 GSM'ﬁSM,EITT./.GsN,I ................... TsM+SMEFT/Tsm
1.3¢ 1.075F ' ' '
1.2F %83(5)__ Tt el — 1.4t
1(1) 1.000 L2p
0.9 0.950 '

200 250 300 350 400 450

Sources: |1| ArXiv:1804.07407 (S. Alioli, W. Dekens, M. Girard, E. Mereghetti).

100 150 200 250 300 350
pT,Z [GGV]
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4. Results |

4.2 NNLO vs NLO From [1]: only | Mgim-4 + Mdim-g | » no

input scheme corrections.

do /dpr,z [fb/GeV]

pp — Zh — €70 h

do /dpr.z [fb/GeV] pp — Zh — £T¢h do/dmz [fb/GeV]  pp— .Z’}—?.ffﬁfh T T
0-501 Cuw = —0.05/TeV2,{ = = Cirq = 0.05/TeV?
______ ! _ Cup = 0.015/TeV? |
0.100¢ ] i | IZZZZZC
0.050f - 0.20¢ - 0.100}
______ | === i LR
................. _ 0.10F L 0.050:
0.010f ; : |
SRREEEER b=
0.005 - | I
0.05_ e ——
' Fee i._::::::.
0.001k o | [ —-- SM, NLO —_— 0.010f --- SM, NLO
F ——- SM, NLO : —— SM, NNLO oo [ —— SM, NNLO
5.x 1074 SM, NNLO : - 0.02¢ SM+SMEFT, NLO 1 - SM
[ sM, : _ | --- , _ _ 4+SMEFT, NLO 1
[ e ooF ] — SM+SMEFT, NNLO _ 0.005 | —— SM+SMEFT, NNLO ]
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1.2 1050 __ i (mmopmm=mmsmmmmoo i 1 L4t
N e 1,000} L2y
i 0.975¢ E 1.0
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4. Results |

4.2 NNLO vs NLO From [1]: only | Mgim-4 + Mdim-g | » no

input scheme corrections.

do /dpr,z [fb/GeV] pp — Zh — LT h

do /dpr.z [fb/GeV] pp — Zh — €70 h do/dmzy [fb/GeV]  pp— Zh o £7L7h T T T T
_ _ 0-501 Cuw = —0.05/TeV%, 1 = 77— Cirq = 0.05/TeV?
______ ! _ Cup = 0.015/TeV? |
0.100¢ ] i | IZZZZZC
0.050F : 0.20} = - 0.100¢
______ _ =
................. | 0.10} 0.050
0.010} : : :
0.005 - I
[ 0.05} .
b Foo i._::::::
0.001k o | [ --- SM, NLO —_— 0.010F --- SM, NLO
F - SM, NLO E — SM, NNLO EEETET - —— SM, NNLO
5.x 1074 SM, NNLO : - 0.02¢ SM+SMEFT, NLO 1 - SM
[ SM, : _ | --- , _ _ +SMEFT, NLO I R
[ e ooF S —— SM+SMEFT, NNLO _ 0.005 | —— SM+SMEFT, NNLO 1
[N T SN [N TR TN SN SN Y TN TN SN TN NN TN TN SN NN NN NN SR SR SN SN TN SN SR SN NN S S N 0.01||||I||||I||||I||||I||| | I T T N T T T B T T T T T T T T T R T R
100 150 200 250 300 350 200 250 300 350 400 450 100 150 200 250 300 350
| g N0/oNr0 | 10008 smmET/OSM TSMFSMEFT/ TS\
L3 1.075 ; | |
1.2 1050 __ (mmmrmmmmmmrmmmmes oo L4
N e 1,000} L2f
0% 0.975E ' 1.0
O T 0 30 00 30 09250 300 3%0 400 450 R T T
Gov 100 150 200 250 300 350
Pr.z e mzn [GGV]

pT,Z [GGV]

2 2
Our code can do ‘Mdim— 4‘ , 2Re {Mjiim— 4Mdim—6}7 ‘Mdim—G‘ individually, for all three input schemes.
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> The associated Higgs production (Vh) channel is interesting phenomenologically,

since it allows to measure Higgs couplings precisely.

>~ We calculated SMEFT contributions to pp = V( — [7l7)h at NNLO and implemented
them in an NNLO+PS accurate POWHEG MiNNLOps event generator.

— essential tool for future Higgs characterisation studies at the LHC

> Higher-order SMEFT calculations come with interesting theoretical aspects,

including the ,recycling of SM spinor-helicity amplitudes and the treatment of gauge

anomalies.
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Thank you for your attention!
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ATLAS

EXPERIMENT

Candidate Event:
pp—-H(—-bb) + Z(-ee)

Run: 337215 Event: 1906922941
2017-10-05 07:55:20 CEST

Source Image: cds.cern.ch.


https://cds.cern.ch/record/2636049

Introduction
Theoretical predictions (BSM)

) h
L /,, 9 /h
o y ¥ & s 3 Z /’
2 ‘,

Sl

I~
< <'+ Z

LHC scale A;ye

(Vh) High scale Ayy ~ My
J dk” [ dkP J dk®”
CmP (p+hk)*—M3) ... Q)P (7 +k?2=-M3?) ... Qr)P (k2 — M3) ...

The SMEFT allows us to study the indirect contributions from high-scale BSM physics in a (largely)

model-independent way.

iﬁdependent of kinematic;s
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Anatomy of SMEFT effects

Current constraints

What are the current constraints on these types of SMEFT operators?

1 3
V(h)qq: ng(;’ lelq), Crws Cha LEP /SLD:

Cirg :
)2 ! 5gt €[0.2,6.8] - 1072, 2z €1709,2.8 TeV™7,
5g¢: 92 v g 3T3—g Qv — = (C(l) —QTSC’(S) )
L™ ¢ A2 |77 Qu — o5 \ Y Hyy Y HY )|
e —4 (3)
ogr, € [=7.1,2.0] - 107, % € [-3.6,1.0] - 1072 TeV 2,
1 3
V(h)ll: | C},), C), Cy,
2
LHC CHB’X—S—;U Crw
2
0Ky ! 2}2 [C,(ZUCHB + S%UCHW — CwaCHWB} : :ug;];‘ = 1.00+0.09,
h: | Cup, CouilC oo S Crp = 0.015
VVh: [ Cyp, Caw |Chws | 2 ,
- 5/%72 ~ — A2 [QCwa (CHB — CHW) + (C,IQU — S%U) CHWB] : ,uggF — 2.2+0.7

IhyZ CHW = —0.05,
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https://doi.org/10.1093/ptep/ptac097
https://arxiv.org/pdf/hep-ex/0509008.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-053
https://cds.cern.ch/record/2706103
https://arxiv.org/abs/2309.03501

Anatomy of SMEFT Effects

Current constraints

Z couplings to lighter quark generations are less constrained than couplings to heavier quark generations:

23
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Anatomy of SMEFT Effects

Input scheme corrections

Gr = ! (1 1 °Gr )
[ 2 b V2 G—F
Input scheme Que = (v l)(4y*L) . V2
0GF 2 (3) (3)
corrections: Gr " <[CH€}W + (O]

Qup = (H'D, H)*(H'D'"H)

Let us consider the situation in the LEP input scheme {a, Gp, MZ}:

om CwSw V2 Sw Cw
Input scheme wo_ lg(jHWB +=2 (20}{32 - ng) + CHD]

my 2 (c2, —s2) A?

w 28y,

corr..
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Details of the calculation
The POWHEG method

q . 9
OnLo = / d®, L [B(@n) +vb(<1>n)} + / d®, 1 L R(Ppy1) , 2 Z
+ / Ad®p,e L Gob(Pn,e) + / d®n,e L Gobn(Pre) = 9
(NLO) (LO-+PS)

. N A | .
— how to deal with IR singularities® — how to avoid double counting?

Soft /collinear

divergences

Sudakov form factor:

®,=P,
A ((I)mpT) — exp {/ [dq)l"ad R((I)nJrl) 9(;;(1(::))?%%) B pT)] } .

(0) = / d®,, L O, (®,) [B(cbn) +Vb(q>n)}

+ /d(I)n—i—l {E On+1(Pnt1) R(Prt1) — Z {Z On((i)njw“ C((I)’nﬂ)} ’

(7
(8

Subtraction: [ N ] [ o
+ Yy / A%, LOn(®,) C(®n)| + Y / A®,, o LO0y(®,) C(®10) do — B(®,)d%, { A (@0 ) + A (B b (Br1) R(q)nﬂ)d@rad} |
P, =P

ac{Fsc,s} o aE{ISC@} e

+ / A9, 5 LOW(®,) Gon(Prs) + / d®,, o LOn(®,) Gon(Pro) -

— exclusive NLO above p%nin

min

— inclusive NLO — parton shower for radiation below pz
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Details of the calculation
The POWHEG method

In practice, what one has to implement is

» Flavour structure for Vhj and Vhjj
» Vhj phase space

» Born matrix element (Vh)

» Virtual
» Double virtual

» Real (Vhj)

» Colour-correlated real

. /
spins Cj—C;
colours

POWHEG-BOX for Vhj

> Spin-correlated real

B =N Y M({i},s;) M ({i}, ) (1)

{i}75j75;

> Virtual-real (Vhj)
» Double real (Vhjj)

_ f a a
2spBij = —N Z Mier) (M{Ck})cz'—wé TCi,CQ chacl '

J

v

€ s
S )
J
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Results

Event generator

min_z_mass 10d0
max_z_mass 10000d0
min_h_mass 10d0

max_h_mass 10000d0
|

Model parameters

Generation-level cuts

Input scheme
InputScheme 2 ! Input scheme. @ = (Alpha, MZ, MW), 1 = (GF, MZ, MW), 2 = (Alpha, GF, MZ)

! Input parameters
mz 91.1876d0

Gfermi 1.1663788d-5
alpha 7.81549186d-3

Input scheme o 223,030
|

! Cutting—-edge calculations for the SM
mw 80.361d0
gw 2.089d0
gz 2.4952d0

! Switch
SM parameters SM HEEEnEs ! Switch (on/off). Whether to include the SM contribution or not.

Linear ! Switch (on/off). Whether to include the linear NP corrections or not.
Quadratic ! Switch (on/off). Whether to include the quadratic NP corrections or not.

ore

! Anomalous couplings
Anomalous 0@ ! Switch (on/off)
ht h f 'ﬁ' ghzz1 @do0 ! Anomalous coupling
Wltc eS Or ]_ erent ghzz2 0de ! Anomalous coupling
ghzz3 0do ! Anomalous coupling
|
|

ghazl 0do Anomalous coupling
Contributions ghaz2 0do Anomalous coupling

! SMEFT

SMEFTScale 1000d0 ! Scale of SMEFT operators

Warsaw 1 ! Switch (on/off)

CHe 0do ! SMEFT coefficient

CH11 0do ! SMEFT coefficient

CH13 0do ! SMEFT coefficient

CHql 0.05d0o ! SMEFT coefficient

CHg3 ode ! SMEFT coefficient

CHu 0do ! SMEFT coefficient

CHd 0do ! SMEFT coefficient

CHB 0do ! SMEFT coefficient
S |\/I EF I Operators CHW @d0 ! SMEFT coefficient

CHWB 0do ! SMEFT coefficient

! Linear combinations of SMEFT operators

WarsawRotated 0 ! Switch (on/off)

CHA 0do ! SMEFT coefficient (sw2%CHW + cw2xCHB)

CHZ 0do ! SMEFT coefficient (cw2*CHW — sw2*CHB)

Our code will be available for download on the POWHEG-BOX web page.



https://powhegbox.mib.infn.it

