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Theory consistent

Allows for systematic Model independent

improvements from Well suited to parametrise
theoretical side small deviations from SM

Why BSM via Effective Field Theory?
Why Higgs pT spectrum?

Complementary to

direct searches Can be used to store
what LHC measured

Proved to work In
flavour physics

Can link many measurements



More information than single number:
Shape
Normalisation

Maximum position Enable to disentangle

properties hidden in total rates:
eg. Higgs-gluon coupling

For the scalar particle
production and decay
factorise

Why BSM via Effective Field Theory?
Why Higgs pT spectrum?

Data from ATLAS & CMS available

CMS Preliminary ~ 35.9 b (13TeV)
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What is Effective Field Theory?

Top-down:

From UV complete model heavy
degrees of freedom are integrated
Out.

L = Liow + Lhigh + L™

As a conseqguence an Iinfinite
ladder of new operators build from
light fields will appear.

—(k)

/ow+z:z A(k 4)

k=4 |

Bottom-up:

We take the renormalizable theory
(e.g. SM).

From its fields we build the
operators of higher dimensions
obeying the Lorentz and gauge
iInvariance to account for the small
deviations from the theory.

c(®) o6

0B i ®
L= £5M+Ao +Z 07 + ..



What is Effective Field Theory?

Top-down:

Explicit integrating out of heavy states:
Gorpbahn et al ‘15
From UV complete model heavy Chiang et al ‘15

degrees of freedom are integrated ~ Bc99aeta e .
Covariant Derivative Expansion:

Out. o e

_ enning et al '14-"16
L = Liow + Lhigh + L™ Drozd et al ‘15
del Aguila et al ‘16
/hang 16
How analysis differs: explicit model vs eft

Drozd et al ‘15

As a conseqguence an Iinfinite
ladder of new operators build from
light fields will appear.

=(k)

L= £/0w+ZZA(k 4)

k=4 |




What is Effective Field Theory?

Dimension 5, 6, 7, ... operators:

Weinberg ‘80
Buchmuller et al ‘86
Grzadkowski ‘10
Lehman ‘14

Different basis of dm ©6:

Contino etal ‘13
Falkowski et al "15

ZHDMEFR T

Crivelin et al '16
Radiative corrections and

renormalisation:

Passarino et al '12-16
Jenkins et al '13-"14

How to use it in LHC:

HXSWG Yellow Report 4:
Section 2 (and 3.1)

Recent review:
Brivio, Trott ‘17

INclusion IN the observables,
Fits to the available data. ..

Bottom-up:

We take the renormalizable theory
(e.g. SM).

From its fields we build the
operators of higher dimensions
obeying the Lorentz and gauge
iInvariance to account for the small
deviations from the theory.

c(5) 5) 0,56) ©)
L=Lsy+ 5O +EFQ + ..

Nonrenormalisable but renormalisable
order by order



How to get Higgs boson in LHC?

Gluon fusion is the most efficient Higgs boson o ——
production channel at the LHC .

Due to the dominance of gluon pdf

10" M, =125 GeV_|

pp aaH (NNLO QCD +NLOE
pp H (NNLO QCD + NLO EW)
pp ZH (NNLO QCD +NLO EW
PP pbH (NNLO and NLO QCD
pp NLO QCD |
i MSTW2008 -
T T ;
7 8 9 10 11 12 13 _14
Ns [TeV]
$]> ------ Even though it is loop induced process




How to get Higgs boson in LHC?

—
o
™
TTT
0

Gluon fusion is the most efficient Higgs boson
production channel at the LHC

(PP H+X) [pb]

Due to the dominance of gluon pdf

10—1 MH =125 GeV__
MSTW2008 7

pp aaH (NNLO QcD +NLOE

PR HNNLOQCD+NLOE

pp ZH NNLOQCD+NLOE

pp bbH (NNLO and NLO QCD

op \\HNLOOCD
=, MsTwzoos :
7 8 9 10 11 12 1%§[Te1\;}

______ Even though it is loop induced process

Top mass > Higgs mass: Heavy Top Limit (HTL) useful approximation:

T

Known up to NLO QCD Known up to NSLO QCD

Fliis, Hinchliffe et al 88: Baur, Glover '90; Anastasiou, Duhr, Mistiberger et al. 13-19

Spira et al!91, '95; Dawson '91, and NNLO QGCD

Anastasiou et al’09 Harlander, Kilgore '02; Anastasiou, Melnikov '02;

and NLO EW corrections Ravindran, Smith, Van Neerven ‘03

Aglietti et al’04; Degrassi, Maltoni '04; and NGLL treshold resummation

Passarino et al '08 de Florian, Grazzini '12; Bonvini, Marziani "14; Schmidt, Spira 15

with approximate top mass effects
Marzani et al'08; Harlander et al'09,10; Steinhauser et al’09 g



Why and how we care about Higgs pT?

We need additional parton to recoil Higgs
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NNLO results:

LO known: Boughezal, Caola, et al'13-"15; Boughezal, Focke et al.15;
Ellis, Hinchliffe et al.’88; Baur, Glover '90 Chen, Gehrmann et al. 14

NLO first partial results: NLO known:

Bonciani et al.' 16 de Florian, Grazzini, Kunszt '99; Glosser, Schmidt '02:

Ravindran, Smith, Van Neerven '02

with approximate top mass effects:

Neumann et al.12-"14; Grazzini, Sargsyan '13;
Mantler, Wiesemann 12

“New Physics sits in the tails of distributions”

but there Is a problem at low pT...



Problems at low pT? Resummation!

Technically, the perturbative

Singular behaviour at pT<mH expansion Is affected by large
logarithms of a form In”(%)

do/dp’ [pb]
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Problems at low pT? Resummation!

Singular behaviour at pT<mH

do/dpi[pb] .~

002

! v
0015 . S
SR ]
) r \ =
N e fixed order <
- W - -- logs 1<
001 | 77N\ —— If.o.--logs | 12
LN, —..- resummed logs S
/ ".?\.\ %
- NN 1=
0.005 | VO
| TN T
R R e S
0 T T T e Y
0 20 40 60 80 100
pi [GeV]

Technically, the perturbative
expansion is affected by Izarge
logarithms of a form /n"(% )

They can be systematically
resummed working in the impact

parameter b space to all orders
Collins, Soper, Sterman ‘85

Then the resummed and fixed
order spectra need to be properly

matched at intermediate pT

Bozzi, Catani, de Florian, Grazzini ‘05
do,(res)
.

[ do ] _ l do :| !dd('es)] N
2 - 2 o 2
de f.o.+a.o. de f.o. de f.o.
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Singular behaviour at pT<mH

0.02 ¢

doldpll [pb] .+

Problems at low pT? Resummation!

Technically, the perturbative
expansion is affected by Izarge
logarithms of a form /n"(% )

i o
4 Ny
oo Q) .
SN = They can be systematically
0015 = resummed working in the impact
F S — fixed order <
S - - - logs = parameter b space to all orders
001 | 7 N —— IT.o-logs | % Collins, Soper, Sterman ‘85
/ \‘:{ —--- resummed logs 5 ! !
) ‘\ —— matched “%
0005 £ N - Then the resummed and fixed
[ e eSS - order spectra need to be properly
%0 20 40 60 80 0  Matched at intermediate pT

Bozzi, Catani, de Florian, Grazzini ‘05

[ do ] _ l do :| !da('es)] N
2 - 2 o 2
de f.o.+a.o. de f.o. de f.o.

[do,(res) ]
2
de .a.0.

12



Problems at low pT? Resummation!

Technically, the perturbative
expansion is affected by Izarge
logarithms of a form /n"(% )

do/dpf! [pb]
002 ~
i 3 .
: = They can be systematically
Mot o = resummed working in the impact
: total = parameter b space to all orders
001+ i% Collins, Soper,Sterman ‘85
-0
15
13

S N Then the resummed and fixed

order spectra need to be properly

o Matched at intermediate pT
Bozzi, Catani, de Florian, Grazzini ‘05

The matched spectrum satisfies do do dor(7es)
the unitarity condition: [E]f B [EL B ! ]
area below graph corresponds to

the total cross section

2
dp%

[do,(res) ]
+ 2
de .a.0.

13



Our setup for Higgs production and pT spectrum
including EFT effects

Our SMEFT operators

O, =|H 2GZ,,G“”‘“’

Oy = |H|?QHug + h.c.

Os = |H|*QrHdg + h.c.

Oy = QLHJ“”T"'URGZV + h.c.




Our setup for Higgs production and pT spectrum
including EFT effects

Our SMEFT operators
0. — IHI2Ge o S hG, Goe <---as HTL in SM

1 — v

Y c my 7 ‘o

O, =|H 2Q_LH ug + h.c. P SR modified top/bottom
O3 = |H|[*QLHdRg + h.c. T .
03 o HQfWTGR o ?Cbhbb 4 Yukawa coupling

4 = Li1o URG .C.

15



Our setup for Higgs production and pT spectrum
including EFT effects

Our SMEFT operators
O, = |H|*GS,GY %%hG;‘iuG“’“” <---as HTL in SM
1 = L
O =14 ZQL Houp + h.c. modified top/bottom
Os = [HI'GLHdp + h.c Yukawa coupling

04 — QLHO'MVTQ’U,RGZV -+ h.c.

can be bounded from the tth production

16



Our setup for Higgs production and pT spectrum

O, =|H 2GZ,,G""’“’
O, = |H|*?Q H ug + h.c.
Os =|H 2QLHdR + h.c.

04 — QLHO'MVTQ’U,RGZV -+ h.c.

including EFT effects
Our SMEFT operators

2 e hGe,Gom «-----as HTL in SM

v

Iz — -
ottt modified top/bottom
@ o4 Yukawa coupling
a2 (0 + B)G, (Fr0™ Tt + o)

can be bounded from the h->bb decay (and bbh production)

17



Our setup for Higgs production and pT spectrum
including EFT effects

Our SMEFT operators
O — IHEGe o S chGe,Go +----as HTL in SM

1 = v

— 2N c o _ -

O =11 ﬁLH up + h.c P SR modified top/bottom
Os = |H|?QrHdR + h.c. L .
03 _ 5 HQiVTaR o ?Cbhbb < Yukawa coupling

4 = L1100 UR UV .C. o, o

o3 (v + h)G,(tLo" T + h.c)

can be bounded from the tt production

18



Our setup for Higgs production and pT spectrum
including EFT effects

Our SMEFT operators

O, = |HPGEGo N GG as HTL in SM

02 = |H 2QLI‘]C’UJR + h.c.
Os =|H 2QLHdR + h.c.
04 — Q_LHO'MVTG’U,RGZV -+ h.c.

modified top/bottom
Yukawa coupling

Easiest to bound from the Higgs pT spectrum

19



Our setup for Higgs production and pT spectrum
including EFT effects

Our SMEFT operators
O _ G o “cghGy, o <----as HTL in SM
1 — uv
2 N c my T C
O, =|H 2Q_LH ugr + h.c. TCthtt AT modified top/bottom
Os = [HI"QLHdr + h.c. My by e Yukawa coupling
04 — QLHO'MVTG’U,RGZV -+ h.c. () -
tg gzsv3t (U + h)GZV(ELO”VTatR + hC)

Previous studies including dimension 6 and dimension 8 operators

Grojean, Salvioni et al.'13;
Azatov, Paul 13, Langenegger,
Spira et al.’” 15 Maltoni,
Vryonidou et al "16-17

Harlander, Neumann'13,
Dawson, Lewis, Zeng' 14

* (mostly) did not include chromomagnetic operator
* (mostly) only valid for high pT - no resummation included

20



Higgs transverse momentum spectrum

Based on the HqgT program, cross-checked for f.o0. part with
HNNLO and HIGLU programs

We included three of SMEFT operators:
e top Yukawa modification

bottom Yukawa modification > EERERRER Can re-use the SM calculations
* ggh point-like coupling

21



Higgs transverse momentum spectrum

Based on the HqgT program, cross-checked for f.o0. part with
HNNLO and HIGLU programs

We included three of SMEFT operators:
e top Yukawa modification

bottom Yukawa modification = «------ Can re-use the SM calculations
* ggh point-like coupling

The values used for eff. coupling were inspired by currently available fits

Highest known with full ELTLTWONK@IF % 13
AIKOWSK]
top mass dependence SUtter of al 16

Calculations performed on the(NLL+NLO) level of accuracy

Renormalisation and factorisation scales: ur = pr = po = /p% +m H/2

Three scales of resummation: Q: =mu/2 Qy = 4my Qi = \/Q: Qs

N line with

Parton distribution functions: NLO set from PDF4LHC2015 oz, sargsyan 113

Harlander et al '14 55



Separate contributions of dim 6 operators

do/dp+(H) [pb/GeV]

101 ETOT T T [ LA R DL L L L B T

" ggH@LHC 13 TeV NLL+NLO —om 3 i 500

 M,=125 GeV el Kept_ within 20% from SM total cross
100 bx a0 4 section

e Not exceeding (much) the SM uncertainty
e ffects in different regions of the
spectrum

103 do/dp;(H) [pb/GeV]
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pr(H) [GeV]
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1.4 e AT I

SM scale variation /:1{ S A R i

06:_ |||||||||||||||||||||||||||||||||||_E

400 450 500 550 600 650 700 750 800
pr(H) [GeV]
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Mixed contributions of ct and cg

do/dp+(H) [pb/GeV]

£ ggH@LHC 13 TeV NLL+NLO
I Mh=125 GeV

T I T T T

T I T T T T I T T T T
—— SM

....... ¢=0.1,c4=0.075

---- ¢=0.5,c4=0.042

______ Ct=1 _5,Cg=-0.042 _
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effect caused by dominance of cg2

300 350 400

e More dramatic shape effects with same
total rate
o =~ |12¢5 + ct|?ospm
e At high pT clearly visible effect of point-
like coupling

103 do/dp;(H) [pb/GeV]

....... €=0.1,c4=0.075
_———— Ct=0.5,Cg=0.042
______ c=1.5,c4=-0.042 1
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Mixed contributions of ct and cb

do/dp+(H) [pb/GeV]

1 01 E T T T T T T T T l T T T T l T T T T l T T T T T T T l T T T T l T T T T
E ggH@LHC 13 TeV NLL+NLO — SM
P PPPPE ¢t=0.5,cp=-7.46
L Mp=125 GeV - --- ¢=0.8,c,=-3.67
100 2o —— ¢=0.9,cp=-1.79
N ¢=1.1,c,=3.79
N ~——- ¢=1.2,c,=4.67

300 350 400

100

150 200 25
pr(H) [GeV]

No shape distortion compared to SM
top loop dominance

¢ For ¢t >1 hard to balance with real cb

e At low pT clearly visible effect of
modification of bottom Yukawa

e For pT>150 GeV governed by the ct
modification

103 do/dp;(H) [pb/GeV]

- ggH@LHC 13 TeV NLL+NLO ~  —sw  —
- Mp=125 GeV Ll G080=367 |
FS<e ¢=0.9,cp=-1.79 1

N c=1.1,c,=3.79

10_4 - -—-- ¢=1.2,cp=4.67

10°
101-(.56:—_=_=__=_=__'_=_i_=_i_'_=_f:='=H='HH'HH'="='HH—I
1.4 B T A T T F
1.2 E
/; E
0.8 B
O e 3
04 E
0.2 T LTl T T T e e B et el B e S B Bt e St et Sl et B s B BT S
400 450 500 550 600 650 700 750 800

pr(H) [GeV]
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Mixed contributions of all three operators

1 do/dp+(H) [pb/GeV]
O = T T T T T T T I T T T T I T T T T I T T T T I T T T =
= ggH@LHC 13 TeV NLL+NLO — s : S
: ﬁj/I(\]Jh=125 Gev cr120=2980=003 3 @ Scenario with top Yukawa enhanced,

---- ¢=1.2,c,=-4.89,c4=-0.04

100 g{\ T aseTsseTos 1 inspired by the higher than SM rate of ttH

T I T T T T I T T T T

---- ¢=1.4,c,=3.31,c4=-0.03

14O 5676-005 ] iNn first CMS and ATLAS results

ct=1.5,c,=1.88,c4=-0.04

aclse=1796=005 3 e | eads to the softer spectrum
1 e Combination of all previous effects

e
N
~

~
~
e

103 do/dp;(H) [pb/GeV]

- ggH@LHC 13TeV NLL+NLO — M~~~
p 99T TE e o AR T T Ci=1.2,04=-2.98,64=-0.03
- Mp=125 GeV - —-- C=1.2,6p=-4.89,c4=-0.04

I\J;

—h
OO0 .—‘.—‘.—‘—‘q

1
|
- = - ci=1.3,cp=-0.85,C4=-0.03
8 g 10-4 ~~~~~ SIS ci=1.3,cp=-3.34,c4=-0.04 |
6 E\ = e TS - C=1.4,cp=3.31,c,=0.03
4 Fi == SIS TN T ci=1.4,c,=-3.67,C4=-0.05
2 AN = TN RSN T c=1.5,0,=1.88,c4=-0.04
L e et A S S A A s ol L SIS S R 3 T Ty N ct=1.5,0p=-1.79,C4=-0.05
1 = w‘!?- __________ : 5 .............
- 18 R N i =T Yt ) N O N L Y e e T Yt Y Il et - 4N | TS e T
8 E e Rl S o N i N Ee B ey R n A u N N RN ABNN RN = 10 & el
2 E o e v by by by by Ly e ST T T \\ \\\\\\\\\

50 100 150 200 250 300 350 400 L
pr(H) [GeV]

107 ¢ I I I I j j j
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0.8 SN AR E
0.6 ™ Sl T E
04 B e T
0 [ St =

1-r5-rT1=lr=-—<r ==ty o-r d=ra-r94

400 450 500 550 600 650 700 750 800
pr(H) [GeV]
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Higgs pT spectrum at NNLL+NNLO

The best available SM prediction attNNLL+NNLO)including mass
effects obtained with HRes.

D. de Florian, G. Ferrera, et al. "12; No full top mass
M. Grazzini, H. Sargsyan '13 dependence known!

Having the best SM prediction we apply on top the SMEFT effects,
factorised from the NLO predictions:

SMEFT

SM
t)NLL+NLo (pz) . (dU
SM

do
( dpe ) NLL+NLO (pr)

S5

( do SMEFT (

(pr) = (pr)

dpy > NNLLANNLO dpy ) NNLL+NNLO

¢ |nput kept as similar as possible (pdfs, scales, masses)
e HqT analytic while HRes numeric
e Different binning

27



Higgs pT spectrum at NNLL+NNLO
Separate contributions of dim 6 operators

do/dp+(H) [pb/GeV]

101 L ggH@LHC 13 TeV NNLL+NNLO =~ __ v -
i Mp=125 GeV e g::g;

101'_46_::::}::::}::::}::::}::::}::::}::::I:::::
14 F =
1.2 é-_.'_'_--_--_--_--_-;-;-;-_--_--_--_--_-_-.-a-..-...u-..-.:._..-.:-.. uuuuu - nnr-?-?.‘:.—.._.:'.T._.:._.._.':._.._..-.._.:.;

) S—— e @
0.8 primemumsn SR S S Rety SOL - B - - =
0 I 1] S L N _Eai

50 100 150 200 250 300 350
pr(H) [GeV]

1 @ Noticeable improvement of scale

variation at low pT

_ e BSM effects exceeding the SM

uncertainty

| o At high pT problems due to the

statistics (HRes numerical)

The SM scale variation:
 light grey NLL+NLO

200 » dark grey NNLL+NNLO

28



Higgs pT spectrum at NNLL+NNLO
Mixed contributions of all three operators

do/dp+(H) [pb/GeV]
10' L ggH@LHC 13 TeV NNLL+NNLO __ gy = -

E Mp=125 GeV e Ct:]-g’cb::i-gg’cg::g-gj ] |
B T §I=1igi§E=-gigiiig=-8igz 1 ® Can be redone for all the previous
Sina = Ci=1.9,Cp=-0.94,Cy=-0. = . .
e - oel4e=83162008 1 Operators combinations
: Lt-_"fﬂ_“ t—=1.4,Cp="9. , g=' . : \ \
101 [ = R e s With smaller SM scale uncertainty

the sensitivity on the BSM effects
] is higher

1  Full top mass dependence at

| NNLO would be appreciated

T T TTTTI LI

10
18 = —
1.6 E- —
1.4 B, E
1.2 Bidf o o s eem i etne Bl ey | =

1 P TS
08 F e e
0.6 e A A e i s e
83 = | | PR T S S T N I 1_-_1—-]_1__1_;-_;1-_1_1-_1_'7::

50 100 150 200 250 300 350 400

pr(H) [GeV]
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Battlefield report:
Calculating the chromomagnetic operator contribution

30



Feynman rules from chromomagnetic operator

. QLHU’WTaURGZV + h.c.
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Higgs production at LO

32



Higgs production at LO

M (g(p1) +9(p2) = H) = i crucan [pips — (pip2)g™) F(7)

F(r) =@F(r) +@un) () +Feleg) o F)

33



Higgs production at LO

M (g(p1) + 9(p2) — H) = 3“7 piph — (pip2)g™) F(7)

Z@Fl +‘MR ) E> (T F3( )

Fi(r) = 571+ (1 -1)f()]

F2(T):127
2
_F3(7')=3(1—7‘f(7')—29(7‘)—|—21nf7};)
;
( 1 ( .o 1
VT — 1 arcsin — T>1 arcsin® —= T2>1
9(7) = < fllﬁ/jﬁ | A =
\ 1—T[n1_\/ﬁ—'m] T<l1 \——[l - — T T<l1

34



Higgs production at LO

y a v 174
M (g(pr) + 9(p2) = H) = iz eruea [piph — (pip2)g™] F(7)
m; Calculations published
F(r) = F @) L . |
(7) =@JF1(7) +Cgiun) Fa() Jr.zT?> 3(7) v-..with contradictory results
3 . Choudh tal’12
Fi(r) = éT 1+ 1A =7)f)], Deggandue%’[eala’12
FQ(T) = 12,
2 J '
By(r) =3 (1 o f() — 29(r) 4+ 2n 7%) Formally higher order of yt
t
( 1 ( arcsin2i T
S VT — 1arcs11n+7\7/_ﬁ | T2>1 - 1 \1/1 P 2 > 1
\\/l—T[lnl_\/ﬁ—m} T<1 \_lenl— 1_T—m T <1

We checked for ctg values allowed from other observables at LO and still

can be up to 20% eftect!
35



Calculating the chromomagnetic operator contribution in
Higgs pT spectrum

Calculate the NLO (real) with the chromomagnetic operator to
iInclude also in the transverse momentum spectrum - the shape
effects should be included.

It has been presented in the MG5_aMC@NLO framework (not as

analytic calculation).
Maltoni, Vryonidou, Zhang '16
Deutschmann, Duhr, Maltoni, Vryonidou "17

We decided to pertorm the calculation to implement in analytic
form into HgT programme.

36



Calculating the chromomagnetic operator contribution in
Higgs pT spectrum

37



Calculating the chromomagnetic operator contribution in
Higgs pT spectrum
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Calculating the chromomagnetic operator contribution in
Higgs pT spectrum

Recall Stephen’s talk on SM h+jet in Torino.
But this are not really the same (ditferent structure of ctg coupling)

39



Calculating the chromomagnetic operator contribution in
Higgs pT spectrum

Analogous ones will be needed for gg and gg channels.

40



w(Calculate amplitudes

® [ensor reduction

mEXxpress in known functions
mSquare amplitudes
®IMmplement into your code

m|_uckily we have framework

What is on the way from nicely
looking Feynman diagrams to
nicely looking spectra.

o do/dpt(H) [pb/GeV]

------- Ct=0.5,Cb=-7.46 ]
---- C=0.8,c,=-3.67 -
______ ¢=0.9,cp=-1.79 _|
c=1.1,,=8.79 3

--- c=1.2,cp=4.67 n

T loopeeponeeyes Joopemeneeye boepeqengeepes beorageeyene 3

150 200 250 300 350 400
pr(H) [GeV]
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v’ mCalculate amplitudes
® [ensor reduction
mEXxpress in known functions
v mSquare amplitudes
®Implement into your code
ml_uckily we have framework

What is on the way from nicely
looking Feynman diagrams to
nicely looking spectra.

o do/dpt(H) [pb/GeV]

------- Ct=0.5,Cb=-7.46 ]
---- C=0.8,c,=-3.67 -
______ ¢=0.9,cp=-1.79 _|
c=1.1,,=8.79 3

--- c=1.2,cp=4.67 n

T loopeeponeeyes Joopemeneeye boepeqengeepes beorageeyene 3

150 200 250 300 350 400
pr(H) [GeV]
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A= fabcAuupeﬂ(pl)eu(pZ)ep(p3)

A*P = F\(p1,p2, p3) Q1" + Fy(p1, p2, p3) Q5"
+ F3(p1,p2,p3) 957" + Fy(p1,p2, p3) Q4 "°

Q" = pipyps — pipsps + g [(p1 - p3)ph — (p2 - p3)Ph]
+ g"°[(p2 - p3)p} — (p1 - p2)Ps] + 9P [(p1 - P2)P5 — (P1 - P3)DS]

Q1 — [(pa - pa)pf — (py - po)pf) AP~ (PL-P2)"”

(Pl 'pz)
pvp ) v ) v pfpg o (pl ) pB)g“p
Qs [(p2 - p3)Py — (1 - P2)P5] (01 - p3)
PV __ . vp
Q1 = [(p1 - ok — (p - po)ph) 25— (P2 P0)g
(P2 ' P3)

F5(p1,p2,p3) = Fo(ps, p1,p3) = —F3(p1, 3, p2) = Fu(ps, P2, P1)

But only true for all diagrams
or at least gauge invariant
subsets of diagrams!

F is totally symmetric.
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AYP = Fy(p1,p2,03) QL + Fo(p1,p2,p3) 25"
+ F3(p1,p2,p3) 95" + Fi(p1,p2, p3) Q4 "F

Fi(p17p27p3) — P'I{LVPAuvp

PI = N[-(2 - )1 + (1 - )04 — (1 - ) Q4" + (1 - )4
PL = N[(1 - )1 — (2 €) Q4" — Q4" +£Q}”
PY = N[-(1- )01 — (2 - £)Q4” — £} — £) Q4"
P = N(1 - €)Q4 — (2 — ) Q4" — e Q4" + £}
1
4(1 — 2e)(p1 - p2)(p1 - p3) (P2 - P3)

P3
8§ =2p1 - P2 The final expression will

t=—2p1-p3 depend only on Mandelstam
u=—2p2-p3 variables (s,t,u) and Higgs

n rk m
S ttu— M and top qua asses
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After contracting with projectors we are left with some loop
momenta in the nominators:

K.Di
Some of them can be Rest need to be reduced
replaced by differences of systematically e.g. by the
propagators Passarino-Veltman reduction

Formulas expressed in terms of the (known) one loop scalar integrals:
bubbles, triangles and boxes (BO, CO, DO).
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Examples:

iy (1 — 36)gm?Bo(s, m?, m)

F —
. (2¢ — 1)s03
iciggim? (etu + 12 + u2) By (s, m2, m?2)

(2¢ — 1)stuv®

o 2iciggim?((2e — 1)t? — etu — u?) Bo(s, mZ, m?)
3 (2¢ — 1)stuv?

P 2iciggim?(etu + (1 — 2e)u? + t2) By(s, m?, m?)
4 (2¢ — 1)stuv?

Fy=

P ictggom?((e — 1)Bo(s,mi,m?) + (2 — 1)sCy(0, 5,0, mZ, m?, m?))
' (26 — 1)s03

iciggim?((etu + 8+ u2) Bo(s, md, m?) — (2 + u2) Bo(0, m, md)
(2 — 1)stuv?
_iciggdmi (((1 = 26)t* + etu + u®) Bo(s, mi, m7) + Bo(0, mf, m3)((2e — 1)t* — u?))

Fy =

F3 =

(2e — 1)stuv?

P iciggom?((etu + (1 — 2e)u? + t2) Bo(s, m?, m?) — Bo(0,m?,m2)((1 — 2e)u? + t?))
T (2e — 1)stuv3




We have 3 permutations for every bubble diagram and 6 for every
triangle or box diagram.

(stu) (sut) (tsu) (uts) (tus) (ust)

This requires care, one need to take
into account also the colour factor!

In the end we have expressions for formtfactors. To get the cross
sections we need squared amplitude, which we obtain by performing
the squaring in the axial gauge:

Ko v VM
piny +pin

_g,“ |
p1-n1 For ny vector we take one of
the other gluon momentum.

Linear combination of formfactors allows to express the amplitude as a
sum of squares:

{F17 F27 F37 F4} — {Cla 027 037 04}

JA]? = [C1]* 4 |Cof* + |Cs]* + |Cal?
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Outlook

We have amplitudes, they need to be checked carefully (many places
where sign or factor of two errors (or other...) could pop in).

We have prescript how to square the amplitude in the axial gauge.

We have already existing program for Higgs pT spectrum calculations
(HQT), with previous implementations, which we use as a basis.

We need to implement the expressions for the chromomagnetic operator
into HgT, also the required scalar integrals, and crosscheck.
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Summary

Bottom-up Effective Field Theory for Standard Model (SMEFT) is a
model independent framework to study high scale BSM physics and
also to store LHC precision measurements

Measurement of the Higgs transverse momentum spectrum would be
useful iIn determining its properties

We studied the impact of a set of relevant SMEFT operators on the
Higgs production and its pT spectrum

The eftect of different operators is manifested in different regions of the
spectrum: cg at high and cb at low pT

Calculations are available on NLL+NLO level, allowing access to low pT
region and approximated to NNLL+NNLO.

Calculation including chromomagnetic operator on the way

Thank you for the attention!
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Back up



Importance of squared terms

A = Agym + Adims + Adims T+ -

2
A|? = | Agm|? + |Asm X Adims| + [Adims|” + [Asm X Adims| + ---
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Importance of squared terms

do/dp+(H) [pb/GeV]

101""""I""I""I""""I""I""
ggH@LHC 13 TeV NLL+NLO — M
. M,=125 GeV . G=2 SILH
——— =1.1
10 [N gtb=_2 _g
"N —_—— Cg=-0.008 ]
Cg=-0.008 SILH ]
1071 L
102 -
10° ¢

1.4 ]
=
~
yd
1 2 mmtﬂﬁ“lwﬂi' R T T T T R T T T TS R T R T S T T TR T T T RS T T R
.
\\
-~
NN
1 =
)
—
____________________________________________
0 8 ot o o o o o e, o e o, o, o, o, o o, o o, P, o, e o
e T T TR AT IR T TR EE R EEE TR ER AR TR TR SR AT R TR T AR AR A TR AT ST ST FTLTL P ST FT T P P e s e —
. e 1 O s S s o i o i e e 5 0 2 e e iy
O 6 1 1 1 1 | 1 1 | 1 | 1 | 1 | 1 | 1 | 1 1 1
.

50 100 150 200 250 300 350 400

pr(H) [GeV]

Separate contributions of operators

Our program can run in two

modes (switch in input):

e including squared SMEFT
contributions

e including just SMEFT-SM
interference

03 do/dp.(H) [pb/GeV]

= ggH@LHC 13 TeV NLL+NLO ~~ —sm

F M,=125 GeV =09 SILH

St Cp=1.1

R . Ccp=-0.9

AN - 6g=0.008
104 L A 0,008 SILH _

101-.662—=H=I=H=IHHIHHIHHIHHIHHIHH

1.4 F

1 :2 e s 8 e i 2 T e i T R L e T T e e e e e L Lol

1E

0.6 |t 00 A A A S A

06F, | ! T R B SRR

400 450 500 550 600 650 700 750 800

pr(H) [GeV]
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Importance of squared terms

o1 dofdpr(H) [pb/GeV]

I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1
—— sM
ggH@LHC 13 TeV NLL+NLO  — 00.1,6,20.075 SILH
Mp=125 GeV ---- ¢=0.1,c4=0.075 T
100 L.. ~ == ¢=2.0,c4=-0.083 _
N Ci=2.0,c4=-0.083 SILH

50 100 150 200 250 300 350 400
pr(H) [GeV]

Mixed ct-cg contribution:
the extreme case!

The difference between two
approaches grows with the
values of Wilson coefficients

103 do/dp.(H) [pb/GeV]
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