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| HC: the story so far

Higgs discovery
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Rediscovering the SM

Standard Model Total Production Cross Section Measurements satus: June 2016
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How to ook for new physics”

Model-dependent
SUSY, 2HDM...

New particles
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Model-Independent
simplified models,EFT

New Interactions
of SM particles

anomalous couplings, EFT
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SMEFT: What is it all about?
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SMEFT

¢ BSM? » New Interactions of SM particles
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59(3045) operators at dim-6: Buchmuller, Wyler Nucl.Phys. B268 (1986) 621-653

Grzadkowski et al arxiv:1008.4884
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Top quark interactions

SMEFT VS Anomalous couplings
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SMEFT in processes with tops

Rich phenomenology:

pair production :::(
single K

associated production §§@m< ::E
top loops ) oo 5
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Top-quark operators and how to look for them
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see for example: Aguilar-Saavedra (arXiv:0811.3842)
Zhang and Willenbrock (arXiv:1008.3869)

+four-fermion operators
+Nnon-top operators (Mixing)
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Top-quark operators and how to look for them
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Operators entering various processes: Global approach needed
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Towards global fits

EFT only makes sense if we follow a global approach
First work towards global fits:

Buckley et al arxiv:1506.08845 and 1512.03360

(N)NLO SM + LO EFT

Dataset

Vs (TeV)

Measurements

arXiv ref. || Dataset

V= (TeV) Measurements

arXiv ref.

Top pair production
Total eross-sections:

ATLAS 7
ATLAS 7
ATLAS 7
ATLAS 7
ATLAS 7
ATLAS 7
ATLAS 7
ATLAS 8
CMS 7
CMS 7
CMS 7
CMS 7
CMS 7
CMS 8
CDF + D¢ 1.96

Single top production
ATLAS

CDF 1.
CMS

CMS

D@ 1.
D@ 1.
Associated production
ATLAS

ATLAS

CMS

EEow &

-1

oo oo

lepton+-jets
dilepton
lepton4-tau
lepton w /o b jets
lepton w/ b jets
tautjets

tt, Z~, WW
dilepton

all hadronie
dilepton
lepton+-jets
lepton+-tau
tautjets
dilepton
Combined world average

t-channel (differential)
s-channel (total)
¢-channel (total)
t-channel (total)
s-channel (total)
¢-channel (total)

i~
tZ
tZ

1406.5375
1202.4892
1205.3067
1201.1889
1406.5375
1211.7205
1407.0573
1202.4892
1302.0508
1208.2761
1212.6682
1203.6810
1301.5755
1312.7582
1309.7570

1406.7844
1402.0484
1406.7844
1406.7844
0907.4259
1105.2788

1502.00586
1509.0527
1406.7830

Differential cross-sections:

ATLAS
CDF
CMS
CMS
D¢

7 pr(t), Mg, |vel
1.96 Mg

-

1.96 1‘[‘(.171'(!)- |ytl

Charge asymmetries:

ATLAS
CMS
CDF
D¢

Top widths:
D¢
CDF

1.96 Ty
1.96 Ty

W-boson helicity fractions:

ATLAS
CDF
CMS
D¢

Run II data
CMS

1.96

1.96

13 tf (dilepton)

7 pr(t), Mg, v, v
8 pr(t), Mg, v, wi

Ag (inclusive+ My, yg)
Ag (inclusive+ My, yg)
Arg (inclusive4 M, yer)
App (inclusive+ My, )

1407.0371
0903.2850
1211.2220

P

1505.04480
1401.5785

1311.6742
1402.3803
1211.1003
1405.0421

1308.4050
1201.4156

1205.2484
1211.4523
1308.3879
1011.6549

1510.05302
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Tevatron and LHC data
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What's next”

Use SMEFT to
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What's next”

Use SMEFT to
parametrise and look for
deviations from SM
predictions

Need for precision

calculations
Automated tools
for the EFT
Need for
precision also in
SMEFT
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How can we Improve the EFT
oredictions”?
e SMEFT@NLO

* Mixing between operators: anomalous dimension
matrix: Jenkins et al arXiv:1308.2627,1310.4838,
Alonso et al. 1312.2014

* Additional operators at NLO: e.g. chromomagnetic
dipole In single top

Recent progress:
* top pair production: Franzosi and Zhang (arxiv:1503.08841)

e single top production: C. Zhang (arxiv:1601.06163)
e ttZ/y: O. Bylund, F. Maltoni, |. Tsinikos, EV, C. Zhang (arXiv:1601.08193)

ttH: F. Maltoni, EV, C. Zhang (arXiv:1607.05330)

All automated within MadGraphb5_aMC@NLO
R2+UV counterterms: NLOCT Degrande (arxiv:1406.3030)

13
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N practice

JFO model with UV+R2 counterterms

mport to MG5_aMC@NLO
Proceed as in SM case

MG5 aMC>import model TEFT

MG5 aMC>generate p p > t t~ z EFT=1 [QCD]
MG5 aMC>output

MG5 aMC>launch

Results: Implementation allows the
~ixed order NLO ; )
. 1 TeV? 1 TeV
NLO+PS with MC@NLQO o =osu+ A2 Cio; + A C;Cj0i;5.
i i<j

interference interference between

. operators, squared
E.Vryonidou P 4 14
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N practice

JFO model with UV+R2 counterterms

mport to MG5_aMC@NLO
Proceed as in SM case

MG5 aMC>import model TEFT

MG5 aMC>generate p p > t t~ z EFT=1 [QCD]
MG5 aMC>output

MG5 aMC>launch

Results: Implementation allows the
~ixed order NLO ; )
. 1 TeV? 1 TeV
NLO+PS with MC@NLQO o =osu+ A2 Cio; + A C;Cj0i;5.
i i<j

interference interference between

. operators, squared
E.Vryonidou P 4 14



First example: top-pair production

a3

pp—it at LHCS8
(N)LO+HERWIG6

C JA%=1 TeV?
[ISMLO [ISMNLO

O I N N I O | N

do/dm, [pb/GeV]
=)
I

LTI 11T

—NLOMLO,O; — NLO/LO, SM

1.5¢ -

—

e |

MadGraph5_aMC@NLO

| I | I L1111 I L1111 I L1111 I L1111 I L1 11 I L1111 I L1111 I L1111 I L1 11
(100 350 400 450 500 550 600 650 700 750 8
m,, [GeV]

3

/hang and Franzosi
arXiv:1503.08841

E.Vryonidou

Oic = yrgs (Qo**T*t) ¢G4,

0.018_—-
0.005—
: —_
= of
§ [ ppstt at LHC13
g’m — (N)LO+HERWIG6
= [ GdA*=1Tev?
'\_-0.0‘—
oo wa(NLO)
[~ 0(LO)
VB2 — oginlod
0025
-lllllllllllllllllllllllllllllil
0 0.5 1 15 2 25 3
Ad(INI

Limits on cw//\? using total
Cross section

LO [TeV~2]|NLO [TeV~2]
Tevatron| [-0.33, 0.75] | [-0.32, 0.73]
LHC8 |[[-0.56, 0.41]| [-0.42, 0.30]
LHC14 |[-0.56, 0.61]| [-0.39, 0.43]

MadGraphS_aMC@NLO

15



single top production

—y7 (w*ﬁﬁw) (Qv71Q)

Ow = yegw Qo 7' t)gW L,
O = y9s(Qa** T4 oG,

0®

qQ,rs

One four-fermion contributing at 1/A2

= I 2 I
= (7 qs) (@Y1 Q)

0.25 2 % t-channel single top
- Y T LHC13, (N)LO+PYTHIA
0.2:— -----
L p===- — L =
0.15:- s B T b=
0'1:_ 3) .. —
: 0@ LO —O4 NLO
005+ ©——r——y T
-0, LO —0,, NLO
VT I T P T e
1.4l 012 [INwo [o %
1.2+ —T ;—‘_‘ ) g
0_8' L ll'lﬂ_l'-‘l—l']l 1 L1111 l L1 11 I L1 11 I L1 11 1 Imﬁl 1 :I
1.4} Ow _][:—_I [INwo (o -§_
1.2} | == &
= — e B
0_8..!..|||||||||l|||||||||l|||||||||11%112
4 -3 2 -1 0 1 2 3 4

C. Zhang (arxiv:1601.06163)

E.Vryonidou

NLO corrections:

* |mpact on distributions

Impact on limits

204 -02 00 02 04

(1,3)
Cq0

16



lop-pair+/

Z[y Z |y

~900fb at 13 TeV

First measurements at LHC13
CMS-PAS-TOP-16-017, CMS-PAS-TOP-17-005
ATLAS: arXiv:1609.01599

approaching 10% accuracy

Relevant operators

_ , 10"qy O
Luz = eu(p) [“f” (Cilv +75C1a) + my “ (Cov +i15C34) | v(P8) Z
oz _ 1 <((3> O _ o )L
v =5(%e =%~ %) xza,a Anomalous
1 m?2
\Z (3) , A1)~ ) _ M '
Cia= 2( C(PQ+CPQ ¢ A2syew COUpllng approaCh
CQV—(CtWCW CtB*W)fQT%
C2,A -

o= i (+ 1) @

Oéé—z—ut ( Tﬁ ) (Q*Q)
Oyt = l—l/t (“‘L(ﬁw,) tyHt)

O = Y19uw(Qo* T t) W,
Oip = ytgy(QO'“ t)LPB;w
O = y19s(Qat T4t) G,

E.Vryonidou

4-termion operators
Triple gluon operator
(not discussed here)

17




lop-pair+Z

13TeV O o5 Oyt Owy

oo WTEZ eI SLETEI 020050
o\ NLo 3105T570 906107, 57510y —L7(2) gy
K-factor 1.08 1.16 1.11 8.5

OiLo 2585 500 28() 565 29() 57 20.9*33%
CNLO 24577 38@)TEIE 39(3) 116K 24.2137%,

_ Ci (1) CiCj (2
T=08M+ Z (A/1Tev)z’i T ; (A/1TeV)i i

Different k-factors for different operators
Small contribution from Ow and Oig at
O(1/A2) but large at O(1/A%): Does this
make sense in the context of the EFT?
To be checked on a case-by-case basis

Ow = thw(QUWTIt)@W/;{u
OtB = Y19y (Qo*"t) By,
O = y19s(Qat™ T4) 3G, .

Anomalous dimension matrix:

E.Vryonidou Bylund et al arXiv:1601.08193 18



Differential distributions for tt+V

tty, LHC13 pr(y) > 20 GeV ooy —— tiZ, LHC13 OSMNLO ——

- NLO, p=m;, CtB=4’ A=1TeV - +Co(1) [ p=my, Cig=1, A=1 TeV SsmLO ~—— ]

1k SM T — ’ T

= : oep+Co4C262) — o — Gsm,NLo+C"§§0— :

o _(\03- 01 1] osmLo+CoLo ———

o) - — - - 1 L _j——— .
e L = - B e ]
- 01F s B e
Qo - O - {®

S z 5 S
® i < 2

U QI __________ %

0.01 ¢ o == 5
= & z
1=
&
©
3
F
2
o
&
0 50 100 150 200 250 300 350 400

OI - 1501 - |10(|)| | |15(|)| | |20(|)1 | 250 | 300 | |3-50
pT(Y) [GeV] 7) [GeV]

Large contribution at O(1/A%)  Using SM k-factors is not enough
rising with energy

arXiv:1601.08193
E.Vryonidou



Some considerations

 Theory uncertainties:
e SM: factorisation and renormalisation scale, PDF uncertainties
e EFT. asin SM but also EFT scale c(u), running and mixing
« EFT expansion: dimension-8 operators
e Validity of the EFT expansion: E<A, report limits as a function of the max scale
probed: Contino et al arXiv:1604.06444
e 1/A2vs 1/A\* contributions
* 1/A2 suppressed due to helicity: Azatov et al arXiv:1607.05236

* 1/A4can be large for loosely constrained operator coefficients/strongly
coupled theories

C’ > C; % >1>E2

EFT condition satisfied but O(1/A%) large for large

. L operator coefficients
® Range of Wilson coefficients:

e The theory: perturbativity, unitarity, linear or non-linear EFT, UV completion
e The experimental limits: Think about and use as many processes as
possible

E.Vryonidou
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A sensitiv

2 L -]

B - LHC 13 TeV . -

=) O, sensitivity = 1
S

-1 y |

107 E 4% v 4% 5 _

- l I % v, Z

= T i _

102 - k 1 i

— ] Y T =

: A :

10° LL -

- | -

A9:914§ . E

:b%' Vb'—' 12 E_ AV AV Ay . _E

1= | : | E

Ofé |o;‘(’) | O, 10x|O, | 10xOg O

LHC measurements of ttV processes can
set constraints on the Wilson coefficients
See also: Schulze et al. arXiv:1404.1005,

I,NLO

Osm.NLO

(1)
i,LO

Osm.NLO

o

o tt

o ttW*

A ttZ

v
tty

ftZ) [fb]

S

O

1501.05939, 1603.08911 in the anomalous

coupling framework

E.Vryonidou

arxXiv:1601.08193

400

300

200

100

ty study

Chromomagnetic operator
affecting all processes In
the same way

l1 51001
o(tfy) [fb]

Y
UA2C 1A

W =O L, L 1,
R
0 ~Io aRd
B>

P

1/A2C_ 1/A*

&

dad94949494q94
Chbbbd

589288

449494949

ooo
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do /dp¥ [fb /bin]

0.0001

Top operators in loops: HZ In gluon fusion

1

Oy = i5Y; (»GJ'(B,IM) (Q"7'Q)
1

04 = '251/? (»@‘L(ﬁw) (QYQ)

Ocpt—ll/t(“f) )fﬂt
O = y19s(Qot T)pG4,

Oty = y; (¢T¢) (Qt)
+HZ/Z operators

10 |

1E

gg—z»zll _—

ﬁ qG — ZH (NLO) —— -

Flipped Yukawa

Triangle
Box -----—---

PT GeV]|

E.Vryonidou

0.1 P = S .

L i T S, Q

-—J ,,,:"‘r ................ 1 Z

X1 T sl
L i :(;
0.001 | E
! O
MSTW2008LO £
LHC14TeV | | | -

0 100 200 300 400 500

Sensitive to the relative phase of
the top and Z Higgs couplings

10% of the SM NNLO HZ cross section

Gluon-fusion contribution to HZ production
affected by the operators changing gtt, ttZ
and ttH =i Additional information

(1)

[fb] SM O 0%
ot 34.67302% 591 1304%
of’ 6.09750 1%  0.182730%%

13TV | 93.6733-3%

1), o 4+0.7% +1.6%

o; "'O'S,',] 03(0_09‘% 0.0631_15;';

(2) , (1)
' -

—rt2 A +2.8%
0.176129%  0.0300735%

No contributions from the electroweak
dipole operators due to charge
conjugation invariance

22



HZ in gluon fusion

—

0.1 £ 99~HZ LHC13 N 3 Gt = 0 (SM) ——
NLO, p=myy, CtG=1,A=1 TeV (1) ) '; - (_:Ht — ].
ogy+Cc'’' — 1 C?D) =
— - 10 F o .
:g i~ O'SM+CO'(1)+020'(2) R i a E '_l_
8 : 2
S 0.001 £ s 1
i I S
0.0001 E Bylund et al arXiv:1601.08193 -
5 5:_. ..|....|....|....|....|....|....|..._§
‘g - 0.1 | | | | | |
:3 3 R — 150 200 250 300 350 400 450
X A_P.'.'.'.FT‘.?.J...J....D...r....1....T...._ pT(bE) [GeV]
5 -
%_” 3 ‘__’—_/_,__—.—/'—"—: o5 Vs = 13TeV
L i T S s o e e - ’ D ]
200 300 400 500 600 700 800 900 100Q
m(HZ) [GeV] 04
N " " ¥ " 02
Ditferential information important
cm 00
. < —
1ICHt ,— <= -02
_ H T
Ont =—5(trY"tr)(2' D 4 2), N
O, — Ct (I)T(I) (I)T ~ l oot . . . o ]
t — —2yt * QL tR ‘|‘ 1.C. <«— -03 -02 -01 00 0.1 02 03
v -

E.Vryonidou

Englert et al arXiv:1603.05304



ttH In the EFT

\ =12 (#) (@)

S O = Y295 (Qo* T1) G,
/ At NLO in this talk

N 2ABC 1Av ~Bp ~C
OG‘ — gsf G#VGV pGp#

4-fermion

Opera’[ors Multijet constraints:
Krauss et al arXiv:1611.00767

Not in this talk, work In progress
E.Vryonidou 24



ttH@NLO

(Ot, Ogcz, Or7)

O =3¢ (#'9) (@) 4 Cil)  a (<2 16 8 )
0w =it (s10) Ghamw  dlogp  m W =0 7212
\ 0 0 1/3)

Oiq = ytgs(QU#VTAt)JDG;‘U

Alonso et al. arxiv:1312.2014
dm-6 dim-5 dim-4

Ot Opc Oty Higher-dimension
operators mix into lower-
dimension ones
. 2 ‘ 4
llow 1'TeV 1'TeV
Setp allows —; _ o 4 ™20 o+ Y — -Gy
computation of: —~ A —~ A
() 1]
interference interference between
with SM operators, squared

E.Vryonidou contributions

25



Cross-section results (1)

13 TeV o NLO K
osm  0.507+0-03040.00040.007 1.09 * Different K-factors for different
Ces —0.062+0:006-40.0014.0.001 1.13 operators, different from the SM
o4 | 0.87270:1814+0.03740.013 1.39 * Large 1/A\* contribution for the
o 0.503+0-025+0.001+0.007 1.07 chromomagnetic operator
G135 ]0.0019+9:000140.000140.0000 | 4 7 * Constraints from top pair production:
04G.6c |1.02179:204+0.096-+0.024 1.58 cic=[-0.42,0.30] Franzosi and Zhang
o:g.tc | 0-6741 0 02 s O 007 0 o1o 1.04 arxiv:1503.08841
Cro.6G | —0.053+0:008+0.003+0.001 1.42 * Global approach needed to
OepiG | —0.031+0-008+0.00040.000 1.10 consistently extract information on
04G.cG |0.859+0:13740.02140.017 1.37 coefficients within the SMEFT
; ) framework
0 = 0OsM + 11;;32\/ Cioi + %Cicjaij'
i i<j

E.Vryonidou 26



Cross-section results (2)

13TeV o NLO o/osm NLO K

osm 05071003 0000 000 1.000700001 000070000  1.09 First systematic study of uncertainties:

Ot —0.06 —0.123+098140.00110.000 1 13 * 1 ) Scale and PDF uncertainties:
Similar to SM

oec 087201 00 0o 172270080 00es 0005 139 o Raduced scale and PDF
o 05035500 0ooato00s 0991500k ohos 000 107 uncertainties in the ratio over the SM
ciore  0.0010+0I00LH0000L100000 o po37+o et oconraconn 147 ©  2) EFT scale uncertainties
cacec 102110WH00NI0L 9 i6r02Ti0t0t00n 15 ulkoip) = Tyik, po)o(m).
Cicuc  0.6TATQYEHINLIO016 | 3pgr00ti000R001 g TV (105 1) = Tk (e, 120) T (12, p0) oa (12)
Otp.oc —0.053F0 00B+0.00 0001 —0.105F0-506+0.006+0.000  1.42 Fij (pt, pro) = exp (_—02 log %%’j)
wpec  —0.03155 00 0000 o000 —0-06150500 0001 o000 1110 Cross-sections evaluated at a different
cocec 0850TGIIOUIOON  eortgioomion g gr SCale (Ho/2, 2Ho)taking into account
3) C/A2 expansion operator mixing and running
' dimé6 ~dim6
1 Cim_ams) + O(AF).

i (A/1TeV)4 7 Needs dim-8 operators (Not included here)
<4— But it can be estimated using a cut-off

E.Vryonidou Contino et al arXiv:1604.0644 07




A study of RG effects

T || RG corrections not a good
= U 96 NLOY | gpproximation to the NLO
= 161_ _. result, underestimate the
| - NLO corrections
T 14 T lo
S - QuNLO. Milder EFT scale
S VlQelo Tl 0. xio] | dependence at NLO, when
S === 1 Imixing effects also taken into
OO - o account
150 200 300 500 700 1000 1500 2000

perr[GeV]

Comparison of exact NLO with LO
improved by 1-loop RG running

E.Vryonidou 28



Differential distributions for ttH

L L do_ ]

- ttH production C — - [GeV] ttH production
0.006¢ LHC‘:S, f(N)LO 0.006¢ o,9p, () LHC13, f(N)LO
0.005k ---0,(LO) —O,,(NLO) 0.005F ---0,(LO) —O,(NLO)

-—-0,4(LO) —O,(NLO) ' 704(L0) —O4(NLO)
0.004¢ ~-04(LO) —O(NLO) 0.004f --04(LO) —Og(NLO)

F ---SM(NLO - ---SM(NLO)
0.003f [ o) 0.003f

0.002f 0.002F

0.001E

0.001

IllllllllllllllllllllllllllllllI

F ol ber v bera v By s 0

0 SM DLO DNLO 2 SM Dm D""O
1.5t
0'5.l||l|||||||||||||||l|||||||||||||l||l 0'5.||||||||||||||||||||||||||l||||IIIIII
15| O (ko [wo ol o, o [wo

1.5¢ —

1 o ! "0
0'5.l||lI||||I|||||||||Illlllllllllllllllllé 0'5.llll|l|||||||||||||||||||||ll||||II||||é
15 w DLO Dnm g ol I:]LD Dm.o g

0T . ; T . e

1t T e T ® 1.5 S @
o ! N
0'5'1||1|||||||||||||||||1||||||1||1|||||||g_ 0-5'||||||||||1111|11|1||||||||11||||1|||||'S_
Oy [lo [lmeo © ol (O [ho [Iuo ©
1.5¢ O] O]
B = 1.5¢ ©
3 1 3

0‘5'1||1|||||||||||||||||11||1||1||1|||||1| OS5t vl b bova b b b s b
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400

p,(H) [GeV] p,(H) [GeV]

= NLO: smaller uncertainties, Different shapes for different
non-flat K-factors operators for the squared terms

| Maltoni, EV, Zhang arXiv:1607.05330
E.Vryonidou



single top+HIQQgs

SM
~70fb at 13TeV

[ t-channel tX;, at the LHC13

— 5F, a=0* (SM)
102 F NLO+PYTHIAS SF. =45

K=l K,,=23 . - 5F. a=9%0°"
[ —— 5F, a=180° (=¥, sm) 1

O_

do/dm(X,0 [fWbin]
S

ic
12
10! | {2
= iz
1S
3
1=

102
200 2000

CF

Farina et al 121 1 37306

m(Xpt) [GeV]

A probe of the relative sign

7 e R Higgs characterisation
of the Fitt and HWW couplings = i Demartin et al. arXiv:1504.00611

~10} ﬂ :
Evryon|dou T 06 08 10 12 1'.4: 30



single top+Higgs in the EFT

operator « tHjinter tH jsquare
Osw 0.00693 0.00439
Osp -0.0012 0.0000091
Osw B 0.00319 0.000150
O -0.00105 0.000485
Ow 0.00872 0.0108
(3)
O SdOL -0.000449  0.000552
(3)
O éda -0.00169 0.00233

Osp = (' Du0)" (61 D0)

Osw = ((DT‘.D - %) W WL,

Od)“" B — (d)t ""f“llé) B;u/

E.Vryonidou

ddq

(3)
OédQ L

Ow = QLo WH LR,

* Higgs weak boson couplings

op Yukawa

* Top weak couplings

NLO QCD computation including all
operators in progress:
Degrande, Maltoni, Mimasu, EV, Zhang

o8 =i (@Ti(ﬁié) aLy o'qr.

=i (q‘;f-zi(l_));;cb) QL”,"“.'O".QL 31



Top and Higgs

OO0 ———
o T THL T
=\ 7 T N
Oty = y; (¢>‘L¢) (Qt) ¢
Opc = ‘Ll/.t‘2 (QDM’) GﬁuGA#U 3:: %{ % o %@; %://
Oic = ye9s(Qo" T 1)9G, o \ .
See also J— }/\/\ $ :}N .
Degrande et al. arXiv:1205.1065

Grojean et al. arXiv:1312.3317 ttH |_|, H+j, HH
\zatov et al arXiv:1608.00977

Use with 1) ttH and 2) H, H+] to break degeneracy between
operators and extract maximal information on these operators

Maltoni, EV, Zhang: arXiv:1607.05330
E.Vryonidou 32



Breaking the degeneracy between Oga

¢, (1TeV/A)* =0

1
T Y%

—
N

0V

'4' ) 2() ITlH:125 GBV—

L ool ORI 0% '
> —02F = l‘
D i
— ! =
< —04Ff ‘. N pp=h
5 :

—-0.6 bp\=>tth \

_0'8 i | 1 |\| | 1 1 1 1 | 1 1 | 1

—1 0 | 2 3

Degrande et al 1205.1065

E.Vryonidou

chg (1TeV/A)?

0.8 0.9 1.0 1.1

Kt
P, 2l
. deH GeV

0% 100 200 300 400 500
pTAH

800
(GeV]

Grojean et al
1312.3317

Buschmann et al
arXiv:1410.5806

Use boosted Higgs 33



SMEFT in single Higgs production
P

LO: ">“§
g 90

(®7®) Q1P qr

NLO: %Z—Ioop

s .
- QAN
- R T
______ SR
A : R, S

As in SM-HEET

QL® oqrG

«, 2-100

Harder

but master integrals known

13TeV o LO ofosy LO o NLO ofosy NLO K

osm 21375 0tE% 10 36.67 200 1 8o 1.0 1.71 Deutschmann | Duh r
o1 ~2.93+320415% 0,138 —4.70 500 G 0127 1.61 Maltoni, EV arXiv:
oy 2660FHOHLSE oy 4130+289419% 114 1.55 1/708.00460

o3 50.5 000 15 2.38 83.51200+19%  2.28 1.65

E.Vryonidou
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SMEFT in Higgs production

—— p—
0k Higgs p; & —
10"
g
£ 0%k
i C
©
e 3
10? s'
: )
~ 2]
- pp— Hinthe EFT LHC13 -§,
104 3 l-ln=ﬂp=ug;_—|-=625 GeV G
F NLO+PS, MMHT2014NLO °
- Interference with the SM ES
25 E ] 1 | 1 | | 1
5 2f
] i —
& 15 . 1
. S
2 osl
oL ] 1 ] 1 ] ] 1
0 50 100 150 200 250 300 50 400 450
H
L Hiogs Py b
B
g
E
C o
~ pp— Hinthe EFT LHC13 B
10°E  Up=fe=pger=62.5 GeV 5
F NLO+PS, MMHT2014NLO ]
- Squared contributions x
25 - 1 1 1 1 1 1 1 1
- ]
& °r _[_1—
g 151 —
z 1 ;_,———h—t—_—’:_'ﬁ___,—w
2 -
& os}|
ol 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 50 400 450

E.Vryonidou

aper bin pb)

Ratio over the SM

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

' ggH@LHC 13 TeV NLL+NLO
M,=125 GeV

rrrrprrrryrrrrprrrr

||||||,|,|,| L1

ul

o,
------

i

-
~ -

10% -
18 e
16 e =3
14F oo A D A e A =
1.2 _‘___..---_"_':_. ---------- _';

11— A =
08 E= o
0.6 L1 L1 I 1 . . I L1 L1 l Ll 1 1 I L1 L1 l L1l L I L1 L1 I L1 1 l—:

50 100 150 200 250 300 350 400

Higgs pr

107 g

Higgs SM —
Pr BS 5.0.(!)4.0.2; —
B4 (2-0.006,0.3) —
83 (-1,0.004,-0.25
10 F (-4,0.005,-0.5) —
B1(4,0004,021) —
10° 3 —
w' — —

10® F pp—»Hinthe EFT LHC13

He=He=Hee=02.5 GeV
NLO+PS, MMHT2014NLO

[ dashed: only 1/;\2 terma, eolid: inciuding 1//}‘ terme

MadGraph5 aMCENLO

Deutschmann, Duhr, Maltoni, EV arXiv:1708.00460
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SMEFT in Higgs production

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

i 1 0 LI LI L} L L) LI LA LI LI LI L) LI LI LI )
! ggH@LHC 13 TeV NLL+NLO _I?,M=o1 ors
M,;=125 GeV gy fomy 5
100 —— ©=1.5,c,=0.042
107 €=20,c,=0.083
g 10
£ 10? =
: :
e 3 102 3
103 ‘%' §
- o 3 . ’
- pp— Hinthe EFTLHC13 5 10 G ini et al 1612 00283.::":. === e, 3
10*E  Hp=fle=fer=625 GeV M ERERSIEE
E NLO+PS, MMHT2014NLO 5 razzini et a ' —
E  Interference with the SM 2 - _
25 E 1 1 1 1 1 E
F 2r @ - NAara CleIr :é
¢; 15 e T e =
- Mg T - e 3
i — ombinatio e ANging the D
E 0'5 - Ll 1 1 I L1 L1 l L1l 1 I L1 L1 l L1 1 I-:
1 1 1 1 1
% s 10 0 20 2% = O = O o 0 200 250 300 350 400
QISSEYy  Cchanging the distributic gs pr
Jc @ 0 = = o SM —
B5 (50.004,02) —
B4 (2,-0.006,0.3) —
r Y - - 885-1.0.(!)4.-0.25; D
. (-4,0.005,-0.5) —
B1(4,0004,021) —
— 1P = —_—
2 F L
3
E g w—l - _'———1 §
3 5
L nnl 'I
- pp— Hinthe EFT LHC13 t i = w
10°E  Up=e=iger=625 GeV o w0° E pp—>Hin b:%E?GLol-\’IC13 = ‘é
E NLO+PS, MMHT2014NLO 2 F et =terr —= 8
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Deutschmann, Duhr, Maltoni, EV arXiv:1708.00460
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SMEFT in H+]

O =y (#'¢) (Q1) ¢

T 2l "Pa emileeanen

Oic = yi9s(Qo A t)q"G:u

1/o; do,/dp H [bin’ ] H+tproducnon ;Z - /0, do ii/deH [' ﬁ 1r:<3)duction o%:::
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Harder tails from dim-6 operators: Boosted analysis
E.Vryonidou Maltoni, EV, Zhang: arXiv:1607.05330

MadGraph5_ aMCE@NLO



An application: Constraints on the Wilson coefficients

Ows = y; (¢*¢) (Q1) ¢ Toy x?@ fit for illustrative purposes using: single H, ttH
Ouc = 12 (610) G2 GAm Run | and Run Il results
oG = % (¢_¢) " . Impact of the 3 operators also included in Higgs
Oz = y9s(Qo* T )¢ G, decays
Individual Marginalised Cio fixed
Cig/A? [TeV 7] -3.9,4.0] -14,31] -12,20] 95% o |
O i .

C¢G/A2 [TeV_Q] -0.0072,-0.0063] [-0.021,0.054] }[-0.022,0.031]

Cic/A? [TeV~2] -0.68,0.62] -1.8,1.6]

typically Cig=0 in
Individual limit on Cig comparable to the one Higgs analyses

from top pair production-room to improve with
ttH measurement in run I » Need for

global analysis
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Including the chromomagnetic operator leaves
much more space to the other two operators




Constraints using two-operator fits

20[ | LHC current pp—ttH
: pp—>H
_ 10 L
o -
: >
0 -
SR 1z
< i <
- L <
gz [ S
C _10f ]G
—20} ]
004 -002 000 0.02 00
Cyc/N*[TeV 2]
20[ | HL-LHC 3000 fb*
_ 10}
T i
> i
= ol
B :
3
b ! -—
-10¢ o
- pp—H
0 pp—Hj

-004 -002 000 002 004
Cyc/A*[TeV ]

()

Ci/A*[TeV~2|

" | LHC current Pp-HxL
pp—H
-l llllllllllllllllllllllllllllll
-15 -10 -5 0 5 10 15
Cis/ N} [TeV 2]
-----------------------------
» [ | HL-LHC 3000 fb!
pp—>tfH
1 - pp—H
I pp—Hj
ok
1t
2L
-15 -10 -5 0 5 10 15

Cis/ A*[TeV 2]

Current limits
using LHC
measurements

O = v (4'¢) (Q1) ¢

O¢G — yt2 (¢f¢> GA GApz/

pv

Oz = y19s(Qot* T4 1) 9 G,

14TeV projection
3000 fpb-T

Maltoni, EV, Zhang
arXiv:1607.05330
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SMEFT in HH

Previously thought of as:

g / } > % T }
--—Q\\\ —————— . :I :/
Chromomagnetic operator is also contributing

Oz = ths(QU#'VTAt)CrBGﬁu

Needs to be taken into account in the context of a global EFT analysis for HH
How much does this operator contribute to HH?
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SMEFT In HH
O = v} (#'6) (@1) &

TToel T TN ow=ii(se)chot

Oz = Yt9s (Q o T4 t)qBGﬁu

.
o:s 1/c; dofdmyy, [bin™] HH production %E °"°§ YN p—— H prgducton 51 — 13 TeV o/osy LO
| = =
=
oes 0.227+0:00114 40,0116
o sea  —aatgIgHTT
01F 3
P L [re et
P e 00T T o
: §i§; R — ;-.e==§ g o osc.ec  2856.21 g5 TTI50
e N AL . & ceoeo  1os0t008sotoiss
0 t o 3
3&_ - Gorc  —0.340+0:000238+0.064
— i Cpanc  147.512083+207
-} R I
My [GoV]

Experimental HH analyses with EFT interpretation need to consider:
CiG, CoG, Ctp, CH, Ce
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Results of previous HH EFT pheno studies

hh@14 TeV, L = 3000fb !, £, =0.3

g

vvvvvv T

..........

1.

o

0.9

0.8

0.7

0.6

0.5

10.4

10l

0.3

40.2

410.1
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Prospects for HL-LHC

Goertz et al arxiv:1410.3471
focussing on bbrtT

model L =600 fb~? L = 3000 fb!
CG_on_]y Cg € (—05.08) Ce € (—04,04)
full ce = —1.3 cg = —1.2

Ce — Cp — Cr — Cp ce = —2.0 cg € (—1.8,2.3)

Similarly in Azatov et al. arxiv:1502.00539
focussing on bbyy

Prospects for cs:

LHCy4 HL-LHC FCCioo

[—1.2,6.1] [—1.0,1.8] U [3.5,5.1] [—0.33,0.29]

300 fb! 3ab~! 3ab™!
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How will Oig affect the HH EFT analyses?

10t -

0/0sm

100 L.

Tté—].

re = 0.05,rg =1
ric = 10,74 = 200

Ot =y} (¢T¢) (Qt) ¢,
s (18) Gl

O = ytgs(QU“”TAt)qﬁGW
06 — —)\((/)Tgb) 302 02

Ky = 1 —CH 75 T C673
1

oAz 62
Op = 5(5*#(@(]5))‘2

—20 —15 —10 —5 0 ! 10 15
&G = ritz [TeV™?]

% Approximate constraints from

e Precise knowledge of other Wilson
coetfficients will be needed to bound
Ce as the bound gets closer to SM

e Differential distributions will also be

necessary
E.Vryonidou

single Higgs (e.g. Butter et al
arxiv:1604.03105) and top pair

production (Franzosi and Zhang
arxiv:1503.08841)
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How will Oig affect the HH EFT analyses?

U/USM

100 L.

re = 0.05,rg =1
ric = 10,74 = 200
Tt(;')_']'

20 —15 —10 —5 0 5 10 15 20
&G = ritz [TeV™?]

e Precise knowledge of other Wilson
coetfficients will be needed to bound
Ce as the bound gets closer to SM

e Differential distributions will also be

necessary
E.Vryonidou

015 = vi (#'9) (Q1) &,
Opcs = v (410) G, G

O = yi9s(Qot T1) ¢ G,
06 — —)\((/)Tgb) 32 02

Ky = 1 —CH 75 T C673
1

oAz 62
Op = §(au(¢T¢))2

Approximate constraints from
single Higgs (e.g. Butter et al
arxiv:1604.03105) and top pair

production (Franzosi and Zhang
arxiv:1503.08841)
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How to extract maximal information?

O =4; (910) (Q1) ¢

Osc = ¢ (910) G, A

Combination:
* Inclusive H
* boosted Higgs

ot
.

_|

|_|

* off-shell Higgs

E.Vryonidou

1.0

Azatov et al arXiv:1608.00977
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Outlook

MEFT a consistent way to look for new interactions
igher-order corrections needed to match SM precision
nd experimental accuracy

r'ogress In top-quark processes: pair production,

single top, tt+V, tt+H as well as loop-induced processes
 QCD corrections important both for total cross-sections
and distributions: SM k-tactors are not enough
* (Global fits results already available: important to include
NLO predictions where available and to combine Higgs
and top results to extract maximal information

E.Vryonidou
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Thank you for your attention



