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e EW and Higgs sectors in the SM effective field theory (SMEFT)
e Selection of topics focusing on the connection between the Higgs and

other parts of the SM, and guided by the following questions (and
personal taste...)

¢ What can be learnt on the Higgs from measurements in other sectors?
¢ What can be learnt on the other sectors from Higgs measurements?
e Current (and future?) topics of interest in EFT?

e Apologies in advance for not being able to include all relevant works.



Global SMEFT fit
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measurements

Higgs, Top, Electroweak, Flavor...

Global SMEFT fit is useful in several ways
e Testing the SM — need a framework for deviations from the SM.

¢ Quantify the constraining power of different future colliders and scenarios,
HL/HE-LHC, ILC, FCC, CEPC/SppC...

¢ Investigate the interplay between different measurements.
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Precision Observables

&

o Z pole: partial widths (ratios), FB/LR asymmetries

~0.1%
o W pole: width/BR
. Quantity Value Standard Model Pull
¢ Masses: top, W/Z, H
My [GeV] 91.1876 + 0.0021 91.1884 -+ 0.0020 ~04
Iz [GeV] 2.4952 + 0.0023 2.4942 + 0.0008 0.4
. I'(had) [GeV] 1.7444 + 0.0020 1.7411 + 0.0008 —
e Low energy: APV, Qweak, eDIS,... (o) MeV] 990415 SO0L44.4.0.04
T(¢+e™) [MeV] 83.984 + 0.086 83.959 =+ 0.008
Thaa[nb] 41.541 + 0.037 41.481 + 0.008 1.6
. Re 20.804 + 0.050 20.737 + 0.010 1.3
o Oﬂ: po I e. ee>ﬂ:, WW Ry 20.785 + 0.033 20.737 + 0.010 1.4
R, 20.764 + 0.045 20.782 + 0.010 —0.4
R, 0.21629+ 0.00066  0.21582 + 0.00002 0.7
Re 0.1721 % 0.0030 0.17221 + 0.00003 0.0
(0,€) 4 5
Quantity Value Standard Model Pull App 0.0145 £ 0.0025 0.01618 & 0.00006 -0.7
AL 0.0169 + 0.0013 0.6
1 — |4
mt [GeV] 172.74 + 0.46 172.96 & 0.45 0.5 A0 0.0188 - 0.0017 L
My [GeV] 80.387 + 0.016 80.358 + 0.004 1.8 2
80.376 L 0.033 0.6 AR 0.0992 + 0.0016 0.1030 + 0.0002 -23
80.370 = 0.019 0.6 A% 0.0707 % 0.0035 0.0735 % 0.0001 —0.8
Ty [GeV] 2.046 £ 0.049 2.089 = 0.001 —0.9 Al 0.0976 + 0.0114 0.1031 + 0.0002 ~0.5
2.195+0.083 1.3 52 0.2324 % 0.0012 0.23154 + 0.00003 0.7
My [GeV] 125.14 £ 0.15 125.14 £0.15 0.0 0.23148 + 0.00033 —0.2
Pitta —0.040 £ 0.015 —0.0398 £ 0.0001 0.0 0.23104 + 0.00049 ~1.0
g5 —0.507 = 0.014 ~0.5063 0.0 A, 0.15138 + 0.00216 0.1469 + 0.0003 2.1
Qw (e) —0.0403 + 0.0053 —0.0476 + 0.0002 1.4 0.1544 + 0.0060 1.3
Qw (p) 0.0719 + 0.0045 0.0711 4 0.0002 0.2 0.1498 = 0.0049 0.6
Qyw (Cs) —72.62 4 0.43 —73.23+0.01 1.4 Ay 0.142 4 0.015 —03
Qw (T1) ~116.4+ 3.6 ~116.87 £ 0.02 0.1 Ar 0.136 & 0.015 —07
52 (eDIS) 0.2299 4 0.0043 0.23122 +0.00003  —0.3 4 0;;;;2 i 88‘2’3‘ 00547 —82
: T540. 39+21 1 b ' ' : e
mr (1) 290.75 £ 0.36 200.39 = 2.17 0 Ae 0.670 4 0.027 0.6677 + 0.0001 0.1
2gu—2-92) (4511.18 + 0.77) x 107 (4508.63 £ 0.03) x 1079 3.3 A, 0.895 & 0.091 0.9356 — 04

PDG, Electroweak Model and Constraints on New Physics, ’18
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~ Oblique assumption —

BSM only modifies EW
boson self-energies

PO constraining new physics
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PO constraining new physics

~ Oblique assumption —

BSM only modifies EW
boson self-energies
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See also [Han and Skiba, hep-ph/0412166]
[Brivio and Trott 1701.06424]

~SMEFT |

Including all relevant
dim-6 effective operators
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Adding the Higgs

Assuming U(3)° symmetry, a simplified picture for classifying Higgs/EW operators:

1. EW
8 ops are tightly constrained
by Z-pole data

Ow =4 (Ho"DiH ) D'W;

v

® oy =1 (HD*H) 8B,

Or =1 (Hsz)uH)2

O;})' = (Lyo®y*Ly) (Lpo®y,Ly)

>
% = (iH'D,H)(éry"er)

O;‘z = (Z'HTDH“H)(Z_LR’V”’U,R)

Od = (’inD“H)(CZR’Y“dR)

0(3)‘1: HT GEH S an,
L = (iH'0"D,H)(QLo"v*QL)

O = (iH'D,H)(Q17"Q1)

2. TGC
have to access by WW
production

3. Higgs
accessed only by
producing the H

Ow = i (Hio*DrH) D*W,
) ) o
Op = (H'D“H) 0B,

On = [8M(HTH)]2

12
Opp = 4 |H|*B,, B*

OHB = ’I:g'(D“H)T(DVH)B’w

2
Oww = & |H[2W2, W

R | b >
O3W - ﬁgeach“j"WupW”"‘

2
Oce = &|H|*G4,G4M

v

Oy, = yu|H|?QrHup

Oyd - yd|H|2QLHdR

Oye - ye|H|21—LLHeR

O = A\ H|
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12
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Adding the Higgs

Assuming U(3)°> symmetry, a simplified picture for classifying Higgs/EW operators:

1. EW 2. TGC 3. Higgs
8 ops are tightly constrained have to access by WW accessed only by
by Z-pole data production producing the H
Ow =4 (HTU“D“H) DYW§, I(QW - (HTUGEI‘H) Dvwe, On = [au(HTH)P
(+) ) (-) , _ %1712
=4 (H'D"H) 0B, Op =4 (HID'H) & B, Opp = “r |H|* By, B"
> 2 2
Or = § (H'D,H) Oup = ig'(D*H) (D'H)B,, Oww = "LIH PWg, Wen
Opp = (Lyo®y*Ly) (L1o*y,Ly) Osw = 59€ancWyg" Wy, WP Oce = % |H[PGA,GAw
e __ . t -
OR - ((ZII:I{TIDB)#II{{))((GR’Y“GR)) Oyu — yu|H|2QLHUR
;‘2 = (2 1 I_LR’Y#’U,R —
& - O,., = ya|H|*?QrHd
O% = (iH'DyH)(dpy"dp) ya = Yd|H| ?L R
0P — (iH'to “D H)(Qro"v"Qy) Oy, = ye|H|?LHep
0% = (iH'D,H)(Q1r"Qw) O = A\|H|°

e The precision of class 1 OPs was such that they can be ignored when determining
Ops of the other classes -> no longer holds for WW at LHC! neither for future colliders



Adding the Higgs

Assuming U(3)°> symmetry, a simplified picture for classifying Higgs/EW operators:

1. EW 2. TGC 3. Higgs
8 ops are tightly constrained have to access by WW accessed only by
by Z-pole data production producing the H
Ow = 4 (HTU“D“H) DYW§, W= 4 (Htgaﬁu[{) Duwaﬂ On = [‘%(HTH)]z
(+) } -) \ 1
-4 (wiujon, | |4 (wiujon, | [Osm=FHBL"
< 4 2
Op =1 (HpoH) Oup = ig (DuH) (DVH)BW Oww = 9_|H|2Wcz W anv
0?21 = (Lt a"“LL) (Lpo° Yulor) Osw = ﬁgeach:"WBpWCPl‘ Occ = |H|2GA G A
— (iHt
_(( HTID) :{1))((6’1{"/1‘61{)) Oyu _ yu|H|2QLHUR
Ok ury'ur —
O,., = ya|H|*?QrHd
‘,ii_ (zH D H)(dl{’Y“dR) Yd ydl |2?L R
0" = (iH'0" D, H)(Q10*1Qu) Oy. = ye|H|?LHep
O = (ZH){D#H)(QL'Y#QL) Og = M H|®

e The precision of class 1 OPs was such that they can be ignored when determining
Ops of the other classes -> no longer holds for WW at LHC! neither for future colliders

e Almost all operators involve some H field: nontrivial interplay between EW/H.
e.g. WW and H processes share two common operators.



Joint Higgs and EW fit

In the past, the precision of the electroweak Z-
pole data has been such that the coefficients of
the operators affecting them could initially be
considered independently of those entering into
other observables. However, such a segregated
approach is theoretically unsatisfactory, with
some bases being more correlated across
measurements than others, and is becoming
obsolescent with the advent of more precise LHC
data on Higgs production and diboson production
where the latter, in particular, can no longer be
interpreted solely as a measurement of
anomalous triple-gauge couplings [50, 51].

50 [Z. Zhang 1610.01618]
51 [Baglio, Dawson, Lewis 1708.03332]

See also Biekotter, Corbett, Plehn 18,
J. de Blas et al. ’'16, and many other Higgs fitters.

[J. Ellis et al. 1803.03252]

LHC run-1: H signal strength
LHC run-2: H STXS and WW
+LEP: Z pole, WW

95% CL limits LEP + LHC Run 1+2
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Top & Higgs sectors

There are also important interplays between H and top

chromo-dipole: gtt  Oic = y:9s(Qa* YTA)0G
Yukawa: ttH O = 47 (¢10)Qt
gluon-Higgs: ggH  Oya = 47 (#'¢)G1, GH

HL-LHC
[ 1O—————v o=y
20 | HL-LHC 3000 fb™! ] 1 ;
i ‘\‘ b iEn 1
- 0.5 BR3P i >
_ 10+ A \ A
(I; I H i “/‘;‘: ’.r, 7
() | - A IE— A /
S o & 0.0 :
S 1 :I i
L);% I ] E/ z i I‘
-10¢ “ ppottH ] 427\
| -0.5F - 7::’ 26 ""l";;f”’. ””””””
I pp—H ] v | "‘“*E‘"!L Voff-shell
—205 pp—Hj ] l i |
i ] N va sl
004 -002 000 002 004 ol e
-1.0 -0.5 0.0 0.5 1.0
Cyc/N*[TeV~?] ¢y
[Maltoni, Vryonidou, CZ ’16]

[A. Azatov et al., 1608.00977]




op fit: decoupled from EW/H, to the leading order...

CFitting approach \ [Hartland, Maltoni, Nocera, Rojo, Slade, Vryonidou, CZ 19]
based on NNPDF: MC
repliCaS + Cross SMEFIT analysis of LHC top quark data
validation and closure e o
test ] mmm SMEFIT NLO, O(A~2)

1013

e Theory predictions
from
MG5_aMC@NLDO, i.e.
operator contributions
are at NLO in QCD

o Parametrization &
operator basis etc. are
consistent with TOP

1 10-3-
working group EFT O O PP o F ST R DS § P PR P
. O%'\r,\"\/%”),\’,’)oQOOO‘Z)O‘\OOO‘Z)O'\/OOO-OO-O O.S’Q&O-OO'OO-OO-O oM
recommendation SHOMEES S

See also TopkFitter, A. Buckley et al. ’15

100?

10_1?

95% Confidence Level Bounds (1/TeV?)







or, is this oversimplified?
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SM Lagrangian is the most general renormalizable one given the SM fields and

symmetries. The couplings are completely fixed by a few input parameters
(Gr, mw, mz, as...)

e To deviate from SM (on the existing Lorentz structure), we need the
Higgs vev to reduce dim-6 terms down to dim-4 SM-like couplings.

e S0, by precisely measuring the SM, we have been already learning about the
H, without producing it. E.g. from EWPOQO. There are more ways to do it...

¢ It also means that H can be used as a tool to access physics which we used
to think of as “non-H".

11



SM Lagrangian is the most general renormalizable one given the SM fields and

symmetries. The couplings are completely fixed by a few input parameters
(Gr, mw, mz, as...)

e To deviate from SM (on the existing Lorentz structure), we need the
Higgs vev to reduce dim-6 terms down to dim-4 SM-like couplings.

e SO0, by precisely measuring the SM, we have been already learning about the
H, without producing it. E.g. from EWPOQO. There are more ways to do it...

e |t also means that H can be used as a tool to access physics which we used
to think of as “non-H".

e el

Constrained in EWPO, by H — U/\TQ
What if H is active, by H — h/\/§ ?

W o, - (H'D“H) 6B,

Op =1 (H*B#H)?

. — —r
Ow =4 (Hio*DrH) D'Ws, | |0y, = (H’ra“ D* H) D*We,

()9,, (IITD“H) 0" B,,

05y = (L1o"y"Ly) (Lo®),L1)
07‘» = (I[[TDMII) €R ,“(’R)

(e
“r
O;‘{ - (IH*D#H)(I_I #UR)
0% = (zII‘D H)((i Y dR)

0P = (iH'o “D LH)(Qro*y"Qy)

O] = (IHTD H)(Qr*Qvr)

Onp = ig'(D"H)'(D"H)B,,
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SM Lagrangian is the most general renormalizable one given the SM fields and
symmetries. The couplings are completely fixed by a few input parameters

(Gr, mw, mz, as...)

e To deviate from SM (on the existing Lorentz structure), we need the
Higgs vev to reduce dim-6 terms down to dim-4 SM-like couplings.

e SO0, by precisely measuring the SM, we have been already learning about the
H, without producing it. E.g. from EWPOQO. There are more ways to do it...

e |t also means that H can be used as a tool to access physics which we used
to think of as “non-H".

e el

Constrained in EWPO, by H — U/\@
What if H is active, by H — h/\/§ ?

Ow = % (Hlo*D*H) D*W;

(+) 0, — Lz(L (HTI())“H) B “Vn,,

Op =1 (HTB,JJ)2

Ow =
-)
Op =

(HTaaﬁuH) D*We,
¢ (H'D*H) 0" B,

7’
7
7

~e

Op = [0,(H"H))?

Opp = % |H|2B,, B*

O?I),l = (iLUG”/iLL) (Lpo®y,Ly)
Of{ — (?f[fD“]{) 6’1{’7“6’1{)

(
o
0}“, = (?HfD“H)(?_L R ;#UR)
Ot[lf = (’II]fD”II)( _R ,“d}{)

0P = (iH'o “D LH)(Qro*y"Qy)

O] = (zII*D,JI)(Q,;)“QL)

OHB

ig'(D*H)'(D"H)B,,

OWW L|H|2wa W anv

Occ = |H|2GA GAm

Oyu - y’U.lH| QLHUR

Oy, = ya|H|*QLHdR

Oy, = yc|H|2LLH6R

Og = A H|°

Constrained in H couplings, by |H|* — vh
What if no H but Goldstone is used,

Hf? - 797 7
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SM Lagrangian is the most general renormalizable one given the SM fields and
symmetries. The couplings are completely fixed by a few input parameters

(Gr, mw, mz, as...)

e To deviate from SM (on the existing Lorentz structure), we need the
Higgs vev to reduce dim-6 terms down to dim-4 SM-like couplings.

e SO0, by precisely measuring the SM, we have been already learning about the
H, without producing it. E.g. from EWPOQO. There are more ways to do it...

e |t also means that H can be used as a tool to access physics which we used
to think of as “non-H".

e el

Constrained in EWPO, by H — U/\@
What if H is active, by H — h/\/§ ?

Oy = @ (Hfaaﬁuﬁ) D*We,
4 0 (oS o
Op =4 (H'D*H) "B,

Or =1 (HTB,JJ)2

Oup, = (Lio*y"Ly) (Luo®yuL)
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(
o
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~e
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In addition, loops will

mix different kinds of OPs

Oy, = ya|H|?QLHdR

Oy, = ye|H|2ELHeR

Og = A H|°

Constrained in H couplings, by |H|* — vh
What if no H but Goldstone is used,

H]? = ¢T¢™ ?
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—xample: TGC & H

L = igwwy (QY(W,;*;W—“ — WHW VY + ey W, W, VH 4

97 = ky =1 fixed by SM

Ay

My,

W:*WVPV;)")

v
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—xample: TGC & H

) - - v —_ v )\ v —
97 = ky =1 fixed by SM
m2
H — U/\/§ is needed for deviation: 97 = ltewgy 9l =0

m2

Ow = (DMCI))TW“V(D,,CI)) Ky = 1+(CW+CB)2—X;
Op = (DILCI))TBMV(DVCI)) Kz = 1+(CW—than29W)%



—xample: TGC & H

A
. 1% — — — |% —
L = igwwv (gl (WL WH —WHW VY + sy W, W,V 4 M—%/W:+Wu ”V,,“) W<
g/ = ky =1 fixed by SM
. - Z — 1 mZZ Yo
H — U/\/i is needed for deviation: 9 = l1+cwgg 91 =0
2
_ My
OW — (Du(p)TWMV(DV(I)) Ky = 1+ (CW+CB)W
2
Op = (DM(I))TBMV(DV(I)) Kz = 1+(CW—than29W)%
H — h/\/§ leads to deviation in H couplings:
h 92’02 3 (g2 +gl2),v2
Ehw = ; [(1 + 6Cw) TW:—WH + (]. + 5Cz) 1 Z,u,Zp.
2 2 _
s o Wit Wi, + G Wi Wi, + Cung® (W, 0, W5, + huc.)
2 2 2 12 2 12
9s ~a a € e\ g°+g g +g
TCqg ZGWG T C'Y’YZA#VA#V + CZ’Y#Z#VAIW + Czz TZWZW

+czgg2Zu8,,Z,w + cyggg'Zu&,Aw,

2 2 21 12 2 2
- ~ . € ~ . e\/gc+ ~ - + ~
+ng%quG7u/ + Cyy ZA/WAIW T Czy g 79 Zyw Ay + szg A 7 A

[Higgs Basis, A. Falkowski]



—xample: TGC & H

A
T (QY(WJ’W_” — WHWLIV + ey WIW V4 M—ZW:’LW;"VP”) Mw.::
%%

9V =ky =1 fixed by SM

2

H — U/\/§ s needed for deviation: 9 = 1tewgss 9l =0 [A Falkowski et al. "16]

Ow = (DMCI))TW“V(DV(I)) Ky = 1+ (ew+ CB)E 1.0 M LEP-2 (WW)

2/ W Higgs
Op = ( Duq))’r B*(D,®) - M LEP-2 + Higgs

kz = 1+ (cw — cptar

H — h/\/§ leads to deviation in H couplings:
OKy
2,,2

h v B 2+ 12Y0)2
Loy = 5[(1+6cw)gTW;Wu+(l+6cz) " +97)

4

AW

2 2 '

g - . - 9 5 _ -0.5¢
w5 Wil Wi, + w5 W Wi, + cung® (W, 0,W, + hoc.)

2 2 2 12 2 /2

e e\ g* + + i

+ng%sGZvGZu + ey A Ay + sz—g2 LA + 02" 4g Zwly 4ol
162 ZBy Dy + €599 ZnDy A -15 -10  -05 00

2 2 2 2 2 | 12 08z

-~ g ~ . € ~ . e\g‘+g = . 9°+g 5

g7y GG + Cyy A Ay + Coy = Zp Ay + Coz™— = Zyw Z, — —

[Higgs Basis, A. Falkowskil | - gignjificant improvements

by combining Higgs and EW




With more and more precise LHC measurements and future collider programs, start to

see clearly the connections between different sectors. It is then useful to think what we
can learn from them.

Outline:
o Will discuss two kinds of ideas seem to be interesting and promising

A. When large energy is accessible, we identify the specific channels in which the
amplitude grows with energy. i.e. trading high energy for precision.

e Validity and dim-8 uncertainties.

B. When high precision can be reached, we use loop effects to open up more
opportunities in our measurements.

o Recent NLO developments, for the investigation of loops.

o Will also emphasize global fits, which are become more important due to the
connection between H/EW/top sectors.

13



—nergy for precision

14



Diboson at the LHC

q %% q W
Z[
+
q 1% q W
_ _ _ Lrcc = ie (VV+ W, —W, VV+) A, +ie [(1 + 0ky) AL W+W_]
E _ — 4/ 2+ /2Z T3—82 +6 Zf + _52/ +6 Zf uv"
e T g;,dm“( F sk +8ail) f;,dfm"( W gR)fR + igew [(1+8gup) (WiaW, =W, WiH) Z, + (1 46k.) 2, Wi W, ]
+ % (Wt (I +09) ) dp +he.) + z—,\ Wi Wi+ 127 W/\ W

(5.9[2,“7 5g£u7 5912, ) (55'77 5glz A )

o TGC dominant assumption: the quark couplings are well constrained. Lets focus on TGC...

o But the LEP constraints on d¢7 are not strong enough to make them negligible...
[Z. Zhang 1610.01618]

e Infact, in the future, WW/WZ/WH/ZH will give the best bounds on §g%%, 591%“, 6gZd, §gae

15



Diboson at the LHC

e q9Z/ qq’'W couplings in SM are simply gauge couplings
. _ _ —
o To deviate from SM, we need: Fruf HYD JH
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Diboson at the LHC

e 9g9Z/ 9gqg’W couplings in SM are simply gauge couplings
. _ _ —
o To deviate from SM, we need: Fruf HYD JH

H -> vev
a 2
vV
>'ZW e

W/Z pole measurements
at LEP/SLD/Tevatron
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Diboson at the LHC

e g9Z/ gqg’W couplings in SM are simply gauge couplings
<—>
o To deviate from SM, we need: f’m fH'D

FV w or Goldstone
/ X E2

>< A2
W/Z pole measurements
at LEP/SLD/Tevatron ~~ \/\/."\,x

Diboson / VH at LHC

30% in do = 0.3% in couplings

16



Diboson at the LHC

e g9Z/ gqg’W couplings in SM are simply gauge couplings
(—)
e To deviate from SM, we need: f'Yu f H'D

Fy w or Goldstone
/ >q,ﬁ\qﬁ7 E2

A2 0~ 13

><
W/Z pole measurements
at LEP/SLD/Tevatron ~ \/\/“’\,x

Diboson / VH at LHC

SM BSM

qr.rGL.r — Vi VL(h) ~ 1 ~ B2/ M? —T —

q.rior — ViVi(h) | ~mw/E | ~mwE/M?
aLriLr — ViVe | ~m2 /E*| ~ E?/M?

Warsaw Basis

= (Quo™*Qu)(iH'0* D, H)

Or = (Quy*QL)(iH'D,H)

qr.RILR — ViVz ~ 1 ~ 1 O = (wpyur)(iH'D,H)

d _ (7 R
[R. Franceschini et al. 1712.01310] Ok = (dry"dg)(iH'D,H)

“High energy primaries”
(with the caveat of “interference resurrection”, see [G. Panico, F. Riva, A. Wulzer 1708.07823 ]) 16



“High Energy Primaries”

[R. Franceschini et al. 1712.01310] [S. Banerjee et al. 1807.01796] [Grojean, Montull, Riembau 1810.05149]
Leptonic'pp—‘)V'VW/WZ (7,8,13TeV) vs LEP-I

Leptonic WZ and Zh(->bb), W,Y<<1
. - 0.05¢
0.10 ( g
Zh ‘ % 0.00+ | )
0.05 -
LEP-I (MFV)
-0.05 LEP-I(FU)
@ | [ R T L T pp>WW/WZ, (5 param. fit, 6k,=A,=0)
g 0.00 [P T L | | | | pp>WW/WZ, (4 param. fit, 6g; ,=6k,=A,=0) 95% CL
| -0.10~ : : '
-0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02
005 [697 11
[ LHC pp»WWIWZ, 7 param. fit I:I HL-LHC p'p—)WWIWZ. 7 param. fit
I LHC pp-»WW/WZ, 5 param. fit (6k,=A,=0) I HL-LHC pp->WW/WZ, 5 param. fit (6k,=A,=0)
r [] epmrv [ LHceLEP(7par) [ LHC+LEP (5 par) [] epmrv  [] HL-LHC+LEP (7 par) [I] HL-LHC4LEP (5 par)
-0.10 - .
[ | . o . ‘ o o -08 1] 04 0.8 L] 0.4
-0.04 -0.02 0.00 0.02 0.04 ogftr 28 o — 24 ogf'r 08 — 05
P 84 [ — b 03 — o4
-09 1 13 -09 1 13
FIG. 2: We show in light blue (dark blue) the projection ogft =i e | s ot 87 m— 68
for the allowed region with 300 fb~* (3 ab™!) data from the -8 —— 62 04 - o
pp — Zh process for universal models in the dk, — S vs dg7 | ] 08 | ] 08
plane. The allowed region after LEP bounds (taking the TGC ogk'f e 'i' el gk = ' — = ' -
A, = 0, a conservative choice) are imposed is shown in grey. o8 B 02 o
The pink (dark pink) region corresponds to the projection A2 69 | 2 &
. - — . . -0 L : b - - o .
from the W Z process with 300 fb~" (3 ab™') data derived in oek gg — 13 e ! :‘?: 05
Ref. [20] and the purple (green) region shows the region that . . . L ot . . °?
-4 -2 0 2 4 -4 -2 0 2 4

survives after our projection from the Zh process is combined orocision x10° orecision x10°
with the above W Z projections with 300 fb~! (3 ab™!) data. ® ® 17



“High Energy Primaries”

[R. Franceschini et al. 1712.01310] [S. Banerjee et al. 1807.01796] [Grojean, Montull, Riembau 1810.05149]
Leptonic'pp—?v'VW/WZ (7,8,13TeV) vs LEP'—I

Leptonic WZ and Zh(->bb), W,Y<<1

0.05
0.10 ‘
gh g2 0.00
S —
0.05 ,
LEP-I (MFV)
o008, LEP-I(FU)

L — High energy diboson and VH becoming 1”“” 95% GL
new tools in precision EW physics J1 000 001 002

-0.05 ¢ 111
[ LHC pp»WWIWZ, 7 param. fit [ HL-LHC pp~WW/WZ, 7 param. fit
I LHC pp-»WW/WZ, 5 param. fit (6k,=A,=0) I HL-LHC pp->WW/WZ, 5 param. fit (6k,=A,=0)
r [] epmrv [ LHceLEP(7par) [ LHC+LEP (5 par) [] epmrv  [] HL-LHC+LEP (7 par) [I] HL-LHC4LEP (5 par)
-0.10 - |

[ | . o . ‘ o o -08 1] 04 -08 L] 0.4
-0.04 -0.02 0.00 0.02 0.04 ogftr 28 o —— 24 ogf't 08 — 05
-0.7 0.4 -0.3 0.3
6921 -0.6 — 19 -0.5 - 0.4
-09 1 13 -09 ] 13
o . . . dL -0 :il 0. dl. -0.2 0.3
FIG. 2: We show in light blue (dark blue) the projection ogf -3-3 -Oo? ogf 87 [m——] os
for the allowed region with 300 fb~* (3 ab™!) data from the e —— 02 04 - o4
pp — Zh process for universal models in the dk, — S vs dg7 | 1 08 | 1 08
plane. The allowed region after LEP bounds (taking the TGC Ogk'f e I—_I el gk = ' ~ ' >
A, = 0, a conservative choice) are imposed is shown in grey. o8 B 02 o
The pink (dark pink) region corresponds to the projection -37 69 311 6.2
. -1 -1 . . ok’ 88 [ —— o) ogR'r 65 —— 22
from the W Z process with 300 fb™" (3 ab™ ") data derived in 7 15 Y 05
. . BX) | 13 64 | 03
Ref. [20] and the purple (green) region shows the region that . . . : . .
-4 -2 0 2 4 -4 -2 0 2 4

survives after our projection from the Zh process is combined orocision x10° orecision x10°
with the above W Z projections with 300 fb~* (3 ab™!) data. ° ~ 17



Higgs at high energy: off shell measurements

HL-LHC projections:

ATLAS

Total Stat

3000 fb " uncertainty [%)]

Exp SigTh BkgTh

08 2.1 2:1
0.8 1.7 1.2

. 2.7 < )
B 2.3 2.2

40 40 il
40 34 33

| L L L I LI l | L L L] | | L L I L L I LI L L I LI L L I 17 171 I 17 11
ATLAS Preliminary e+ Total Stat. @@ Syst. — SM |X 3
Vs=13TeV, 36.1-79.8 b
my = 125.09 GeV, |y, | < 2.5 Y 4 - ST™ 35
Tot St yst. gH ¢> o
ggF b 1.07+ 0% f+ 09 4 oo ) X5 S 5.5
' ' JVBF
0.22 0.18 0.13 S2 4.2
VBF -—o—| 121+ 557 (£ o4s st ) Xq
WH e 157+ o+ g3 ald
ZH e 074+ gicfl+ o5 4
: oy
ttH + tH H==—H 122+ 020 (£ o .+
1 1 1 1 l 111 1 l 11 1 l L1 1 l j I - l 11 1 1 l 11 1 1 l 11 1\1 1 1 1 1

05 0 0.5 1 1.5 2 2.5
Cross-section normalized to SM va

3

Will not benefit from either
1) higher luminosity

C) higher energy

Gn shell Higgs measurements \
will be saturated by systematics.

J

3.

S1 9.3
N 749
S1 6.2 34 24 34

2 48 34 138 2.0

0 s~ B 31 3.7
“H o 58 Hl 28 24

1.6
1.0

21
LT

54
4.5

3.0
2.1

4.3
33

X1

opposite:

1) limited by statistics
2) benefit from higher-energy

\—

Gﬁ shell Higgs measurements are thD

colliders, HE-LHC/CLIC/SppC

_

[Henning, Lombardo, Riembau, Riva 1812.09299]
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The same logic that applied to diboson also applies here

_ —
f’YufHTDuH

PN

Iy

x
1
’
1
\
\
\
>
v

SA ~ v?/A\?

\{

SAJA ~ 2 A2 Y\
—

SAJA~ E2/A2

\H|*fLH fr

unanchor the Higgs from its vev

HC HwH Growth
2
"" E
- il - v
K 06 \\\ ~ i
kz~ | Oww
D am o= om 2
K~ OBB ~ %
KV Or
Kg Ogg M ol §

[Henning, Lombardo, Riembau, Riva 1812.09299]



Higgs self-coupling

1 6 1 31,3 212 2 4 6
F|H| DP(Uh + 3v°h*¢p” + 3vho™ + ¢° + ...)
¢ Ney
: h v
h\\ . h\\ " \\ o \\ /
\ \ v \
\ 7 \ 7 T*l x
N A S P S R g
I’ ® ,’ \. ,, \\ I’ \\
he b/ Y \® oy \Q
Signal enhanced only with a single power of energy,
but extremelly attractive and clean process experimentally:
q
— ®
\ Z Same sign
VBF topolo ol :
pology , < ; leptons:

Talk by M. Riembau
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Higgs self-coupling

157
Constraints from pp - jj /“v/*v h at HL-LHC
10} :
I ——— 10 |¥
of :
g, T e
g 0 95%, HL-LHC hh : A
""""""""""""""""""""""""" - ———.
| : SN
-5; R LY
-10}
0.1 0.3 1 3 10
B
4

— 50—ish events in the SM
— Ivreducible background negligible
— Background from t1}j with lepton misidentification under confrol
— Backgorund from fake leptons is pofentially the dominant one,
We paramefrize it with #back = B x #signal, >
— Rough cuf—and—count analysis gives competitive resulfs with double higgs productioyg

Talk by M. Riembau



Higgs self-coupling

15
Constraints from pp - jj v/*v h at HL-LHC
10}
O- 20
N —— 1g_ 1Y

Goldstone equivalence theorem implies
connections between Higgs and EW,
which can be used to improve H precision

-10}
0.1 0.3 1 3 10
B
4

— 50—ish events in the SM

— Ivreducible background negligible

— Background from 11)) with lepton misidentification under control
— Backgorund from fake leptons is potentially the dominant ove,

We parametrize it with \,#'\t?gck
— Rough cut—and—count analysis

B x #signal,

o

)

gives competitive results with double higgs productioy,

Talk by M. Riembau
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What about top?

o Similar for top EW (e.g. ttZ) coupling f%tH Tﬁ uH

>
ttZ coupling
from tt+Z production L

-> Goldstone § ~ =—

A2
>- l.e. tW>tW scattering?
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What about top”?

o Similar for top EW (e.g. ttZ) coupling t_q/'utHT ﬁuf—[

2
H -> vev H -> Goldstone § ~ E_

. >< A2

ttZ coupling i.e. tW>tW scattering?
from tt+Z production \

5 T I T T I I [T 17}
a- |\ -
- - — Observed ]
3 | -=-Expected ]
~ N
= A TR 207
S 2 T
< 5 . : .
1= = : .
i - R _L’;___‘L_ ] _1CS_“
ofF — = -
- ATLAS R
Z\ {s=13TeV 36.1 fb']
—1'_1' Ll I L Ll l 1 L1 I LA Ll I LAl [ Ll l Ll l L L1l IT_'
= OW -15-10 -5 0 5 10
' A2
C/A
C. ;(; /A2 Cope/ N
(—4.7.0.7) (—0.1.3.7]
—-1.3.1.3] —9.7.8.3]

A. Lopez Solis, EPSHEP 2019
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What about top”?

o Similar for top EW (e.g. ttZ) coupling t_q/'utHT ﬁuf—[

2
H -> vev H -> Goldstone § ~ E_
. >< A2

ttZ coupling i.e. tW>tW scattering?
from tt+Z production \

5 [ L | | I I T [ 7]
-\ 304
ar -
C — Observed :
3 -=-Expected ]
-5 C 2
= A TR 267
g T :
< C ]
1= ]
— . W), W -, Y _10“
ofF — — -
- ATLAS R
1:\ | | | I ‘,§1=13|Tev 316'1 tb|.1:
—-30\25 — —-15 10 -5 0 5 10
\} ' CQt/l\z
C. ;(; /A2 Cpe/ N2
—4.7, ().7] l—().].3.7j
—1.3.1.3] [—9.7.8.3]

A. Lopez Solis, EPSHEP 2019
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What about top”?

o Similar for top EW (e.g. ttZ) coupling EV,utHT ﬁul—[

H -> vev
><

ttZ coupling
from tt+Z production
><
5 1 I 1 T T T RS BARS
-\ 3G
4 : _:
: — Observed E
3:_ -=-- Expected —:
_§l’ 2:—— ———————————— _2¢:
=l 5
by ]
E_ — NSl NN _10_:
OF — N\ .
F ATLAS .
A\ ) R 13Tey 2818

1. lllll lllllllllll IIII1_‘
—30\2\536—15—10 -5 0 5 10

2
C/A
»(3 2 ? 2
Cho/N? Cpe/ A
(—4.7.0.7) (—0.1.3.7]
—1.3.1.3] [—9.7.8.3]

A. Lopez Solis, EPSHEP 2019

Ar

2.5

2.0¢

1.5¢

1.0f

0.5¢

0.0r

-0.5¢

-1.0

-1.5

E2
\H -> Goldstone § ~ =—
A2

F 13 TeV

300 fb~!

~25-20-15-1.0-05 00 05 10 15

Ap

i.e. tW>tW scattering?

1.0 ;
95% CL

~_

0.5}

-0.5¢

13 TeV
300 fb~!
-1.0 !

-1.0 -0.5 0.0 0.5 1.0
CL

[J. Dror et al., 1511.03674]

S
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More high energy tops

[Maltoni, Mantani, Mimasu, 1904.05637]

Single-top Two-top (tt)
w/o Higgs | bW — t(Z/7) (4.1.1) [tW > tW (5.1.1)
t(Z/y) = t(Z/v) (5.1.4)
w/ Higgs |bW — th (4.2.1) | ¢(2/7) = th (5.2.1)
th—th (5.2.4)

Helicity amplitudes computed, and energy-growing
channels identified

LHC 13 TeV

CLIC VBF /5 (GeV)

tv

th

ttv

tth VBF '' 380 1500

3000 '

@) 10°
O.a
1024

101 4
Tint. 10°

ag
M 101

1072
1073
104/
102
10"+
Osq. 10°;
TSM 4014
1072}
1073
104

M Inclusive

M pr>05TeV

m pr>1TeV

[J Negative

g ¢
£
1%
W
q q
g ¢ g '
W+ t
W= Z[y
Z[vy
g t q q

% tZW and tZj optimal to accessbW to t Z.

+ tHW and tHj optimal for b W to t H.

* {tX processes are challenging because suppressed by s-channel
propagator.

+ Adding a jet increase the sensitivity (J. A. Dror et al. arXiv:1511.03674).

< #tXY and VBF-tt are promising but rate-limited (e+ e- collider for VBF).

“tZtotHandtH totH are the most difficult (future colliders).

Mantani, talk at EPSHEP 2019
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Validity and dim-8

24



BSeyond dim-6

e By using energy growing effect, we are pushing the EFT over its edge.
Should be careful about higher order dim-8 effects.
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BSeyond dim-6

e By using energy growing effect, we are pushing the EFT over its edge.
Should be careful about higher order dim-8 effects.

e Assessing EFT validity?

e Conservative limits obtained by imposing cuts, depending on the

expected scale Lambda. [Contino, Falkowski, Goertz, Grojean, Riva '16]
ATLAS+CMS combination ATLAS+CMS combination ATLAS+CMS combination
T T T T T 02 T T T T T = T T
0.04+ 004+t
0.02¢ 0.1 002}
~  0.00f X 00} - ~ 000}
-0.02¢ —0.02}
ol 0.02
—0.04¢ mpp(TeV) <o, 14,12, 10,08,06 ] 05 my(TeV) < oo, 1.4, 12, 10,08, 0.6 —0.04}F mpp(TeV) <o, 14,12, 10,08,06 -
-0.04-0.02 0.00 0.02 0.04 . -0.04 -0.02 0.00 0.02 0.04 -02 -0.1 0.0 0.1 0.2
():gl,: ()gl.: Jk)’

Figure 7: Combined 68% CL region from CMS WW (8 TeV) and ATLAS WZ (8413 TeV)
searches for different myy cuts.

[A. Falkowski et al. 1609.06312] o5



No. of independent ops

BSeyond dim-6

e By using energy growing effect, we are pushing the EFT over its edge.
Should be careful about higher order dim-8 effects.

e Assessing EFT validity?

e Conservative limits obtained by imposing cuts, depending on the

expected scale Lambda.

[Contino, Falkowski, Goertz, Grojean, Riva ’16]

e or, explicit study of TH uncertainties, requires knowledge of dim-8 EFT

[L. Lehman, A. Marin, '15]

[B. Henning et al., ’15]

10000000000

1000000000 ¢

100000000

10000000

1000000

75577476 =

3472266

2002441 ge-

261485

1 1
10 1

Mass dimension

2795173575

4614554

175373592

- 257378

7557369962

—® 5474170

DEFT
[B. Gripaios, D. Sutherland ’18]

DEFT takes as input a set of fields and their irreps under a set
of SU(N)-like symmetries. In principle, it can output:

» a list of all the contractions of products of these fields
which are invariant under the symmetries, to a given
order;

» a list of the redundancies between these operators (Fierz,

IBPs, EOMs, &c.);
» an arbitrary operator basis;

» a matrix to convert into and between arbitrary operator
bases.

Talk by D. Sutherland, SMEFT tools workshop
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DIM-8 In high energy: case study

[Hays, Martin, Sanz, Setford, ’18]

W:t
Maximal energy growth

N &2 02

o(pp — WTh) ~ 2

(e ) (46087r sin? 0> miy A* @)
+38 sin29(ch

0.5 T T '

muw > 500 GeV

@(62 (c8,301 — €8,302 + €8,3Q3 + €8,30Q4)

)2) +0(3Y).

Os,ow1
¢

8,QW1

Os.ow2
OS,QW2
Os,ow3
OS,QWS
Os,qw4
Oa,QW/l
Os,ows
OS,QWS
Os,qwe

OS,QWG

517 (QTVQ) D*(H T H) W#J,,
615 (QTeQ) DH(HI T H) W,

181, (QleQ)H Drrl HY W,
181, (Q'a* Q)T DrrlH) W,
615 (Q'*7" Q) D*(HTH) W,
515 (Q'a*r' Q) DM(HH) W,
i (Qlovr! Q)(H! DrH) W,
1815 (Qtovr! Q)(HTDHIT) W,
capo (Q'6*7# Q) DMH'TPH) W,
EABC (QT(T”TA Q) D”(HTTBH) Wg,
ieanc (QTa T AQ)(H DB HYWE,
i capo (QtavrAQ)(H DrrBH) WC

fiv

Osa1 i(Qe*Q)(H! D) (HH)
Osr | 61 Q! Q)((DuHir? H)(HH)+
(D .Ht H)(HI H))
Os03 | tergx(Qtarr! Q)(Hfﬁ“TJH)(HTTK H)
Oso1 | ergx(QtaHr! Q)(Hr/H) D,(HTX H)
Os3q1 i(Q'6"D"Q)(DY,, H'H) + h.c.
Osaqz | 1615(Q'e*7' D¥Q)(D},, H'iTH) + h.c.
Os,303 i(Q'o"D"Q)(H' D}, H) + h.c.
O304 | i 51,7(QT(‘7"71D”Q)(HTTJD?’W)H) +h.c.

|Ap(pp = h W) |mpw>500Gev = 0.2

JVerw = 1/(2.32TeV)
Veaw = 1/(3.59TeV)

without dim-8

maximal dim-8

‘55% difference in scale
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DIM-8: be careful about signs

Not every EFT can be UV completed!
[Adams, Arkani-Hamed, Dubovsky, Nicolis, Rattazzi, JHEP 06]

For SMEFT @ dim-8, the fundamental QFT principles of the UV completion fixes
the sign of dim-8 coefficients (or their combinations), i.e. positivity bounds

Important consequence, e.g. for the usual aQGC measurements: « d
W:I:
o o | |3€?.9m’1|(1§T?V)
. CMS l %--Expectedgsa% cL |
20| FIPMELY ... . EXREAR TR
i ‘ — Obgerved; 95% CL 7 ~2.1% of total Z
I I q q
Q|
: //
W More generally, 98%
0_‘/"““'“ , of the dim-8 QGC
r parameters being
ny - “redundant”.
—10 \ 0 10 4
Allowed /A" (TeV7) [Q. Bi, CZ, S.-Y. Zhou, JHEP 19]
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Precision with loops
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Top loops at LHC

Recall the ttdP term from opening the ttZ operator:

_ <=
tH D ,H el >-
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Top loops at LHC

Recall the ttdP term from opening the ttZ operator:

tytH D 0wy >- =)

Instead of embedding in pp>ttWj, could also use loops:

ey
ey
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Top loops at LHC

Recall the ttdP term from opening the ttZ operator:

o ey
M tH' D, H =y > =)
Instead of embedding in pp>ttWj, could also use loops: ::Db\

FCC
0.06 - —
0.04
0.02
ttZ @ HL-LHC: [
dca < 0.2 ' 0.00;
A ~J um 0.0 Qm
' -0.02|
_05) - -0.04:———— Y
-0.06/
=1.0— _.08..1...."1.. PRI B B
-0.4 -0.06 -0.04 -0.02 0.00 0.02 0.04 0.06

6CA

[Azatov, Grojean, Paul, Salvioni ’16], [Englert, Rosenfeld, Spannowsky, Tonero ’16]
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Top loops In

[ —0.702

—0.094
—0.342
—0.326
+0.137
+0.034
—0.003
\ +0.505

[CZ, Greiner, Willenbrock 1201.6670]

—0.701
—0.087
+0.349
+0.323
—0.137
—0.034
+0.003
—0.505

—0.000
—0.002
—0.398
—0.591
+0.128
+0.039
+0.007
—0.689

Top operators

\

+0.128
—0.992
+0.017
—0.009
—0.000
+0.001
—0.000

Cop

—0.003
—0.019
—0.761
+0.632
—0.003
—0.094
+0.025
—0.108

+0.000
+0.001
+0.056
—0.065
+0.138
—0.745
+0.646
+0.014

—0.011
+0.99
—0.23
—1.75

—2.2
-9.2
+102.4

\ —1.36e+3

~0.000 —0.000 \
—0.001 —0.000
—0.136 —0.039
—0.191 +0.015
—0.935 —0.229
—0.244 +0.610
—0.090 +0.757
+0.054 +0.009 /
£0.014
+0.27

+1.10

+1.62 L
+11.9 eV,
+21.1

+50.4

+1.38e+3 |

1 sigma limits

[SMEFiT 1901.05965]

Direct LHC Indirect EW
cra [—0.4,0.4]
cw [—1.8,0.9] [—2.8,2.0] (EW)
Chw [—2.6,3.1] [—15,37] (EW)
Ct7 [—2.1,4.0] cip: [—5.8,15.4] (EW)
Cootb [—27,8.7]
o [—5.5,5.8]
Coo [—3.5, 3] [—3.4,7.4] (EW)
Cot [—13,18] [—2.0,5.6] (EW)
Cop [—60,10]

Interplay of Top & EW sectors
due to precision loop effects
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Top loops at future H factory Durieux, Gu, Vryonidou, G2 18]

Alternatively > » M

Leads to complication in future H measurements

e Higgs/diboson channels can reach ~1% or even better precision with future lepton
collider. When this happens, we want to be able to disentangle

Y ~h W
e H coupling tree level and b "ﬂi M M

Y z L4
e Top coupling loop level? : M >”‘@i

e At future CC even below ttbar threshold, it’s possible to probe top EW couplings
with good precision (better than HL-LHC).

e Strong correlation between top/H couplings -> top uncertainty will downgrade
precision on H couplings.

e Once above 350: top Yukawa ~ 30% marginalized.
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=W fit: going to two loop

[Degrassi, Fedele, Giardino 1702.01737]

H couplings at one-loop are less interesting [Chen, Dawson, CZ '13]

But: Higgs trilinear coupling

e Direct probe via di-Higgs at LHC

e One loop effect with single Higgs

e Two loop effects in EWPO: through W/Z self energies

/ T
,/ . 7712

l‘ <
\ \ / \ :
\ \ v,

\

91 g . %1 O . ¢1 <f>1 . ¢1 ¢1 2!
W W W W L4 wow T W
AN AN AN :¢1 AN o1 NN AN . AN
\\ // \\ / | , N //\\ //
- o -7 oy %4 oy ¢+ T o4
O+
a) b) c) d)

O = OSM [ (K’)\ T 1)01 + ( T 1)C2] ’ \ <= ggF+VBF
\ — M, +Sing
\ = ggF+VBF+M+Sing
& Cs \ Y
My 6.27 x 1076 | —1.72 x 1076 \ %
sin2 %P | —1.56 x 1075 | 4.55 x 10~ "

1
-20

[ Currently O(10) bound. h
~10 improvement with
L future CC y
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Loop measurement: from indirect to direct”?

+ +
>\’\<fl/ >\1‘{
o h o h

FIG. 1: NLO vertex corrections to the associated production
cross section which depend on the Higgs self-coupling. These
terms lead to a linear dependence on modifications of the self-
coupling dy,.

[M. McCullough 1312.3322]

e Problem: loop probes are
“indirect”, i.e. rely on
assumptions that other
BSM effects are not
present.
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Loop measurement: from indirect to direct”?
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FIG. 1: NLO vertex corrections to the associated production
cross section which depend on the Higgs self-coupling. These
terms lead to a linear dependence on modifications of the self-
coupling dy,.

[M. McCullough 1312.3322]

e Problem: loop probes are
“indirect”, i.e. rely on
assumptions that other
BSM effects are not
present.

= The standard solution:
will have to use global fit to
determine all couplings in a
model-independent way
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FIG. 1: NLO vertex corrections to the associated production
cross section which depend on the Higgs self-coupling. These
terms lead to a linear dependence on modifications of the self-
coupling dy,.

[M. McCullough 1312.3322]

e Problem: loop probes are
“indirect”, i.e. rely on
assumptions that other
BSM effects are not
present.

= The standard solution:
will have to use global fit to
determine all couplings in a
model-independent way

bounds on 6k, from EFT global fit
-2 -1 0 1 2 3

---------

B 68%,95%CL bounds, combined with HL-LHC [S_ Dl Vlta et al_ 1 71 1 _03978]

XXX 1% 88% CL bounds (combined with HL-LHC)
»= =« 68%,95%CL bounds, 1h only (w/ HL-LHC 1h)

HL-LHC _O'E_ *126 14TeV(3/ab), rates & distributions

CEPC

3% 1240GeV/(5/ab) only (CEPC)

*0.761 540GeV/(5/ab)+350GeV(200/b

+0.44

FCC-ee 240GeV(5/ab)+350GeV(1.5/ab) (FCC-ee)

H401FCC-ee with zero aTGCs

ILC +1131250GeV/(2/ab) only

1 *9831550GeV(2/ab)+350GeV(200/fb
+9241above + 500GeV(4/ab)
+*0201 above + 1TeV(2/ab)

CLIC +0.331350GeV/(500/fb)+1.4TeV(1.5/ab)+3TeV(2/ab)
*0321 . Zhh at 1.4 TeV

*0.28{hinned M,,, in vvhh (4 bins)

3

Figure 12: A summary of the bounds on dx) from global fits for various future collider scenarios.
For the “1h only” scenario, only single Higgs measurements at lepton colliders are included.
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Loop measurement: from indirect to direct”?

[J. Nakamura & A. Shivaiji 1812.01576]

o New idea: choose the “right” observable (naive time-reversal odd) and turn the
loop effects into “direct” measurement.

4 ™)
If T (or equally CP) is conserved, T-odd observables

are proportional to the absorptive part

o _J
VA +
L‘10/ AV
Api ~ 5y X O
N VA NS
f n n 7
Z NI 7 et W AAA—e— ANNAN—— ¢
= o x] + ng Xy + [ >m<
H ----- S H e - W ~nWN—— - ——
s12 > m, +my /2 > 2my, s'/2 > 2m,
NP é )
Feeet x Heavy NP par.tlcles / tree Ieyel EFT
______ NP operators will never contribute!
s1/2 > 2myp - J
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Loop measurement: from indirect to direct”?

[J. Nakamura & A. Shivaiji 1812.01576]

o Consider Z(->Il) + H

Under T transformation without interchanging the initial and final states,
d3c
d cos ©d cos 0d¢

— F;(1+ cos® 0) + F,(1 — 3cos? §) + F5sin26 cos ¢ + F, sin® 6 cos 2¢

N

T-even

+ F5cos 6 + Fgsinf cos ¢ —F; sinf@sin¢ — Fgsin20sin¢ — Fy sin @'sin 2¢,

" Y a

T-even T-odd

Define T-odd asymmetries (A,, Ag, Ag) by

F . .
_ (7,8,9 N(sin¢ > 0) — N(sin¢ < 0)
Areo) = —F AT Nsing > 0) + N(sing < 0) °°
8/11

6 — T

[T P, = —0.80,P,+ = +0.30
4 + B

N Difficult method, but
2 L _ i

S ol bl | + } } | e Useful method to directly constrain HHH below 340
ol - | & Provide additional observable to isolate HHH from other couplings,

A a0 should be added to a global H/EW fit

9240 260 280 300 320 340
Vs [GeV] 35



SM

—FT @ NLO?
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Status of NLO

Some recent progresses (past two years):

e Higgs decay: Yy [A. Dedes et al. ’18], YZ [Dedes, Suxho, Trifyllis *19],
// [Dawson, Giardino 18], WW [Dawson, Giardino ’18], bb [Cullen, Pecjak, Scott ’19]

e HZ production (QCD): vh@nnlo [R. Harlander et al. *18]

¢ WW production: [Balio, Dawson, Lewis *19]

¢ gg to H, two loop: [Deutschmann, Duhr, Maltoni, Vryonidou "18]

e Top production NLO+PS, automated with MadGraph5_aMC@NLO:
‘Degrande, Maltoni, Mimasu, Vryonidou, CZ ’18]

e Loop induced HH/Hj/HZ/... based on same framework:
Bylund, Maltoni, Tsinikos, Vryonidou, CZ ’16], [Maltoni, Vryonidou, CZ ’16],

e Single top, fNLO QCD production+decay, off shell: [Neumann, Sullivan, *19]

e Top decay @ NLO, including 4-fermion OPSs: [Boughezal, Chen, Petriello, Wiegand ’19]

o EW: H trilinear couplings in single Higgs: [Maltoni, Pagani, Shivaji, Zhao, ’17]

o EW: top loops in Higgs processes: [Vryonidou, CZ '18]
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ttg ttZ/y, tbw

ttH qqttggH

Process

t—= bW = bty
pp — g
pp — tW
pp — tt
pp — tty
pp =ty
pp — ttZ
pp — tZj
pp — ttW
ete” = tt
pp — ttH
— tHj

gg > H Hj, HZ

v
v v
v v
v
o/ /
v v/
v/
o/ /
v
o/ /
v
v v
v

v
v

NSNS

v
v

v

v

N NSNSNSANSNASNANNS

0c)0us O O} 053 0ui 0c|045k0sc
VY v/

NSNS

taZly tqg taH litg

Process

tsqtl- v ¥ 7 7 7/

t— qy v /S /

t—qH /

pp —t v
ot v v S S S (V)
pp — ty v /

pp — tH v /

Coupling measurements
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ttg ttZ/y, tow

ttH qqttggH

Process

Ot

oz 0w 03 0 0.J0uJoudo.c
v

taZ/y

tag tgH Iitq

t—=>bW =bltv v o/
pp — tq v  / v
pp — tW v v /
pp — tt v v
pp — tty 7/ v
pp — t’_)’j v v v/ 4 Process Of;)
pp — ttZ v v v v S/ v t— qltl™
pp — tZj v v v v v/ v t— qy
pp — ttW v v t — qH
ete” > tt v vV V' shell> ./bin/mg5
pp — ttH v MG5_aMC> import model TopEFT
_ tHj / 4 MG5_aMC> generate p p > t t~ Z EFT=1
/ MG5_aMC> output some_DIR

gg —~ H Hj, HZ

Coupling mea

MG5_aMC> launch

[QCD]

0% 0% 0L 0w ouBu

/7 / v o/

oo/ ./
v
v
A (V)
o/
v
earches
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Automatic EW NLO based on reweighting

H trilinear coupling at one loop: [Maltoni, Pagani, Shivaji, Zhao 1709.08649]
https://cp3.irmp.ucl.ac.be/projects/madgraph/wiki/HiggsSelfCoupling )

Higgs Trilinear self-coupling determination through one-loop effects
Authors : Xiaoran Zhao > email and Ambresh Shivaji -’ email

Proposals have been made to access information on the Higgs self-coupling by accurately measuring cross
sections and distributions using single-Higgs processes, see for instance > arXiv:1607.04251.

This page contains the codes for generating events in processes p p > VH, VBF, tHj and ttH and H > 4l
including the effect of trilinear Higgs self coupling at one-loop.

Please cite: Fabio Maltoni, Davide Pagani, Ambresh Shivaji and Xiaoran Zhao+arXiv:1709.08649
trilinear-FF (The Form-factor code to run VH, VBF and Hto4l) FF

In this folder we provide:

a) 'loop_hvv' : the UFO model folder with modified VVH vertices due to trilinear couplings at one-loop

b) "hvvcoef.cpp": C++ implementation of form factors

c) "Makefile" : to generate static library (libhvvcoef.a) which is used during event generation

d) "ReadMe.txt" : explains how to use the code step by step and benchmarking for HZ process
trilinear-RW (The Reweighting code to run VH, VBF, tHj and ttH) RW

In this folder we provide:

a) 'hhh-model': the UFO model file to be used

b) "gevirt.sh": auxiliary script to generate virtual EW subprocesses

¢) "vvh-loop_diagram_generation.py" : to select right set of one-loop diagrams in VH, VBF and tHj

d) "tth-loop_diagram_generation.py" : to select right set of one-loop diagrams in ttH

e) "check_OLP.f": reweighting code
f) "makefile" : makefile for reweighting code
g) "ReadMe.txt" : explains how to use the code step by step and benchmarking for HZ process

h) we also provide 'example_hz' folder which contains a simple script to build the reweighting code for HZ as an
example

(All calculations are done in G_\mu scheme and benchmarking is done with MG5_aMC_v2_5_5)



https://cp3.irmp.ucl.ac.be/projects/madgraph/wiki/HiggsSelfCoupling

Automatic EW NLO based on reweighting

Top coupling at one loop: [Vryonidou, CZ 18]

ol '-—O‘ All dim-6 top loop
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https://cp3.irmp.ucl.ac.be/projects/madgraph/wiki/HiggsSelfCoupling

Global Fits
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Need for global analysis

o I've showed that the underlying connection behind the H/EW/Top
sectors provide new opportunities to improve our precision.

¢ ldeas have been explored, but often with limited channels, physical
cases, theory assumptions, etc.

e The ultimate consequence will always need be quantified with global
fits.

¢ In particular, given that more and more connections between
different types of measurements are becoming relevant, it’s
important to always keep a global perspective.
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Future lepton collider: H/

=\W interplay

[de Blas, Durieux, Grojean, Gu, Paul, ’19]

e What’s the deterioration in Higgs coupling determinations incurred from EW

uncertainties?

¢ How important are Z-pole and WW-threshold runs for Higgs physics?

¢ Can Higgs measurements help constraining EW parameters?

| Il HL-LHC S2 + LEP/SLD

£ ll CEPC Z/WW/240GeV

- |ll FCC-ee Z/WW/240GeV

. Il FCC-ee Z/WW/240GeV/365GeV

—

HIiLC 250GeV/350GeV
P(e™,e*)=(¥0.8,+£0.3)

%
M ILC 250GeV
W ILC 250GeV/350GeV/500GeV

light shade: CEPC/FCC-ee without Z-pole

A CEPC/FCC-ee without WW threshold E|
Y perfect EW
lepton colliders are combi edwthHL LHC&LEP/SLD
imposed U(2) in 1&2 gen quarks

Il CLIC 380GeV

B CLIC 380GeV/1.5TeV

Il CLIC 380GeV/1.5TeV/3TeV
P(e",e*)=(70.8, 0)

Higgs couplings
<)

10'35

69= 69y  6ay

ogy 69y 094

| Ratios, real EW / perfect EW |

VAT . 1

15—
lem 69y 5ot/ sart 597 g} o957 oy 9} Sak

15 EW param. also marginalized over / assumed perfectly constrained

694,z 6ky Az
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Future lepton collider: H/

=W interplay

[de Blas, Durieux, Grojean, Gu, Paul, ’19]

0 i e
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Ogy 09y
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Future lepton collider: H/

=\W interplay

[de Blas, Durieux, Grojean, Gu, Paul, ’19]

EW real/perfect
—
&)

| I B | |

1
ZZ WWwW
ey Ogy
7z _ [ Br(H—ZZ*—all)
08" = \/ Br(H—>ZZ*—>aﬁ)SM -1
ww Br(H—WW?*—all)
08} = \/Br(H—)WW*—>aII)5M -1

Z-pole run has a big impact
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Future lepton collider: H/EW interplay

[de Blas, Durieux, Grojean, Gu, Paul, ’19]

1+ - U
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5022 — [ Br(HoZZ*=al)
EH = \/ Br(H=ZZ* —all)5™
SoWW  — [ Br(HoWW=—al)
EH = \/ Br(HSWW~all)sM

Z-pole run has a big impact
New electroweak measurement help (e.g. Acr in radiative Z-pole return)
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Future lepton collider: H/EW interplay

[de Blas, Durieux, Grojean, Gu, Paul, ’19]

EW real/perfect

- v i
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B %U é CLIC i
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7z WW 107 —
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77 Br(H—ZZ*—all) i
08l = \/ Br(rH—>ZZ*—>aIaI])5M —1 s
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Ww :\/ Br(HoWW=—all) 4
— \/ Br(H=>WW*—all)SM

695 o6gf"

Z-pole run has a big impact
New electroweak measurement help (e.g. Arr in radiative Z-pole return)
Higher energy runs help (in specific directions)
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Future lepton collider: H/EW interplay

[de Blas, Durieux, Grojean, Gu, Paul, ’19]

15 EW parameters (13 Higgs-TGC ones also marginalized over)

1 © | HL-LHC S2 + LEP/SLD Il ILC 250GeV Ml CLIC 380GeV light shade: GEPC/FGG-ee without Z-pole 1
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10—1 L . FCC-ee Z/WW/240GeV . ILC 250GeV/350GeV/500GeV . CLIC 380GeV/1.5TeV/3TeV lepton colliders are combined with HL-LHC & LEP/SLD 1 0—1
c | Il FCC-ee Z/WW/240GeV/365GeV P(e”,e*)=(¥0.8,%0.3) P(e™,e")=(¥0.8, 0) imposed U(2) in 1&2 gen quarks
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Future lepton collider: H/EW interplay

\arojean, Gu, Paul, ’19]

ee ee
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ILC
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Higgs measurements could help constraining Zee at linear colliders
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Future lepton collider: H/top interplay

[Durieux, Gu, Vryonidou, CZ 18]

¢ How does the top-coupling uncertainties downgrade the H precision at future CC?
e Global H + top loop fit, with TH results based on [Vryonidou, CZ ’18]

light shades: 12 Higgs op. floated + 6 top op. floated
dark shades: 12 Higgs op. floated + 6 top op. — 0

CC 240GeV

- (Il CC 240GeV + HL-LHC 240GeV (5/ab) + 350GeV (0.2/ab) + 365GeV (1.5/ab)]
- |l CC 240/350/365GeV M light shade: marginalized over top parameters

circular collider with unpolarized beams

solid shade: all top parameters set to zero

precision

Ll CC 240/350/365GeV + HL-LHC

7 Oy éyr oy, Az 5K,\/102

Uncertainties on the top have a big effect on the Higgs

- Higgsstr.
- Higgsstr.
- Higgsstr.
- Higgsstr.

run: insufficient

run @ ete~ — tt: large y; contaminations in various coefficients
run & top@HL-LHC: large top contaminations in €y gz 7~,zz

run @ ete” — tt @ top@HL-LHC: top contam. in Cg only
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Summary
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o With Run Il finished, and Run lll, HL/HE-LHC, future CC/LC waiting ahead, we are entering a

phase where we can better see how the H is connected with the rest of the SM, even in the
context of searching for BSM.

e High energy and high precision allow us to benefit from making use of these connections,
iIncluding but not limited to:

o Exploring the E2/A2 effects by activating H/Goldstone fields, and embedding the core
process in multi particle production and/or loop induced process.

e Loop corrections in precision machines open up new possibilities.

¢ Be aware of the truncated dim-8 effects.

¢ TH framework well understood, tools being developed, with which many new ideas/observables/
calculations have been proposed and investigated, in case studies, with TH assumptions or

restrictions, to demonstrate that how and what we can learn by connecting different sectors in
the SMEFT.

e Yet, we should keep in mind that a global perspective is very important in such a situation, and
we need it to quantify the actual benefit, to answer more realistic questions, and to provide
useful inputs for future strategies.
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Thank you for your attention!
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Sackups
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First SMEFT EW fit, assuming U(3)° flavor symmetry

(21 COefS) [Han and Skiba, hep-ph/0412166]

“Flavorful” version, flavor assumption removed. W/Z-pole

(52 coefs) [Efrati, Falkowski, Soreq,1503.07872]

Change of input scheme (mz, mw, Gg), careful treatment of
ee>WW—4f

[Brivio and Trott 1701.06424]

Flavorful, all 2f, 2/2qg, and 4/ operators, adding low-energy

measurements (61 coef combinations)

S

e s

[Falkowski, Gonzalez-Alonso, Mimouni, 1706.03783]
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DY at the LHC

Drell-Yan ~5% precision, the quark couplings cannot compete with LEP

—ete-
oro(pp = 2) 2 , PP
=1+2.200g7% —1.014g%" ® 7 g ; . ——r
osm,Lo(pp — Z) L IR 2 :86 ATLAS - . Data
— 1.89 5ggd +0.34 591sz , AT e \s=8TeV,20.3fb Enz'l‘:lwt
. B Multijet & W+Jets
TLOlBP 2 W)~y 4178 (597" — 57 | o B Preron nducod
USM,LO(pp — W) 10° [ Photon induce
10°
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: 1
However, at the LHC we play with Lo e
. i | Y
the energy lever arm: S [pessssssstasssmmtenmmseemiesyr i 4Tt
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30% in do = 0.3% in couplings

Talk by Martin Gonzalez-Alonso, Moriond 18
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Interference resurrection

[G. Panico, F. Riva, A. Wulzer 1708.07823 ]

SM BSM
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DY at the LHC: LHC is now competing with PEWO

[S. Alioli et al., 1712.02347]

..............................

7' model 15 [M. Farina et al. 1609.08157]

Oblique parameters W and Y
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Top Yukawa

»2 leptons only

-

Constraints from pp)ﬂv at HL:LHC
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Again, we parametrize backq}ouwd with B x signal

Competitive with on—shell Higgs measurements

Further improvements: background characterization, specially for hadronic,
differential information, larger €°2,
get vid of transverse polarizations 33

Talk by M. Riembau .



A different off-shell perspective:
the oblique H parameter

[Englert, Giudice, Greljo, McCullough 1903.07725]

In universal theories, the O(g*) terms in EW boson self-energy can be parametrized by

A A A

W ) Y
Ly =1 (DWL) , Ly=— o (B,Bu) , Ly= 5IOH

4m?, 4m2, my

it is not possible to unambiguously determine H hat by combining on-
shell Higgs coupling measurements and a measurement of the trilinear

coupling. -> Need off shell probe p p - t ¢, future proj. (=2¢)

Q@

1t co=(4m)* — naive perturbativity 11

Best off-shell turns out to be four top

6

. c=4n — perturbative unitarity

NG

10.100

H _ Osys=5% 14 TeV, 3 ab™! ]

0.010 Gys=5% 10.010
Osys=1% :
cq=1 B
g . A oy 100 TeV, 30 ab~'"
Top measurements revealing the 0.001} ™4t <Mew 7 {0001
off-shell propagation of the H 1 2 3.4 5 67
- J Mcut [TGV]
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Top loops at C

PG

This is useful for CEPC because

e The 240 GeV run cannot access top couplings (except for FCNC couplings)

e A single 350 GeV run only adds 2 additional DoFs and is not enough to disentangle
10 operators:

0.3 -0.3 -0.1 0.1

-0.1 0.2 0.3 -0.1.

‘ FCC—ee‘

statistically optimal observables
CC-like run scenario
200fb! at /s = 350 GeV
1.5ab ! at /s = 365 GeV
Pet,e™) = (0%, 0%)
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10~4 1073

p—
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3
-
—
=]
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0.00678_

statistically optimal observables

CLIC-like run scenario
m 500fb ! at /s = 380 GeV CLIC
1.5ab™! at /s = 1.4 TeV

3ab ! at /s =3TeV
P(eT,e”) = (0%, ¥80%)

[G. Durieux, M. Perello, M. Vos, CZ ’18]

104 103 1072 10! 109 101
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Top loops at CEPC

[Durieux, Gu, Vryonidou, CZ ’18]

Probing the tops below ttbar threshold:

h -

On a linear scale, in the (G, dcz) plane: ‘ﬁf: M M

L
00l LA =1~ &
' top@QHL-LHC Bay
+ 240 GeV (tree)
0.005 -+ 240 GeV (loop)
S ok S e _— (Important information to addN
< N\ e T in a global top & Higgs fit
0,005 L for future colliders y
—0.01
1 | 1
—0.2 —0.1 0 0.1 0.2

- extra parameter space covered thanks to loop sensitivity Talk by G. Durieux at HC2018
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=\W it top couplings enter through loops

y 4 fermion operator

b Vertex operator

(Tristan)—*
\

o Loop effects lead to unique 7 5ol
) dent “f APV, DIS, pole
energy-dependent “form weak charge @ LEP/SLC
factors”.
4 R
e Precision EW W pole )
measurements coming lf@gsgat[ﬁ% I;(é(;ece?/
from very different energy \ ’ y . y

scales provide a handle.
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