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* Testing BSM deformations with Higgs physics
* Higgs trilinear self-coupling at the HL-LHC

* Prospects at the HE-LHC and future e+e- colliders
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* Testing BSM deformations with Higgs physics
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Still missing: Higgs self-couplings
See talk by B.Di Micco
1

VSM(HTH) = —p*HTH + N(HH)? VEN(R) = Smph? + A3M0h® + XA
= \/—u2/\ =
vm2 _ 2/11)/2 ASM m_% ASM m_,%
h— s 202 4 8v?

(at tree level)

* SM (classical)

2-loop matching (NNLO), 3loop running

1.0
= (A3,A) © (m,,v) — verify it! o
* SM (quantum) & 06
EN
— A controls vacuum stability s 047
(together with y,, @) 020 v N
e S
- Ap) = f(Gg,mz,my,m,,m,,Q,,..) 00—
_ 10210 106 108 10" 10'2 10" 10'6 108 10%
@NNLO In the SM RGE scale y in GeV
[Degrassi et al '12, Buttazzo et al '13, Bednyakov et al '15] Within the SM, all couplings

remain perturbative up to M
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Still missing: Higgs self-couplings

See talk by B.Di
VSM(HYH) = —p?HVH + N(HTH)?

v = /=3 -

me — 2\v?

* SM (classical)
= (A3A,) © (my,v) — verify it!

>
* SM (quantum) 0
s
~ A controls vacuum stability :
(together with vy,, Q) é
- A(IJ) — f(GF,mz,mw,mh,mt,as,...)
ONNLO in the SM

[Degrassi et al '12, Buttazzo et al '13, Bednyakov et al '15]
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Still missing: Higgs self-couplings

See talk by B.Di Micco

VSM(HTH) = —p?HTH + N(HTH)?

v =/—u?/A

me — 2\v?

VM (h L b+ A3Moh® + AR

* SM (classical)

- (M) & (myv) — veg

* SM (quantum)

— A controls vacuum st
(together with vy,, Q)

= M) = f(Ggmz,my,m;,m,. €
ONNLO in the SM

Stability -
[Degrassi et al '12, Buttazzo et al '13, Bednyakov et al '15] 16%20 | ‘152‘ | ‘1é4‘ 16 ‘158‘ | ‘1?‘)0‘ 13

Higgs pole mass M), in GeV
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Higgs self-couplings are interesting!

* Non-standard A; and A, affect physics in several ways EFT ref's
Azatov et al '15
— hh and hhh production @ LO Goertz et al 15
. McCullough '13;
- h and hh prOdUCtlon @ (EW) Gorbahn,Haisch '14 (+Bizon,Zanderighi '16);
Degrassi,Giardino,Maltoni Pagani '14
- EWPO (no h!) and h production @ NNLO (EW) van der Bij 86;

Degrassi,Fedele,Giardino '17;
Kribs,Maier Rzehak,Spannowsky,Waite ‘17

e.g. trilinear

; P
' o Lt
(o AVAVAVAVAV- I ket S \VAVAVAVAVA
. 2 1 8
~ =) ™
g “H YU
W
Tree-level One-loop Two-loop
“Direct” “Indirect” “Indirect?”

2H IH OH

from Fabio Maltoni's talk at the LHCHXSWG General meeting, July 2017 @ CERN
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Higgs self-couplings are interesting!

* Non-standard A; and A, affect physics in several ways EFT ref's
Azatov et al '15
— hh and hhh production @ LO Goertz et al 15
McCullough '13;
- h and hh prOdUCtlon @ (EW) Gorbahn,Haisch '14 (+Bizon,Zander'igEi '16);
Degrassi,Giardino,Maltoni Pagani '14
- EWPO (no h!) and h production @ NNLO (EW) van der Bij 86;

Degrassi,Fedele Giardino '17;
Kribs,Maier Rzehak,Spannowsky,Waite ‘17

B
* Current constraints on 0,,(SM) are quite loose — still room for BSM!

~

* Probe V(h) to get information on the dynamics of EW phase transition

* Interesting consequences for cosmology, e.g.

— EW baryogenesis

see e.g. Huang, Joglekar, Li, Wagner 16; Carena, Liu, Wagner 18

- Primordial gravitational waves see e.qg. Hucmg, Long, Wang 16; Hashino, KGkiZOki, Kanemur'a, KO, Matsui 16

J
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How to approach the self-coupling?

* hVV & hyy tested at ~10%: is it theoretically sound to deform only A,?
* How large can A; be, from the theoretical point of view?

* If A; is large, does it spoil the previous single-Higgs fits?

* Is the bound on A, stable if we allow other BSM deformations? 299
* Will it be enough to look at inclusive rates?

* Can we really avoid performing global fits for BSM?

xkcd

* Can we “replace” pp—hh with single-Higgs observables for A.?
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Beyond the x-framework: EFT

Scale “A" of new physics » typical energy of the process “E” = EFT

Grojean @ Jeju '17

choice
| of basis
} symmetry
1 linear vs non-linear power
‘ counting
|
|
|
|
’ v
. EFT o Deyond LO
K

|

| matching EFT validity

; Pros:
» ~ unique to EFT

P i i
| b corrEI.atlo'ns beftween different chzzlr)fr;els/observaples allow to focus on channels yet
| combination of measurements at different energies unconstrained and more likely to

| e.g. EW precision data and Higgs measurements offer new discovery opportunities
. P test of self-consistency
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My working assumptions

* Linearly realized EW symmetry (h belongs to Higgs doublet) = SMEFT
* Keep operators O, up to dimension-6

* Operators tested in processes w/o Higgs assumed to be constrained

Work in the Higgs basis = trilinear interaction A,=K,A,=(1+0K,)As,

Further simplifying assumptions (just to limit # of O))
* no CP,L,B-L, violating O, * no dipole O,

* flavor universality * no Y4 (t4,ttqq,q4)

L D|Lsm|+ 5 + Ld=6 |+ 7 T 8T ...

L violating \? B-L violating subleading wrt d=6

Pomarol '14; +Gupta,Riva '14; Falkowski '15; HXSWG YR4

Focus on 10 O, relevant at the LHC (not just SM tensor structures! EFT # k-framework)
= 10 independent deformations of hGG, hyy, hWW, hZZ, hyy, hZy, hhGG, hhyy, hhh
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Higgs deformations in the Higgs basis

Pomarol '14; +Gupta Riva '14; Falkowski '15; HXSWG YR4

-W:{W‘“ e, Z,Z"

h [ Se ] (9° + g”)v*

62

2
9 — v 2 — Y A v
+cwu§le;W g —|—|cw[g (W, 0, +hc) Heéys A A

2 L 12 2 L 12
+ eV ge 4 g'4 » ” -
+Cs s %ZWZW +(Cary 927r2 J 2y AP |4 czgg2ZM8VZ“ + £,0p91Z2,.0., A* ]
2 2 2
95 (1 || y h el Y=
+ 4872 (ng; + Cg(]g) W) GMVG'U’ — zf: [mf (&yfg + 5yf W fRfL + h.c.

— (kx = DASMop? H
\.7 f=t,b,T (+ c,p)

parametrize space of d=6 operators in a way more directly connected to observable quantities in Higgs physics

SM tensor structures “SM” tensor structures “New” tensor structures

10 Independent couplings 8 Dependent couplings
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Triple gauge couplings — Higgs interplay

Butter et al '16, Falkowski et al '16

Lige = igsewA“(W_"WjV — W+VW/;/)
+ig(1 + 09y ) o 21 (W "Wy, = WTW,,)
+ig (14 kz)coy ZH + (1 + 0ky)say, AW, W,

0
+ m—g‘ AzCoy ZM + Aysoy AP YW, PW,,
W

1 extra indep

S WWYyY and WWYZ data can constrain single-Higgs couplings ?
1
Sg1, = ST [677829/2 e g2 _9/2)912 Lo (42 —I—g'2)g’2 _len(g? +g'2)92}
Ok = _9_2 Co ¢ +c .g2—g'2_c
Y 2 77’92 +g/2 Z’Yg2 —I—g’2 zz |
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Only large anomalous A,? Not really..

'Remark: up to NLO, single-Higgs Modification of h3 only leads to loss

observables are insensitive to h4,hs,... perturbative unitarity at low energy

— They enter only at higher loop level scales in processes like

~ Modifications of the full V(h) could

still be allowed, in principle

- At NLO, K, framework = EFT w/ O,

. J

VL VL —5 VL VL hn
— for |K, | < 10 one gets A ~ 5TeV

[Falkowski, Rattazzi (to appear)]

— see also Di Luzio, Gréber, Spannowsky [1704.02311

r

Are there classes of BSM models that, in an EFT description:

— Either deform just Higgs self-interactions (tree-level matching)

* e.g. SU(2) scalar quadruplets (not quite a “class™) v
* still, 1-loop matching— other single-Higgs couplings! \\> o <,’
— Or enhance 8K, wrt the single-Higgs couplings?

* e.g. tuned Higgs Portal can get 8K,;~6 vs other couplings O(0.1) [ "> --"-- <’ L SR <- -

- See also De Blas et al [1412.8480], Jiang, Trott [1612.02040], Di Luzio, 6réber, Spannowsky [1704.02311] J
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Only large anomalous A,? Not really..

'Remark: up to NLO, single-Higgs ‘Modification of h3 only leads to loss

observables are insensitive to h4,hs,... perturbative unitarity at low energy

— They enter only at higher loop level scales in processes like

~ Modifications of the full V(h) could

still be allowed, in principle

- At NLO, K, framework = EFT w/ O,

. J

VL VL —5 VL VL hn
— for |K, | < 10 one gets A ~ 5TeV

[Falkowski, Rattazzi (to appear)]

— see also Di Luzio, Gréber, Spannowsky

* e.g. SU(2) scalar quadruplets (not quite a “class™)

* still, 1-loop matching— other single-Higgs couplings!

See also talk by I.Low
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Large A, in tuned Higgs Portal

1 coupling 1 scale singlet potential ~ dimensionless

/ |

1 dimensionless

parameter 7 argument
LD 0g.mH Hp — — V(g«p/m.
9x
. < - . ng'UQ Otherwise only derivative expansion
LI?;i:nsEoi-li_n :/avl)ld it &€ = mz < 1 is allowed, many more couplings!!
parametrically large )\3 0 ~ 1, gy =~ 3, My ™~ 2.5 TeV

(paying some tuning) & = 0.1 ; 1/A ~ 15%, (SCZ ~ (.1 , 5&)\ ~ 6

: (HTH)? = tuning of quartic A ~ g—gj
0, (HYH)o*(HTH) = Jc, ~ 029225 = fe

2

DV, Grojean, Panico, Riembau, Vantalon [1704.01953]
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* Higgs trilinear self-coupling at the HL-LHC
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Obviously: double-Higgs production

Frederix et al '14; see also Contino et al (eds) '16 FCC YR

4
10% E . _ _
F HH production at pp colliders at NLO in QCD
10 [ M=125 GeV, MSTW2008 NLO pdf (68%:cl)
10%
F ~194fb 5
' ]
S \BF) 5
3 E Ppa\’“’\“k HH E
& 0 —prn pp%W
10 PP T 4 :
yA E
pp— 1z
1 E
10- 3 “\’\\'\ . =
g pp ]
I ] c
- 1%
B 3 . - Y
R ggF dominates 39
B ] c
i 1=
10-3 | 1 | | | |
8 1314 25 33 50 75 100

Vs[TeV]
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Double-Higgs deformation(s) [ggF]

4 Anatomy of hh production

~

Limits on A from hh production
— g t h h i\
S T g t o LHC Run |, 20.3 fb! > € [145,19.]
§ t t ‘ bt s 2y2b, 1406.5053; SM
w g S g f 4b, 1506.00285;
£ t h h 2027, 2y2W, 1509.04670
= A
¢ LHC Run II, 13.3 fb-1 > ¢ [-8.4, 13.4]
B SM
:g P o(pp — hh) 91— 10.8) 4 17.2)2 4b, ATLAS-CONF-2016-049
3 o(pp — hh)sm
A
HL-LHC, 3 ab"" > 3 € [-0.8,7.7]
K R=1 — )\1,2 — {)\SMa 3-8)‘SM} 2y2b, ATL-PHYS-PUB-2017-001 M j
1—param /a(pp — hh) 4 (2)\2 2 2 2 A2 \
P p— = Ay (14 6y:)" + A2 (0y,™')° + Az k) (1 + 6ys)” + Aa k) &y
— SM
)\_K)\)\?: + Aj (6529))2 + Ag (1 + 5yt)2 5y,§2) + A7 Ky (1 + 5yt)3

EFT dim-6

Stefano Di Vita (INFN Milano)

+ Ag kx (1+ 8y,) 0y + Ag kx 8 0y + A1g &2 5y
+ A1 5x Egg (1 + 6y2)* + A1 éé? (14 6ys)? + A1z K3 Egq (1 + byy)

+ Arg x 82 (1 + 6yy) + Ars kix Egg 62

\_

J

Azatov et al '15 Goertz et al '15 Cao et al '15
Sep 4, 2018 / HH Production at colliders / Fermilab
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Self-coupling & single-Higgs @NLO

Idea: trilinear coupling affects also single-Higgs rates, but @NLO. Still, if A, is large ...

McCullough '13

Z -
O7Zh = + 2 Re
6240 =100 (207 + 0.01461,) %
Gorbahn, Haisch '16 Degrassi, Giardino, Maltoni, Pagani ‘16 Bizon, Gorbahn, Haisch, Zanderighi '16
Vv Vv
Vv
. M% h Vioop
~. O¢ 5 > Og ol \.06 Og .~~~ Og
V m----- | .- s m----- @ ® ----- W-----
- h g h N h A NP X
“h " ], h
1% v h
Vv Vv
h S h ¢ g h %% Y
06 //// 06 ’,’,, 06
----- w1 -o---m .yt t -
h h° h
7 ¢ g 14 gl
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Single-Higgs at the HL-LHC

End of LHC Run 3 — 300 fb' @ 14 TeV /a> End of HL-LHC — 3000 fb! @ 14 TeV

Process | Combination Theory Experimental

2gF 0.07 0.05 0.05

VBF 0.22 0.16 0.15

H = vy TH 0.17 0.12 0.12
WH 0.19 0.08 0.17

ZH 0.28 0.07 0.27

ooF 0.06 0.05 0.04

VBF 0.17 0.10 0.14

H—2ZZ  {H 0.20 0.12 0.16
WH 0.16 0.06 0.15

ZH 0.21 0.08 0.20

ooF 0.07 0.05 0.05

H=WW " {pp 0.15 0.12 0.09
T = Zy il 0.30 0.13 0.27
- WH 0.37 0.09 0.36

H — bb ZH 0.14 0.05 0.13
H—1t7~ VBF 0.19 0.12 0.15

* Good sensitivity on 16 channels, O(5-10-20)%
* Estimated relative uncertainties on signal strengths p, with pile-up 140 events/bunch crossing
* Large luminosity allows for good statistics in bins of differential measurements — exploit!

ATL-PHYS-PUB-2014-016 + ATL-PHYS-PUB-2016-008 + ggF N3LO uncertainty+ VH (H—ZZ) split in WH,ZH
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Only an anomalous A =K,A_

Use only indirect constraint from single-Higgs

[first sensitivity study by Degrassi et al ‘16]

Optimistic CMS projections for HL-LHC Exercise: assume 1% combined th/exp uncert

2
Ax? Ax
l 1 r Y TELLL] ggF
Vol ! \ spo i
1 L ] 1 ]
1 L% | = ggF+VBF
\ I I \ oo H
1o2r ! 00 A ] — eeF+VBF+VH
[ ]
. A I \ ! H _
— CMS-II 300 fb 10 1 251 \ 1 === gogF+VBF+VH+ttH
ll : I L . .l /
== CMS-HL~1I 3000 fb~! Vsl !
v I
- ;
Vo ]
1 F 1
1 1
77777777777777777 174*777777477 e
vl 1
v L /4
2 r /
v\ ’
7777777777777777777 s\ S
L L L | K
-20 -10 A

Kyce [-0.7,42] Ky,o€ [-2.0,6.8] Kylo € [0.86, 1.14] K,20 € [0.74, 1.28]

/U> a bit worse than ATLAS HL-LHC HH projection (less optimistic assumptions)
K,>° € [-0.8,7.7]
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A global view on the Higgs self-coupling

Grojean, Panico, Riembau, Vantalon, DV [1704.01953]

HL-LHC prospects on dx, with ATLAS projections (~ CMS “Scenario 1")
14TeV, 3/ab, pile-up p=140

ATL-PHYS-PUB-2014-016 + ATL-PHYS-PUB-2016-008 + ggF N3LO uncertainty HXSWG YR4 + VH (H-ZZ) split in WH,ZH

Keep only interference SM-BSM Signal strength measurements
Allow for NLO corrections due to x, n=0xBRf/(0xBR),,,~1+00+406BR’
With my assumptions, 10 parameters Production channels: ggF,WH,ZH,VBF,ttH
Perform X?fit with SM signal (p=1) Decay modes: YY,WW,ZZ bb,TT

A fit of the “usual” inclusive rates is insensitive to simultaneous global shift
0—0+A & BR—BR-A

In principle have 5x5=25 observables, in fact only 9 directions are independent

= we expect 1 exact flat direction in a 10 parameters fit

Sorry: including Triple Gauge Couplings constraints, BR(h—Z2Y), BR(h—pp) does not really help :(

Also: Higgs width (on-shell vs off-shell) has no impact (moreover EFT interpretation problematic)
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Exact flat direction in the global fit

Higgs couplings variation along the flat direction

+30 +30

+30

+107t 1 +107 1l +107

-10t 1 =107 1 =107

5Cz 1 [ Czz
3% T 10 0 10 %0 10 0 10 & 3% 10 o0 10 sk
I e — Y
+10+" i +10r i +10r

gt | Jal
Czo 1 Czy 1 Cyy
3% 10 0 10 0% 10 0 10 3% 10 0 10 bk

+10¢
-10-
T T Y e T I L T e N R T I
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Bound on 81(A from inclusive rates

allow
only Ox

| 10}
ox, & 7 Néf 6
single-
Higgs 4
defor-
mations 2

> -

12

Incl. single Higgs data

‘ I T T I
3 \‘ -------- K, exclusive fit .
L - - = - K) exclusive CMS |l

PR | : .
AR global fit (Higgs + TGC) %20 -
o

P ]

‘\‘ \ II A
L . \ / ’,'_

‘\‘ |\ / ’o'
. 1 / ’/
[ 5N ’ )
v\ ’
\‘ \ ,
‘\ \ / -
B ‘\ \ // Le® 1
. 27 x 20
NEN T Ll
§’~~\ _f-('-‘
! I e e e ..\m dﬂ-g—g—ﬁ I ! | ! ! |
OK A

the flat direction is rather insensitive to the TGC constraint
Stefano Di Vita (INFN Milano)
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Single-Higgs couplings fit w/x,@NLO

Incl. single Higgs data

0.4 : : : : : 0.101 : : :
3ab™! |6k, [<20 3ab™
|6Kx|<10
0.2 0.05f 6Ky=
& 00 « 0.00f
-0.2t -0.05f
|5KA|<20
-0.4 : -0.10 :
-0.2 -0.1 0.0 0.1 0.2 0.3 0.4

Ax?=2.3 contours (68% CL in the gaussian limit)
[other 8 couplings profiled]

If large x, is allowed, it feeds back into single-Higgs couplings fits
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Constrained “intermediate’ scenarios

A game: let's pretend we have scenarios with some of (6yt,cgg,6cz) switched off

12

10

I Ax2

/

W\

Y

n

— 06yt=0,TGC=0, others profiled

— ¢gg=0,TGC=0, others profiled

— cgg, oyt profiled. Others to zero

— ¢gg, oyt, ocz profiled. Others to zero
— All to zero (Fig 2)

As expected, constraining “by
hand” the coefficients that
control the flat direction, the

bound on X, shrinks

Stefano Di Vita (INFN Milano)

Any model builder willing to explore

how motivated such scenarios are?
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Compare & combine w/double-Higgs

HH=bb
10 H & HH all inclusive vy |ncI H & d|ff |-||_|
) T 1 T T 7 T 10 LA B B R e T NI B T T
I B K exclusive fit II ] [ P Ka exclusive fit i
gl global fit P » global fit
: ———- global fit (H data @ LO) | | I,’ 8| global fit (H data@LO)
» i ﬁ
& 6f H II 6F
g | : / ] Ef i : H A
47 \ i ] 4; : ]
L L o g /, ] ' P N 2
2r “‘ "”— ~ .\“. .". ) r ““ ,”' i
» s / ] 2 ]
[ : 7 / I ! X ]
OV‘ P RS N “‘ "‘ P I 1\\ /1 Lo ‘3‘ab‘ 1< OV‘ T R “‘D ,‘T"‘ N N T ‘3‘31‘)_1‘
-4 -2 0 2 4 6 8 10 -4 -2 0 2 4 6 8 10
6’(/\ 5K/\

Double-Higgs drives the bound on x, Differential (m, ) double-Higgs removes
while, single-Higgs observables are degeneracy due to second minimum
essential in order to constrain the
other coefficients deforming o(hh) “Exclusive” x, fits benefit

from NLO single-Higgs, global don't

Warning: here the assumption is that of linearly realized EW symmetry.
Non-linear EFT={1,h,h?} XY couplings unrelated=more parameters, global fit w/ EWPO!

Stefano Di Vita (INFN Milano) Sep 4, 2018 / HH Production at colliders / Fermilab 29



LN

T

H & HH all diff.

| To— T
Il diff., k; exclusive fit

See talk by A.Shivaji

—TET

Impact of differential VH and ttH

T

T

Impact of diff. H data
diff. H, k, exclusive fit e s H&HHa H
e 10F | —— H & HH all diff., global fit
‘ I — incl. H & diff. HH, k, exclusive fit | §
8l incl. H & diff. HH, global fit ]

12+

10F ——— diff. H, global fit
incl. H & diff. HH, k, exclusive fit
: incl. H & diff. HH, global fit

Inclusion of differential data (do/dm. ) for

Combining differential data from

single- and double-Higgs, the minimum

single-Higgs observables seems promising, but more
detailed estimates of the experimental systematics
are required, as well as more refined analyses.

their plots

See Maltoni, Pagani, Shivaji, Zhao [1709.08649] for the impact of 3k, on single-Higgs
differential distributions and for a simplified k-framework analysis

* see backup a couple of

Stefano Di Vita (INFN Milano)

at large OK, is further lifted. Synergy!

30
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Some simple robustness checks

(HH=bbyy)
HH and H diff, profiled
1 2 LA B — T T L L B B |
L 1 I
i gl"" 5 'l',l [
L "' " I N 4
1 0 f ", 'I 'l: j 1 0
]
8 [ "l' l’[’t‘? ] 8
l,' llll & [
< il /S
6 [ £y lll | 6
< /" P T b
A ,// L
4 // ,'I
f ’,a_:/' ‘é 7 4
L ¢f”— :
2 r 1 2
i 3ab™]
0 . I I I L I P
-4 -2 0 2 4 6 8 10

simple global rescaling of
single-Higgs uncertainties
doesn’t impact too much

HH and H diff, with Ay{? and AZ%), profiled

12—

T

T T

relaxing the assumption of
linear EFT for double-Higgs

weakens the bound
— also, more operators have

to be considered
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* Prospects at the HE-LHC and future e+e- colliders

See also talks by A.Canepa and P.Roloff
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Higgs self-coupling @ HE-LHC

14 TeV, 3/ab
H L_ L H C Grojean, Panico, Riembau, Vantalon, DV [1704.01953]
o(hh,ggF)~35fb

* Inclusive single-Higgs rates can’t constrain 8K, (w/ NLO effects) in generic BSM scenarios

* Double-Higgs production drives the bound (single-Higgs LO crucial for other deformations)

* Differential measurements of both h and hh help eliminate the extra minimum 6K,~5
e HL-LHC is the machine for accurate differential Higgs measurements — explore prospects!

* HE here is just naive extrapolation! (FCC=100TeV)

33 TeV, 10/ab * Old machine parameters, just for illustrative purposes

Both high E and high lumi HL: h incl, hh incl [-1, 1.5] U [3.9, 6.4] [-1.8, 7.5]
Probe BSM in distrib’s tails HL: hincl, hh diff [-1.1, 1.3] [-1.7, 6.5]
Exploit non-SM tensor structures to HE: hincl, hhincl [-0.3,0.3] U[5.0,6.0] [-0.5,0.7] U [4.5, 6.7]
disentangle flat directions in BSM fits HL + HE 0.3, 0.3] 0.5, 0.6] U [4.8, 6.0]

- Uncertanties on single-H p's: naively extrapolated from HL-LHC
- Double-H EFT: interpolation between HL-LHC and FCC of Azatov et al '15
- NLO 3k, effect on single-H: courtesy of D.Pagani
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The lepton collider option

i Hadron

* High-energy — discovery?

* No direct handle on partonic c.o.m.

energy — pdf's
* Large QCD backgrounds

|* Sensitivity to couplings to quarks

\

g
Circular

* Energy limited by synchrotron radiation
* Higher luminosity
* Several interaction points

* Precise determination of beam energy

.

4 )

Lepton

* Lower energies but clean environment —

Higgs factories
* Lower energies achievable

* Beam polarization (extra handle)

Stefano Di Vita (INFN Milano)
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(* Sensitivity to EW couplings

4 ] N\
Linear

* Allows for staged development

(gradual energy increase)
* Easier to control beam polarization

* Bremsstrahlung

- J

34



Comparison of future colliders reach

-2 -1

bounds on o0k, from EFT global fit
0 1 2

- w—i--+ 68%,95%CL bounds, 1h only (w/ HL-LHC 1h)

LIS L L S L LS L S S
—}e4— 68%,95%CL bounds, lepton collider only

B 65%,95%CL bounds, combined with HL-LHC
X 8% CL bounds (combined with HL-LHC)

HL-LHC %%

+1.26
+6.05

CEPC™

FCC-ee| 3

ILC|-

+1.13
+4.94

+0.83
+1.85
+0.24
+0.47
+0.20
+0.42

CLIC| 7%

+0.33
+1.56
+0.32
+1.48
+0.28

+1.05

3

3

14TeV(3/ab), rates & distributions

260 1240GeV(5/ab) only (CEPC)
o1240GeV/(5/ab)+350GeV/(200/fb)

90| 240GeV(5/ab)+350GeV/(1.5/ab) (FCC-ee)
20 | FCC~ee with zero aTGCs

250GeV(2/ab) only
250GeV/(2/ab)+350GeV(200/fb)
above + 500GeV(4/ab)

above + 1TeV(2/ab)

350GeV(500/fb)+1.4TeV(1.5/ab)+3TeV(2/ab)
+Zhhat1.4 TeV
binned My, in vvhh (4 bins)

Durieux, Grojean, 6u, Liu, Panico, Riembau, Vantalon, DV [1711.03978]

Stefano Di Vita (INFN Milano)
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* HL/HE-LHC

~ HL will be able to put only O(1) bound, driven by
hh production

— HE with cross-section and lumi increase — factor
10 better

* Low energy ete

— only a 240GeV circular collider is not enough: need
to combine with HL-LHC or run at other energy

= 40% precision from indirect bound (h), provided
runs at both 240/250 GeV and 350 GeV are
available (~few ab-! lumi)

* High-energy e+e-
~ direct bound (hh) dominates

— ILC maximizes sensititvity (Zh, WBF)

— CLIC loses access to Zh — residual minimum for
OK,~1
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ltems for discussion at the LHC

* Keep up with the hard work in measuring inclusive & diff rates
* Use simplified scenarios (e.g. x, or x,-x,) just as a training ground

* Bounds on x, from simplified fits have a physical interpretation only in

very non-generic scenarios

= they are not model-independent statements on the Higgs self-coupling!

* Bounds on x, from single-H can’t * More/updated HL-LHC projections
compete with HH (incl. and diff) very welcome!

= but somehow complementary s it reasonable to neglect the other

* Come up with optimized observables operators in these extrapolations?

(e.g. best differential distrib’s) e Are there BSM scenarios that can
* |Include new channels to resolve flat be tested today? = Model building
directions (e.g. h+j, h+Y) effort
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BSM deformations and Higgs physics

Potentially new BSM-effects in h physics
could have been already tested in the vacuum

g h

S - ® R ®

.fgn R L f 1 \ ’_' - f
S - U e

f f
g H'D,H f~" f (assuming that the Higgs boson
< is part of a doublet)

¢ Modifications in h—Zff related to Z—ff

already constrained at LEP /
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(courtesy of A. Pomarol@HiggsHunting2014)

BSM deformations and Higgs physics

There are others deformations away from the SM that are harmless in
the vacuum and need a Higgs field to be probed

2 2 operator
e.g. —G2 |H| G2 ( . Y )G2 not visible in

g? AZ A? HY the vacuum
. X ® (redefinition of input parameter)
G G G G
But can affect h physics:
h  ®
G G

Stefano Di Vita (INFN Milano) Sep 4, 2018 / HH Production at colliders / Fermilab
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Single-Higgs couplings at the LHC today

signal strengths p. x p" = inclusive rates (0xBR)) relative to SM prediction

O[i — h] BR[h — f]
i = , =
(O'[Z — h])SM (BR[h — f])SM
ATLAS and CMS —e— Observed +1c
LHC Run 1 W Th. uncert.
ﬁ”"?éi':b— ‘t,‘"\? —;—o— *3"”‘?—.:— ‘ﬁ""?—v—: J\ i-.—
'Y"{ N : 2 : b~y I ~ i I~
A e e et
| - I i .’\‘_' i ‘_‘,r\ i A i A 1
ww S WHe— | W X ——] i —
o . Yoo ot
-05 0 0.I5 1 156 -0.5 é 05 1 15 —:1 —I2 é 2I ; é 8 —:1 -2 0l 2 4 6 ; -4 —I2 {; ; :t é 8
ggF VBF WH ZH ttH
oXxBr normalised to SM prOdUCt'on
v = done since
Run 1 combination C. Diaconu @ Planck’1l7?
77=13 TeV results L
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A (too) simple interpretation: x-framework

ATLAS-+CMS [1606.02266]

(ideally) 5% p. x pf 7-parameters “x-framework”
ATLAS and CMS -e-Observed +1c ATLAS and CMS
LHC Run 1 Th. uncert. LHC Run 1 A =K /K etc
n Zg VAR
Y » — :
L i :
o zz| » Koz .
> ww| o s :
TT —— 7\’ _r_.__
L Y[ o Zg =
o ZZ] —~ B o
> wwi e }Ltg - e
w i — :
YY Coed - -
T wwl }”WZ B o =
= w e A -
bb 4 | yZl —e— ATLAS+CMS el
YY oi - —»— ATLAS 5
r : _ —— CMS o
E WW | E ¢ p\'er — 1o interval =
| _'_°— — — 2¢ interval
bb | |}\’ | ———!
vy : bz e
- : II||||||IIII||||||IIIIlIIII|IIII|II
L Wwi | 3 2 1 0 1 2 3
= s . ~ Parameter value
i : > Only total rates modified
bb —— y
-6 4 -2 0 2 4 6 8 10 > No new tensor structures allowed
6 - B norm. to SM prediction
K
2 .2 gy
Kg " Ky
(o-BR) (gg = H—=yy) = osm(gg = H)-BRsw(H = vy)1- = ~
H
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Self-coupling & single-Higgs @NLO

LO can include
QCD corrections ZNLO — ZH ELO (]‘ T /i}lCl)

J d® 2% (MO M, ) .
qu) ./\/l0|2 ‘\\ ) 3

B > [ dxidxs fi(21) fi(x2) 2R (MQJ*M}@M,U) d

CO'
! >0 | dridzs fi(zn) fi(22) |IMG;|2d®

d® inclusive or differential

Courtesy of D. Pagani @ Turin ‘17
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https://arxiv.org/abs/1606.02266

Self-coupling & single-Higgs @NLO

YNLO = 21 210 (1 + k)\Ch)

1 9 2(\5My2 /9
ZH— 5ZH:_ (23 g ™ 1
16 ms w 3v/3

M The wave-function normalization

P RO receives corrections that depend
--- % - -- ~ /i%\ quadratically on 3.
Y v For large K) , the result cannot be

linearized and must be resummed.

Iii 0/ <1 k| < 25 For a sensible resummation

20

Courtesy of D. Pagani @ Turin ‘17
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Self-coupling & single-Higgs @NLO

ZNLO = Zy Y10 (1 + k2Ch)

universal
YNLO — XRT
0T = 2 = (= O+ = 1[G+ 0(+3 o)
LO
Process and kinetic dependent
o 0y (inclusive or differential in m__and p_")
> (1 - K26Zp)

O(k3 a?) = K3C16 2 < 10% ka] < 20
21

Courtesy of D. Pagani @ Turin ‘17
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Large A, in tuned Higgs Portal

7 0.0001 < 17{ 0.001

: n.nm{i{n.m
:|n.nnicn.u5
u ﬂ.ﬂﬁﬁi:ﬂ.ﬁ
n n.ﬁf,f;-.:m

— OxA=1
OrA=2

— OKA=5
— OxA=10
— OKA=20

1 R RS P PR P e

5 10 15 20
m.
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How large can A, be?

? ..
Think in terms of model classes . No analysis is truly model independent!
>
NLO w/ dominant h®* = LO w/ subdominant other h
<
S
X ............. RS T Tl 2..2 ................. s :
5 :Mmlmal Composite Higgs 1 (0,10 %lHlﬁ ; NLO h3
g SILH : . | .
v? . irreievan
H §=p <1 wy = IV g 4 ¢ =gy :
8 hVV Shhh
© P ........ ' P RIS
s . Partly Composite Higgs = 2 e e :
3 Ty Eome - =5 (0ulHP) el ; NLO h?
§ o2
f=h <1 Cor Cgwn L agh? : could be relevant
Ky =g =1+¢¢ K3 =g = l+e=5¢e¢ .
Ihvv 9Ihhh mpy,
: Bosonic Technicolor 4 ) oo
: —2 (0uHP?) e :
Induced EWSB / : NLO h3
§ L T o B o) . a priori relevant
g.;r. Vv Inhn
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A future history of lepton colliders

>
<

Durieux @ Higgs Couplings '17

e
2000 152'20 25 30 35 40 45 50 55 2060

|
L LIy

|11 | | HL-LHC |
x I _________ linear e_I_e_
g DO (Goy) ~ ] TLC (20y) |
I
=7
8I ' T (1oy) ] CLIC (20y) |
2 | -
A e _—— o ——— circular pp
9 ISI . “(6y)_ [ CEPC (10y) [ _(7y) | SPPC (15y) |
. |{:ﬁ it Tyt i circular e—I_e: o
|8I T (loy) ] FCC-ee (20y) [

Japan

CERN

China

CERN

150
710
S 4
=9
Q
0.5
0.2
I I I
90 240 500
Vs [GeV]
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Will further constraints help?

/"¢ Triple Gauge Couplings

= currently WWZ and WWY tested at 5% — expect 1%

\_ Cryryy Czyy Czzy C2O

— can be converted in constraints on 2 linear combinations of

~

J

"+ BR(h—ZY)
— Will be measured w/ 30% accuracy

— Can be used to constrain c,, — not relevant for x,,
* BR(h—pp)

— Either one extra parameter Oy,

= Or (w/ flavor universality) just helps to better bound dy,

Stefano Di Vita (INFN Milano) Sep 4, 2018 / HH Production at colliders / Fermilab

J

m punuil

49



Gauge invariant operators in the Higgs

2
_Ys ] a /a
O = 15H'HGG,
Os. = —= [aM(HTH)} + E(HTH) +( Y S HUH frHfp +he. |
Oc = ig” (o' DuH) DLW, - ig°g (#'DuH) 0,B
Cz0 w2 (g2 — ¢'2) p v T 02(g2 — g/2) p vEuw,
. 2 /2 N ) 12
0. — W9+ (e Dt ) DWW, - 2 g +9) (H'D.H) 0,5,
2z 2,02(92 _ g/2) H 224 2,02(92 _ g/2) K K
ig t i i ig' t
- = (DuH'o' D, H) W, - = (DuH'D,H) By,
2igg’? , , 2ig’ g*
O, = — (D HWD,,H) Wi 4 (D HTDVH) B,
zy 'U2(92 _|_g/2) K 12 ,02(92 _|_g/2) K K
. 14 - 15
_ igg - ' ig T
Oty = “guaigi— g (H'o'Dut) DLW, + 5 rr (H'Dut) 0, B,
- 14 : 13 2 12 12
igg b o, 197 (29° +9"7) ' 9%
T (DuH'o' DH) W, + T (DuH'DH) By + 4 HH B B,
\/2mgmy, —
[Oéyf]l] = — v3 H HfL,ZHfR,] —|— h.C.,
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Estimated precision © circular colliders

CEPC FCC-ee
[240 GeV, 5ab™'] | [350GeV, 200 fb~'] | [240GeV, 10ab~ '] | [350 GeV, 2.6 ab™ ]
production Zh vvh Zh vvh Zh vvh Zh vih
O(l%) on o 0.50% — 2.4% — 0.40% — 0.67% —
o x BR o x BR
most channels h—bb | 021%* 0.39%% | 2.0% 2.6% 0.20%  0.28%°% | 0.54% 0.71%
h — cc 2.5% — 15% 26% 1.2% — 4.1% 7.1%
h — gg 1.2% — 11% 17% 1.4% — 3.1% 4.7%
h— 71T 1.0% — 5.3% 37% 0.7% — 1.5% 10%
h—WW* | 1.0% — 10% 9.8% 0.9% — 2.8% 2.7%
h— ZZ* 4.3% — 33% 33% 3.1% — 9.2% 9.3%
h — vy 9.0% — 51% 7% 3.0% — 14% 21%
h — up 12% — 115% 275% 13% — 32% 76%
h— Z~ 25% — 144% — 18% — 40% —

Table 2. The estimated precision of CEPC and FCC-ee Higgs measurements. We gather the
available estimations from refs. [1, 2, 86], while the missing ones (highlighted in green) are obtained
from scaling with luminosity. See appendix B for more details. For o(eTe™ — vih), the precisions
marked with a diamond ¢ are normalized to the cross section of the inclusive channel which includes
both the WW fusion and eTe™ — hZ,Z — vis, while the unmarked precisions are normalized to
the WW fusion process only. For the CEPC, the precision of the o(hZ) x BR(h — bb) measurement
(marked by a star *) reduces to 0.24% if one excludes the contribution from e*e™ — hZ,Z —
v, h — bb to avoid double counting with ete™ — vh, h — bb. The corresponding information is
not available for the FCC-ee.

Durieux, Grojean, Gu '17
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Estimated precision © linear colliders: ILC

ILC
[250 GeV, 2ab™ '] | [350 GeV, 200 fb™!] [500 GeV, 4ab™!] [1TeV, 1ab™ '] |[1TeV, 2.5ab™!]
production Zh vih Zh vih Zh vivh tth vivh tth vivh tth
o 0.71% — 2.1% — 1.1% — — — — — —
o X BR
h — bb 0.42% 3.7% 1.7% 1.7% 0.64% 0.25% 9.9% | 0.5%  6.0% | 0.3% 3.8%
h — cc 2.9% — 13% 17% 4.6%  2.2% — | 3.1% — 2.0% —
h = gg 2.5% — 9.4% 11% 3.9% 14% — 123% — | 1.4% —
h — 17 1.1% — 4.5% 24% 1.9% 3.2% — 1.6% — 1.0% —
h— WW* 2.3% — 8.7% 6.4% 3.3% 0.85% — 3.1% — 2.0% —
h— Z7Z* 6.7% — 28% 22% 8.8% 2.9% — 4.1% — 2.6% —
h — ~vv 12% — 44% 50% 12% 6.7% — 8.5% — 5.4% —
h = pp 25% — 98% 180% 31% 25% — | 31%  — | 20% —
h — Z~ 34% — 145% — 49% — — — — — —

Table 3. The estimated precision of ILC Higgs measurements. For the 250 GeV, 350 GeV and
500 GeV runs, all numbers are scaled from ref. [58] (table 13), except for o(hZ) x BR(h — Z7)
which is scaled from the CEPC estimation. A beam polarization of P(e™,e™) = (—0.8,40.3) is
assumed. The 1TeV run is only included in figure 17 of appendix C, while the estimations are
taken from ref. [59] which assumes a polarization of P(e™,e™) = (—0.8,40.2).

Durieux, Grojean, Gu '17
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Estimated precision © linear colliders: CLIC

CLIC
[350 GeV, 500 tb~'] | [1.4TeV, 1.5ab™ '] | [3TeV, 2ab™!]

production Zh vivh vivh tth vivh

o 1.6% — — — —

o X BR

h — bb 0.84% 1.9% 0.4% 8.4% 0.3%
h — c¢ 10.3% 14.3% 6.1% — 6.9%
h — gg 4.5% 5.7% 5.0% — 4.3%
h — 7171 6.2% — 4.2% — 4.4%
h—WW* | 51% — 1.0% — 0.7%
h— ZZ* — — 5.6% — 3.9%
h — vy — — 15% — 10%
h — — — 38% — 25%
h — Z~ — — 42% o 30%

Table 4. The estimated precision of CLIC Higgs measurements taken from ref. [60], which assumes
unpolarized beams and considers only statistical uncertainties. In addition, we also include the
estimations for o(hZ) x BR(h — bb) at high energies in ref. [35], which are 3.3% (6.8%) at 1.4 TeV
(3TeV). We find the inclusion of the ZZ fusion (eTe™ — ete”h) measurements to have little

impact in our analysis.

Durieux, Grojean, Gu '17
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Low-energy lepton colliders

B | ]
0.02 ete”™ = hZ ]
- ete” — hvv ]
0.015 - ete” — hete™ 3
- ete” — htt .
S 0.01F .
: . z
0.005 |- .
C x 0.1 ]
h 0 i ]
P - \\\ 1 1 I 1 1 1 1 I 1
[ ! bommm] 200 500 1000 3000
Sh Vs [GeV]

2 main production modes

4 angular distributions in Zh

2 beam polarization runs (+80%,+30%)

7+2 decay modes ZZ, WW, vy, Zy, TT, bb, gg, (cc, M)

no flat direction expected

Durieux, Grojean, Gu, Liu, Panico, Riembau, Vantalon, DV [1711.03978]
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Low-energy lepton colliders

CEPC/FCC-ee alone CEPC/FCC-ee + HL-LHC
10 T % 1 T T T H T 10 \ s ‘ T T T r T 17 1
[ | === 240GeV(5/ab)+350GeV(1.5/ab) | j H ] i i 1 [=-=-= HL-LHC +240GeV/(5/ab)+350GeV(1.5/ab)
[7] mmeenes 240GeV(5/ab)+350GeV(200/fb) [+~ fro ] el [ B HL-LHC +240GeV/(5/ab)+350GeV/(200/fb)
gl L=—=_240GeV(5/ab) only I I i 8l |3 | |——— HL-LHC +240GeV(5/ab)
i . . i i ] I i v |—— HL-LHC only
, \ ; H ] I Vi : ; 7
ol | |
L ‘\ I
N : 7 ]
g \ | ]
4»-....-----....-.---.-..-.---..-\-.-.-..-.\. ............... ! ........................................ 4
: i I ]
2; 3 \ I! ]
[~ ‘.\ \ I '," /¢
\\\\‘\ """ ; 7"' """"""""" /// """ 1
O L I L \\\\Ys-—_\’ﬂh\/'f'__——ﬁ'ﬂ"/ L L I L L L
—6 -4 -2 0 2 4 6
5K,\ 6K,\

* shaded band reflects different assumptions on TGCs —

large impact! global analysis needed to constrain single-
Higgs deformations

* low-energy circular collider needs either combination with

HL-LHC or 2 energy runs to set meaningful bounds
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more sensitive to 8K, >0

o[fb] /50 GeV

Stefano Di

0.08
0.06

0.04

High-energy lepton colliders

more sensitive to 6KA<O

—5K,\=0

]
Lau
.

""" 6K)\ =-1

_ CLIC1.4TeV,e"e »vvhh

——= 6Ky = 1.16 ]

800 1000

Vita (INFN Milano)

1200

ete” — Zhh .
10°F eTe” — vhh (WW-fusion only)

T
L]

— T —

guilp s oD E
S E 1 B / ‘\\\a(\\z
107 o2 E
1073 | l 1 1 | |
400 600 1000 2000 3000
V5 [GeV]

* access to double-Higgs production,
ZHH / WBF complementary

* differential data in m,, add useful info
* exploit impact of polarization at ILC

* dependence on 0K, stronger at low
energy —ILC runs at 500GeV and

1TeV maximize sensitivity
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Impact on the other couplings

precision reach at CEPC/FCC-ee

1 |l 240GeV (5/ab) only
M B 240GeV (5/ab) + 350GeV (200/fb)
B 240GeV (5/ab) + 350GeV (1.5/ab)

0.020r : {--| light shade: 12—-parameter fit including 6k, |
- solid shade: 11-parameter fit with 6k,=0 1

1 .Iiiiil -
0.000L—Ll | |

6[(/\/102 OC, Czz Czo ny/10 CZV/1O Eeﬁ & 6yH/1O Az

o
o
—_—
o

precision

o
o
—_—
o
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Impact on the other couplings

precision reach at CEPC/FCC-ee (combined with HL-LHC)

|l 240GeV (5/ab) only
|l 240GeV (5/ab) + 350GeV (200/fb)
|l 240GeV (5/ab) + 350GeV (1.5/ab)

0.020+ light shade: 13—parameter fit including 6k, .
- | solid shade: 12—-parameter fit with 6k,=0 -

0.015 |

precision

0.010!

0.0000 o i h
Z

6kp10° 6c;  Czz  Cza cw/1o czymo o 6yt/10 6yC y. 6y,/10
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