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SMEFT: The Legacy of the LHC?

e Without clear signals of BSM physics, the SMEFT is playing an
increasingly prominent role in Higgs + EWK Physics

e |ots of progress in recent years:
* Experimental Constraints
e Sophisticated Global Fits
* Theoretical Understanding

e Higher-Order Effects

* Important questions remain on the theory side:
 What does the space of models that UV-complete the SMEFT look like?

e How can we best use LHC constraints moving forward?

e What are we really learning about BSM physics?
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Updated Global Fit
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What’s new here?

e Full NLO QCD Corrections in the SMEFT for VH, VV production (2003.07862)

e |Leading Log NLO QCD + EW corrections to W, Z pole observables in the
SMEFT (1909.02000)

* Loop-level contributions to the self-coupling (1607.04251)
 Higgs data using up to 137 fb-1 of data from ATLAS & CMS at 13 TeV
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Including NLO Effects is Important!

15 - Ratio of NLO/LO

B 1 prediction in high bins
IS sensitive to
presence of new
operators

But these are also the
bins that give the most
constraining power!
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QCD Corrections and anomalous coupling effects don’t commute

Important to use full SMEFT@NLO predictions when setting limit
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Including NLO Effects is Important!

Particularly in WZ Production
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Including NLO Effects is Important!

Effects in Diboson Data Quantified in 1909.11576, 2003.07862
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QCD Corrections and anomalous coupling effects don’t commute

Important to use full SMEFT@NLO predictions when setting limit
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A Number of Global Fits in the Literature...

See also:
95% Limits, Marginalized EIIIS. et al" 1803.03252
3.00 Grojean et al., 1810.05149
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Important to remember that ultimately we’re looking for new physics!

How do we interpret these limits in the context of particular models?
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Strategy:

Example: T Vector-like Quark

Integrate out new particles at
matching scale (M ~ few TeV)

LD Ag@LﬁTR

Generate subset of SMEFT Coefficients (C’g;)gg, (C’g’;)gg, Ci, Cuc

Evolve Coefficients down to EW scale
(Using Anomalous Dimensions from Trott et. al, 1308.2627+)

Cuap, Cuo .- -

Fit to Higgs + Diboson + EWPQO Data

==$ | imits on physical parameters!
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SM + VLQ Singlet Mixing with Top

Generates Cip, (CYy)).,., (C)

i i1a) s3> Cra at the matching scale
EWPO Constraints: LHC Constraints:
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LEP sensitivity via Z to bb — flat
direction broken by RGEs

Cra/(1TeV)?

Note: NLO effects important for these
diboson limits! (1909.11576)
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SM + VLQ Singlet Mixing with Top

Generates Cyir, (Cy1)) 40 (Chi) 30 Crc at the matching scale

The T VLQ is a 1-parameter model — sweeps out only a line in this plane
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SM + VLQ Singlet Mixing with Top

Generates Cyir, (Cy1)) 40 (Chi) 30 Crc at the matching scale
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SM + VLQ Doublet Mixing with (t,b)

Generates Cyy, Cig, Crp, Cre, Crw, Ce at the matching scale

EWPO Constraints: LHC Constraints:
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LEP sensitivity via Z to bb — flat
direction broken by RGEs
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SM + VLQ Doublet Mixing with (t,b)

Generates Cyy, Cig, Crp, Cre, Crw, Ce at the matching scale

Model described by two parameters — mixing angle and mass splitting
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SM + VLQ Doublet Mixing with (t,b)

Generates Cyy, Cig, Crp, Cre, Crw, Ce at the matching scale

Model described by two parameters — mixing angle and mass splitting

g —— BWPO (RGE) SMEFT Fit )

s — Higgs + Diboson (RGE) My = 1TeV (Solid)
My = 5TeV (Dashed)

Samuel Homiller — shomiller@g.harvard.edu


mailto:shomiller@g.harvard.edu

Two Higgs Doublet Models

Generates Cy, Cyr, Cig, C-g at the matching scale
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2HDM limits come entirely from Higgs data

Different types of models sweep out wide range of allowed coefficients
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Two Higgs Doublet Models

Generates Cy, Cyr, Cig, C-g at the matching scale
Note that these are SMEFT Fits — not 2HDM fits!
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Bounds can be reinterpreted in the usual physical parameter space

RGE effects slightly change the limits
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Interlude: The Singlet Model

arxiv:2102.02823

Simplest extension to the SM — only one additional state

|deal test case for investigating details of matching procedure
e theoretical constraints well understood

e one-loop matching results are known
(Jiang et al., 1811.08878, Haisch et al., 2003.05936)

Ci(kr) = ¢i(M) - : di(M) A : 77i3¢ (M) log (M—R>

327

Goal: understand numerical importance of 1-loop matching
effects in the context of the singlet model
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The Singlet Model
1

1
V(®,8) = — p4® 0+ Ay (0T0)” + Sme® @S + _rdies?
1

1 1
-+ tSS -+ §M232 + ngSS + Z)\SS4

In Z> non-symmetric case, use shift symmetry to set v¢ — 0

Physical states: Masses m, = 125 GeV, M,
h =cosf Py +sinfd S
H=—sin0®y +cosh S

Other physical parameters:
sinf), kK, m¢, Ag

Higgs couplings universally suppressed by cos &
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The Singlet Model

Constraints in the context of the exact model:

Singlet Model
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Can also be directly probed via resonant di-Higgs production in the
250 to ~700 GeV range (e.g., ATLAS: 1906.02025)

Samuel Homiller — shomiller@g.harvard.edu



mailto:shomiller@g.harvard.edu

Unitarity and Vacuum Stability

Unitarity of the hh, hH, HH amplitudes requires:

16
M3 sin® 0 < SWUZ — m} cos* 0

)\5,)\]{ < 87T/3

k| S 8w /

New Minimum

Furthermore, have to N M= 2 Tey | Hemgy=b
demand that the - j; sin 6 = 0.25, As = L0

EWSB minimum be E B Z
the global minimum of B ; :

New Minimum
at (v+,x+)

the potential jpweswseady,
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Unitarity and Vacuum Stability
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Tree-Level Matching

Two coefficients are generated at tree-level:
2

c _ e Perform matching at the scale M,
H JVE: related to the physical mass via
2
Cry = Me [ MeMmy p M? =m; sin® 6 + M3, cos® 6 — gvz
8M?2\ 3M?

These operators introduce
3 3
Cup, Cia, Cor, Crm, 02”)7 Cl(q;, Crtb

at the weak scale
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Tree-Level Matching

Two coefficients are generated at tree-level:

e
Y VE
2
cr — Me (meme
SM?2\ 3M?

These operators introduce

CHDa Cirry, Comr, Cra, §

at the weak scale

Samuel Homiller — shomiller@g.harvard.edu

Perform matching at the scale M,
related to the physical mass via

M? = mj sin® (9—|—MHCOSQH—

:Note" mhatchlng at M not the ,
f physical mass, My
{ (eliminates factors of log(u*/M?))

§ See, however, Brehmer et al,
1151003443

,‘When kv? > M2 the smglet

g but the HEFT
k (1608.03564, 2011.02484) | R
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Tree Level Results

Generates Cy, Cy at the matching scale

3
Op = (H'H)
5:\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\: | i
4; _____ EWPO (RGE) A= 1TeV é 0‘30} Zo Symmetric Slnglet {
3; —— Higgs + Diboson (RGE) E 5 SMEFT Fit
) - Combined E 025
et T . - 0.20 -
] 4 -
____________ - SS i
----------------------- = _
Sinf=0.25 E z 0lor
’ (R (V] S —— EWPO (RGE) -
sin6=0.50 - R — Higgs + Diboson (RGE) 1
B k=pu=0 ] 0.05 — —
40 (Z> Symmetric) = C Combined ]
_5:\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\: 0‘007 | | \\‘ | | | | | | [
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Cy/(1TeV)? M (GeV)

Limits on the singlet from EWPQO and LHC competitive — but most allowed
coefficients cannot be generated in the model
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One-Loop Matching

Jiang, Craig, Li, Sutherland [1811.08878],
Haisch, Ruhdorfer, Salvioni, Venturini, Weiler [2003.05936]

New contributions to Cx, Cxp at the matching scale...

) 31 3 |
dyo = —5Acpn + 5= (39° + 9”)enn + Sem + 0du + ddy
2 36 9
o _ .
dyg = \ 5(6292 — 3360 crm + Gep | + ddyy + oS

...as well as many operators that don’t appear at tree-level

Cup, Caw, Cus, Cawn, CHu, CHJd,
Cy), O, CY), Con

In principle of comparable size to RGE-induced contribution!
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One-Loop Matching

SMEFT Limit of Singlet Model
cos 0=.98, k=.5, mC=M/4, 7»5=.O3

o
= b
| T T 1 | T T 1
~

C(MZ)[I—loop matching]/C(MZ) [Tree matching] - 1
S
[\

1000 2000 3000 4000
Matching Scale = M [GeV]

One-loop matching changes
operators by ~10-20% as
measured at the weak scale

5000

a

Cy

0.01 — Tree matching _
0.008 [~
0.006 - .
0.004 -

0.002 —

-0.002 |~ —

-0.004 — —

Include only one-loop RGEs

(two loops unavailable, but necessary
to run one-loop induced operators)

SMEFT Limit of Singlet Model
M, =2 TeV, cos 0=.99, k=-.5, m §=500 GeV, XS=.03

. .-+ 1-loop matching 1
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Effects on the Fit

30 ‘
: Unitarity Bounds
2 I Vacuum Stability
————— EWPO (Tree) Bounds
I EWPO (1-Loop)
it Global (Tree)
L Global (1-Loop)
N 10 —
. SMEFT Limit of Singlet Model
MH =2 Te\/,
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00—
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—-10 | . |
0.00 0.10 0.20

L \ ] i
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10 =
E ----- EWPO (Tree) : E E
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100 ===-- Global (Tree) . E i
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—1 ' 1
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1072 : B
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sin 0

Effects mostly O(10%), except for large values of portal coupling
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Effects on the Fit
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Effects mostly O(10%), except for large values of portal coupling
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COnCIUSiOnS: Lots more work to do:

 More robust understanding
what coefficients can be
Limits from SMEET Global Fits g enerated

- Typel -

025 . ® Understand linear vs.
| quadratic approximation in fits

02— 0.2 .
T 3 in context of models?
§0.15 ‘ 0.151S
Ca & s s - 7 ¢ |nclude complete one-loop

M S0 &7 : matching for other models,

n 5 S %@& | . .
005 \ ﬂ] m 005 more NLO effects in fits, and
. | | | | (B more distributions
7, T (TB) (TB) Z; T (TB) (TB) 2HDM 2HDM
M=1TeV M=5TeV M=1TeV
e e Compare effects of

dimension-8 operators

 Top data is important for many
of our models too, and should
be included in global fits
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Backup: Resonant Di-Higgs Limits

ATLAS: 1906.02025

ATLAS . .

VS = 13 TeV = = Di-Higgs (exp.) === SM Higgs (exp.)
27.5-36.1 fb~! [ Di-Higgs (obs.) —— SM Higgs (obs.)
EWK-singlet - Constant Fs/ms Z—2 [s/ms > 10%
tanB = 1.0 o o °

sina

0.0 - |sina| < 0.35 (0.48) allowed by obs. (exp.) SM Higgs couplings

sina

ATLAS
Vs = 13TeV

27.5-36.1fb7!
EWK-singlet

= == Di-Higgs (exp.) =-=-- SM Higgs (exp.)
[ Di-Higgs (obs.) —— SM Higgs (obs.)

« Constant 's/ms [Z1 s/ms > 10%

0.0 - |sina| < 0.35 (0.48) allowed by obs. (exp.) SM Higgs couplings

300

400
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Backup: Warsaw Basis Definitions

Oll (l_LvulL)(l_L’y“l)L OHWB (HTTG’H) WﬁVB“V OHD (HTD“H)* (HTD“H)
.<—> .4—) .<—> —

Orye (HTZDN H)(ERv“eR) Oru (HTZDIM H)(ﬂRvuuR) Ornd (HTZDH H)(dR”y“dR)

0B |(FtiDe H)(qurovtqr)|| 0N | (51D, H)(qrtqy) || 0F) |(FtiDe H) (I ranhiy)
Hq g H)(qrmy*qr)|| Oy, | (H'D, H)(qLy*qr) || O |(H'iDg H) (L "L
W | (gD, HY(Tr A i i DT

OHl (H ZDMH)(ZL’V lL) OHD (H H)D(H H) OeH (H H)lLHeR

Onc| (H'H)GA,GHA Our | (HTH)(Gr Hugr) | Ogqu| (HTH)(g HdR)

Oup| (H'H)B,, B Onw | (HTHYW2LWH || Oy | eqeW, WE WS
On (HTH)3
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Backup: Anomalous Dimensions

Cup

CH O
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8 20
gg' 2 [2CHt — Chp + (023)33] + 39' *Chuo

Y [chm CYPC + mcmb]
424 (Ytz _ Yf) (C(l))
(Cg)% ;gl ’ [201“ —Chp + (023)33]
+ [—gg' 2 —4¢° + 12 (Yf + Y,?) + 4Y3] Cho
6 l( V) (CR) 4y + 3R + Y2 (CD) 1y + YECu — YECr, — 2%,Y.Con

11
3[Y;3 ](023)33 [ gg2+8Y3+814?+2Y3] (Clra)s
1
—5 |:3Y;2 + 3Yb2 — g2] CH[]
5 ! 2 10Y2 10y2 zy2 C(l) 9 Y2 Y2 0(3)
§g + ¢ T p +2Y] (Hq)33— t b (Hq)33

1 g'2 2 2, 4,9 2, 2 /2
—5| 55 T Yo = Y| Cro — (Y2 + 59" *)Crm — (V7' + 59" *)Crn (6)
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